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ABSTRACT 

 
Sara Elizabeth Maloney: Multi-action nitric oxide-release systems for biomedical applications 

(Under the direction of Mark H. Schoenfisch) 

 

Antibiotic-resistant bacterial infections pose a significant threat to global health. 

Limitations in treating resistant, biofilm-based, and polymicrobial infections necessitate the 

development of novel antimicrobial agents that limit the potential for resistance. Nitric oxide 

(NO), an endogenous signaling molecule, is involved in a host of physiological properties, 

including the eradication of foreign pathogens. As NO also possesses roles in modulating 

inflammation, angiogenesis, and thrombosis, it represents an attractive molecule for the 

multimodal treatment of chronic wound and catheter-based infections.  

Hyaluronic acid (HA), a biopolymer involved in endogenous wound healing, was 

modified with a series of alkylamines to store and release NO, with release kinetics dependent 

upon the alkylamine structure. The NO-releasing HA derivatives exhibited broad-spectrum 

antibacterial efficacy against a range of wound pathogens, including Pseudomonas aeruginosa 

and Staphylococcus aureus. The biopolymers also exhibited antibiofilm action against P. 

aeruginosa biofilms. Nitric oxide-releasing HA was evaluated using an infected murine model 

and proved beneficial in accelerating wound healing and reducing bacterial burden.  

Two glycosaminoglycans, HA and chondroitin sulfate (CS), were derivatized with 

alkylamines to form NO donors and compared regarding their wound healing properties. Both 

NO-releasing glycosaminoglycans exhibited bactericidal activity against antibiotic-susceptible 
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and multi-drug resistant strains of P. aeruginosa and S. aureus. The alkylamine identity, 

glycosaminoglycan identity, and NO-release capability were all found to influence skin cell 

proliferation and adhesion to the extracellular matrix. Owing to NO’s anti-inflammatory 

properties, the NO-releasing glycosaminoglycans were found to mitigate activation of 

inflammatory pathways via Toll-like receptor 4. Comparison in an infected murine model 

demonstrated that NO-releasing CS outperformed HA in accelerating wound closure, with 

success attributed to both NO and the CS backbone. 

Nitric oxide-releasing hemodialysis catheter lock solutions were prepared using low 

molecular weight NO donors with different NO-release profiles. Slow, sustained release of NO 

from the catheter surface was found to be superior to high NO flux in preventing bacterial and 

protein adhesion as well as removing pre-adhered bacteria from the surface, indicating the 

potential for this system to act as both a preventative and treatment strategy. Minimal toxicity of 

the catheter lock solutions was discovered toward mammalian cells. 
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CHAPTER 1: CHALLENGES OF TREATING BACTERIAL INFECTIONS 

 

1.1. Bacterial infections 

Bacterial infections, especially those that do not respond to traditional antibiotic therapies, 

pose a tremendous threat to global health. Treatment with conventional antibiotics fails when 

bacteria develop resistance to specific antibiotic agents, as is the case for multidrug-resistant 

Pseudomonas aeruginosa and methicillin-resistant Staphylococcus aureus (MRSA), both of which 

are currently reported as serious threats by the Centers for Disease Control (CDC).1,2 The 

formation of biofilms, which are cooperative communities of bacteria encased in a protective 

exopolysaccharide (EPS) matrix, provides an alternative or additional route to evading eradication 

by antibiotics, as bacteria within the biofilm are significantly more difficult to treat due to 

protection afforded by the EPS matrix.3,4 Further, most bacterial infections are not a result of a 

single bacterial species, but instead, are a conglomeration of multiple bacterial species, each of 

which may require treatment with different antibiotic agents.5–7 In developing new prevention and 

treatment strategies for bacterial infections, specifically those residing adjacent to or on biotic 

surfaces (e.g., chronic wound infections) and on biomedical devices (e.g., hemodialysis catheter 

infections), it is imperative to first consider the challenges in managing antibiotic resistant, 

biofilm-based, and polymicrobial infections.  
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1.1.1. Antibiotic resistance mechanisms  

Antibiotics exert activity against bacteria by disrupting either a specific cellular component 

(e.g., cell membrane) or biosynthetic pathway (e.g., cell membrane synthesis, protein synthesis, 

nucleic acid synthesis).8 However, resistance mechanisms have been discovered for nearly all 

antibiotics developed to date.2 Two pathogens, Acinetobacter baumannii and Mycobacterium 

tuberculosis, have already produced globally resistant strains.9 While these two pathogens 

represent just a small fraction of existing bacteria, they highlight the evolving nature of the 

antibiotic resistance crisis. As antibiotics continue to be incorrectly prescribed, over-prescribed, 

and heavily used in the livestock industry, which indirectly leads to human consumption, threats 

of antibiotic resistance will only worsen.2 Potentiating this issue, pharmaceutical industries have 

either stopped or slowed their research and development of new antibiotics as a result of economic 

and regulatory obstacles. When new antibiotics are discovered, they are often saved as the last line 

of defense in order to prevent the development of resistance, even though resistance is understood 

to be inevitable.2,9,10 Understanding the causes and mechanisms behind bacterial resistance is 

necessary in order to design antimicrobial agents that are not rendered ineffective by such 

developments.  

Certain bacteria species are innately resistant to one or more classes of antimicrobial 

agents.11 This innate resistance is most commonly seen in Gram-negative bacteria, as they are 

intrinsically less permeable to many antibiotics due to the presence of an outer phospholipid 

bilayer (Figure 1.1).12,13 However, the ramifications of acquired resistance are of much greater 

concern than those of innate resistance.11 Acquired resistance can occur spontaneously through a 

genetic mutation, allowing treatment with the antibiotic agent to eradicate all susceptible bacteria, 

leaving behind only the resistant bacteria to proliferate and thrive.2,14 This process can lead to the 
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Figure 1.1 Depiction of Gram-negative and Gram-positive cell envelopes: OMP = outer 
membrane protein (e.g., porin); IMP = integral membrane protein. 
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development of a particular strain of resistant bacteria, but acquired resistance can also be 

transferred among different species of bacteria through horizontal gene transfer, generating 

multiple resistant bacterial species from a single mutation.2,11,14,15  

Resistant bacterial strains (both Gram-positive and Gram-negative) have reduced 

susceptibility to antimicrobial agents through multiple mechanisms, including intracellular drug 

removal via efflux pumps, modified or protected drug target sites, and drug inactivation via 

production of inactivating enzymes.16 Bacterial species produce efflux pumps, which may be 

substrate-specific or have broad activity.12,14 Efflux pumps actively transport antibiotic agents out 

of the cell prior to the antibiotic reaching its target site and are a major contributor to intrinsic 

resistance in Gram-negative bacteria.11,12 Alternatively, bacteria may acquire genes that encode 

enzymes (e.g., β-lactamases) that inactivate certain antibiotics before they are able to exert their 

effect.11,14 These enzymes inactivate antibiotics via the addition of specific chemical moieties (e.g., 

phosphorylation, acetylation, or adenylation) or by destruction (e.g., hydrolysis).14,17 Lastly, 

bacteria can evolve to either protect the target site (i.e., where the antibiotic binds) by blocking 

access to the site or altering the site to decrease the binding affinity of the antibiotic.11,12,14 Several 

mechanisms exist for these processes, such as the production of altered cell membranes that no 

longer contain the binding site of the antibiotic or mutations that lead to downregulated porin 

genes, limiting access of antibiotics to intracellular targets.11 Target site changes are among the 

most common mechanisms of resistance, affecting several classes of antibiotics.14  

 

1.1.2. Biofilm formation 

In addition to the potential for acquired resistance through the described mechanisms, the 

propensity of bacteria to exist in biofilms rather than in their planktonic form confers additional 
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resistance to conventional antibiotics. Biofilms are aggregates of microorganisms embedded 

within a self-produced EPS matrix that are adherent to each other and/or a surface.18 The National 

Institutes of Health (NIH) estimates that more than 80% of persistent bacterial infections are 

caused by biofilms, highlighting the need for therapies targeted at biofilm disruption and 

eradication.3  

Adherent biofilms, or those attached to biotic or abiotic surfaces, are formed through 

multiple processes (Figure 1.2A).19,20 On surfaces, biofilm formation is initiated by reversible 

adhesion or adsorption, where the bacteria population (single- or multi-species) remains in an 

equilibrium between adhered and suspended cells.21,22 Attached cells begin to produce an EPS 

matrix due to the stimulation of membrane-bound sensory proteins, allowing for the development 

of cell-to-cell bridges that bind the cells to each other and the surface, resulting in irreversible 

attachment.22 Irreversibly-bound bacteria begin to grow and divide, forming microcolonies.15,22,23 

Production of the EPS matrix continues, leading to large bacterial aggregates called towers.23 Of 

note, the EPS matrix is primarily composed of water (~98%) with solid components including 

polysaccharides (e.g., alginate), extracellular DNA, proteins, and lipids.3,15,18,19,24 Biofilm dispersal 

occurs when bacteria return to a planktonic state due to internal or external stimuli (e.g., expression 

of virulence factors, enzymatic degradation of EPS, cyclic di-GMP concentration).19,23 Bacteria 

can be released via three major dispersal methods: swarming dispersal, where individual bacterial 

cells are released; clumping dispersal, where aggregates of bacteria are shed as clumps; and, 

surface dispersal, where biofilm structures move across surfaces.15,22,25 Released planktonic 

bacteria are then able to colonize new surfaces, restarting the biofilm formation process.  

 An important distinction must be made between biofilms that are on the surface of abiotic 

medical implants versus those associated with biotic surfaces. For medical devices or implants, 
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Figure 1.2 (A) Growth and development of biofilms. Planktonic bacteria go through a cycle of 
reversible adherence, tight adherence, and microcolony formation under regulation of specific 
cell-cell communication. The center figure shows microcolony formation seen in biofilms. The 
lower right figure demonstrates polymicrobial biofilms formed through specific cell-cell 
signaling and attraction. The upper right figure demonstrates the mechanism of biofilm spread 
where cells become motile, swim away as a planktonic population, and again repeat the cycle. 
(B) Multifactorial mechanisms that contribute to antibiotic tolerance developed within a 
biofilm. Reprinted with permission from Ceri et al. Copyright 2010, Taylor & Francis. 
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adhered biofilms represent a significant challenge.23 However, in the context of chronic wounds 

or cystic fibrosis, for example, bacterial aggregates have been found adjacent to biotic surfaces in 

the exudate of chronic wounds or in the mucus layer of the lungs rather than directly attached to 

the tissue.26,27 Studies have demonstrated that planktonic aggregates of P. aeruginosa possess 

similar properties, including dispersal mechanisms and production of the EPS matrix, to 

traditionally adherent biofilms and are therefore classified as non-adherent biofilms.28,29 For the 

purposes of this dissertation research, both adherent and non-adherent biofilms are utilized where 

appropriate. 

 

1.1.3. Protective mechanisms of biofilms 

The formation of a biofilm almost always leads to a large increase in antibiotic 

resistance.16,30 However, the aforementioned mechanisms of antibiotic resistance, such as efflux 

pumps, inactivating enzymes, and target modifications, are not fully responsible for the resistance 

observed with biofilm-based bacteria. When bacteria are dispersed from biofilms in their 

planktonic form, they typically become susceptible to antibiotic agents that they were resistant to 

in their biofilm form, suggesting that the resistance of biofilm-based bacteria is not due to 

mutations but instead is environmentally controlled.4 Proposed mechanisms of biofilm resistance 

include chemical gradients, cell-to-cell communication, protection by the EPS matrix, adaptive 

stress responses, and genetic diversity.20  

The EPS matrix hinders the diffusion of nutrients and gases into the biofilm, preventing 

deeply embedded bacteria from growing and dividing as actively as bacteria at the surface (Figure 

1.2B, label #1).20,31 Nutrient and gas gradients can lead to slowed, anaerobic growth or metabolic 

inactivation.16,31,32 Even in a single species biofilm, a significant amount of heterogeneity is found 
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with respect to growth rates.32 Decreased growth rates can have devastating effects for antibiotic 

efficacy, as many antibiotics, such as penicillins, require active bacterial growth to be effective.32 

Reduced growth rates also decrease the rate at which antibiotics are taken into the bacteria, thus 

reducing the inactivation kinetics of the drug.15,33 Not only do these chemical gradients affect the 

growth of cells, indirectly resulting in decreased antibiotic efficacy, they can also directly impact 

the ability of the antibiotic to exert its target action. For example, oxygen availability is known to 

modulate aminoglycoside efficacy.4,32 Local accumulation of acidic waste products can lead to pH 

differences throughout the biofilm, which is also known to negatively impact the activity of certain 

antibiotics.4,32   

Bacteria embedded within biofilms communicate with each other via quorum sensing 

(Figure 1.2B, label #2). Quorum sensing allows bacteria to alter their gene expression profile and 

physiological processes as a result of population density and environmental changes.19,31 This 

communication allows the bacteria to survive collectively as a community. For example, bacteria 

can suppress the expression of virulence factors until the bacteria reach a high enough density to 

prevent the host from clearing a growing biofilm and overcome the host immune system.31 Quorum 

sensing mechanisms have been discovered in both Gram-negative and Gram-positive bacteria 

species. Many Gram-negative bacteria communicate by signaling of N-acylhomoserine lactone 

(AHL), which coordinates behavior during invasion and colonization.3,34 On the other hand, Gram-

positive bacteria can signal using various mechanisms, such as small peptides or exploitation of 

the accessory gene regulator (agr).3,34 Regardless of mechanistic pathway, this cell-to-cell 

communication confers a strong advantage to biofilms in evading antibiotic therapy by facilitating 

advantageous changes in gene expression and physiological processes. 
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Antibiotics and host immune cells are often trapped by the EPS matrix and unable to diffuse 

through the biofilm to reach the bacterial cells (Figure 1.2B, label #3).16,20,31,32  Charged 

components in the EPS matrix (e.g., polysaccharides, glycoproteins, etc.) can bind antibiotics, 

preventing further diffusion and action.19,20 For example, the EPS matrix of P. aeruginosa has been 

shown to bind tobramycin.15,35 The EPS matrix can also slow diffusion by limiting the rate of 

transport through the biofilm, though a decrease in mobility is insufficient to explain the high level 

of antibiotic resistance common to biofilms.15,32,36 A combination of decreased antibiotic diffusion 

in addition to inactivation and sequestration of antibiotics by EPS matrix components is 

hypothesized to partially explain biofilm resistance.  

Bacteria are equipped with many stress responses that facilitate adaptation to 

environmental factors, including abrupt temperature changes, oxidative stress, and starvation.32 

Nutrient- and oxygen-limited zones, such as those present deep in the biofilm, provide necessary 

environmental cues for bacteria to upregulate their stress responses and switch their metabolic 

pathways from growth to persistence (Figure 1.2B, label #4). This phenotype allows for 

persistence in the presence of antibiotics for prolonged periods.19,31 While persisters constitute a 

relatively low fraction of the population, they have entered a protected (i.e., dormant) state and are 

proposed to contribute to broad-spectrum resistance.32 

In addition to the four described protective mechanisms for biofilm-based infections, 

genetic diversity is hypothesized to further contribute to resistance in biofilms (Figure 1.2B, label 

#5).5,19,20 Biofilms have high bacterial cell densities (typically 108 to 1011 cells g-1 wet weight) and 

are usually comprised of many species.18 The genetic diversity between the multitude of bacterial 

species within these biofilms makes treatment with single-mechanism antibiotics difficult. As 

such, a more detailed investigation of polymicrobial infections will be presented below.  
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1.1.4. Polymicrobial infections 

Polymicrobial infections are acute or chronic infections caused by various combinations of 

viruses, bacteria, fungi, and parasites.5 For the purposes of this dissertation work, the focus will 

remain on multi-species bacterial infections. Polymicrobial infections are believed to be initiated 

in three distinct manners: (1) the presence of one microorganism generates a niche for other 

pathogenic microorganisms to colonize; (2) the presence of one microorganism predisposes the 

host to colonization by other microorganisms; or, (3) two or more non-pathogenic microorganisms 

together cause disease.5 Regardless of formation mechanism, polymicrobial infections are often 

worse than single-species infections and lead to increased disease severity, enhanced bacterial 

persistence, and increased antibiotic resistance.6 These complications are often due to interactions 

between bacterial species. For example, S. aureus can act either cooperatively or competitively 

with other bacteria, with either mechanism leading to a difference in behavior. For example, 

bacterial species Haemophilus influenzae often reach higher colony densities when cultured with 

S. aureus due to the available of nutrients provided by S. aureus.37 In competitive interactions, 

such as those with P. aeruginosa, S. aureus employs defensive strategies for its survival, which 

leads to altered morphology, antibiotic resistance, and increased virulence. As a result, 

polymicrobial infections containing S. aureus exhibit enhanced disease severity.37  

Chronic wounds have been used as a means to study the incidence of polymicrobial 

infections. Soft tissue infections, such as those found in chronic wounds, are often 

polymicrobial.6,38–40 In one study of diabetic foot wounds, only ~6% contained no bacteria while 

~16% consisted of a single bacterial species. In contrast, ~53% wounds had two to four species 

with ~30% showing five or more bacterial species.39,41 A different study of chronic venous leg 

ulcers found that ~94% of the wounds contained more than one bacterial species,  ~50% had four 
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to six species, and ~39% had more than six species. The mean number of bacterial species 

identified per chronic wound was reported as 6.3.7 These results strongly demonstrate the need for 

considering polymicrobial infections when designing antibacterial agents.  

Traditional antibiotic therapies target individual causative agents (e.g., single bacteria 

species) without consideration for the effect on a polymicrobial infection or on other members of 

a microbial community.5 A major challenge in clinical care is the accurate and rapid detection of 

the bacteria species comprising a biofilm, making prescribing the appropriate antibiotic regimen 

difficult.31 These shortcomings necessitate the development of broad-spectrum drugs that 

simultaneously eradicate both the Gram-negative and Gram-positive bacteria found in biofilms 

without relying on testing strategies to accurately determine which bacteria are present prior to 

treatment.31 

 

1.1.5. Infection in chronic wounds 

Chronic wounds affect approximately 6.5 million patients in the United States alone, with 

an estimated $25 billion spent annually on the treatment of chronic wounds.42 This great 

humanistic and financial burden demands the development of novel treatment agents for chronic 

wound healing. As mentioned above, the vast majority of these wounds are infected with one or 

more bacterial species,7,39,41 making antibacterial activity a central objective of these new 

treatments. However, infection is typically not the sole cause of wound chronicity, necessitating a 

thorough understanding of wound-healing mechanisms, complications, and the pitfalls of current 

treatment strategies for the development of a novel, multi-action therapeutic.  

Healthy wound healing consists of four main phases: hemostasis, inflammation, 

proliferation, and remodeling (Figure 1.3).43,44 The first phase of wound healing, hemostasis, 
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Figure 1.3 Healthy wound healing pathway, consisting of (A) hemostasis, (B) inflammation, 
(C) proliferation, and (D) remodeling phases. 
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begins immediately following injury and is characterized by the formation of a blood clot by local 

vasculature constriction, platelet degranulation, and fibrin activation.45 The subsequent stage, 

inflammation, facilitates the removal of tissue debris and invading pathogens through matrix 

metalloprotease (MMP)-mediated phagocytosis and reactive oxygen species (ROS) released by 

infiltrating neutrophils, lymphocytes, and macrophages.46,47 After infection clearance, the wound 

moves on to the proliferation phase of healing. The release of growth factors stimulates the 

generation of new tissue through mechanisms such as angiogenesis, formation of type III collagen 

and granulation tissue by fibroblasts, and deposition of a provisional extracellular matrix (ECM) 

by MMPs.45,47,48 In the final phase, remodeling, the new tissue formed in the proliferation phase 

matures, the type III collagen deposited in the wound turns to type I (restoring to the initial collagen 

content), and the vascular density of the wound decreases from the high levels found in the 

proliferation phase.45,47 

In acute/healthy healing, the four stages complete within 4-12 weeks, and the healed tissue 

closely resembles pre-wounded tissue.47,49 However, many factors can prevent completion of this 

wound healing pathway, leading to wound chronicity. In such wounds, tissue enters a state of 

pathologic inflammation that results in protracted or incomplete healing.45,47 Persistent stimuli at 

the wound site (e.g., repeated tissue trauma, pressure points) can cause cutaneous tissue to break 

down with the damaged tissue becoming a medium for bacterial growth.50 Chronic wounds are 

often found to be hypoxic (<20 mm Hg oxygen) due to disruption of the vasculature in the 

surrounding tissue.51 Oxygen is necessary for many processes in wound healing, including 

epithelialization, angiogenesis, and collagen dposition.52 In situations of low oxygen tension, there 

will be more necrotic tissue to facilitate bacterial growth. A primary mechanism in the immune 

system for combatting these microbes (i.e., via reactive oxygen species) is thus compromised.47 
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A major factor for wound chronicity is infection and biofilm formation. Incomplete 

clearance of bacteria elongates the inflammation stage of wound healing, leading to biofilm 

formation.3,43 Chronic wound infections are directly correlated with biofilms, whereas only ~6% 

of acute wounds are shown to have biofilms.53 Biofilms have been found to cause chronic 

inflammation.54,55 Predominant bacterial species of chronic wound infections include S. aureus 

(found in 40-90% of chronic wounds), Enterococcus faecalis (found in ~70% of chronic wounds), 

P. aeruginosa (found in 20-50% of chronic wounds), Staphylococcus epidermidis (found in 40-

50% of chronic wounds), and Escherichia coli (found in ~30% of chronic wounds).7,41 The 

polymicrobial nature of chronic wound infections allows for the exchange of genetic material 

between bacteria species, promoting the development of antibiotic resistance. Of the many bacteria 

present in chronic wounds, P. aeruginosa has been described as being almost impossible to 

eradicate with antibiotics.3,56 Infections with P. aeruginosa typically show altered levels of MMPs. 

While MMPs are necessary to remove devitalized tissue and facilitate the proliferation phase, an 

elevated level of MMPs can impair the wound healing process.3 Infection leads to devastating 

outcomes for wound healing and should thus be of central importance in developing a wound 

therapeutic.  

Systemic factors that induce tissue hypoxia or leave one vulnerable to infection often result 

in the formation of chronic wounds. Conditions reported to correspond with poor wound healing 

outcomes include malnutrition, senescence, stress, obesity, alcoholism, cancer, 

immunodeficiency, and ischemia.43,45 Diabetes is a group of metabolic diseases that through 

dysregulation of blood glucose levels contributes to the greatest number of chronic wounds via 

complex physiological processes.43,57 For example, frequent states of hyperglycemia can cause 

increased glycation end-products, leading to a high concentration of reactive nitrogen species 
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(RNS) and ROS.58 Reactive oxygen and nitrogen species are essential to wound healing in that 

they allow for the clearance of pathogens and dead tissue. In excess concentrations though, they 

prevent the transition from the inflammation to the proliferation phases of wound healing.48,51 

Those afflicted with diabetes also have an impaired ability to fight infection, resulting in failure to 

clear invading pathogens.59 These complications lead to elongated or arrested wound healing 

timelines. 

Current chronic wound therapies fail to address both infection and impaired host wound 

healing, such as in the case of diabetes. Standard wound care consists of debridement, infection 

control, and wound dressings.60 Surgical debridement involves the removal of nonviable wound 

tissue, as necrotic tissue impairs or impedes keratinocyte migration over the wound bed and serves 

as a breeding ground for infection.47,61 Surgical debridement is rapid and effective, but can also 

damage viable tissue.61 Antimicrobial agents are equally crucial for controlling infection. For 

localized infections, typical treatments include topical antimicrobials (e.g., triple antibiotic 

ointment), dilute vinegar, or silver-containing wound dressings.47,61,62 Physicians prefer not to use 

systemic antibiotics due to concerns over generating bacterial resistance. However, topical 

antibiotics, such as neomycin and gentamicin, often cause allergic contact dermatitis in chronic 

wounds.61,62 Thus, systemic antibiotics are still used, but most published guidelines for clinical use 

are based on expert opinion rather than evidence-based conclusions.62 The inconsistencies in 

infection control are clearly a motivation for developing new antibacterial agents with broad-

spectrum activity and reduced off-target side effects (e.g., contact dermatitis or toxicity to the host). 

Wound dressings are frequently employed to maintain a moist wound bed and protect the wound 

from infection.61 However, the frequent removal of wound dressings can cause trauma to newly 

developed tissue formed under the dressing.63 Presently used standards of care (i.e., debridement, 
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antibacterial agents, and wound dressings) have been shown to be only marginally effective on 

biofilm-infected wounds.55 

In order to address missing aspects of the standard wound treatment regimen, adjuvant 

therapies have been presented. For example, growth factor therapies have been proposed. 

However, in an environment where so many factors are deficient and dysregulated, replacing one 

of them through growth factor supplementation is insufficient to rescue the wound chronicity.47 

As such, results have been modest, and general acceptance of this therapy is hesitant.47 Negative-

pressure wound therapy (NPWT) is another alternative technique, wherein a wound dressing is 

utilized with an applied vacuum to remove excess fluid and promote wound healing.61 Treatment 

with NPWT has shown evidence of reduced edema, reduction in wound size, and angiogenesis 

stimulation, but its effect on infection is unclear. Some studies have reported no difference in 

bacterial load compared to wounds treated with gauze whereas others show that NPWT can reduce 

rates of infection.47,61 Hyperbaric oxygen therapy (HBOT) involves the application of oxygen at 

high pressure to the wound to counteract tissue hypoxia.44 HBOT currently requires full-body 

exposure as localized oxygen delivery has not shown to be effective. Positive mechanisms have 

been proposed to occur through this treatment, including promotion of fibroblast proliferation and 

stimulated angiogenesis, but it is debatable whether these mechanisms have been shown in 

practice.47 Full-body HBOT can lead to off-target side effects, including myopia, oxygen toxicity 

in the brain, and pneumothorax. Currently, HBOT is only available in limited settings.43,47,61 Skin 

grafts or bioprosthetic skin substitutes are another option for treatment, but potential risks exist for 

rejection and hypersensitivity. As well, the grafts themselves are very costly.47 While many 

therapies have been proposed and evaluated, none sufficiently fill the void of treating impaired 

host immune processes and clearing infection within a single therapy. 
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1.1.6. Infection resulting from the use of hemodialysis catheters 

Many biomedical devices and implants fail due to the formation of biofilms on their 

surfaces. As opposed to chronic wound infections found associated with tissue, these biofilm 

infections are attached to the device or implant itself. Biofilms are responsible for the persistence 

of implant-related infections and are a source of bacterial dissemination to other sites. As described 

previously, host immune responses and conventional antibiotics are often ineffective against 

biofilm-based bacteria. Chronic inflammation is associated with untreated infection.23 In 

developing new therapies for catheter-related infections, catheter complications and current 

therapies must be first understood.  

Hemodialysis is a long-term renal-replacement therapy. The primary goal of hemodialysis 

is to transport solutes such as urea from blood into the dialysate and bicarbonate from the dialysate 

into the blood.64,65 A buildup of waste products (e.g., urea) increases the likelihood of 

hospitalization or death. As such, patients typically undergo hemodialysis three times per week to 

prevent a buildup of waste products in the blood.64 Three major strategies exist for hemodialysis 

access: tunneled dialysis catheters (TDCs), arteriovenous (AV) fistulas, and AV grafts (Figure 

1.4). Tunneled dialysis catheters (Figure 1.4A and B) are an essential part of dialysis access despite 

their shortcomings.66 TDCs are most often used for temporary access in patients who are in need 

of an AV fistula or AV graft but must start dialysis before the graft/fistula matures.65,66 The 

creation of an AV fistula (Figure 1.4C) is the first choice option, though patients may require 1-4 

months with a TDC prior to fistula maturation.65,66 An AV fistula has the lowest infection rate of 

the access types and has fewer problems with thrombosis.65,66 Larger vein sizes correlate to 

increased success and long-term use; thus, some patients with smaller veins are unable to use an 

AV fistula.66 For patients without an adequate vein for an AV fistula, an AV graft (Figure 1.4D) 
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Figure 1.4 Hemodialysis access options including (A, B) tunneled dialysis catheters, (C) 
arteriovenous fistulas, and (D) arteriovenous grafts. (B-D) Reprinted with permission from the 
National Kidney Foundation, Inc. Produced by the National Kidney Foundation, Inc. All rights 
reserved. 
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may be suitable. However, these grafts have at least a 2-week lead time before use. They are also 

not as durable as fistulas and are more prone to infection and thrombosis complications.65 In cases 

where fistulas or grafts are not possible, TDCs are used for long-term hemodialysis access.65 The 

main benefit of TDCs is that they may be used immediately upon placement; however, they are 

the most prone to infection compared to other access options, thrombus formation can block blood 

flow, and stenosis is another problem encountered.65 Regardless of eventual access type, 80% of 

dialysis patients in the United States begin with a TDC.66 Mitigating complications associated with 

TDCs is therefore an essential area of research.  

Tunneled dialysis catheters suffer from a host of complications, including infection, 

thrombosis, and stenosis. Infection is the second leading cause of mortality in dialysis patients, 

accounting for 15-20% of all deaths.66,67 Upon placement, the bare catheter surface is rapidly 

covered with ECM proteins and immune protein components. This protein coating then facilitates 

adhesion of bacteria to the surface.23,33 For example, S. aureus adheres to proteins such as 

fibronectin, fibrinogen, and laminin.33 Colonization of the catheter and biofilm formation can 

occur within three days of catheter placement.33 Organisms that colonize the TDC typically 

originate from the skin insertion site or the catheter hub.33,68 Gram-positive bacteria account for 

61-95% of all catheter-related bacteremias, with S. aureus, S. epidermidis, and E. faecalis being 

frequently isolated. Gram-negative bacteria, such as P. aeruginosa, E. coli, and Klebsiella spp., 

are increasing in frequency and account for up to 45% of bacteremias.15,69,70 Once a biofilm has 

formed on the catheter surface, antimicrobial treatment without catheter removal generally fails to 

eradicate the infection.71 The inability to clear biofilm-based infection is unsurprising as the 

protective mechanisms conferred on biofilms render traditional antibiotics ineffective in clearing 

catheter-related infections. Not only does infection lead to catheter failure and subsequent removal, 
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catheter-related infections are associated with an increased risk of myocardial infarction, heart 

failure, peripheral vascular disease, and stroke.69 Thus, both prevention and treatment strategies 

for catheter-related infections remain highly relevant to catheter use.  

Thrombosis presents significant challenges in maintaining hemodialysis access through a 

TDC. Catheter blood flow problems that occur rapidly after placement are likely due to catheter 

position; however, blood flow problems that occur later are usually related to thrombosis or 

stenosis.72 Rapid protein adhesion to the catheter surface not only serves as a breeding ground for 

infection but also triggers a coagulation cascade when activated platelets bind to fibrinogen on the 

catheter surface. Fibrinogen forms insoluble fibrin, which traps red blood cells, resulting in the 

formation of a thrombus.73 Thrombus formation occurs in 33-59% of indwelling catheters, but 

only a small percentage of patients develop clinical concerns.68 Thrombi can form external to the 

catheter via central vein thrombosis, where thrombosis occurs in the vein itself, and mural 

thrombosis, where a thrombus is attached to the wall of the vessel/atrium and the tip of the catheter. 

Internal thrombi include intraluminal thrombosis where the thrombus forms within the lumen, 

catheter tip thrombosis where a thrombus forms at the side holes of the catheter tip, and fibrin 

sheath thrombus where fibrin surrounds the catheter and can occlude the catheter tip.72 Depending 

on the location of the thrombus, blood flow through the catheter can be affected. Lastly, stenosis, 

or narrowing of blood vessels, caused by TDCs can lead to varying degrees of occlusion, also 

preventing blood flow and leading to catheter failure.68,74  

Current therapies for treating catheter complications (i.e., infection, thrombosis, stenosis) 

are aimed at addressing a single issue, not all three simultaneously. For infection, antibiotics or 

antiseptics are typically used as a first attempt, either topically or within the catheter itself.33 

Topical antibiotics have not been shown to decrease catheter-related bloodstream infections, may 
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increase the rate of infection by fungi, and have a chance of promoting the development of 

antibiotic resistance.33,75 Catheters can be impregnated with antimicrobial agents, such as 

chlorhexidine, silver sulfadiazine, minocycline, and rifampin, which may reduce the rate of 

catheter-related bloodstream infections.75 However, the utility of antimicrobial-impregnated 

catheters is debated, especially due to the potential to cause antibiotic resistance. Use of these 

catheters is indicated only for select clinical situations according to the CDC.68 Lock solutions, 

which are placed into the catheter in between dialysis sessions, can also be filled with antibiotics. 

While benefits have been seen with this method, such as bacterial killing as well as preventing 

catheter-related bacteremia and sepsis, concerns related to antibiotic resistance are still present. 

Further, leakage of the antibiotics via the catheter tip can cause localized toxicity.69,76,77 Regardless 

of treatment method, catheter salvage rates are poor (25-30%) with antibiotic treatment alone.66 

Catheter removal is indicated in multiple scenarios: (1) in cases where catheter infection is 

associated with bacteremia; (2) if there is no clinical improvement within 72 h following broad-

spectrum systemic antibiotics; or, (3) if infections are related to MRSA, P. aeruginosa, or a fungal 

species.66,78 Preventative strategies in addition to non-antibiotic-based treatment strategies are 

urgently needed to prevent catheter removal and subsequent surgery to insert a replacement 

catheter as a response to infection. 

As a preventative measure for thrombosis, anticoagulants are routinely administered, with 

heparin being the most common. Systemic heparin administration can lead to hemorrhage and 

thrombocytopenia (i.e., low blood platelet count), but localized release can be employed without 

major side effects.73 Heparin is often included within the lock solution placed in the catheter 

between dialysis sessions.72 Unfortunately, heparin may promote biofilm formation as an 

unintended side effect.78 Thrombolytic agents and catheter aspiration have been utilized in 
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declotting hemoaccess, but central vein thrombosis and mural thrombi are often treated via catheter 

removal and anticoagulation agents.66,72 As a strong relationship between thrombosis and sepsis 

has been reported,79 novel preventative measures that do not rely on catheter removal are 

necessary.  

Lastly, preventative and treatment measures for stenosis are often overlooked. Central vein 

stenosis can be treated via angioplasty of the stenosis; however, recurrent stenosis may require 

stent placement.66,74 The long-term benefits of endovascular procedures are modest and not 

durable, and surgical options are usually limited and a last resort.74,80,81 Avoiding the use of TDCs 

continues to be the best strategy for preventing stenosis but is often not possible.80 Overall, it can 

be seen that the current regimens are insufficient to prevent and treat complications associated with 

TDCs, even with only focusing on a single issue (i.e., infection, thrombosis, or stenosis). The 

development of a therapeutic strategy that can address all three complications simultaneously is of 

critical need. 

 

1.2. Nitric oxide 

Nitric oxide (NO) is an endogenous signaling molecule involved in a host of physiological 

processes. It has essential roles in wound healing,45,82,83 neurotransmission,84–86 inflammation,87 

vasodilation,88,89 angiogenesis,90–92 and the immune response.87,93 The multifaceted roles of nitric 

oxide have motivated numerous investigations into the effect of exogenous NO therapy. In the 

context of infection prevention and treatment associated with both biotic and abiotic surfaces, the 

capacity for NO to act as an antibacterial and antibiofilm agent is motivation for utilizing NO-

based strategies. This section will consider the physiological roles of endogenous NO, strategies 
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for delivering exogenous NO, and the potential for NO to serve as a preventative and/or treatment 

strategy for wound and catheter-related infections.  

 

1.2.1. Physiological roles of nitric oxide 

Nitric oxide is produced endogenously via the oxidation of L-arginine to L-citrulline by a 

family of enzymes called the nitric oxide synthases (NOS).94 There are three NOS isoforms that 

produce NO at concentrations relevant for their intended role. Endothelial NOS (eNOS) and 

neuronal NOS (nNOS) are constitutively expressed in endothelial and neuronal cells, respectively, 

and catalyze low level (pM-nM) NO generation involved in signaling.95 The concentrations 

generated by eNOS and nNOS correspond to anti-inflammatory processes.87,92 Inducible NOS 

(iNOS) is an inducible isoform that can be activated in immune cells, such as neutrophils and 

macrophages. This isoform produces high levels of NO (nM-µM) in response to acute 

inflammatory stimuli (e.g., invading pathogens, pro-inflammatory cytokines) and is responsible 

for pro-inflammatory and antimicrobial actions.87,92,96 Of note, certain diseases, such as diabetes, 

are characterized by abnormal NO production, correlating to an impaired immune system.87 

One of NO’s most important roles is its ability to function as a broad-spectrum antibacterial 

agent. Nitric oxide exerts its antibacterial action through multiple mechanisms, including 

nitrosative and oxidative pathways (Figure 1.5).97 Reaction with extracellular oxygen lead to the 

production of dinitrogen trioxide, a reactive species that can facilitate thiol nitrosation and DNA 

deamination.  Intracellular superoxide also reacts with NO to form peroxynitrite, which results in 

DNA cleavage, tyrosine nitrosation, and membrane destruction via lipid peroxidation.93,98–100 Not 

only are these mechanisms effective against planktonic bacteria, these processes also work against 

biofilms. Nitric oxide can facilitate biofilm dispersal at pM-nM concentrations and complete 
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Figure 1.5 Proposed mechanisms of the multi-mechanistic killing pathways of NO and its 
byproducts through nitrosative and oxidative stresses. 
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eradication at µM-mM concentrations.101–103 While potent against bacteria, eukaryotic cells have 

evolved mechanisms to scavenge these reactive species (e.g., superoxide neutralization via 

superoxide dismutase), minimizing their impact on the host cells.104 Of importance, nitric oxide 

has not been observed to generate bacterial resistance and is unlikely to due to its multiple 

mechanisms of action.105,106  

Nitric oxide also has important roles in vascular homeostasis, or the maintenance of 

vascular function over time while adapting to persistent environmental stimuli.107 Angiogenesis, 

or the formation of new blood vessels, requires NO produced by eNOS.90,91 Nitric oxide-modulated 

processes include endothelial cell survival, proliferation, migration, and interaction with the 

ECM.90,91,108 Confirming the important roles of NO in angiogenesis, it has been determined that 

treatment with agents that increase NO synthesis enhance angiogenesis. Contrarily, the use of NOS 

inhibitors seemingly blocks angiogenesis.90,108 

Other noteworthy roles of NO involve the modulation of inflammation and thrombosis. 

Nitric oxide cannot be definitively classified as a pro- or anti-inflammatory molecule, as its actions 

are largely dependent on cellular context and NO concentration.109,110 The role of NO is 

nonspecific and not receptor-mediated, resulting in regulation of the activity, growth, and death of 

many immune and inflammatory cells, including macrophages, lymphocytes, mast cells, and 

neutrophils.111 Nitric oxide also regulates cytokines that initiate inflammation. There is a large 

body of evidence supporting NO’s role in several inflammatory disorders.109,112,113 Similarly, 

thrombosis is highly affected by NO concentration. Endothelial cells that line the inner wall of 

blood vessels produce NO via eNOS with a surface flux of 0.5-4 x 1010 mol cm-2 min-1 to prevent 

platelet activation and control the balance between thrombosis and hemorrhage.73 An NO 
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deficiency has been reported to facilitate platelet aggregation and thrombus formation, 

demonstrating the necessity of NO to mitigate thrombosis.114,115 

 

1.2.2. Nitric oxide donors and donor scaffolds 

Due to the multifaceted roles of endogenous NO, strategies to harness exogenous NO for 

a myriad of biomedical applications have been investigated. The direct use of gaseous NO is 

hindered by its short half-life (seconds) and high reactivity (e.g., formation of NO2 from reaction 

with O2), complicating localized delivery.116 In addition, gaseous NO treatments are limited to 

hospital settings where there can be constant oversight.103,117 For example, systemic toxicity can 

occur when NO is inhaled at 40 ppm or when a reactive NO byproduct, NO2, is inhaled at 1.5 

ppm.118 As a means to mitigate challenges associated with gaseous NO, NO donors capable of 

storing and releasing NO are frequently employed.119,120 These molecules release NO through 

unique decomposition methods forming a dissolved gas, allowing for more control in effectively 

delivering NO to the desired physiological target.120 While many classes of NO donors have been 

explored,119 this section will focus on the two classes of NO donors that have been most widely 

utilized in antibacterial and antibiofilm treatment strategies for both biotic and abiotic surface-

related infections.  

S-nitrosothiols (RSNOs) are a class of NO donors found endogenously in the form of 

nitrosated cysteine and glutathione.121 S-nitrosothiol NO donors can also be formed exogenously 

through the nitrosation of thiol groups using nitrosating agents (e.g., NO2-, NO2, N2O3).122 Nitric 

oxide is released from RSNOs following multiple decomposition mechanisms (Figure 1.6A), 

including photothermal degradation via homolytic cleavage of the S-N bond, liberating one mole 

of NO per thiol group.119,123 An additional mechanism involves the catalytic decomposition of 
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Figure 1.6 Nitric oxide storage and release mechanisms of (A) S-nitrosothiol and (B) N-
diazeniumdiolate NO donors. S-nitrosothiols form on thiol groups upon nitrosation via 
nitrosating agents and can break down via copper-mediated decomposition, undergo homolytic 
cleavage via light or heat, or transnitrosylate other thiols. N-diazeniumdiolate NO donors form 
on secondary amines when exposed to high pressure gaseous NO under basic conditions and 
release via a proton-initiated mechanism.  
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RSNOs by copper and other transition metals; however, low copper levels are found endogenously, 

implicating photothermal methods as the primary mechanism for releasing NO in vivo.119,124,125 

Diverse release kinetics are possible depending on the structure of the RSNO (e.g., primary versus 

tertiary thiol) and degree of exposure to external release triggers.119,123 Unfortunately, instability 

due to light and heat exposure may lead to premature NO release and concerns for storage in 

clinical scenarios, as these NO donors must be stored in dark, cold environments.   

Another class of NO donors includes N-diazeniumdiolates (NONOates), which form 

selectively on secondary amines upon exposure to high pressure gaseous NO under sufficiently 

basic conditions. Two moles of NO can be stored per secondary amine with NO released through 

a spontaneous proton-initiated breakdown mechanism under physiological conditions following 

first-order kinetics (Figure 1.6B).126,127 The release of NO from these donors is influenced by both 

environmental factors (e.g., temperature or pH) and the structure of the NO donor molecule. Under 

physiological conditions (i.e., pH 7.4, 37 °C, 0.1 M phosphate buffer), NO-release half-lives of 

small molecule NONOates range from 2 s with NONOate-modified proline (PROLI/NO) to 20 h 

with NONOate-modified diethylenetriamine (DETA/NO).127 While PROLI/NO does not contain 

any chemical functional groups to stabilize the net negative NONOate, DETA/NO has two 

positively charged terminal primary amines that provide such stabilization, leading to extended-

release properties.127–129 With increased stabilization of the NONOate, NO is released more slowly 

from the NO donor. Due to the release mechanisms of NO from NONOates, these NO donors must 

be stored under anhydrous conditions but are otherwise stable for extended periods.  

Small molecule NO donors, such as S-nitrosoglutathione (GSNO) or DETA/NO, are 

capable of NO storage and release with high payloads of NO per unit mass. However, the release 

of NO from these donors is often not well-controlled (i.e., rapid breakdown of NO donor prior to 
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localization), and the donor or precursor (upon NO release) can diffuse away from the site of 

interest. In the case of NONOates, amine-containing donors can be cytotoxic and therefore cause 

off-target toxicity.100,120 The use of macromolecular NO donor scaffolds has been found to 

ameliorate these concerns, facilitating increased localization, biocompatibility, and antibacterial 

action.120,130 Hetrick et al. first confirmed that NO-releasing silica was less cytotoxic to mammalian 

cells than low molecular weight NO donor PROLI/NO at their respective bactericidal doses.100  

An approach to prepare NO-releasing macromolecules involves the encapsulation of small 

molecule NO donors within a scaffold, such as a liposome.131,132 Nitric oxide donor-containing 

liposomes have proven useful in storing their NO payload until reaching the desired target, where 

a change in pH upon arrival at an acidic cancerous site triggered the release of NO from within the 

scaffold.132 Alternatively, small molecule NO donors can be covalently bound to the scaffold 

structure (e.g., biopolymers, dendrimers, silica nanoparticles).120 Modifying the scaffold with NO 

donors allows for enhanced control over the NO-release properties and therapeutic utility.45 The 

main challenge in direct NO loading on a macromolecular scaffold involves low NO payloads per 

unit mass due to the greater overall mass, increased steric hindrance, and reduced access to NO 

loading sites, all of which prohibit NO donor formation on every thiol or secondary amine 

present.120 As such, the choice to utilize a macromolecular scaffold or directly use a small molecule 

NO donor is highly dependent on the intended application. In cases where a high NO payload is 

most beneficial and off-target toxicity is not a major concern, small molecule NO donors may be 

favorable. In other scenarios, where toxicity and localization are more important than high 

payloads per unit mass, employing a macromolecular NO donor scaffold could be advantageous. 

These considerations have justified the development of a wide range of NO donor molecules and 
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scaffolds, each demonstrating their own benefits and challenges for intended biomedical 

applications. 

 

1.2.3. Nitric oxide as an antibacterial wound healing agent 

Insufficient endogenous NO levels, such as those common to certain disease states (e.g., 

diabetes), are implicated in the failure of the wound healing process.45 Previous reports described 

wound healing in iNOS knockout mice and how cutaneous wound healing was severely impaired 

in the total absence of iNOS-derived NO production.133 On the contrary, excessively elevated 

levels of NO result in tissue damage, highlighting the need for closely monitoring released NO 

concentrations and properties from designed therapeutics.45 In the wound environment, NO is 

produced at greater levels by iNOS during the inflammatory phase and at lesser eNOS-derived 

levels during the proliferation and maturation phases (Figure 1.7),134 indicating the dichotomous 

concentration ranges that must be considered when developing exogenous therapies. Due to NO’s 

influential roles in healthy wound healing, including its antimicrobial action, inflammation 

modulation, and vascular homeostasis maintenance, numerous therapies based on NO delivery 

have been investigated for the treatment of chronic wounds.45  

The most straightforward way to deliver NO to a wound is via direct exposure to gaseous 

NO. High pressures of oxygen are used for HBOT therapy; thus, NO can be used in place of oxygen 

for direct administration to the wound without needing a carrier.44 In one study, Miller et al. treated 

a patient’s chronic diabetic foot ulcer (DFU) that had persisted for over 2 years. For 14 d, the 

wound was continuously exposed to 200 ppm NO using a hyperbaric boot. On day 14, the surface 

area of the wound was down by 70%, and complete healing was observed after 26 weeks.135 While 

this treatment was effective, continuous treatments of this type are not practical for clinical 
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Figure 1.7 Temporal production of NO over the days following wound healing overlaid with 
the phases of wound healing and the cell populations most relevant to each phase.  
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translation to a wide patient population. As such, intermittent strategies have been investigated. 

Exposures of S. aureus-infected rabbit wounds to 200 ppm NO for 8 h facilitated improved 

collagen deposition and reduced bacterial loads by 1-log after just 3 days of treatment.136 Gaseous 

NO was found to be safely dosed at 5, 25, 75, and 200 ppm for 8 h, but 8-h exposure to >200 ppm 

NO resulted in decreased cell viability and immune cell proliferation, suggesting an upper limit to 

exposure concentrations/durations.137 Higher NO concentrations have successfully been used for 

shorter exposures (i.e., 500 ppm for 60 s once daily) without reported adverse effects, wherein 

wounded rats showed reduced hypoxia and infection, increased angiogenesis, and more rapid 

recovery times.138  

These studies have implicated NO as an effective wound healing agent, but localized 

delivery via NO donors over gaseous NO therapy may provide an avenue that could more easily 

be translated to an at-home, patient-applied therapy. Both RSNO- and NONOate-based therapies 

have been evaluated for their antibacterial and wound healing efficacy.45 Kim et al. developed 

chitosan films doped with small molecule NO donor GSNO.139 This wound dressing reduced 

bacterial viability of P. aeruginosa and S. aureus by 2- and 1-log, respectively. A rat wound model 

further demonstrated that the GSNO-doped chitosan films accelerated wound healing and 

increased collagen fiber content.139 In a series of studies, pluronic-F127 hydrogels were developed 

that encapsulated GSNO and S-nitroso-N-acetylcysteine (SNAC).140 Initial in vivo studies 

involved application of the NO-loaded hydrogels to the forearms of humans, confirming that there 

was elevated dermal blood flow for at least 3 h following application.141 Follow-on studies 

involved the application of two doses of GSNO-loaded hydrogels (23 mM and 230 mM GSNO) 

to the skin of healthy and diabetic rats. The 230 mM GSNO-loaded hydrogel doubled the perfusion 

of blood in both normal and diabetic rats.142 Lastly, NO-releasing pluronic-F127 hydrogels were 
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used to treat excisional wounds in a rat model. Most favorable healing outcomes were observed 

when the wounds were treated during both the inflammatory and proliferation phases.143 

The use of small molecule NONOate donors has also yielded success. Dashti et al. added 

DETA/NO powder directly to the wounds of streptozotocin-induced diabetic rats, where 

accelerated wound closure was observed.144 In a different study by Brisbois et al., wound dressings 

were doped with NONOate-loaded dibutylhexanediamine (DBHD/N2O2) and evaluated against 

infected murine burn wounds. Treatment with DBHD/N2O2 wound dressings decreased A. 

baumannii burden by ~4 logs, highlighting NO’s exceptional role in antibacterial action for wound 

infections.145 N-diazeniumdiolate NO donors have also been covalently linked to polymer 

scaffolds in the development of wound therapies. Acrylonitrile-based terpolymers were covalently 

bound with NONOates and electrospun to prepare non-woven fibrous wound dressings.146 

Evaluation in an in vivo excisional mouse wound model displayed enhanced closure on day 14 

when treated with NO versus a control dressing. Confirming NO’s role in vascular homeostasis, a 

greater capillary density was found with NO treatment. Additionally, a marked upregulation of 

NO-induced gene expression (e.g., eNOS) was evident within 30 min of treatment.146 In a different 

approach, Masters et al. coupled an NONOate NO donor to poly(vinyl alcohol) (PVA) 

hydrogels.147 A significant increase in collagen content was found following treatment of diabetic 

mouse wounds, with a noted concentration dependence where greater doses of NO led to more 

collagen.147  

A common factor in the above studies is that NO-based therapies enhance wound healing 

via increasing angiogenesis and collagen content, faster wound closure, and lower bacterial 

burden. Clearly, NO is a beneficial wound healing agent. My dissertation research aims to develop 

a bioactive macromolecular backbone for NO delivery to potentially further enhance wound 
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healing. Targeting wound healing applications, the glycosaminoglycan (GAG) family represents 

an attractive series of macromolecular backbones for NO storage and delivery.  

Glycosaminoglycans (Figure 1.8) are unbranched polysaccharides that fall into four main 

categories: (1) hyaluronic acid (HA), (2) chondroitin sulfate (CS) and dermatan sulfate (DS), (3) 

heparan sulfate (HS) and heparin, and (4) keratan sulfate (KS).148,149 These biopolymers are major 

constituents of the ECM found in epithelial, connective, and nervous tissues of vertebrates.148,150 

All of the GAGs are characterized by the same structure of disaccharide units, containing an amino 

sugar (N-acetyl-D-galactosamine or N-acetyl-D-glucosamine), usually sulfated, and a uronic sugar 

(glucuronic acid or iduronic acid) or galactose.148,150 Hyaluronic acid is the only GAG that is not 

naturally sulfated but is found at much greater molecular weights (≤ 10 MDa) than the other GAGs 

(≤ 50 kDa).150,151 All GAGs are negatively charged due to their carboxyl and/or sulfate groups.148 

Sulfated GAGs are structurally heterogeneous in their disaccharide composition, sulfation pattern 

and degree, and chain length, giving them diverse in vivo properties.149  

Heparin and HS are most studied for their anticoagulant activity and prevention of 

thrombosis.152 Keratan sulfate is mainly found in the cornea where it is involved in maintenance 

of corneal transparency. It is also important to note that KS is the least understood GAG at this 

time.152 Dermatan sulfate, a stereoisomer of CS, has strong antithrombotic activity similar to 

heparin and HS.152,153 However, two major drawbacks of DS include its relatively short half-life 

and low bioavailability when compared to heparin.152 It is hypothesized that DS may be involved 

in wound healing, as it is a major constituent of the skin and influences coagulation, immune 

defense, and cell growth. However, these roles have not yet been fully characterized.154 Hyaluronic 

acid is the major GAG found in fetal wounds whereas CS is the major GAG found in adult wounds, 
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Figure 1.8 Structures of disaccharides forming the various GAG species. Of note, sulfation 
pattern varies for the sulfated GAGs. An example sulfation pattern is presented. 
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implicating their significance in the wound healing process.155 Much of my work in developing a 

novel wound therapy focuses on HA and CS. 

Hyaluronic acid is composed of alternating D-glucuronic acid and N-acetyl-D-glucosamine 

residues.150,151 Approximately 50% of the total HA in the human body resides in the skin, both in 

the dermis and epidermis.150,156 Most important to this research, HA is involved in many processes 

related to wound healing. Hyaluronic acid acts as a signaling molecule dependent on molecular 

weight, location, and cell-specific factors.150 High molecular weight HA (≥ 1 MDa) is expressed 

in healthy tissue signaling for immunosuppressive, anti-inflammatory, and anti-angiogenic 

mechanisms.151,157 Under times of inflammatory stress, endogenous HA is degraded to lower 

molecular weight HA (< 800 kDa), which signals for immunostimulatory, pro-inflammatory, and 

angiogenic activities.150,151,157 These molecular weight-dependent signals give HA the ability to 

contribute to each stage of wound healing (Figure 1.9).  

During hemostasis, HA (> 400 kDa) is released to prompt the deposition of fibrinogen and 

the formation of a clot.156,158 During inflammation, the secretion of inflammatory cytokines signals 

for degradation of high molecular weight HA to low molecular weight HA, which recruits 

leukocytes, monocytes, and lymphocytes to the wound cite. Toll-like receptors TLR2 and TLR4 

interact with low molecular weight HA to express TNF-α and interleukins (e.g., IL-6, IL-8, and 

IL-1β).156,158 Subsequently, HA is further degraded into oligosaccharides that reduce the 

inflammatory response and guide proliferative activity.156 During proliferation, HA 

oligosaccharides guide fibroblast migration and proliferation (leading to wound contraction), 

foster angiogenesis, facilitate collagen deposition, and interact with CD44 receptors on 

keratinocytes to regulate the re-epithelialization process.156,158 Lastly, HA oligosaccharides 
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Figure 1.9 Roles of HA in the wound healing process dependent on the molecular weight of 
HA. Abbreviations include molecular weight, MW; toll-like receptors 2 and 4; TLR2 and 
TLR4; transforming growth factor α, TGF-α; interleukins 1β, 6, and 8, IL-1β, IL-6, and IL-8; 
receptor for HA-mediated motility, RHAMM. 
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promote the differentiation of fibroblasts to myofibroblasts, promoting wound contraction and 

maturation of collagen from type III to type I.156 

Due to HA’s prominent roles in wound healing, numerous studies have investigated the 

treatment of wounds with exogenous HA. Studies involving exogenous HA treatment for wound 

healing have demonstrated increased fibroblast proliferation, migration, and adhesion to the wound 

site, enhanced collagen production, and improvement and acceleration of wound closure and re-

epithelialization.150 Topical treatment with HA oligosaccharides (1-7 kDa) in mice and rats was 

found to increase wound healing rates, angiogenesis, collagen deposition, and endothelial cell 

proliferation.159–161 When incorporated in wound dressings and hydrogels, HA reduced healing 

time and helped retain moisture, alleviate inflammation, and relieve scar formation.162,163 These 

promising results indicate that HA would be well served as a macromolecular vehicle for NO 

delivery for wound healing applications.  

Due to the similarity in structures between HA and CS as well as CS’s large concentration 

in adult wounds, CS may represent another attractive vehicle for NO delivery for wound therapy. 

Contrary to HA’s molecular weight-specific interactions, CS’s interactions are not significantly 

impacted by CS molecular weight, which is typically ~20 kDa in animal tissue.164 Chondroitin 

sulfate is composed of alternating glucuronic acid and N-acetyl-D-galactosamine residues, which 

can be sulfated at multiple positions.165 Polysaccharides isolated from animal tissue are 

predominantly composed of chondroitin-4-sulfate (CSA) and chondroitin-6-sulfate (CSC), 

sulfated in the 4 and 6 position of N-acetyl-D-galactosamine residues, respectively.166 The 

sulfation pattern of CS, rather than its molecular weight, is important in controlling the specific 

molecular interactions of CS both in vitro and in vivo.148,165  
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Chondroitin sulfate is widely distributed throughout the human body with important roles 

in the regulation of growth factors, cytokines, and chemokines dependent on its sulfation 

pattern.148 Regarding cellular growth and movement, CS decelerates keratinocyte migration and 

proliferation, increases fibroblast proliferation and migration, increases or decreases fibroblast 

adhesion, and stimulates chondrocyte proliferation.166–170 Derivatives of CS also exhibit anti-

inflammatory properties, inhibiting the release and/or activity of MMPs, ROS, lysosomal enzymes, 

and hyaluronidase.170–172 Chondroitin sulfate is able to diminish NF-κB activation and nuclear 

translocation in chondrocytes.173 Of note, activation of NF-κB is a key component in the 

inflammatory process and has a role in many inflammatory diseases. The role of CS in NF-κB 

activation has raised the hypothesis that CS might be able to treat diseases that have a strong 

inflammatory component.173 Thus, the main applications for CS to date have involved the 

treatment of osteoarthritis and other conditions that might utilize CS’s anti-inflammatory actions. 

However, more relevant areas of interest include tissue regeneration and engineering 

applications.148 

A number of wound dressings have been prepared using CS. In a study by Kirker et al., 

wounds treated with CS films showed more vascular tissue by day 10. A significant increase in re-

epithelialization was found in wounds treated with the CS films versus controls.174 Chondroitin 

sulfate-based hydrogels have also been evaluated. For example, Gilbert et al. reported on the 

treatment of maxillary sinus mucosa wounds in rabbits with a CS hydrogel and demonstrated 

accelerated wound healing. The authors attributed the better healing to the CS hydrogel’s 

resemblance to the ECM, which could serve as a repository for cytokines and growth factors as 

well as provide structural framework for infiltrating fibroblasts.175 Lastly, GAG-containing (HA 

or CS) electrospun nanofibers were evaluated for skin tissue regeneration applications by 
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Bhowmick et al.172,176 These fibers, regardless of GAG identity, were found to stimulate cellular 

performance and accelerate epidermal and dermal regeneration.172,176 

Substantial evidence has been described in the literature that the two GAGs presented 

herein, HA and CS, have important roles related to wound healing. Further, preliminary reports 

have utilized HA or CS as an active ingredient for wound therapy with promising results. Due to 

the wound healing actions of HA and CS, they represent an attractive biopolymer backbone for 

storage and delivery of NO, as once the NO is released, the backbone itself may remain bioactive. 

The structures of HA and CS (Figure 1.8) contain multiple functional groups (e.g., primary and 

secondary alcohols, carboxylic acids) that are easily modified to incorporate N-diazeniumdiolate 

NO donor precursor structures (e.g., secondary amines). The combination of NO’s antimicrobial, 

inflammation modulatory, and angiogenic properties with the wound healing benefits of HA or CS 

has the potential to generate a multi-action therapeutic aimed at treating infected wounds.  

 

1.2.4. Nitric oxide therapies for mitigating hemodialysis catheter infection and failure 

While initial studies have demonstrated NO therapies as an attractive option for preventing 

and treating infections related to hemodialysis catheter use, most reported systems do not exhibit 

NO-release durations sufficient for long-term applications. Hou et al. reported modifying the 

surface of the catheter with an NO-releasing polymer brush.177 Active release of NO persisted for 

15 d with both in vitro and in vivo (murine and porcine) models showing strong antibacterial 

activity (i.e., 4-log reduction in MRSA viability).177 While useful for short-term catheterization, 

long-term applications (i.e., months or longer) are not yet available using this method, as it is not 

possible to replace the NO source once the NO payload has been released. Another strategy 

involves impregnating/infusing catheters with small molecule NO donors. Central venous 
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catheters were fabricated containing DBHD/N2O2, with PLGA added to alter NO release by 

controlling PLGA hydrolysis. Active NO release was observed for at least 14 d with in vivo testing 

in rabbits demonstrating decreased thrombus size and decreased bacterial adhesion by 95%.178 

Multiple NO-releasing catheter systems have been evaluated using small molecule NO donor S-

nitroso-N-acetylpenicillamine (SNAP), either by fabricating catheters from polymers mixed with 

SNAP or swelling pre-formed catheters to include SNAP. Reported NO release durations from 

SNAP-impregnated catheters range from 1-60 d.179–182 These studies reported antibiofilm action 

against S. epidermidis,179 S. aureus,180–182 P. aeruginosa,179,180,182 and E. coli,181 stating 1- to 3-log 

reductions in bacterial/biofilm viability. In addition, in vivo studies in rabbits resulted in thrombus 

reduction by 96%.179 SNAP has also been embedded within a polymer and the polymer/SNAP 

mixture used to fill one lumen of a dual-lumen catheter, restricting vascular access to a single 

lumen. This study demonstrated a 97% reduction in E. coli and S. aureus biofilm viability in vitro 

as well as an 85% reduction in thrombus size in vivo.183 Unfortunately, these methods all utilize 

non-renewable NO sources, limiting their functional lifetime to the length of achievable NO 

release, which for most of the described studies, is approximately 2 weeks. 

Two recent studies have investigated the use of renewable NO sources for fabricating NO-

releasing catheters. Doverspike et al. achieved a replenishable NO-releasing catheter system by 

developing a small, NO-releasing insert that attaches to the catheter hub cap and is replaced every 

48-72 h, when NO release is exhausted. In vivo experiments in a sheep model demonstrated 

reduced bacterial counts by 3-5 logs in the hub region but only 2-3 logs in the inner lumen.184 By 

attaching the NO-releasing device to only the hub region, the amount of NO that diffuses along 

the length of the catheter, through the clamped portion to the tip, is unclear but relevant as the 

catheter tip is often the site of occlusive thrombosis.  



 
 
 42 

An alternative approach to developing a renewable NO catheter system is to utilize an NO-

releasing lock solution that fills both catheter lumens between dialysis sessions. Kumar et al. 

previously reported on an S-nitroso-N-acetyl-L-cysteine ethyl ester lock solution that releases NO 

for at least 18 h. In vitro, the researchers observed a 3-log reduction in S. aureus and E coli 

adhesion but did not evaluate the effects on thrombosis or stenosis.185 While this report 

demonstrates the benefits of an NO-releasing lock solution, future utility clearly necessitates the 

use of longer NO-releasing systems, as lock solutions are replaced every 48-72 h in the clinic. The 

NO release must thus be maintained above a certain threshold for at least 72 h to maintain efficacy 

between treatments.  

Nitric oxide-releasing lock solutions remain a promising avenue to pursue for catheter NO 

release, particularly if such solutions can easily be incorporated within current dialysis regimens, 

maximizing potential for clinical translation. Further, the NO donor itself does not need to provide 

localization, as NO will diffuse through the catheter surface183–185 and not contact blood or tissue 

in great quantities, mitigating concerns over toxicity. As such, the use of small molecule NONOate 

NO donors that provide high NO payloads per mass of NO donor may prove ideal. As the exact 

role of NO flux (i.e., concentration, release profile) from the catheter surface has yet to be 

elucidated, small molecule NONOate donors represent ideal tools to evaluate the role of NO-

release properties (e.g., payload, flux) and durability of NO for reducing on infection, thrombosis, 

and stenosis.  

 

1.3. Summary of dissertation research 

The goal of my dissertation research was to develop multi-action NO-release systems 

capable of preventing and treating infections, as well as associated complications, of biotic and 
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abiotic surfaces. Chronic wound infections were chosen as a representative infection associated 

with biotic surfaces (i.e., wound tissue). The combination of a bioactive macromolecular scaffold 

with NO addressed both clearing infection and promoting host wound healing. Hemodialysis 

catheter-related infections were chosen as a representative infection associated with abiotic 

surfaces (i.e., the catheter surface). Nitric oxide’s ability to reduce bacterial and platelet adhesion 

as well as stenosis were all harnessed to cultivate a triple-action strategy. Both multi-action NO 

release systems were evaluated in vitro and in vivo to elucidate their potential in infection control 

for wound and catheter systems. Specifically, my research aimed to:  

1. Synthesize NO-releasing glycosaminoglycans as a function of molecular weight and 

sulfation pattern that exhibit tunable NO-release properties;  

2. Assess the in vitro antibacterial and antibiofilm properties of NO-releasing 

glycosaminoglycans against common wound pathogens;  

3. Evaluate the wound healing potential of NO-releasing glycosaminoglycans using in 

vitro wound healing assays containing human fibroblasts or keratinocytes and in vivo 

infected murine wound models;  

4. Develop NO-releasing lock solutions for hemodialysis catheters with tunable NO 

payloads and flux profiles; 

5. Investigate the ability of NO-releasing lock solutions to reduce infection, thrombosis, 

and stenosis using both in vitro and in vivo porcine models.  

 

In this introductory chapter, I sought to describe how bacteria evade conventional antibiotic 

treatments through acquired antibiotic resistance, biofilm formation, and the propensity to exist in 

polymicrobial communities. The limited success of antibiotics and associated therapies in treating 
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chronic wound infections and those associated with hemodialysis catheters has motivated the 

development of novel therapeutics, including NO-releasing strategies with antibacterial, 

antibiofilm, inflammation modulatory, angiogenic, anti-thrombosis, and anti-stenosis properties. 

Previous NO-release systems for treating both wound infections and catheter infections were 

described, along with their limitations. The synthesis and characterization of novel NO-releasing 

HA derivatives with tunable NO-release properties will be presented in Chapter 2. With 

antibacterial action against a broad spectrum of chronic wound pathogens as well as promising 

preliminary results in promoting wound healing in infected mice, the application of NO-releasing 

glycosaminoglycans as wound healing agents will be discussed in Chapter 3. Briefly, the use of 

NO-releasing HA and CS derivatives for inhibiting and eradicating bacteria common infections 

along with in vitro skin cell toxicity profiles, and effect on fibroblast and keratinocyte adhesion, 

proliferation, and migration are detailed. The efficacy of NO-releasing GAGs in promoting more 

rapid wound closure are demonstrated in a murine infection model. In Chapter 4, the development 

of extended-use NO-releasing lock solutions are described for use in hemodialysis catheters. The 

NO-release properties are varied to determine the effect on in vitro bacterial adhesion and removal, 

protein adhesion, and mammalian cell toxicity. Lastly, Chapter 5 provides a final summary of my 

dissertation research and describes future areas for investigation related to the biomedical 

applications of multi-action NO-releasing systems.  
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CHAPTER 2: NITRIC OXIDE-RELEASING HYALURONIC ACID AS AN 

ANTIBACTERIAL AGENT FOR WOUND THERAPY1 
 

2.1. Introduction 

In response to tissue injury, wound healing proceeds through four overlapping phases: 

hemostasis, inflammation, proliferation, and remodeling.1 While the exact timeline of wound 

healing is dependent upon multiple factors (e.g., wound location, severity), acute wounds make 

progress toward closure without significant intervention. However, some wounds stall in a state of 

inflammation for extended or indefinite amounts of time, often as a result of disease and persistent 

stimuli such as repetitive tissue trauma or pressure, and are commonly referred to as chronic 

wounds.2–4 Chronic wounds affect up to 6.5 million people in the United States and may lead to 

amputations and even mortality if not resolved.5,6  

Underlying diseases and conditions that affect the host immune response by altering 

inflammatory cell migration or cell signaling (e.g., diabetes, malnutrition) are often associated with 

chronic wound development.2,7 The delayed healing associated with chronic wounds is frequently 

initiated or exacerbated by persistent bacterial infections.2,3 Indeed, approximately 45% of chronic 

wounds are associated with infection.8 The bacterial burden within these wounds is often 

polymicrobial, making it difficult to clear the wound of foreign pathogens with single-mechanism 

antibiotics.9,10 Biofilm formation, wherein cooperative communities of bacteria secrete a 

 
1 This chapter was adapted from an article that was published in Biomacromolecules. The original 
citation is as follows: Maloney, S. E.; McGrath, K. V.; Ahonen, M. J. R.; Soliman, D. S.; Feura, 
E. S.; Hall, H. R.; Wallet, S. M.; Maile, R.; Schoenfisch, M. H. Biomacromolecules 2021, 22, 867-
879. 
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protective exopolysaccharide (EPS) matrix, further decreases the efficacy of antibiotic treatment 

as well as the host immune response. Bacteria within the biofilms often demonstrate reduced 

metabolic activity, decreasing the efficacy of many antibiotics that target metabolism. 

Furthermore, the viscous EPS matrix limits the diffusion of antibiotics and immune cells to the 

bacteria, preventing clearance of the infection.3,11 The emergence of bacterial strains that are 

resistant to conventional antibiotics limits the use of these agents in controlling infection, 

motivating the need for alternative antimicrobial agents that are unlikely to foster resistance.12  

Nitric oxide (NO), an endogenous signaling molecule, represents an attractive wound-

healing therapeutic due to its ability to mitigate infection and modulate the type of inflammation 

that promotes chronic wound development. Nitric oxide exerts broad-spectrum antibacterial 

activity via multiple mechanisms including the formation of reactive byproducts (e.g., 

peroxynitrite, dinitrogen trioxide) that initiate DNA cleavage, thiol nitrosation, and destruction of 

bacterial membranes through lipid peroxidation.13–15 Of importance, bacterial resistance to NO has 

yet to be observed16 and is unlikely to occur due to these multiple mechanisms of bactericidal 

action.13,16,17 An additional benefit of NO-releasing therapies for the treatment of chronic wounds 

stems from the intrinsic role of NO in wound healing. Nitric oxide, which is produced 

endogenously by a family of enzymes known as nitric oxide synthases (NOS), exhibits 

concentration-dependent functions related to wound healing.4,18 High concentrations of nitric 

oxide (nM-µM) concomitant with inflammation in the wound environment facilitate bacterial 

eradication. Over time, lower levels of NO (pM-nM) produced by endothelial nitric oxide synthase 

(eNOS) regulate other aspects of wound healing, including collagen synthesis, angiogenesis, and 

inflammatory cell proliferation, phenotype, and function.18–22 Certain conditions, such as diabetes, 

alter endogenous NO production and, as a result, impair several aspects of the wound healing 
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processes.7,23 Exogenous and tunable NO therapy thus represents a novel way to mitigate these 

complications by stimulating wound healing as well as clearing infection. 

Due to NO’s high reactivity in biological media and short half-life24, strategies have been 

developed to deliver exogenous NO by way of chemical NO donors. N-diazeniumdiolate NO 

donors have garnered much interest due to their spontaneous release of NO under physiological 

conditions, with NO-release kinetics dependent upon the NO donor precursor structure.25,26 

Conjugation of NO donors onto macromolecular scaffolds, such as silica nanoparticles13,27,28, 

dendrimers29,30, and biopolymers31,32, have become an attractive alternative to small molecule NO 

donors as they enable targeted delivery opportunities and enhanced control over NO-release 

kinetics.15,33,34 Further, these macromolecular scaffolds are easily incorporated within 

conventional wound therapies and dressings (e.g., hydrogels35–37, creams38–40, films35,41,42, and 

fibers43) in order to facilitate topical NO delivery to the site of a wound. Treatment of wounds with 

NO has been shown to accelerate wound closure35,36,38–41,43, enhance wound hydration36, eradicate 

chronic wound pathogens40,42, and increase capillary density36,43 and collagen deposition.35,37 

Biopolymers are a particularly advantageous system for wound-healing applications due to their 

inherent water solubility, low toxicity, and biodegradability.  

Hyaluronic acid (HA), an endogenous biopolymer composed of alternating D-glucuronic 

acid and N-acetyl-D-glucosamine residues, represents a promising NO delivery scaffold as it is 

already involved as a signaling molecule for wound healing.44 High molecular weight HA (≥1 

MDa) is expressed in healthy tissue and exhibits immunosuppressive, anti-inflammatory, and anti-

angiogenic mechanisms.44,45 Under inflammatory stress, endogenous HA is enzymatically 

degraded to lower molecular weights (1-800 kDa) that signal for immunostimulatory, pro-

inflammatory, and angiogenic activity.44,45 As a consequence of these properties, HA has been 
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used in a wide range of biomedical applications, including tissue engineering46,47, drug  

delivery48–51, and wound healing.52–57 Several studies have investigated whether the beneficial 

properties associated with endogenous HA translate to exogenous HA therapy. For example, 

wounded diabetic mice systemically injected with high molecular weight HA (e.g., 4 MDa) 

demonstrated improved healing and improved mechanical properties of the healed skin.52 Topical 

treatment with HA oligosaccharides (e.g., 1-7 kDa) in mice and rats has been found to increase 

wound healing rates, angiogenesis, collagen deposition, and endothelial cell proliferation.53–55 

Wound dressings, ointments, and hydrogels containing HA have demonstrated enhanced wound 

healing properties, such as increased fibroblast proliferation, alleviated inflammation, increased 

moisture, and improved skin regeneration.56–58 In addition to the native state benefits of HA, the 

biopolymer backbone also allows for versatile chemical modification at available carboxylic acid 

and primary and secondary alcohol functional groups. Given HA’s unique properties in tissue 

repair and the potential to add NO donor functionality to leverage NO’s multifaceted roles in 

wound healing, NO-releasing HA represents a favorable antibacterial therapeutic for chronic 

wounds.  

Herein, we describe the modification of 6 and 90 kDa HA with alkylamine moieties for 

subsequent N-diazeniumdiolation to produce a new type of NO-releasing biopolymer. The two 

molecular weights were specifically chosen to investigate a range of low molecular weight HA 

biopolymers, as low molecular weight HA is known to stimulate tissue regeneration.44,59 The 

selected alkylamine groups used for modification have been described previously to confer diverse 

NO-release kinetics.60,61 The effects of HA molecular weight and NO-release properties on 

antibacterial activity were evaluated using drug-susceptible and drug-resistant bacteria common 

to chronic wounds. In addition, the antibiofilm efficacy was evaluated using susceptible and 
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multidrug-resistant Pseudomonas aeruginosa. Toxicity to mammalian cells was assessed as a 

function of the HA biopolymer and NO-release properties using murine fibroblasts as a 

representative cell type in the wound environment. In vitro enzymatic degradation of control 

(unmodified and amine-modified) HA and NO-releasing HA was performed using bovine 

testicular hyaluronidase to ensure that altering the HA structure did not change the biodegradation 

potential of the biopolymer.  

 

2.2. Materials and methods 

2.2.1. Materials 

Extra-low (80-110 kDa; HA90) and ultra-low (<6 kDa; HA6) molecular weight hyaluronic 

acid were purchased from Lotioncrafter (Eastsound, WA). Bis(3-aminopropyl)amine (DPTA), 

diethylenetriamine (DETA), N-propyl-1,3-propanediamine (PAPA), N-(2-

hydroxyethyl)ethylenediamine (HEDA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

hydrochloride (EDC), N-hydroxysuccinimide (NHS), neomycin sulfate, phenazine methosulfate 

(PMS), hyaluronidase (from bovine testes, Type I-S), ethylenediaminetetraacetic acid disodium 

salt dihydrate (Na2EDTA), and qPCR primers for Pseudomonas aeruginosa quantification were 

purchased from MilliporeSigma (St. Louis, MO). 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) was purchased from 

BioVision (Milpitas, CA). Trypsin, penicillin streptomycin (PS), fetal bovine serum (FBS), 

Dulbecco’s modified Eagle’s medium (DMEM), water (HPLC), acetonitrile (HPLC, ≥99.9%), and 

common laboratory salts and solvents were purchased from Thermo Fisher Scientific (Fair Lawn, 

NJ). Unless otherwise specified, all reagents were used as received without further purification. 

DNeasy Blood and Tissue Kit was purchased from Qiagen (Hilden, Germany). iQ SYBR Green 
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Supermix was purchased from Bio-Rad Laboratories, Inc. (Hercules, CA). Tryptic soy broth (TSB) 

and tryptic soy agar (TSA) were obtained from Becton, Dickinson, and Company (Franklin Lakes, 

NJ). L929 murine fibroblasts (ATCC CCL1) were obtained from the UNC Tissue Culture Facility 

(Chapel Hill, NC). Human gingival fibroblasts (HGF), human oral keratinocytes (HOK), fibroblast 

medium, and oral keratinocyte medium were purchased from ScienCell Research Laboratories 

(Carlsbad, CA). Pseudomonas aeruginosa (P. aeruginosa; ATCC #47085), Escherichia coli (E. 

coli; ATCC #43888), Staphylococcus aureus (S. aureus; ATCC #29213), Enterococcus faecalis 

(E. faecalis; ATCC #29212), multidrug-resistant P. aeruginosa (MDR-PA; ATCC #BAA-2110), 

and methicillin-resistant S. aureus (MRSA; ATCC #33591) were obtained from the American 

Type Tissue Culture Collection (Manassas, VA). Argon (Ar), carbon dioxide (CO2), nitrogen (N2), 

oxygen (O2), nitric oxide (NO) calibration (25.87 ppm balance N2), and pure NO (99.5%) gas 

cylinders were purchased from Airgas National Welders (Raleigh, NC). Distilled water was 

purified to a resistivity of 18.2 MΩ•cm and a total organic content of ≤6 ppb using a Millipore 

Milli-Q UV Gradient A10 system (Bedford, MA). 

 

2.2.2. Synthesis of alkylamine-modified hyaluronic acid (HAMW-alkylamine) 

Hyaluronic acid (HA6 and HA90) was modified with either PAPA, HEDA, DPTA, or 

DETA as adapted from previously published protocols.31 Briefly, HA (1 g) was dissolved in 40 

mL (HA6) or 100 mL (HA90) of distilled water with magnetic stirring. A 4:1 molar ratio of EDC 

and NHS, with respect to the carboxylic acid moieties on the HA scaffold, was added in addition 

to 1 mL of 0.5 M HCl. Following a 20 min activation period at room temperature, an 8:1 molar 

ratio of PAPA, DPTA, or DETA or a 4:1 molar ratio of HEDA was added dropwise to the reaction 

solution. The solution was stirred at room temperature for 48 h. Amine-modified HA was 
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precipitated in ethanol, collected via centrifugation, washed twice with ethanol, and dried in vacuo 

yielding a white solid for each modification.    

 

2.2.3. Characterization of alkylamine-modified hyaluronic acid 

The presence of unreacted starting materials (i.e., EDC, NHS) was assessed using high-

performance liquid chromatography (HPLC; Agilent Technologies 1260 Infinity II LC System; 

Santa Clara, CA) equipped with an evaporative light scattering detector (ELSD). Aliquots (20 µL) 

of 0.1 mg mL-1 HA (unmodified and amine-modified), EDC, or NHS samples were analyzed using 

a Synergi 4 µm Hydro-RP column (250 x 4.6 mm; Phenomenex; Torrance, CA) and a mobile 

phase composed of 80:20 (v/v) acetonitrile:water at a flow rate of 1 mL min-1. Elution was 

monitored via ELSD. Elemental (carbon, hydrogen, and nitrogen; CHN) analysis was conducted 

using a PerkinElmer Elemental Analyzer Series 2400 Instrument (Waltham, MA). Fourier 

transform infrared spectroscopy was performed using a PerkinElmer Spectrum 100 FTIR 

Spectrometer with universal ATR accessory (Waltham, MA). 1H and 13C nuclear magnetic 

resonance (NMR) spectra were recorded on a Bruker (600 MHz) spectrometer (Billerica, MA). 

Representative 1H and 13C NMR of HA and the alkylamine-modified HA derivatives included the 

following peaks (denoted by D-glucuronic acid (GlcA) and N-acetyl-D-glucosamine (GlcNAc) 

residues):  

HA6 and HA90: 1H NMR (600 MHz, D2O, 𝛿) 1.90 [GlcNAc: NHC(O)CH3], 3.20-3.45 

[GlcA C4: OCHCH(OH)CH(OH)CH(CHC(O)OH)O; GlcNAc C5, C6: CHCH2OH, CHCH2OH], 

3.60-3.95 [GlcA C2, C3, C5: OCHCH(OH), OCHCH(OH)CH(OH), CHC(O)OH; GlcNAc C2, 

C3, C4: OCHCH(NHC(O)CH3), OCHCH(NHC(O)CH3)CH(CHOH)O, 

OCHCH(NHC(O)CH3)CH(O)CH(OH)], 4.25-4.50 [GlcA C1: OCH(CHOH)O; GlcNAc C1: 
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OCH(CHNHC(O)CH3)O]. 13C NMR (600 MHz, D2O, 𝛿) 22.5 [GlcNAc: NHC(O)CH3], 54.0 

[GlcNAc C2: OCHCH(NHC(O)CH3], 60.0 [GlcNAc C6: CHCH2OH], 68.0 [GlcNAc C4: 

OCHCH(NHC(O)CH3)CH(O)CH(OH)], 72.0 [GlcA C2: OCHCH(OH)], 73.5 [GlcA C3: 

OCHCH(OH)CH(OH)], 75.0 [GlcA C5: CHC(O)OH], 76.0 [GlcNAc C5: CHCH2OH], 80.0 

[GlcNAc C3: OCHCH(NHC(O)CH3)CH(CHOH)O], 82.5 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O], 100.0-103.5 [GlcA C1: OCH(CHOH)O; GlcNAc C1: 

OCH(CHNHC(O)CH3)O], 174.0-175.0 [GlcA C6: CHC(O)OH; GlcNAc: NHC(O)CH3].  

HA6-PAPA and HA90-PAPA: 1H NMR (600 MHz, D2O, 𝛿) 0.80-0.90 [NHCH2CH2CH3], 

1.50 [NHCH2CH2CH3], 1.75 [NHCH2CH2CH2NHCH2CH2CH3], 1.90 [GlcNAc: NHC(O)CH3], 

2.50-2.85 [NHCH2CH2CH2NHCH2CH2CH3], 3.20-3.45 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O; GlcNAc C5, C6: CHCH2OH, CHCH2OH], 3.50 

[NHCH2CH2CH2NHCH2CH2CH3], 3.60-3.95 [GlcA C2, C3, C5: OCHCH(OH), 

OCHCH(OH)CH(OH), CHC(O)OH; GlcNAc C2, C3, C4: OCHCH(NHC(O)CH3), 

OCHCH(NHC(O)CH3)CH(CHOH)O, OCHCH(NHC(O)CH3)CH(O)CH(OH)], 4.25-4.50 [GlcA 

C1: OCH(CHOH)O; GlcNAc C1: OCH(CHNHC(O)CH3)O]. 13C NMR (600 MHz, D2O, 𝛿) 10.0 

[NHCH2CH2CH3], 20.0 [NHCH2CH2CH3], 22.5 [GlcNAc: NHC(O)CH3], 25.5-27.0 

[NHCH2CH2CH2NHCH2CH2CH3], 35.0-37.5 [NHCH2CH2CH2NHCH2CH2CH3], 43.0-45.0 

[NHCH2CH2CH2NHCH2CH2CH3], 49.5 [NHCH2CH2CH3], 54.0 [GlcNAc C2: 

OCHCH(NHC(O)CH3], 60.0 [GlcNAc C6: CHCH2OH], 68.0 [GlcNAc C4: 

OCHCH(NHC(O)CH3)CH(O)CH(OH)], 72.0 [GlcA C2: OCHCH(OH)], 73.5 [GlcA C3: 

OCHCH(OH)CH(OH)], 75.0 [GlcA C5: CHC(O)OH], 76.0 [GlcNAc C5: CHCH2OH], 80.0 

[GlcNAc C3: OCHCH(NHC(O)CH3)CH(CHOH)O], 82.5 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O], 100.0-103.5 [GlcA C1: OCH(CHOH)O; GlcNAc C1: 
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OCH(CHNHC(O)CH3)O], 160.5 [GlcA C6: CHC(O)NH], 174.0-175.0 [GlcA C6: CHC(O)OH; 

GlcNAc: NHC(O)CH3]. 

HA6-HEDA and HA90-HEDA: 1H NMR (600 MHz, D2O, 𝛿) 1.90 [GlcNAc: 

NHC(O)CH3], 2.70-3.00 [NHCH2CH2NHCH2CH2OH], 3.20-3.45 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O; GlcNAc C5, C6: CHCH2OH, CHCH2OH], 3.50 

[NHCH2CH2NHCH2CH2OH], 3.55 [NHCH2CH2OH], 3.60-3.95 [GlcA C2, C3, C5: 

OCHCH(OH), OCHCH(OH)CH(OH), CHC(O)OH; GlcNAc C2, C3, C4: OCHCH(NHC(O)CH3), 

OCHCH(NHC(O)CH3)CH(CHOH)O, OCHCH(NHC(O)CH3)CH(O)CH(OH)], 4.25-4.50 [GlcA 

C1: OCH(CHOH)O; GlcNAc C1: OCH(CHNHC(O)CH3)O]. 13C NMR (600 MHz, D2O, 𝛿) 22.5 

[GlcNAc: NHC(O)CH3], 34.0-38.5 [NHCH2CH2NHCH2CH2OH], 46.0 

[NHCH2CH2NHCH2CH2OH], 49.5 [NHCH2CH2OH], 54.0 [GlcNAc C2: OCHCH(NHC(O)CH3], 

59.5 [NHCH2CH2OH], 60.0 [GlcNAc C6: CHCH2OH], 68.0 [GlcNAc C4: 

OCHCH(NHC(O)CH3)CH(O)CH(OH)], 72.0 [GlcA C2: OCHCH(OH)], 73.5 [GlcA C3: 

OCHCH(OH)CH(OH)], 75.0 [GlcA C5: CHC(O)OH], 76.0 [GlcNAc C5: CHCH2OH], 80.0 

[GlcNAc C3: OCHCH(NHC(O)CH3)CH(CHOH)O], 82.5 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O], 100.0-103.5 [GlcA C1: OCH(CHOH)O; GlcNAc C1: 

OCH(CHNHC(O)CH3)O], 160.5 [GlcA C6: CHC(O)NH], 174.0-175.0 [GlcA C6: CHC(O)OH; 

GlcNAc: NHC(O)CH3].  

HA6-DPTA and HA90-DPTA: 1H NMR (600 MHz, D2O, 𝛿) 1.70-1.75 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 1.90 [GlcNAc: NHC(O)CH3], 2.55-2.60 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 2.80-2.85 [NHCH2CH2CH2NH2], 3.20-3.45 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O; GlcNAc C5, C6: CHCH2OH, CHCH2OH], 3.50 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 3.60-3.95 [GlcA C2, C3, C5: OCHCH(OH), 
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OCHCH(OH)CH(OH), CHC(O)OH; GlcNAc C2, C3, C4: OCHCH(NHC(O)CH3), 

OCHCH(NHC(O)CH3)CH(CHOH)O, OCHCH(NHC(O)CH3)CH(O)CH(OH)], 4.25-4.50 [GlcA 

C1: OCH(CHOH)O; GlcNAc C1: OCH(CHNHC(O)CH3)O]. 13C NMR (600 MHz, D2O, 𝛿) 17.0 

[NHCH2CH2CH2NH2], 22.5 [GlcNAc: NHC(O)CH3], 24.5-27.5 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 37.5 [NHCH2CH2CH2NHCH2CH2CH2NH2], 45.5 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 54.0 [GlcNAc C2: OCHCH(NHC(O)CH3], 57.5 

[NHCH2CH2CH2NH2], 60.0 [GlcNAc C6: CHCH2OH], 68.0 [GlcNAc C4: 

OCHCH(NHC(O)CH3)CH(O)CH(OH)], 72.0 [GlcA C2: OCHCH(OH)], 73.5 [GlcA C3: 

OCHCH(OH)CH(OH)], 75.0 [GlcA C5: CHC(O)OH], 76.0 [GlcNAc C5: CHCH2OH], 80.0 

[GlcNAc C3: OCHCH(NHC(O)CH3)CH(CHOH)O], 82.5 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O], 100.0-103.5 [GlcA C1: OCH(CHOH)O; GlcNAc C1: 

OCH(CHNHC(O)CH3)O], 160.5 [GlcA C6: CHC(O)NH], 174.0-175.0 [GlcA C6: CHC(O)OH; 

GlcNAc: NHC(O)CH3]. 

HA6-DETA and HA90-DETA: 1H NMR (600 MHz, D2O, 𝛿) 1.90 [GlcNAc: 

NHC(O)CH3], 2.70-2.90 [NHCH2CH2NHCH2CH2NH2], 3.20-3.45 [GlcA C4: 

OCHCH(OH)CH(OH)CH(CHC(O)OH)O; GlcNAc C5, C6: CHCH2OH, CHCH2OH], 3.50 

[NHCH2CH2NHCH2CH2NH2], 3.60-3.95 [GlcA C2, C3, C5: OCHCH(OH), 

OCHCH(OH)CH(OH), CHC(O)OH; GlcNAc C2, C3, C4: OCHCH(NHC(O)CH3), 

OCHCH(NHC(O)CH3)CH(CHOH)O, OCHCH(NHC(O)CH3)CH(O)CH(OH)], 4.25-4.50 [GlcA 

C1: OCH(CHOH)O; GlcNAc C1: OCH(CHNHC(O)CH3)O]. 13C NMR (600 MHz, D2O, 𝛿) 22.5 

[GlcNAc: NHC(O)CH3], 37.5-39.5 [NHCH2CH2NHCH2CH2NH2], 45.5-48.5 

[NHCH2CH2NHCH2CH2NH2], 54.0 [GlcNAc C2: OCHCH(NHC(O)CH3], 60.0 [GlcNAc C6: 

CHCH2OH], 68.0 [GlcNAc C4: OCHCH(NHC(O)CH3)CH(O)CH(OH)], 72.0 [GlcA C2: 
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OCHCH(OH)], 73.5 [GlcA C3: OCHCH(OH)CH(OH)], 75.0 [GlcA C5: CHC(O)OH], 76.0 

[GlcNAc C5: CHCH2OH], 80.0 [GlcNAc C3: OCHCH(NHC(O)CH3)CH(CHOH)O], 82.5 [GlcA 

C4: OCHCH(OH)CH(OH)CH(CHC(O)OH)O], 100.0-103.5 [GlcA C1: OCH(CHOH)O; GlcNAc 

C1: OCH(CHNHC(O)CH3)O], 160.5 [GlcA C6: CHC(O)NH], 174.0-175.0 [GlcA C6: 

CHC(O)OH; GlcNAc: NHC(O)CH3]. 

 

2.2.4. Synthesis of NO-releasing hyaluronic acid 

Alkylamine-modified HA (45 mg) was dissolved in 7:3 methanol:water (3 mL) with 

sodium methoxide (NaOMe; 75 µL; 5.4 mM in methanol) in a 1-dram glass vial. The open vials 

were placed in a stainless-steel reaction vessel and stirred continuously via magnetic stirring. The 

vessel was purged with argon (10 s, 7 atm) three times followed by three additional long purges 

(10 min, 7 atm) to remove excess oxygen. The vessel was then pressurized to 20 atm with NO gas. 

After 3 d, the same argon purging protocol was followed to remove unreacted NO. The resulting 

NO-releasing HA was then precipitated in ethanol, collected by centrifugation, dried in vacuo, and 

stored in vacuum sealed bags at -20 °C as a white/yellow powder for each modification.  

 

2.2.5. Characterization of NO storage and release 

Absorbance measurements (200-450 nm) were made in 50 mM sodium hydroxide (NaOH) 

with a Molecular Devices SpectraMax M2 spectrophotometer (San Jose, CA) to confirm the 

presence of the N-diazeniumdiolate functional group. Real-time nitric oxide release was evaluated 

using a Sievers 280i Nitric Oxide Analyzer (NOA; Boulder, CO). Before use, samples were 

analyzed to characterize their NO release and ensure stability of the stored material. The NOA was 

calibrated with air passed through a NO zero filter (0 ppm NO) and 25.87 ppm of NO calibration 
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gas (balance N2) prior to analysis. In a typical experiment, NO-releasing HA (~1 mg) was 

dissolved in 30 mL of deoxygenated PBS (10 mM, pH 7.4, 37 °C). The solution was purged with 

nitrogen gas at a flow rate of 200 mL min-1 to carry liberated NO to the instrument. Analysis was 

terminated when NO levels fell below the quantification limit of the instrument (10 ppb NO mg-1 

HA).  

 

2.2.6. Planktonic bactericidal assay 

Bacterial cultures of P. aeruginosa, E. coli, E. faecalis, S. aureus, MDR-PA, and MRSA 

were grown from frozen (-80 °C) stocks overnight in TSB (3 mL) at 37 °C. An aliquot (1 mL) of 

the overnight solution was resuspended in fresh TSB (50 mL), grown to a concentration of 108 

CFU mL-1, and subsequently diluted to 106 CFU mL-1 in PBS (10 mM, pH 7.4). Weighed samples 

of control (amine-modified) HA, NO-releasing HA, or neomycin sulfate were dissolved in PBS 

and titrated with 1 M HCl to adjust the pH to 7.4. Samples were added to a 96-well polystyrene 

plate and serially diluted in PBS so that each well contained 100 µL of amine-modified HA, NO-

releasing HA, or neomycin. Bacterial solution containing 106 CFU mL-1 (100 µL; 1 vol% TSB 

supplemented PBS) was added to each well, resulting in final HA concentrations from 0.25 to 32 

mg mL-1 or neomycin concentrations from 0.5 to 1024 µg mL-1. The 96-well plate was then 

incubated at 37 °C for 4 h with gentle shaking. Untreated bacterial solutions were included in each 

experiment to ensure bacteria viability over the 4-h duration. After the 4-h exposure, bacterial 

solutions were serially diluted (10-, 100-, and 1000-fold dilutions), spiral plated on TSA plates 

using an Eddy Jet spiral plater (IUL; Farmingdale, NY), and incubated overnight at 37 °C. 

Viability of bacteria following treatment with HA or neomycin was determined using a Flash & 

Go colony counter (IUL; Farmingdale, NY). The minimum bactericidal concentration after a 4-h 
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exposure period (MBC4h) was defined as the minimum HA or neomycin concentration required to 

achieve a 3-log reduction (≥ 99.9% reduction) in bacterial viability relative to untreated bacteria 

(i.e., reduced bacterial counts from 106 to 103 CFU mL-1). The limit of detection for this counting 

method is 2.5 ×	103 CFU mL-1.62 The NO dose required for bactericidal action was calculated using 

both the MBC4h of the NO-releasing HA samples (mg mL-1) and the total NO released in pH 7.4 

PBS (µmol NO mg-1) at 4 h.  

 

2.2.7. Time-based planktonic bactericidal assay 

Bacteria solutions containing 106 CFU mL-1 of P. aeruginosa and S. aureus were prepared 

as described for the 4-h planktonic bactericidal assay. Weighed samples of NO-releasing HA6 

were dissolved at 4 mg mL-1 or 32 mg mL-1 (for P. aeruginosa and S. aureus treatment, 

respectively) in PBS and titrated with 1 M HCl to adjust the pH to 7.4. An equivalent volume of 

106 CFU mL-1 bacteria solution was added to each vial (3 mL total volume) to bring the final 

concentration of NO-releasing HA to 2 mg mL-1 or 16 mg mL-1. Untreated bacteria solutions were 

included to ensure viability over the 4-h exposure period. The bacteria solutions were incubated at 

37 °C with gentle shaking. At pre-determined time points (i.e., 0, 0.5, 1, 1.5, 2, 3, and 4 h), 100 

µL aliquots of the bacteria solutions were removed and serially diluted (10- and 100-fold 

dilutions), plated on TSA plates using an Eddy Jet spiral plater, and incubated overnight at 37 °C. 

Bacteria viability was determined using a Flash & Go colony counter. 

 

2.2.8. Biofilm eradication assay 

Bacterial cultures of P. aeruginosa and MDR-P. aeruginosa were grown from frozen (-80 

°C) stocks overnight in TSB (3 mL) at 37 °C and recultured in fresh TSB to a concentration of 108 
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CFU mL-1. An aliquot of the 108 solution (18 µL) was added to 1800 µL of fresh TSB in a 24-well 

polystyrene plate and incubated at 37 °C with gentle shaking for 72 h, resulting in the formation 

of a viscous biofilm. Neomycin, HA6-DPTA/NO, or HA90-DPTA/NO was dissolved in PBS (750 

µL, pH 7.4, 10 mM) in 1-dram vials and adjusted to pH 7.4 with 1 M HCl. Biofilms (250 µL) were 

rinsed with PBS (pH 7.4, 10 mM) and added to the 1-dram vials. Treatment with 4 to 32 mg mL-1 

of HA6-DPTA/NO and HA90-DPTA/NO or 31.3-64,000 µg mL-1 neomycin sulfate occurred for 

24 h at 37 °C with gentle shaking. Untreated biofilms were included in each experiment to ensure 

biofilm viability over the 24-h duration. Following treatment, biofilms (100 µL) were diluted 10-

fold and dispersed via pipetting and vortexing. Biofilm solutions were further diluted (final 

dilutions of 1,000- and 100,000-fold), plated on TSA plates using an Eddy Jet spiral plater, and 

incubated overnight at 37 °C. Biofilm viability following treatment with HA or neomycin was 

determined using a Flash & Go colony counter. The minimum biofilm eradication concentration 

after a 24-h exposure period (MBEC24h) was defined as the minimum concentration required to 

achieve a 5-log reduction (≥99.999% reduction) in bacterial viability relative to untreated bacteria 

(i.e., reduced bacterial counts from 108 to 103 CFU mL-1). Non-NO-releasing HA6-DPTA and 

HA90-DPTA were evaluated using the same protocol at concentrations equivalent to the MBEC24h 

for their NO-releasing counterparts. The NO dose required for biofilm killing was calculated from 

the MBEC24h of the NO-releasing HA samples (mg mL-1) and the total NO released in pH 7.4 PBS 

(µmol NO mg-1).  

 

2.2.9. In vitro cytotoxicity assay 

L929 murine fibroblasts were grown in DMEM supplemented with 10 vol% FBS and 1 

wt% penicillin streptomycin. Human gingival fibroblasts were grown in fibroblast medium 
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supplemented with 2 vol% FBS, 1 wt% penicillin streptomycin, and fibroblast growth supplement. 

Human oral keratinocytes were grown in serum-free oral keratinocyte medium supplemented with 

1 wt% penicillin streptomycin and keratinocyte growth supplement. Cells were incubated in 5 

vol% CO2 under humidified conditions at 37 °C. After reaching 80% confluency, cells were seeded 

onto 96-well polystyrene plates at a density of 1 × 104 cells well-1. After 24-h incubation at 37 °C, 

the supernatant was aspirated and replaced with 100 µL of either amine-modified or NO-releasing 

HA in fresh growth medium with HA concentrations ranging from 0.001 to 32 mg mL-1. The 

cultures were then incubated for 24 h at 37 °C. Following exposure, the supernatant was aspirated, 

and the wells were washed twice with PBS. A 100 µL mixture of growth medium/MTS/PMS 

(105/20/1, v/v/v) was added to each well and incubated for 90 min at 37 °C. The absorbance of the 

solution in each well was measured at 490 nm using a Molecular Devices SpectraMax M2 

Spectrophotometer (San Jose, CA). A blank mixture of growth medium/MTS/PMS and untreated 

cells were used as the blank and control, respectively. Cell viability for each sample was calculated 

as follows:  

 

% cell viability	=	 (Abs490"Absblank)
(Abscontrol"Absblank)

×100        (Eq. 1) 

 

2.2.10. In vivo murine wound healing model 

8-week old female C57B6/Ntac wild-type mice (body weight of ~20 g) were purchased 

from Taconic Farms (Rensselaer, NY). The animal studies were approved and carried out in 

compliance with the Institutional Animal Care and Use Committee standards. The mice were 

housed individually with 12 h light-dark cycles. For wounding, mice were anesthetized using 

gaseous isoflurane, hair was removed from the dorsal region of the mouse using clippers and a 
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depilatory cream, and the skin was prepared for surgery using Betadine and 70 vol% ethanol. A 

sterile 6-mm biopsy punch was used to outline a circular pattern between the shoulders. Forceps 

were used to lift the skin, and surgical scissors were used to create a full-thickness wound on each 

mouse. Pseudomonas aeruginosa (50 µL of 4 x 106 CFU mL-1) was pipetted into the wound. Mice 

were randomly assigned into three treatment groups of 5 mice each and treated with 10 µL of either 

PEG 400 (Group A), 100 mg mL-1 HA6-DPTA in PEG 400 (Group B), or 100 mg mL-1 HA6-

DPTA/NO in PEG 400 (Group C). Treatment began immediately following wounding and 

continued once daily for 7 d post-wounding. After the initial treatment, wounds were covered with 

Tegaderm to facilitate bacterial colonization. Throughout the experiment, mice were monitored 

and received acetaminophen in their drinking water (1.6 mg mL-1) ad libitum. Each day, all wounds 

were measured in perpendicular directions using calipers for wound area calculations, and wounds 

were imaged.  

On day 8 post-wounding, mice were sacrificed and residual wounds were harvested, stored 

at -80 °C, and processed for DNA extraction using a DNeasy Blood and Tissue Kit. To quantify 

levels of P. aeruginosa via quantitative PCR (qPCR), two primer sets were utilized to anneal and 

amplify the P. aeruginosa oprL gene: PA01 Sa (5’ ACCCGAACGCAGGCTATG 3’), PA01 Aa 

(5’ CAGGTCGGAGCTGTCGTACTC 3’), oprL Fa (5’ ATGGAAATGCTGAAATTCGGC 3’), 

oprL Ra (5’ CTTCTTCAGCTCGACGCGACG 3’). Each reaction was performed in triplicate and 

contained 1 µg purified DNA (6.5 µL), 12.5 µL iQ SYBR Green Supermix, 0.5 µL forward primer 

(100 µM), and 0.5 µL reverse primer (100 µM),  and was analyzed using a CFX96 Real-Time PCR 

Detection System (Bio-Rad Laboratories, Inc.; Hercules, CA). The average cycle threshold (CT) 

value for each reaction was subtracted from 40. Technical triplicates were averaged to obtain 

relative expression of PA01 16s rRNA within the wound of each animal.   
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2.2.11. Enzymatic degradation of alkylamine-modified and NO-releasing HA 

Degradation assays of hyaluronic acid were carried out using a procedure adapted from 

Turner et al.63 Briefly, 50 mg of HA90, amine-modified HA90, or NO-releasing HA90 was 

dissolved in 5 mL of pH 5.0 buffer containing 0.15 M sodium chloride, 0.1 M sodium acetate, and 

1 mM Na2EDTA at 37 °C for 30 min with magnetic stirring. Hyaluronidase (2.5 mg) was dissolved 

in 1 mL of the same buffer and added directly to the HA solution. The mixture was incubated at 

37 °C with vigorous stirring for 30 min. Following digestion, the reaction was terminated by 

placing the vial in a boiling water bath for 10 min. The solution was then cooled to room 

temperature. Insoluble enzyme fragments were removed via centrifugation (7500 rpm, 15 min). 

The supernatant was filtered using a 0.22-µM PTFE filter and analyzed using an aqueous gel 

permeation chromatography (GPC) system equipped with a Waters 2414 refractive index detector 

(Milford, MA) coupled to a Wyatt miniDawn TREOS multi-angle light scattering detector 

(MALS; Santa Barbara, CA). Measurements were conducted in 0.1 M phosphate buffer (pH 7.4) 

containing 0.1 M sodium nitrate and 0.02 wt% sodium azide. Nondegraded HA derivates were 

analyzed by GPC-MALS for molecular weight comparison.  

 

2.2.12. Statistical analysis 

Nitric oxide-release and elemental analysis measurements are presented as the average ± 

standard deviation from n ≥ 3 separate synthesis batches. Weight-average molecular weight 

measurements (Mw) are provided as the average ± standard deviation from n ≥ 3 separate 

degradation experiments. Bacteria viability, biofilm viability, and cytotoxicity results are depicted 

as the average ± standard deviation from n ≥ 3 separate experiments with bacteria/mammalian 

cells grown on different days. Dose-response curves for mammalian cell viability were plotted 
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using GraphPad Prism 8 software (San Diego, CA). Non-linear regression (normalized response 

with variable slope) analysis was performed to determine IC50 values. In vivo wound healing data 

is presented as the average ± the standard deviation from n = 5 separate animals. Significance 

testing for NO-release properties, in vitro cytotoxicity studies, and enzymatic degradation was 

performed via a 2-tailed Student’s t-test. Statistical analyses of wound closure and bacterial burden 

for the in vivo study were performed using a one-way ANOVA with Tukey’s multiple comparison. 

Significance levels for both statistical methods are denoted as: * p < 0.05, ** p < 0.01, *** p < 

0.005.  

 

2.3. Results and discussion 

2.3.1. Alkylamine modification of HA 

Carbodiimide chemistry was utilized to graft a series of alkylamine NO donor precursors 

to the HA backbone and enable tunable NO storage and release (Figure 2.1A). The reaction was 

optimized for both HA6 and HA90 systems to maximize conversion of the carboxylic acid groups 

to amine-bearing moieties. A high molar excess of the functional group (8:1 molar ratio of amine 

to carboxylic acid) was used to minimize crosslinking between the diamine functional groups 

(DPTA and DETA) and the HA backbone.31 Successful alkylamine modification was determined 

using 1H and 13C NMR, with the presence of a peak at ~160 ppm in the 13C NMR spectra 

confirming amide bond formation (Figures 2.2 and 2.3). FTIR analysis also confirmed amide bond 

formation owing to the peak shape shift in the region of 1550-1650 cm-1 (Figure 2.4). Elemental 

(CHN) analysis revealed an increase in nitrogen content for HA from 3 to 6-10 wt% following 

amine modification, corresponding to a 60-85% carboxylic acid conversion efficiency (Table 2.1). 

Due to the high (4x) molar excess of EDC and NHS used for amine modification, sufficient 
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Figure 2.1 (A) Modification of hyaluronic acid with secondary amines. (B) Formation of N-
diazeniumdiolates on secondary amine-modified hyaluronic acid. 
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Figure 2.2 Representative 1H NMR (600 MHz, D2O) of (A) 6 and (B) 90 kDa unmodified and 
amine-modified HA derivatives.  
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Figure 2.3 Representative 13C NMR (600 MHz, D2O) of (A) 6 and (B) 90 kDa unmodified and 
amine-modified HA derivatives. 
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Figure 2.4 Representative FTIR analysis of (A) 6 and (B) 90 kDa unmodified and amine-
modified HA derivatives. 
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Table 2.1 Elemental analysis of unmodified and amine-modified hyaluronic acid and reaction 
conversion of carboxylic acid moieties on hyaluronic acid to secondary amine-bearing amide 
groups.a 

Modification % C % H % N Conversion 
Efficiency (%) 

HA6 39.2 ± 0.8 6.2 ± 0.3 3.0 ± 0.1 –– 
HA6-PAPA 41.6 ± 0.7 7.7 ± 0.2 6.9 ± 0.2 67 ± 4 
HA6-HEDA 40.6 ± 0.5 7.6 ± 0.2 8.2 ± 0.5 85 ± 9 
HA6-DPTA 40.9 ± 0.9 7.6 ± 0.1 8.2 ± 0.8 62 ± 10 
HA6-DETA 39.7 ± 0.2 6.9 ± 0.4 9.6 ± 0.4 73 ± 4 
HA90 37.0 ± 0.2 6.1 ± 0.2 3.0 ± 0.0 –– 
HA90-PAPA 41.2 ± 1.2 7.6 ± 0.3 6.6 ± 0.4 63 ± 7 
HA90-HEDA 40.2 ± 0.7 7.1 ± 0.3 7.4 ± 0.1 73 ± 2 
HA90-DPTA 40.6 ± 1.5 7.4 ± 0.3 7.8 ± 0.5 57 ± 6 
HA90-DETA 39.9 ± 1.0 7.3 ± 0.6 9.0 ± 0.1 66 ± 1 

aError represents standard deviation for n ≥ 3 separate syntheses.  
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removal of reactants was measured using HPLC (Figure 2.5). The amine-modified HA derivatives 

did not contain detectable amounts of EDC or NHS, confirming that the ethanol washing procedure 

successfully removed these reactants.   

 

2.3.2. Synthesis of N-diazeniumdiolate-functionalized HA 

N-diazeniumdiolate NO donors were formed on secondary amines of modified HA via 

reaction with NO at high pressure (20 atm) in alkaline solution (Figure 2.1B). Formation of N-

diazeniumdiolates was confirmed by the presence of a characteristic absorbance peak at 252-254 

nm in the UV-Vis spectrum of the samples (Figure 2.6). Of note, HA derivatives both before and 

after NO payload liberation do not exhibit absorbance at 220-230 nm (UV-Vis) which would be 

indicative of nitrosamine formation.64,65 The total NO payloads of the NO-releasing HA 

derivatives were found to be comparable to previously reported biopolymer systems (0.3-0.6 µmol 

NO mg-1 HA; Table 2.2).31,32 The NO-release profiles of the N-diazeniumdiolate-functionalized 

HA derivatives (Table 2.2, Figure 2.7) demonstrate a broad range of NO-release kinetics 

dependent upon the precursor alkylamine structure. Both alkyl chain length and the terminal 

functional group of the alkylamine influence the stability of the N-diazeniumdiolate NO donor. 

The methyl- and hydroxyl-terminated PAPA and HEDA modifications lacked significant NO 

donor stabilization and led to fast NO donor breakdown (half-lives of 5-15 min). Electrostatic 

stabilization of the N-diazeniumdiolate by the positively charged primary amine terminal groups 

of DPTA and DETA extended their NO-release half-lives to 25-30 and 65-75 min, respectively. 

The difference in NO-release half-lives for the two primary amine-terminated modifications may 

be attributed to alkyl chain length, with the spacing between the primary and secondary amine on 

DETA offering enhanced stability compared to that of DPTA.25   
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Figure 2.5 Analysis of (A) unreacted starting materials, (B) amine-modified HA6 derivatives, 
and (C) amine-modified HA90 derivatives via HPLC-ELSD. Amine-modified HA derivatives 
contain no detectable amounts of EDC and NHS reactants.  
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Figure 2.6 Representative UV-Vis spectra of control (––) and NO-releasing (- -) hyaluronic 
acid modifications. (A) HA6-PAPA, (B) HA90-PAPA, (C) HA6-HEDA, (D) HA90-HEDA, 
(E) HA6-DPTA, (F) HA90-DPTA, (G) HA6-DETA, and (H) HA90-DETA. 
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Table 2.2 Nitric oxide-release properties of NO-releasing hyaluronic acid in PBS (10 mM,  
pH 7.4, 37 °C).a 

Biopolymer [NO]t 
(µmol mg-1)b 

[NO]max 
(ppb mg-1)c 

t1/2 

(min)d 
td 

(h)e 
[NO]t,4h 

(µmol mg-1)f 

HA6-PAPA/NO 0.46 ± 0.02 9440 ± 1450 5 ± 1 8.4 ± 0.7 0.43 ± 0.02 
HA6-HEDA/NO 0.53 ± 0.08 7060 ± 1350 10 ± 3 7.4 ± 1.8 0.50 ± 0.06 
HA6-DPTA/NO 0.56 ± 0.11 4280 ± 1570 24 ± 10 12.1 ± 3.1 0.50 ± 0.09 
HA6-DETA/NO 0.45 ± 0.10 4080 ± 1680 63 ± 14 15.8 ± 3.0 0.33 ± 0.08 
HA90-PAPA/NO 0.29 ± 0.04 4560 ± 2080 8 ± 2 3.5 ± 0.7 0.29 ± 0.04 
HA90-HEDA/NO 0.48 ± 0.12 3130 ± 750 16 ± 4 6.3 ± 1.1 0.46 ± 0.12 
HA90-DPTA/NO 0.41 ± 0.07 1690 ± 340 31 ± 9 9.1 ± 2.3 0.37 ± 0.05 
HA90-DETA/NO 0.33 ± 0.06 1830 ± 430 74 ± 25 14.1 ± 3.0 0.23 ± 0.03 

aError represents the standard deviation for n ≥ 3 separate syntheses. bTotal NO released over 
full duration. cMaximum instantaneous NO concentration. dHalf-life of NO release. eDuration 
of NO release. fTotal NO released over 4 h.  
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Figure 2.7 (A-B) Real-time NO-release profiles for the initial 30 minutes of release and (C-D) 
cumulative NO-release totals for (A, C) 6 kDa and (B, D) 90 kDa NO-releasing hyaluronic acid 
in PBS (10 mM, pH 7.4, 37 °C). Modifications include PAPA (blue circle), HEDA (green 
square), DPTA (red triangle), and DETA (purple diamond). Each data point represents the 
average ± standard deviation from n ≥ 3 separate synthesis batches. 
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With the exception of HEDA-modified HA, the HA6 derivatives stored significantly (p < 

0.05) more NO with respect to HA mass than the HA90 derivatives. In addition to the lower amine 

functionalization observed with HA90 than HA6 (Table 2.1), it is hypothesized that the greater 

viscosity of the HA90 derivatives may hinder NO diffusion during the N-diazeniumdiolate 

formation process, resulting in a lower NO-loading efficiency. In contrast, the NO-release kinetics 

of the HA derivatives were not as strongly affected by HA molecular weight. The NO-release half-

lives of the derivatives were not significantly different (p > 0.05) when comparing the HA6 and 

HA90 modifications. With the exception of PAPA-modified HA, NO-release durations were not 

significantly different (p > 0.05) between the two molecular weights. Nitric oxide-releasing HA 

prepared at both molecular weights exhibited tunable NO-release kinetics predominantly 

controlled by the precursor alkylamine structure rather than the properties of the HA backbone.  

After storage at -20 °C for at least 1 y, NO-release properties were re-evaluated to assess 

the long-term stability of the NO-releasing materials. Importantly, the NO payloads were not 

significantly decreased following storage, with all modifications retaining at least 85% of their 

initial NO loading (Figure 2.8A). While the [NO]max levels were attenuated (Figure 2.8B), NO-

release half-lives and durations were not significantly altered, with the exception of HA6-

PAPA/NO (Figure 2.8C-D), demonstrating a general stability of the NO-releasing HA derivatives 

under cold temperature. Further, derivatives that were stored at room temperature (23 °C) for 7 d 

retained ≥ 95% of their initial NO payloads, indicating that short-term storage under ambient 

conditions does not substantially alter NO-release properties. Storage at room temperature for 8 

weeks resulted in the materials retaining 70-85% of their initial NO payloads. To improve stability, 

HA powder should be stored at -20 °C (data not shown). However, storage at room temperatures 

proved adequate for near-term applications (≥ 95% retention for 7 d). Future work will focus on 
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Figure 2.8 Stability of NO-releasing HA derivatives after ≥ 1 y of storage at -20 °C. 
Measurement of freshly prepared material (solid) and measurements after ≥ 1 y storage (striped) 
demonstrate the changes in (A) total NO payload, (B) maximum instantaneous NO 
concentration, (C) release duration, and (D) NO-release half-life. Error bars represent the 
standard deviation for measurements of n ≥ 3 separate synthesis batches. *p < 0.05, ** p < 0.01, 
*** p < 0.005, n.s. not statistically significant.  
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incorporating NO-releasing HA into wound dressings, hydrogels, and ointments, with the potential 

for further room temperature stability enhancement.  

 

2.3.3. Antibacterial activity against antibiotic-susceptible bacteria strains 

The antibacterial activity of NO-releasing HA was first evaluated against E. coli, P. 

aeruginosa, S. aureus, and E. faecalis, four common wound pathogens.66,67 Bacteria were treated 

with a range of NO-releasing HA concentrations under static conditions to determine the minimum 

bactericidal concentration, or MBC4h, defined as the concentration of HA required to reduce 

bacteria viability by 3-log (i.e., >99.9%) over 4 h. The MBC4h was determined to be equivalent for 

P. aeruginosa following a 24- or 48-h incubation of agar plates prior to colony counting, 

demonstrating that there is not a significant contribution from the slower growth of damaged 

bacteria (Figure 2.9). All four NO-releasing HA derivatives at both molecular weights were able 

to kill Gram-negative pathogens E. coli and P. aeruginosa at concentrations at or below 8 mg  

mL-1, with the HA6 derivatives exhibiting MBC4h at or below 2 mg mL-1 (Table 2.3, Figure 2.10). 

Due to differences in NO loading, greater concentrations (i.e., 10-60% greater dose) of the HA90 

derivatives were necessary to match the NO doses released from the HA6 derivatives. In addition, 

previous reports have shown that low molecular weight NO-releasing biopolymers exhibit greater 

antibacterial efficacy than their higher molecular weight counterparts, corroborating the results 

reported herein.31,68   

The effect of HA molecular weight was more considerable when examining S. aureus and 

E. faecalis, both Gram-positive pathogens. Gram-positive bacteria are surrounded by a thicker 

peptidoglycan layer that may hinder NO diffusion into the bacterium.69 As expected, greater 

concentrations of all NO-releasing HA derivatives, except HA6-DPTA/NO and HA90-DPTA/NO, 
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Figure 2.9 Viability of P. aeruginosa following 4-h treatment with HA6-HEDA/NO (blue) or 
HA6-DPTA/NO (red). Agar plates were incubated for 24 h (circle, solid line) or 48 h (square, 
dotted line) prior to colony counting. The dashed line indicates the limit of detection for the 
plate counting method. Error bars represent the standard deviation for n ≥ 3 separate 
experiments. 
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Figure 2.10 Antibacterial efficacy of (A, C, E, G) 6 kDa and (B, D, F, H) 90 kDa NO-releasing 
hyaluronic acid against (A, B) E. coli, (C, D) P. aeruginosa, (E, F) S. aureus, and (G, H) E. 
faecalis. Modifications include PAPA (blue circle), HEDA (green square), DPTA (red 
triangle), and DETA (purple diamond). The dashed line indicates the limit of detection for the 
plate counting method. Error bars represent the standard deviation for n ≥ 3 separate 
experiments. 
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were required for killing the Gram-positive strains relative to those which were required for the 

Gram-negative bacteria. All NO-releasing HA6 derivatives facilitated killing of both S. aureus and 

E. faecalis at concentrations at or below 32 mg mL-1, but the PAPA, HEDA, and DETA-modified 

NO-releasing HA90 derivatives were unable to kill E. faecalis at 32 mg mL-1 (Table 2.3), 

supporting the notion that biopolymer size influences the effectiveness of NO delivery and 

bactericidal action. Of note, the high viscosity of HA90 prevented evaluation at HA concentrations 

greater than 32 mg mL-1.  

For all four bacteria strains, both HA6-DPTA/NO and HA90-DPTA/NO were able to elicit 

a 3-log reduction in bacteria viability at or below 2 mg mL-1, regardless of bacteria identity (Table 

2.3). The positively-charged primary amine terminal group may increase association with the 

negatively charged bacterial outer membrane, facilitating localized delivery of NO.13 While both 

DPTA- and DETA-modified HA contain primary amines, only NO-releasing DPTA-modified HA 

exhibited enhanced bactericidal activity. The slower NO-release associated with DETA-modified 

HA, a result of increased N-diazeniumdiolate stabilization from the positively charged primary 

amine, leads to a net neutral charge of the functional group. Upon NO release, the primary amine 

again has a free positive charge. With DPTA-modified HA’s weaker stabilization of the N-

diazeniumdiolate and faster NO-release profile, the charge contribution from the primary amine is 

more pronounced, driving the polymer to the bacterial membrane. In addition, the slower release 

of NO from DETA-modified HA likely results in less NO accumulation over the 4-h exposure 

period. In this respect, larger HA doses are required to obtain the same NO payloads achieved with 

DPTA-modified HA.  

The faster NO-releasing derivatives, PAPA and HEDA, have methyl and hydroxyl terminal 

groups, respectively. Without significant N-diazeniumdiolate stabilization from the terminal 



 
 
 94 

functional group, NO may be prematurely released prior to HA localization at the bacteria surface. 

As the half-life of liberated NO is on the order of seconds24, localized delivery is essential for 

effective killing. Additionally, the terminal hydroxyl moiety on HEDA has been reported to 

increase cellular compatibility due to its uncharged, hydrophilic nature.60,70,71 This attribute would 

also likely decrease its antibacterial activity as a consequence. Of note, non-NO-releasing HA 

derivatives of both molecular weights were not bactericidal (i.e., < 3-log reduction) at the evaluated 

concentrations (Figure 2.11), indicating that NO is the predominant bactericidal agent even though 

structural properties of the HA biopolymer are influential in more effective killing.  

The antibacterial activity of NO-releasing HA was also evaluated as a function of time (via 

time-kill assays) using P. aeruginosa and S. aureus as representative Gram-negative and Gram-

positive strains. Only the HA6 derivatives were used to evaluate time-based efficacy given the 

high concentrations required of HA90-HEDA/NO and HA90-DETA/NO for S. aureus 

antibacterial action. Each bacteria strain was treated at a set dose of NO-releasing HA6 derivatives, 

with 2 mg mL-1 of each derivative used for P. aeruginosa and 16 mg mL-1 used for S. aureus. 

These doses were chosen to ensure bacteria killing by all derivatives within the 4-h exposure 

period. For both strains, HA6-DPTA/NO reached bactericidal levels the fastest, achieving a 3-log 

reduction in bacteria viability within 1 and 1.5 h for P. aeruginosa and S. aureus, respectively 

(Figure 2.12). In contrast, treatment with HA6-DETA/NO required the entire 4-h exposure period 

to reach the same degree of killing, highlighting the impact of DETA’s slow release of NO into 

solution. Exposure to HA6-PAPA/NO or HA6-HEDA/NO required 2-4 h for a 3-log reduction in 

bacteria viability, indicating that more rapid NO release alone is not advantageous. The positive 

terminal functional group of DPTA facilitates bacterial localization, allowing for a faster delivery 

of NO into the bacteria compared to that achieved with PAPA and HEDA. These results suggest 
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Figure 2.11 Colonies of (A) E. coli, (B) P. aeruginosa, (C) S. aureus, and (D) E. faecalis 
remaining after 4-h treatment with 6 kDa and 90 kDa amine-modified hyaluronic acid (without 
NO). Modifications include PAPA (blue), HEDA (green), DPTA (red), and DETA (purple). 
All modifications were evaluated at 8 mg mL-1 for (A) E. coli and (B) P. aeruginosa. 
Modifications were evaluated at 16 mg mL-1 for (C) S. aureus and (D) E. faecalis unless higher 
doses were necessary for eradication with the NO-releasing derivative. For both S. aureus and 
E. faecalis, HA6-DETA, HA90-HEDA, and HA90-DETA were evaluated at 32 mg mL-1. For 
E. faecalis, HA90-PAPA was also evaluated at 32 mg mL-1. The dashed line indicates the limit 
of detection for the plate counting method. Error bars represent the standard deviation for n ≥ 
3 separate experiments. 
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Figure 2.12 Time-based bactericidal assay of NO-releasing HA6 derivatives against (A) P. 
aeruginosa and (B) S. aureus. Treatments included HA6-PAPA/NO (blue circle), HA6-
HEDA/NO (green square), HA6-DPTA/NO (red triangle), HA6-DETA/NO (purple diamond), 
and PBS (untreated; black cross). All HA derivatives were prepared at equivalent doses of 2 
mg mL-1 for P. aeruginosa and 16 mg mL-1 for S. aureus. The dashed line indicates the limit of 
detection for the plate counting method. Error bars represent the standard deviation for n ≥ 3 
separate experiments.  
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that employing a positively charged terminal functional group and intermediate NO-release 

kinetics allows for both potent and rapid antibacterial action.  

 

2.3.4. Antibacterial activity against antibiotic-resistant bacteria strains 

Many chronic wounds become infected with antibiotic-resistant strains, making them more 

difficult to eradicate with conventional antibiotics. The two most bactericidal HA derivatives, 

HA6-DPTA/NO and HA90-DPTA/NO, were thus evaluated against Gram-negative multidrug-

resistant P. aeruginosa (MDR-PA) and Gram-positive methicillin-resistant S. aureus (MRSA), as 

representative bacteria known to frequently infect wounds.67,72,73 Both HA derivatives decreased 

bacteria viability by 3-log for MDR-PA and MRSA at 1 and 2 mg mL-1, respectively (Figure 2.13, 

Table 2.4), demonstrating no loss of efficacy due to the antibiotic resistance mechanisms adopted 

by the bacteria. In contrast, these resistance mechanisms greatly decreased the therapeutic efficacy 

of neomycin sulfate, a conventional topical antibiotic. Susceptible P. aeruginosa and S. aureus 

strains required 32 and 2 µg mL-1 neomycin, respectively (Figure 2.14A-B). In evaluating resistant 

strains, MDR-PA required 128 µg mL-1 and MRSA saw no decrease in viability up to 1024 µg 

mL-1 neomycin (Figure 2.14C-D). When comparing NO-releasing HA and neomycin, it is 

important to consider the active ingredient dose being administered. While the NO-releasing HA 

derivatives require a higher overall concentration, the corresponding mass is primarily comprised 

of the non-bactericidal HA backbone. For a more direct comparison, the NO dose released from 

the HA was determined over the 4-h assay (Figure 2.14, Tables 2.3 and 2.4). In treating P. 

aeruginosa, S. aureus, MDR-PA, and MRSA with HA6-DPTA/NO and HA90-DPTA/NO, 10-30 

µg mL-1 NO was required for killing all strains (Figure 2.14). While neomycin decreased S. aureus 

viability at a lower dose, NO-releasing HA was more effective at killing the two antibiotic-resistant 
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Figure 2.13 Antibacterial efficacy of HA6-DPTA/NO (solid circle) and HA90-DPTA/NO 
(solid square) against antibiotic-resistant bacteria strains, including multidrug-resistant P. 
aeruginosa (MDR-PA; red) and methicillin-resistant S. aureus (MRSA; blue). Of note, non-
NO-releasing HA6-DPTA (hollow circle) and HA90-DPTA (hollow square) were not 
bactericidal at 4 mg mL-1. The dashed line indicates the limit of detection for the plate counting 
method. Error bars represent the standard deviation for n ≥ 3 separate experiments. 
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Table 2.4 Minimum bactericidal concentration (MBC4h) and bactericidal NO dose of NO-
releasing DPTA-modified hyaluronic acid against antibiotic-resistant bacteria.a 

Modification 
MDR-PA MRSA 

MBC4h 
(mg mL-1) 

NO Dose  
(µg mL-1)b 

MBC4h 
(mg mL-1) 

NO Dose  
(µg mL-1)b 

HA6-DPTA/NO 1 15 ± 3 2 30 ± 5 
HA90-DPTA/NO 1  11 ± 2 2 22 ± 3 

aMBC4h determined from n ≥ 3 experiments. bNO dose derived from the MBC4h and the total 
NO released over the 4-h exposure time in PBS (10 mM, pH 7.4, 37 °C). 
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Figure 2.14 Antibacterial efficacy of active ingredient (neomycin or NO) against (A) P. 
aeruginosa, (B) S. aureus, (C) MDR-PA, and (D) MRSA following treatment with HA6-
DPTA/NO (blue circle), HA90-DPTA/NO (green square), or neomycin sulfate (red triangle). 
The NO dose was calculated from the total NO released over the 4-h exposure time in PBS (10 
mM, pH 7.4, 37 °C) for HA6-DPTA/NO and HA90-DPTA/NO. The dashed line indicates the 
limit of detection for the plate counting method. Error bars represent the standard deviation for 
n ≥ 3 separate experiments. 
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strains, representing a major benefit of NO-releasing HA for treating wound infections over 

conventional antibiotics. 

 

2.3.5. Antibiofilm action 

As biofilms readily form in wounds, promoting antibiotic resistance and preventing wound 

closure, HA6-DPTA/NO and HA90-DPTA/NO were evaluated against P. aeruginosa and MDR-

PA biofilms to determine the minimum biofilm eradication concentration (MBEC24h). The 

MBEC24h represents the concentration of HA required to elicit a 5-log reduction in biofilm viability 

(Figure 2.15). P. aeruginosa biofilms were killed upon exposure to 8 mg mL-1 HA6-DPTA/NO 

and 16 mg mL-1 HA90-DPTA/NO, corresponding to NO doses of 134 ± 26 µg mL-1 and 197 ± 34 

µg mL-1, respectively (Figure 2.15A). In comparison, P. aeruginosa biofilms required 250 µg  

mL-1 neomycin for a 5-log reduction in biofilm viability. The differences were even more 

pronounced when treating MDR-PA biofilms. As shown in Figure 2.15B, 16 mg mL-1 HA6-

DPTA/NO or 269 ± 53 µg mL-1 NO was required to kill the MDR-PA biofilms. The HA90-

DPTA/NO was unable to kill MDR-PA biofilms at concentrations up to 32 mg mL-1, suggesting 

that the lower molecular weight HA more easily associates with and/or penetrates through the 

biofilm matrix. Whereas 128 µg mL-1 neomycin was able to kill planktonic MDR-PA, the MDR-

PA biofilm required a dose of 64,000 µg mL-1 neomycin (Figure 2.16), representing a 500-fold 

increase. In contrast, the MBEC24h of HA6-DPTA/NO was only 16-fold greater than the MBC4h 

for planktonic MDR-PA. Similar to the planktonic studies, the non-NO-releasing counterparts, 

HA6-DPTA and HA90-DPTA, had no effect on biofilm viability at concentrations equivalent to 

the MBEC24h of the NO-releasing variants (Figure 2.17), implicating NO as the antibiofilm agent. 

In addition to its bactericidal mechanisms that are not reliant on specific metabolic processes, the 
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Figure 2.15 Biofilm viability following 24-h treatment of (A) P. aeruginosa and (B) MDR-PA 
biofilms with HA6-DPTA/NO (blue circle), HA90-DPTA/NO (green square), or neomycin (red 
triangle). Active ingredient dose is defined as the dose of either NO or neomycin. The dashed 
line indicates the limit of detection for the plate counting method. Error bars represent the 
standard deviation for n ≥ 3 separate experiments. 
 



 
 
 103 

 
 
 
 
 
 

 
 
 
 

 
 
Figure 2.16 Biofilm viability following 24-h treatment of MDR-PA with neomycin sulfate. 
The dashed line indicates the limit of detection for the plate counting method. Error bars 
represent the standard deviation for n ≥ 3 separate experiments.  
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Figure 2.17 Biofilm viability following 24-h treatment of P. aeruginosa and MDR-PA with 
amine-modified (non-NO-releasing) HA-DPTA. Treatment with PBS (gray), HA6-DPTA 
(blue), and HA90-DPTA (green) was evaluated at the MBEC24h for the respective NO-releasing 
derivative. Of note, HA90-DPTA was prepared at 32 mg mL-1 for testing of MDR-PA biofilms 
due to the lack of determined MBEC24h for the NO-releasing counterpart. The dashed line 
indicates the limit of detection for the plate counting method. Error bars represent the standard 
deviation for n ≥ 3 separate experiments. 
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small, uncharged nature of NO allows diffusion through the biofilm matrix to elicit killing, 

mitigating the need for considerably greater doses observed for conventional antibiotics. 

 

2.3.6. In vitro cytotoxicity against murine fibroblasts 

Hyaluronic acid acts as an endogenous signaling molecule for wound healing, with one of 

its many roles being to regulate fibroblast proliferation and migration.54,74 L929 murine fibroblasts 

were chosen as a representative cell type for cytotoxicity evaluation. Hyaluronic acid on its own 

is regarded as nontoxic, but the chemical modification with amine ligands and subsequent N-

diazeniumdiolates may alter its native biocompatibility. Murine fibroblasts were exposed to a 

range of concentrations of unmodified HA, amine-modified HA, or NO-releasing HA to determine 

the IC50 for each material, or the concentration of HA that reduces metabolic activity of the 

fibroblasts by 50% (Figure 2.18). As expected, unmodified HA6 and HA90 were not significantly 

toxic to cells (> 50% viability) at concentrations up to 32 mg mL-1 (Figure 2.19).  

The cytotoxicity of amine-modified (i.e., non-NO-releasing) HA derivatives was highly 

influenced by the identity of the precursor amine (Figure 2.20A). The methyl-terminated 

derivatives (HA6-PAPA and HA90-PAPA) were the most cytotoxic, with IC50 values of 0.76 ± 

0.07 and 1.94 ± 0.14 mg mL-1, respectively. The presence of a terminal hydroxyl group, as is found 

in HEDA-modified HA, minimized this toxicity and allowed for retained metabolic activity (≥ 

50%) up to 32 mg mL-1 (Figure 2.18). The primary amine-terminated derivatives (DPTA and 

DETA) exhibited differing degrees of cytotoxicity. The IC50 for HA6-DPTA and HA90-DPTA 

were 16.7 ± 1.9 and 21.8 ± 3.7 mg mL-1, respectively, whereas both HA6-DETA and HA90-DETA 

had ≥ 100% metabolic activity up to 32 mg mL-1, suggesting a proliferative effect. This 

discrepancy indicates that the length of the alkyl chain plays a role in cellular compatibility in 
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Figure 2.18 Dose-response curves after 24-h treatment of L929 murine fibroblasts with amine-
modified (hollow) and NO-releasing (solid) HA derivatives. Modifications of 6 kDa (red circle) 
and 90 kDa (blue square) HA include (A) PAPA, (B) HEDA, (C) DPTA, and (D) DETA. Error 
bars represent the standard deviation for n ≥ 3 separate experiments. 
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Figure 2.19 Viability of L929 murine fibroblasts following 24-h treatment with unmodified 6 
kDa (blue) and 90 kDa (green) hyaluronic acid. Error bars represent the standard deviation for 
n ≥ 3 separate experiments.   
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Figure 2.20 Concentration of (A) amine-modified and (B) NO-releasing HA6 (solid) and HA90 
(striped) derivatives required to reduce enzymatic activity of L929 murine fibroblasts by 50% 
(IC50). (C) Dose of NO released from HA6 (solid) and HA90 (striped) derivatives required to 
reduce enzymatic activity by 50%. Error bars represent the standard deviation for n ≥ 3 separate 
experiments. *p < 0.05, **p < 0.01, ***p < 0.005. 
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addition to the identity of the terminal functional group, as was also observed in the antibacterial 

activity of the HA derivatives (Table 2.3). 

Following N-diazeniumdiolation, the IC50 of the eight derivatives converged (Figure 

2.20B). While PAPA-modified HA6 and HA90 prior to NO loading were the most toxic of the 

derivatives, low concentrations of NO were proliferative and increased the IC50 of HA6-PAPA 

and HA90-PAPA to 2.68 ± 0.23 and 3.84 ± 0.41 mg mL-1, respectively. For HEDA, DPTA, and 

DETA modifications, the IC50 was decreased and appeared to coincide with the NO levels. The 

IC50 of each NO-releasing derivative fell to 2.7-7.4 mg mL-1, a narrower range than was observed 

with the non-NO-releasing materials. While not statistically significant, the HA90 derivatives 

appeared to have slightly higher IC50 values for all modifications than the HA6 derivatives, 

suggesting that the higher molecular weight material may be more biocompatible. With respect to 

the NO-releasing polymers, however, the HA90 derivatives stored less NO compared to their HA6 

counterparts. Upon calculating an inhibitory NO dose from the IC50 values, it can be seen that the 

difference between the two molecular weights was minimal (Figure 2.20C). Cytotoxic NO doses 

were achieved at 30-100 µg mL-1 (i.e., 1-3.3 mM), with the L929 fibroblasts withstanding the 

greatest doses of HA6-HEDA/NO and HA90-HEDA/NO compared to the other modifications 

before a significant reduction in metabolic activity.  

To further evaluate the wound therapeutic potential of NO-releasing HAs, human gingival 

fibroblasts (HGF) and human oral keratinocytes (HOK) were treated with DPTA- and HEDA-

modified HA derivatives due to their antibacterial potency and lesser cytotoxicity, respectively. 

As was observed with the L929 murine fibroblasts, both human-derived cell lines resulted in 

negligible toxicity for unmodified HA and HEDA-modified HA at concentrations up to 32 mg  

mL-1 (Figures 2.21 and 2.22). However, control (non-NO-releasing) DPTA-modified HA proved 
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Figure 2.21 Viability of (A) human gingival fibroblasts and (B) human oral keratinocytes 
following 24-h treatment with unmodified 6 kDa (blue) and 90 kDa (green) hyaluronic acid. 
Error bars represent the standard deviation for n ≥ 3 separate experiments.  
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Figure 2.22 Dose-response curves after 24-h treatment of (A-B) human gingival fibroblasts 
and (C-D) human oral keratinocytes following treatment with amine-modified (hollow) and 
NO-releasing (solid) HA derivatives. Modifications of 6 kDa (red circle) and 90 kDa (blue 
square) HA include (A, C) HEDA and (B, D) DPTA. Error bars represent the standard deviation 
for n ≥ 3 separate experiments.  
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cytotoxic to HGF at low concentrations (~0.01 mg mL-1; Figures 2.22 and 2.23). As observed for 

the L929 fibroblasts treated with PAPA-modified HA, N-diazeniumdiolate modification decreased 

the toxicity of DPTA-modified HA against HGF, providing further evidence that low levels of NO 

are proliferative. Upon treatment with the NO-releasing HA derivatives, the resulting IC50 values 

fell within 1.6-4.8 mg mL-1 for both human cell lines (Figure 2.23), corresponding to cytotoxic 

NO doses of 25-60 µg mL-1 and 30-70 µg mL-1 for HOK and HGF, respectively. Of importance, 

both NO-releasing HEDA- and DPTA-modified HA derivatives are able to eradicate planktonic 

Gram-negative pathogens at concentrations at or below their IC50 values. While the cytotoxicity 

to HA materials increased following amine modification and N-diazeniumdiolate formation, it is 

important to note that a monolayer of cells behaves differently than three-dimensional cell models 

or tissue and is often more susceptible to toxicity.75,76 As such, studies using more complex tissue 

models are necessary to determine the therapeutic potential of the NO-releasing HA materials.  

 

2.3.7. In vivo murine wound healing model 

Mice were wounded using a standard biopsy punch procedure and infected with P. 

aeruginosa. Three treatment groups were composed of five mice each, with Group A receiving the 

vehicle (i.e., PEG) only, Group B receiving HA6-DPTA in PEG (50 mg kg-1 body weight), and 

Group C receiving HA6-DPTA/NO in PEG (50 mg kg-1 body weight). All mice were treated once 

daily beginning immediately following wounding and infection. Wounds were measured in 

perpendicular directions each day using calipers. The percentage of wound area remaining at each 

time point was calculated relative to the initial wound area to monitor wound closure. Of note, no 

adverse effects were observed in any mice following treatments with the three formulations. 
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Figure 2.23 Concentration of amine-modified (solid) and NO-releasing (striped) HA 
derivatives required to reduce enzymatic activity of human gingival fibroblasts (blue) and 
human oral keratinocytes (red) by 50% (IC50). Error bars represent the standard deviation for n 
≥ 3 separate experiments. 
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 While not statistically significant, the HA6-DPTA-treated wounds had less wound area 

remaining at all days than the PEG-treated wounds (Figure 2.24A). At days 2-8 post-wounding, 

wounds treated with HA6-DPTA/NO had the least wound area remaining of the three treatment 

groups, with significantly less wound area remaining than the wounds treated with the control 

vehicle (i.e., PEG) at days 4, 7, and 8. Further supporting NO’s crucial role in the formulation, the 

NO-treated wounds led to significantly more wound healing than the HA6-DPTA-treated wounds 

on day 8 post-wounding. At the end of the study (i.e., on day 8 post-wounding), the PEG-treated 

wounds still exhibited ~15% of the initial wound area, whereas the NO-treated wounds retained 

less than 5% of the original wound, highlighting the wound healing potential of the combined 

therapeutic agent (Figure 2.24A-B). These results indicate that the amine-modified HA is capable 

of aiding wound healing, likely owing to low molecular weight HA’s tissue remodeling properties. 

However, the combination of NO release and HA enhances the wound healing potential of the 

biopolymer.  

The increased wound healing observed with HA6-DPTA and HA6-DPTA/NO treatment 

can also be partially attributed to the scaffolds’ antibacterial properties. Excised wound tissue from 

mice treated with HA6-DPTA contained less P. aeruginosa genome than control-treated wounds 

(Figure 2.24C). This phenomenon is attributed to the antibacterial properties associated with 

primary amines (i.e., from the DPTA modification), as prior work has shown the benefits of 

terminal primary amines on bacterial killing, even in the absence of NO.71 The high localized 

concentrations of primary amine-containing HA6-DPTA serve to decrease bacterial load. Wounds 

from mice treated with HA6-DPTA/NO also presented with decreased bacterial genome, with 

significantly lower PA01 16S rRNA expression than either the PEG- or HA6-DPTA-treated mice. 

These data highlight NO’s superior antibacterial properties. From these results, it can be inferred 



 
 
 115 

 
 
 
 

 
 

 
Figure 2.24 (A) Percentage of initial wound area remaining following daily treatment with 
PEG (gray circle), 50 mg kg-1 HA6-DPTA in PEG (blue triangle), or 50 mg kg-1 HA6-
DPTA/NO (red square). (B) Representative images of wounds from each treatment group. (C) 
Relative quantity of P. aeruginosa genome remaining in wound tissue harvested 8 days post-
wounding. Error bars represent the standard deviation for n = 5 mice. *p < 0.05, **p < 0.01, 
***p < 0.005. 
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that treatment with the dual-action therapeutic led to improved and/or more rapid clearance of P. 

aeruginosa. While it is possible that similar wound healing benefits could be achieved by utilizing 

unmodified HA and a low molecular weight NO donor in combination, the developed therapeutic 

integrates the beneficial wound healing properties of both HA and NO into a single-agent therapy 

that can be easily integrated within current wound care practices (e.g., within ointments and wound 

dressings).  

 

2.3.8.   Enzymatic degradation of HA derivatives 

Hyaluronic acid is degraded endogenously by hyaluronidases, a family of enzymes that 

cleave HA at the β-1,4 glycosidic bond.77 In order to ascertain whether the amine-modified and 

NO-releasing HA derivatives function similarly to native HA, the HA90 derivatives were degraded 

using an excess of bovine testicular hyaluronidase (i.e., at a higher concentration than in the body, 

where concentrations are ~60 ng mL-1)78 to allow for observations of degradation within a 30-min 

test period. The weight-average molecular weight (Mw) was quantified via GPC-MALS before and 

after the 30-min period to monitor HA degradation. Of note, the process of NO donor formation 

led to a decrease in HA molecular weight, suggesting oxidative degradation of the biopolymer, 

with the NO-releasing HA90 derivatives falling in the range of 40-55 kDa relative to the non-NO 

releasing derivatives (Mw = 75-90 kDa). Treatment with hyaluronidase led to a significant decrease 

in molecular weight for all HA90 modifications, regardless of alkylamine identity or NO storage 

(Figure 2.25, Table 2.5). After a 30 min period, the unmodified HA, amine-modified HA, and NO-

releasing HA were degraded to 9.0 ± 0.1 kDa, 10-13 kDa, and 11.5-15 kDa, respectively. These 

minor differences may be attributed to slower enzyme kinetics as a result of HA modification or 

increased unit (i.e., disaccharide) molecular weight upon alkylamine incorporation. 
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Figure 2.25 Molecular weight of unmodified, amine-modified, and NO-releasing HA90 
derivatives before (solid) and after (striped) enzymatic degradation by hyaluronidase. Error bars 
represent the standard deviation for n ≥ 3 separate experiments. *p < 0.05, **p < 0.01, ***p < 
0.005. 
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Table 2.5 Molecular weight (Mw) and dispersity (Đ) of unmodified, amine-modified, and 
NO-releasing HA90 pre- and post-degradation by hyaluronidase.a 

Modification Trial Nondegraded Degraded 
Mw (kDa) Đ Mw (kDa) Đ 

HA90 
1 87.7 1.47 9.1 1.62 
2 85.4 1.43 8.9 1.58 
3 85.5 1.46 9.0 1.71 

HA90-PAPA 
1 79.2 1.46 10.6 1.47 
2 78.1 1.47 8.5 1.53 
3 77.7 1.45 10.6 1.50 

HA90-PAPA/NO 
1 46.7 1.57 12.1 1.34 
2 58.6 1.51 12.1 1.43 
3 49.5 1.63 12.9 1.34 

HA90-HEDA 
1 87.9 1.58 9.9 1.56 
2 87.0 1.66 10.8 1.67 
3 92.0 1.65 10.6 1.48 

HA90-HEDA/NO 
1 41.4 1.67 11.9 1.38 
2 45.2 1.68 11.2 1.42 
3 45.7 1.50 11.5 1.46 

HA90-DPTA 
1 76.1 1.92 12.9 1.60 
2 82.4 1.41 13.0 1.55 
3 86.6 1.68 12.6 1.61 

HA90-DPTA/NO 
1 50.1 1.81 14.2 1.54 
2 52.5 1.96 13.2 1.42 
3 57.0 1.70 13.3 1.54 

HA90-DETA 
1 78.7 1.50 11.8 1.33 
2 72.8 1.89 8.9 1.47 
3 78.1 1.46 12.2 1.39 

HA90-DETA/NO 
1 47.9 1.75 17.6 1.25 
2 50.4 1.61 13.1 1.39 
3 48.2 1.56 14.2 1.38 

aDetermined by GPC-MALS in 0.1 M phosphate buffer (pH 7.4) supplemented with 0.1 M 
NaNO3 and 0.02 wt% NaN3.  
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In either case, the HA90 derivatives retain the ability to be degraded by hyaluronidase, indicating 

the retention of properties common to unmodified HA. Unmodified HA6 was not able to be 

degraded by hyaluronidase, as the starting molecular weight of HA6 (~9 kDa) is a similar 

molecular weight to the degradation products of HA90. This suggests that degradation past this 

molecular weight range is not achievable by bovine testicular hyaluronidase within the given time 

frame and under the evaluated conditions. Although not investigated herein, it is likely that HA’s 

other physiological properties (e.g., pro-wound healing activities) are also retained as the presence 

of NO does not appear to have a negative impact on hyaluronidase function for the degradation of 

HA90. Further in vitro and in vivo analyses are obviously necessary to fully elucidate the effects 

of altering HA structure and NO release on such biological processes.   

 

2.4. Conclusions 

Hyaluronic acid was modified to contain N-diazeniumdiolate donors to store and release 

NO with a degree of tunability. The role of the alkylamine substituent was evident in the 

antibacterial action of the HA derivatives, with DPTA-modified HA outperforming the other 

chemical modifications in decreasing bacteria viability of the common wound pathogens E. coli, 

P. aeruginosa, S. aureus, and E. faecalis. Both HA6-DPTA/NO and HA90-DPTA/NO 

demonstrated superior antibacterial activity against MDR-PA and MRSA compared to a 

conventional antibiotic, neomycin sulfate. Further, HA6-DPTA/NO was able to kill susceptible 

and multi-drug resistant P. aeruginosa biofilms at lower equivalent active ingredient doses than 

either HA90-DPTA/NO or neomycin, highlighting the benefit of a low molecular weight NO-

releasing HA scaffold for biofilm treatment. Minimal cytotoxicity to L929 murine fibroblasts was 

found at doses equivalent to the MBC4h for HA6-DPTA/NO and HA90-DPTA/NO, with NO levels 
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primarily dictating toxicity of the NO-releasing HA derivatives rather than properties of the HA 

backbone (i.e., molecular weight and functional moiety). Amine-modified and NO-releasing HA 

derivatives demonstrated similar biodegradability to unmodified HA, suggesting that altering the 

structure of HA does not significantly impact reactivity with endogenous enzymes. Based on the 

promising bactericidal activity of the NO-releasing HA derivatives in aqueous solution, work 

evaluating optimal formulations for topical delivery is currently underway, including the 

incorporation of the biopolymer within wound dressings, hydrogels, and ointments. Preliminary 

studies with HA6-DPTA/NO suspended within a PEG gel were shown to facilitate wound closure 

in a P. aeruginosa-infected murine wound model. Furthermore, the enhanced wound closure was 

correlated to lower levels of remaining bacterial genome in the wound tissue. The combination of 

HA’s and NO’s beneficial wound healing and antibacterial properties allowed for the development 

of a dual-action wound therapeutic that demonstrates promise in addressing complications 

associated with chronic wounds.  
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CHAPTER 3: ROLE OF NITRIC OXIDE-RELEASING GLYCOSAMINOGLYCANS ON 
WOUND HEALING 

 

3.1. Introduction 

Approximately 2% of the total population in the United States is living with a chronic 

wound, loosely defined as a skin trauma that fails to heal in a normal timeframe (i.e.,  

1-3 months).1–4 These wounds often stall in a state of inflammation as a result of persistent stimuli, 

including prolonged pressure or repetitive tissue trauma, or due to underlying conditions, such as 

those that impair the host immune response (e.g., diabetes, cancer).5–7 The delayed healing 

observed for chronic wounds is often potentiated by wound infection, especially in the case of 

biofilm formation. Biofilms, or cooperative communities of bacteria that self-secrete an 

exopolysaccharide (EPS) matrix, are difficult to eradicate with conventional antibiotics due to 

changes in bacterial metabolism and the presence of a viscous matrix that prevents antibiotic 

diffusion.8–13 Further, bacteria are able to develop resistance to conventional antibiotics, rendering 

many current antibacterial therapies ineffective.14,15 Due to the devastating ramifications of 

nonhealing wounds, including pain, amputation, and even death, new wound treatments that 

address both infection and impairment of the host immune response, without the potential for 

garnering resistant, are greatly needed.  

 Nitric oxide, an endogenous signaling molecule, represents an alternative therapeutic for 

treating chronic wounds due to its innate roles in mitigating both inflammation and  

infection.16–19 Nitric oxide possesses broad-spectrum antibacterial action through multiple 



 
 
 128 

mechanisms (i.e., nitrosative and oxidative stresses), in which reactive byproducts of NO cause 

thiol nitrosation, DNA deamination, and destruction of cell membranes through lipid 

peroxidation.16,20,21 With NO’s ability to penetrate through the EPS matrix, significantly lower 

concentrations of NO are required relative to traditional antibiotics to disrupt and eradicate 

biofilm-based bacteria.22–24 Bacterial resistance to NO is also unlikely due to these multiple 

mechanisms of antibacterial action.25,26 In addition to its bactericidal abilities, endogenous NO is 

directly involved in the wound healing pathway.7,27 Nitric oxide is produced in large quantities 

(nM-µM) by immune cells (e.g., macrophages, neutrophils) as part of the immune response to 

eradicate bacteria in the wound environment.24,28,29 Lesser concentrations of NO (pM-nM) are 

constitutively produced by endothelial cells and facilitate angiogenesis, collagen synthesis, and 

inflammatory cell proliferation and function.30–33 These endogenous mechanisms have motivated 

the use of exogenous NO as a strategy for eradicating bacterial infections and assisting wound 

healing.  

 Treatment with gaseous NO has been demonstrated to reduce bacterial loads and accelerate 

wound closure.34,35 However, such treatment is limited to use in hospital settings where continuous 

oversight is available due to systemic toxicity concerns.28,36,37 N-diazeniumdiolate NO donors 

provide an alternative method to exogenous NO due to their spontaneous degradation to NO in 

physiological milieu.38,39 Low molecular weight N-diazeniumdiolate NO donors have been utilized 

as wound therapeutics and shown to accelerate wound closure and decrease bacterial burden in 

rodent models.40,41 While representing an efficacious system, the untargeted delivery of these 

donors and cytotoxicity of regenerated donor amines make small molecule donor systems difficult 

to use as therapeutics. The covalent attachment of NO donor functional groups to macromolecules 

mitigates these concerns.20,42 Macromolecular NO-release vehicles are easily incorporated within 
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conventional wound therapies and dressings (e.g., fibrous bandages, hydrogels) in order to 

facilitate topical NO delivery.43,44 For example, Lowe et al. covalently bound NO donors to 

acrylonitrile-based terpolymers, which were then electrospun to form non-woven fibrous wound 

dressings.43 Alternatively, Masters et al. reported on the covalent attachment of NO donors to 

poly(vinyl alcohol) hydrogels.44 Treatment of wounds with NO derived from macromolecular 

scaffolds, such as those reported by Lowe et al. and Masters et al., has accelerated wound closure, 

eradicated wound pathogens, increased collagen deposition, and promoted angiogenesis.7,22,43,44 

 Hyaluronic acid (HA) and chondroitin sulfate (CS), two biopolymers within the 

glycosaminoglycan (GAG) family, represent promising NO delivery scaffolds due to their 

endogenous production and roles in inflammation and tissue repair.45–49 As additional benefits, 

both biopolymers exhibit high water solubility, low toxicity, and biodegradability.47,49 Hyaluronic 

acid is composed of alternating D-glucuronic acid and N-acetyl-D-glucosamine residues and acts 

as a signaling molecule for wound healing with resulting actions dependent on HA molecular 

weight.46,47,50,51 High molecular weight HA (≥ 1 MDa) is found in healthy tissue and signals for 

tissue maintenance.46,52 Under stress, endogenous HA is enzymatically degraded by 

hyaluronidases to lower molecular weights (1-800 kDa), which signals for tissue repair actions, 

such as angiogenesis, the release of pro-inflammatory cytokines, and collagen deposition.46,47,50,52  

As a result of HA’s involvement in the wound healing pathway, several studies have 

investigated the supplementation of exogenous HA as a potential therapy. Both high molecular 

weight and low molecular weight HA wound therapies have demonstrated enhanced wound 

healing through a number of outcomes, including improving skin mechanical properties, 

alleviating inflammation, and increasing wound closure rates, angiogenesis, collagen deposition, 

and wound moisture.47,53–57 Chondroitin sulfate possesses a similar structure to HA, consisting of 



 
 
 130 

alternating D-glucuronic acid and N-acetyl-D-galactosamine residues, with the addition of a sulfate 

group.58,59 In animal tissue, this sulfate group is predominantly found at either the 4 (chondroitin 

sulfate A; CSA) or 6 position (chondroitin sulfate C; CSC) of the N-acetyl-D-galactosamine 

residue.48,58,60 The specific interactions of CS with bioactive molecules are a function of the 

sulfation degree and profile of the CS backbone.49,58 Previous literature has reported that CS 

isomers can decrease inflammation, alter fibroblast/keratinocyte adhesion, proliferation, and 

migration, and modulate angiogenesis and collagen deposition, all of which are potentially 

beneficial for a wound therapeutic.58,61–66 The structures of both HA and CS allow for facile 

chemical modification of the carboxylic acid groups, allowing for the covalent attachment of NO 

donors.49,67 Through the combination of the beneficial wound healing properties of HA and CS 

with the multifaceted roles of NO, we sought to develop a multimodal macromolecular NO 

delivery system.  

 Herein, we describe the modification of HA (6, 50, and 90 kDa) and CS (30 kDa CSA and 

20 kDa CSC) with alkylamine groups for subsequent N-diazeniumdiolate NO donor formation. 

These HA molecular weights were specifically chosen to interact with one or more of the main 

receptors for HA’s wound healing pathways (TLR, RHAMM, and CD44 receptors).47,50,51,68 The 

two CS isomers, CSA and CSC, were selected as they represent the two most abundant forms of 

CS isolated from animal tissue and may differ in wound healing properties as a result of their 

sulfation pattern.49,58,59 The alkylamine groups used for modification have been described 

previously to confer a range of NO-release kinetics.22,69,70 Glycosaminoglycan derivatives varying 

in biopolymer physical properties (i.e., GAG identity, HA molecular weight, CS sulfation pattern, 

alkylamine identity) and NO-release properties (i.e., NO payloads and kinetics) were screened for 

antibacterial and pro-wound healing properties using an arsenal of in vitro assays. Antibacterial 
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properties, including bacterial inhibition and eradication, were tested against prevalent wound 

pathogens, including clinical multidrug-resistant P. aeruginosa and S. aureus isolates. Aspects of 

wound healing, including cell proliferation and adhesion, were evaluated in vitro with human 

dermal fibroblasts and human epidermal keratinocytes as representative cell types in the wound 

environment. The role of biopolymer physical properties and NO-release properties on 

inflammation were further investigated using an in vitro assay via activation of the murine TLR4 

receptor. Lastly, the most promising candidates from the in vitro antibacterial, wound healing, and 

inflammation studies were evaluated in a P. aeruginosa-infected murine wound model and via an 

in vitro migration assay to assess their potential as wound therapeutics.    

 

3.2. Materials and methods 

3.2.1. Materials 

Ultra-low (< 6 kDa; HA6), super-low (< 50 kDa; HA50), and extra-low (80-110 kDa; 

HA90) molecular weight hyaluronic acid were purchased from Lotioncrafter (Eastsound, WA). 

Chondroitin sulfate A sodium salt (average molecular weight 20-30 kDa) and chondroitin sulfate 

C sodium salt were purchased from Biosynth Carbosynth (Compton, United Kingdom). Bis(3-

aminopropyl)amine (DPTA), diethylenetriamine (DETA), N-(2-hydroxyethyl)ethylenediamine 

(HEDA), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC), N-

hydroxysuccinimide (NHS), phenazine methosulfate (PMS), bovine collagen solution (type I), 

lipopolysaccharides from Escherichia coli O111:B4 (LPS), and antifoam B emulsion were 

purchased from MilliporeSigma (St. Louis, MO). 3-(4,5-dimethylthizol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) was purchased from 

Biovision (Milpitas, CA). Trypsin, penicillin streptomycin (PS), fetal bovine serum (FBS), 
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Dulbecco’s modified Eagle’s medium (DMEM), keratinocyte serum-free medium (SFM; with 

human recombinant epidermal growth factor, rEGF), bovine serum albumin (BSA), tumor necrosis 

factor recombinant human protein (TNF-α), and common laboratory salts and solvents were 

purchased from Thermo Fisher Scientific (Fair Lawn, NJ). HEK-Blue™ mTLR4 cells, HEK-

Blue™ Null1-v cells, HEK-Blue™ Selection, Normocin™, Zeocin™, and QUANTI-Blue™ 

solution were purchased from Invivogen (San Diego, CA). Tryptic soy broth (TSB), Mueller 

Hinton II broth (MHB), and tryptic soy agar (TSA) were obtained from Becton, Dickinson, and 

Company (Franklin Lakes, NJ). Human dermal fibroblasts (HDF) and human epidermal 

keratinocytes (HEK) were obtained from the UNC Tissue Culture Facility (Chapel Hill, NC). 

Pseudomonas aeruginosa (P. aeruginosa, PAO1; ATCC 47085), Staphylococcus aureus (S. 

aureus; ATCC 29213), multidrug-resistant P. aeruginosa (MDR-PA; ATCC BAA-2110), and 

methicillin-resistant S. aureus (MRSA; ATCC 33591) were obtained from the American Type 

Culture Collection (Manassas, VA). Clinical multidrug resistant strains of P. aeruginosa (AR Bank 

#0239) and S. aureus (AR Bank #0565) were obtained from the CDC and FDA Antibiotic 

Resistant Isolate Bank (Atlanta, GA). Argon (Ar), carbon dioxide (CO2), nitrogen (N2), oxygen 

(O2), nitric oxide (NO) calibration (25.87 ppm balance N2), and pure NO (99.5%) gas cylinders 

were purchased from Airgas National Welders (Raleigh, NC). Distilled water was purified to a 

resistivity of 18.2 MΩ•cm and a total organic content of ≤ 6 ppb using a Millipore Milli-Q UV 

Gradient A10 system (Bedford, MA).  

 

3.2.2. Synthesis of alkylamine-modified glycosaminoglycans 

Hyaluronic acid (HA6, HA50, and HA90) and chondroitin sulfate (CSA and CSC) were 

modified with either HEDA, DPTA, or DETA as adapted from previously published protocols.22,69 
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Briefly, HA or CS (1 g) was dissolved in 40 mL distilled water, or in the case of HA90, 100 mL 

distilled water, with magnetic stirring. A 4:1 molar ratio of EDC and NHS, with respect to the 

carboxylic acid moieties on the GAG scaffold, was added. In addition, 1 mL of 0.5 M HCl was 

added to the HA reactions. Following a 20 min activation period at room temperature, a 4:1 molar 

ratio of HEDA, DPTA, or DETA, with respect to the carboxylic acid moieties on the GAG 

scaffold, was added to the reaction solution. The solution was then stirred at room temperature for 

48 h. Amine-modified GAGs were precipitated in ethanol, collected via centrifugation, washed 

twice with ethanol, and dried in vacuo yielding a white/yellow solid for each modification.  

 

3.2.3. Characterization of alkylamine-modified glycosaminoglycans 

1H and 13C nuclear magnetic resonance (NMR) spectra were recorded on a Bruker (600 

MHz) spectrometer (Billerica, MA). Attenuated total reflection Fourier transform infrared 

spectroscopy (ATR-FTIR) was performed using a Nicolet iS50 FTIR Spectrometer (Thermo 

Fisher Scientific; Fair Lawn, NJ). Elemental (carbon, hydrogen, nitrogen, sulfur; CHNS) analysis 

was conducted using a PerkinElmer Elemental Analyzer Series 2400 Instrument (Waltham, MA). 

Molecular weight determination was performed by first dissolving the unmodified or amine-

modified GAGs at 1 mg mL-1 in 0.1 M phosphate buffer (pH 7.4) containing 0.1 M sodium nitrate 

and 0.02 wt% sodium azide. Solutions were filtered using a 0.22 µM PTFE filter and analyzed 

using an aqueous gel permeation chromatography (GPC) system equipped with a Waters 2414 

refractive index detector (Milford, MA) coupled to a Wyatt miniDawn TREOS multi-angle light 

scattering detector (MALS; Santa Barbara, CA) using the same mobile phase as was used for 

sample preparation.  
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Representative 1H and 13C NMR of unmodified and amine-modified GAGs included the 

following peaks (denoted by D-glucuronic acid (GlcA), N-acetyl-D-glucosamine (GlcNAc), and 

N-acetyl-D-galactosamine (GalNAc) residues):   

HA6, HA50, and HA90: 1H NMR (600 MHz, D2O, 𝛿) 2.01 [GlcNAc: NHC(O)CH3], 3.33 

[GlcA C4], 3.45-3.61 [GlcNAc C5, C6], 3.64-3.94 [GlcA C2, C3, C5; GlcNAc C2, C3, C4], 4.46 

[GlcA C1], 4.53 [GlcNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 22.7 [GlcNAc: NHC(O)CH3], 54.5 

[GlcNAc C2], 60.7 [GlcNAc C6], 68.7 [GlcNAc C4], 72.5 [GlcA C2], 73.7 [GlcA C3], 75.2 [GlcA 

C5], 76.4 [GlcNAc C5], 80.2 [GlcNAc C3], 82.5 [GlcA C4], 100.5 [GlcA C1], 103.2 [GlcNAc 

C1], 168.0-175.0 [GlcA C6; GlcNAc: NHC(O)CH3].  

HA6-HEDA, HA50-HEDA, and HA90-HEDA: 1H NMR (600 MHz, D2O, 𝛿) 2.01 

[GlcNAc: NHC(O)CH3]; 2.42 [NHCH2CH2NHCH2CH2OH], 3.06 [NHCH2CH2NHCH2CH2OH], 

3.22 [GlcA C4], 3.29-3.59 [GlcNAc C5, C6; NHCH2CH2NHCH2CH2OH], 3.65-3.96 [GlcA C2, 

C3, C5; GlcNAc C2, C3, C4], 4.45 [GlcA C1], 4.54 [GlcNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 

22.5 [GlcNAc: NHC(O)CH3], 35.0-36.8 [NHCH2CH2NHCH2CH2OH], 45.3 

[NHCH2CH2NHCH2CH2OH], 49.6 [NHCH2CH2NHCH2CH2OH], 54.4 [GlcNAc C2], 56.6 

[NHCH2CH2NHCH2CH2OH], 60.7 [GlcNAc C6], 68.7 [GlcNAc C4], 72.5 [GlcA C2], 73.7 [GlcA 

C3], 75.2 [GlcA C5], 76.4 [GlcNAc C5], 80.2 [GlcNAc C3], 82.5 [GlcA C4], 100.5 [GlcA C1], 

103.2 [GlcNAc C1], 160.5 [GlcA C6], 173.7-175.6 [GlcA C6; GlcNAc: NHC(O)CH3]. 

HA6-DPTA, HA50-DPTA, and HA50-DPTA: 1H NMR (600 MHz, D2O, 𝛿) 1.88 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 2.01 [GlcNAc: NHC(O)CH3]; 2.42 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 2.80 [NHCH2CH2CH2NHCH2CH2CH2NH2], 3.02 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 3.20 [GlcA C4], 3.25-3.57 [GlcNAc C5, C6], 3.67-3.92 

[GlcA C2, C3, C5; GlcNAc C2, C3, C4], 4.45 [GlcA C1], 4.54 [GlcNAc C1]. 13C NMR (600 MHz, 
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D2O, 𝛿) 22.5 [GlcNAc: NHC(O)CH3], 24.9-26.9 [NHCH2CH2CH2NHCH2CH2CH2NH2], 35.5-

37.5 [NHCH2CH2CH2NHCH2CH2CH2NH2], 45.5 [NHCH2CH2CH2NHCH2CH2CH2NH2], 54.4 

[GlcNAc C2], 60.4 [GlcNAc C6], 68.6 [GlcNAc C4], 72.5 [GlcA C2], 73.7 [GlcA C3], 75.2 [GlcA 

C5], 76.4 [GlcNAc C5], 80.2 [GlcNAc C3], 82.7 [GlcA C4], 100.5 [GlcA C1], 103.2 [GlcNAc 

C1], 160.8 [GlcA C6], 173.7-175.6 [GlcA C6; GlcNAc: NHC(O)CH3]. 

HA6-DETA, HA50-DETA, and HA90-DETA: 1H NMR (600 MHz, D2O, 𝛿) 2.01 

[GlcNAc: NHC(O)CH3]; 2.42 [NHCH2CH2NHCH2CH2NH2], 2.90 

[NHCH2CH2NHCH2CH2NH2], 3.06 [NHCH2CH2NHCH2CH2NH2], 3.22 [GlcA C4], 3.29-3.59 

[GlcNAc C5, C6], 3.65-3.93 [GlcA C2, C3, C5; GlcNAc C2, C3, C4], 4.45 [GlcA C1], 4.54 

[GlcNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 22.5 [GlcNAc: NHC(O)CH3], 35.7 

[NHCH2CH2NHCH2CH2NH2], 39.0 [NHCH2CH2NHCH2CH2NH2], 45.5 

[NHCH2CH2NHCH2CH2NH2], 54.4 [GlcNAc C2], 57,4 [NHCH2CH2NHCH2CH2NH2], 60.7 

[GlcNAc C6], 68.7 [GlcNAc C4], 72.5 [GlcA C2], 73.7 [GlcA C3], 75.2 [GlcA C5], 76.4 [GlcNAc 

C5], 80.2 [GlcNAc C3], 82.5 [GlcA C4], 100.5 [GlcA C1], 103.2 [GlcNAc C1], 160.5 [GlcA C6], 

173.7-175.6 [GlcA C6; GlcNAc: NHC(O)CH3]. 

CSA: 1H NMR (600 MHz, D2O, 𝛿) 2.04 [GalNAc: NHC(O)CH3], 3.36 [GalNAc C6], 3.57 

[GlcA C3], 3.62-3.90 [GlcA C2, C4, C5; GalNAc C5], 4.01 [GalNAc C2, C3], 4.20 [GalNAc C4], 

4.46-4.56 [GlcA C1, GalNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 22.4 [GalNAc: NHC(O)CH3], 

51.3 [GalNAc C2], 60.9 [GalNAc C6], 69.5 [GalNAc C4], 71.3-80.7 [GlcA C2, C3, C5; GalNAc 

C3, C5], 96.0 [GlcA C4], 100.7 [GlcA C1], 103.6 [GalNAc C1], 174.3-175.4 [GlcA C6; GalNAc: 

NHC(O)CH3]. 

CSA-HEDA: 1H NMR (600 MHz, D2O, 𝛿) 2.02 [GalNAc: NHC(O)CH3], 2.43 

[NHCH2CH2NHCH2CH2OH], 2.64-3.24 [NHCH2CH2NHCH2CH2OH], 3.34-3.50 [GalNAc C6, 
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NHCH2CH2NHCH2CH2OH], 3.57 [GlcA C3], 3.67-3.88 [GlcA C2, C4, C5; GalNAc C5], 4.00 

[GalNAc C2, C3], 4.19 [GalNAc C4], 4.44-4.57 [GlcA C1, GalNAc C1]. 13C NMR (600 MHz, 

D2O, 𝛿) 22.7 [GalNAc: NHC(O)CH3], 36.9 [NHCH2CH2NHCH2CH2OH], 45.7 

[NHCH2CH2NHCH2CH2OH], 49.8 [NHCH2CH2NHCH2CH2OH], 51.3 [GalNAc C2], 58.1 

[NHCH2CH2NHCH2CH2OH], 60.9 [GalNAc C6], 69.5 [GalNAc C4], 71.3-80.7 [GlcA C2, C3, 

C5; GalNAc C3, C5], 93.6 [GlcA C4], 100.6 [GlcA C1], 103.9 [GalNAc C1], 160.7 [GlcA C6], 

174.3-175.4 [GlcA C6; GalNAc: NHC(O)CH3]. 

CSA-DPTA: 1H NMR (600 MHz, D2O, 𝛿) 1.93 [NHCH2CH2CH2NHCH2CH2CH2NH2], 

2.01 [GalNAc: NHC(O)CH3], 2.41 [NHCH2CH2CH2NHCH2CH2CH2NH2], 2.85 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 3.04 [NHCH2CH2CH2NHCH2CH2CH2NH2], 3.36 

[GalNAc C6], 3.57 [GlcA C3], 3.67-3.88 [GlcA C2, C4, C5; GalNAc C5], 4.00 [GalNAc C2, C3], 

4.19 [GalNAc C4], 4.43-4.55 [GlcA C1, GalNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 22.7 

[GalNAc: NHC(O)CH3], 24.8-26.0 [NHCH2CH2CH2NHCH2CH2CH2NH2], 35.1-37.4 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 41.8-45.1 [NHCH2CH2CH2NHCH2CH2CH2NH2], 51.3 

[GalNAc C2], 60.9 [GalNAc C6], 69.5 [GalNAc C4], 71.3-80.7 [GlcA C2, C3, C5; GalNAc C3, 

C5], 96.0 [GlcA C4], 100.6 [GlcA C1], 103.9 [GalNAc C1], 160.4 [GlcA C6], 173.0-174.8 [GlcA 

C6; GalNAc: NHC(O)CH3]. 

CSA-DETA: 1H NMR (600 MHz, D2O, 𝛿) 2.02 [GalNAc: NHC(O)CH3], 2.43 

[NHCH2CH2NHCH2CH2NH2], 2.76-3.07 [NHCH2CH2NHCH2CH2NH2], 3.34-3.42 [GalNAc C6, 

NHCH2CH2NHCH2CH2NH2], 3.57 [GlcA C3], 3.67-3.85 [GlcA C2, C4, C5; GalNAc C5], 4.00 

[GalNAc C2, C3], 4.20 [GalNAc C4], 4.46-4.57 [GlcA C1, GalNAc C1]. 13C NMR (600 MHz, 

D2O, 𝛿) 22.7 [GalNAc: NHC(O)CH3], 38.9 [NHCH2CH2NHCH2CH2NH2], 43.0 

[NHCH2CH2NHCH2CH2NH2], 45.4 [NHCH2CH2NHCH2CH2NH2], 51.3 [GalNAc C2], 57.4 
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[NHCH2CH2NHCH2CH2NH2], 60.9 [GalNAc C6], 69.5 [GalNAc C4], 71.3-80.7 [GlcA C2, C3, 

C5; GalNAc C3, C5], 96.0 [GlcA C4], 100.9 [GlcA C1], 104.1 [GalNAc C1], 160.6 [GlcA C6], 

173.9-175.3 [GlcA C6; GalNAc: NHC(O)CH3]. 

CSC: 1H NMR (600 MHz, D2O, 𝛿) 2.03 [GalNAc: NHC(O)CH3], 3.35 [GalNAc C4], 3.49-

3.90 [GlcA C2, C3, C4, C5; GalNAc C5], 3.92-4.05 [GalNAc C2, C3], 4.26 [GalNAc C6], 4.47-

4.67 [GlcA C1, GalNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 22.4 [GalNAc: NHC(O)CH3], 51.6 

[GalNAc C2], 61.2 [GalNAc C4], 69.5 [GalNAc C6], 71.0-80.7 [GlcA C2, C3, C5; GalNAc C3, 

C5], 96.0 [GlcA C4], 100.7 [GlcA C1], 102.2 [GalNAc C1], 171.0-177.2 [GlcA C6; GalNAc: 

NHC(O)CH3]. 

 CSC-HEDA: 1H NMR (600 MHz, D2O, 𝛿) 2.02 [GalNAc: NHC(O)CH3], 2.38-2.49 

[NHCH2CH2NHCH2CH2OH], 2.96 [NHCH2CH2NHCH2CH2OH], 3.10 

[NHCH2CH2NHCH2CH2OH], 3.19 [NHCH2CH2NHCH2CH2OH], 3.35 [GalNAc C4], 3.49-3.90 

[GlcA C2, C3, C4, C5; GalNAc C5], 3.92-4.05 [GalNAc C2, C3], 4.26 [GalNAc C6], 4.47-4.67 

[GlcA C1, GalNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 22.4 [GalNAc: NHC(O)CH3], 34.8-38 

[NHCH2CH2NHCH2CH2OH], 45.4 [NHCH2CH2NHCH2CH2OH], 49.5 

[NHCH2CH2NHCH2CH2OH], 51.6 [GalNAc C2], 57.5 [NHCH2CH2NHCH2CH2OH], 61.2 

[GalNAc C4], 69.5 [GalNAc C6], 71.3-80.7 [GlcA C2, C3, C5; GalNAc C3, C5], 96.0 [GlcA C4], 

100.7 [GlcA C1], 102.2 [GalNAc C1], 160.7 [GlcA C6], 171.0-177.2 [GlcA C6; GalNAc: 

NHC(O)CH3]. 

 CSC-DPTA: 1H NMR (600 MHz, D2O, 𝛿) 1.80-1.91 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 2.02 [GalNAc: NHC(O)CH3], 2.34-2.46 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 2.82 [NHCH2CH2CH2NHCH2CH2CH2NH2], 3.03 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 3.35 [GalNAc C4], 3.49-3.90 [GlcA C2, C3, C4, C5; 
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GalNAc C5], 3.92-4.05 [GalNAc C2, C3], 4.26 [GalNAc C6], 4.43-4.60 [GlcA C1, GalNAc C1]. 

13C NMR (600 MHz, D2O, 𝛿) 22.4 [GalNAc: NHC(O)CH3], 24.8-26.0 

[NHCH2CH2CH2NHCH2CH2CH2NH2], 35.0-37.4 [NHCH2CH2CH2NHCH2CH2CH2NH2], 42.2-

45.4 [NHCH2CH2CH2NHCH2CH2CH2NH2], 51.6 [GalNAc C2], 61.2 [GalNAc C4], 69.5 

[GalNAc C6], 71.3-80.7 [GlcA C2, C3, C5; GalNAc C3, C5], 96.0 [GlcA C4], 100.7 [GlcA C1], 

102.2 [GalNAc C1], 160.4 [GlcA C6], 172.0-179.2 [GlcA C6; GalNAc: NHC(O)CH3]. 

 CSC-DETA: 1H NMR (600 MHz, D2O, 𝛿) 2.02 [GalNAc: NHC(O)CH3], 2.38-2.50 

[NHCH2CH2NHCH2CH2NH2], 2.89-3.07 [NHCH2CH2NHCH2CH2NH2], 3.34-3.42 [GalNAc C4, 

NHCH2CH2NHCH2CH2NH2], 3.49-3.90 [GlcA C2, C3, C4, C5; GalNAc C5], 3.92-4.05 [GalNAc 

C2, C3], 4.26 [GalNAc C6], 4.47-4.67 [GlcA C1, GalNAc C1]. 13C NMR (600 MHz, D2O, 𝛿) 22.4 

[GalNAc: NHC(O)CH3], 36.0 [NHCH2CH2NHCH2CH2NH2], 38.9 

[NHCH2CH2NHCH2CH2NH2], 45.7 [NHCH2CH2NHCH2CH2NH2], 51.6 [GalNAc C2], 57.5 

[NHCH2CH2NHCH2CH2NH2], 61.2 [GalNAc C4], 69.5 [GalNAc C6], 71.0-80.7 [GlcA C2, C3, 

C5; GalNAc C3, C5], 96.0 [GlcA C4], 100.7 [GlcA C1], 102.2 [GalNAc C1], 160.4 [GlcA C6],  

172.0-179.2 [GlcA C6; GalNAc: NHC(O)CH3]. 

 

Representative FTIR spectra of unmodified and amine-modified GAGs included the 

following peaks: 

HA derivatives: 𝜈̅max/cm-1 3320 (O-H), 1650 (C=O, carboxylic acid), 1575 (C=O, amide), 

1420 and 1400 (C-H), 1160 and 1050 (C-C).  

CSA derivatives: 𝜈̅max/cm-1 3340 (O-H), 1660 (C=O, carboxylic acid), 1580 (C=O, amide), 

1430 and 1400 (C-H), 1260 (S=O), 1150 and 1070 (C-C), 860 (C-O-S).  
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CSC derivatives: 𝜈̅max/cm-1 3350 (O-H), 1665 (C=O, carboxylic acid), 1590 (C=O, amide), 

1430 and 1405 (C-H), 1270 (S=O), 1130 and 1060 (C-C), 890 (C-O-S).  

  

3.2.4. Synthesis of NO-releasing glycosaminoglycans 

Alkylamine-modified HA (45 mg) was dissolved in 7:3 methanol:water (3 mL) with 

sodium methoxide (NaOMe; 75 µL; 5.4 mM in methanol) in a 1-dram glass vial. Alkylamine-

modified CS (45 mg) was dissolved in 1:1 methanol:water (3 mL) with 75 µL NaOMe. The open 

vials were placed in a stainless-steel reaction vessel and stirred continuously via magnetic stirring. 

The vessel was purged with argon (10 s, 7 atm) three times followed by three longer argon purges 

(10 min, 7 atm) to remove excess oxygen in the vessel and in the solutions. The vessel was 

pressurized to 15 atm with NO gas. After 72 h, the same argon purging procedure was followed to 

remove unreacted NO. The resulting NO-releasing GAGs were precipitated in ethanol, collected 

by centrifugation, dried in vacuo, and stored in vacuum sealed bags at -20 °C as a white/yellow 

powder for each modification. 

 

3.2.5. Characterization of NO-release properties 

Absorbance measurements (200-450 nm) were made in 50 mM sodium hydroxide (NaOH) 

with a Molecular Devices SpectraMax M2 spectrophotometer (San Jose, CA) to confirm presence 

of the N-diazeniumdiolate functional group. Real-time nitric oxide release was evaluated using a 

Sievers 280i Nitric Oxide Analyzer (NOA; Boulder, CO). Before use, samples were analyzed to 

characterize their NO release and ensure stability of the stored material. The NOA was calibrated 

with air passed through a NO zero filter (0 ppm NO) and 25.87 ppm of NO calibration gas (balance 

N2) prior to analysis. In a typical experiment, NO-releasing GAGs (~1 mg) were dissolved in either 
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30 mL of deoxygenated PBS (10 mM, pH 7.4, 37 °C) or 30 mL of deoxygenated simulated wound 

fluid (SWF; 10% FBS in 10 mM PBS, pH 7.4, 37 °C). For samples analyzed in SWF, 75 µL of 

antifoam B emulsion was added to the flask. The solution was purged with nitrogen gas at a flow 

rate of 200 mL min-1 to carry liberated NO to the instrument. Analysis was terminated when NO 

levels fell below the quantification limit of the instrument normalized to the mass of NO-releasing 

material (10 ppb NO mg-1 GAG). 

 

3.2.6. In vitro bacterial inhibition assay 

Bacteria cultures of PAO1, ATCC MDR-PA, AR-0239, ATCC S. aureus, ATCC MRSA, 

and AR-0565 were grown from frozen (-80 °C) stocks on TSA plates. Colonies were isolated from 

the TSA plate and resuspended in SWF (Gram-negative) or SWF supplemented with 10% MHB 

(Gram-positive) at a concentration of 1 x 108 CFU mL-1. Bacteria solutions were subsequently 

diluted to 5 x 105 CFU mL-1 and exposed to serial dilutions of NO-releasing GAGs (pH adjusted 

to 7.4 using 1 M HCl), where the highest concentration tested was 16 mg mL-1. The 96-well plate 

was then incubated at 37 °C for 24 h. Untreated bacteria solutions were included in each 

experiment to ensure bacteria growth over the 24-h duration. The minimum inhibitory 

concentration (MIC24h) was defined as the lowest concentration of test agent that prevented visible 

bacterial growth. 

 

3.2.7. In vitro bacterial eradication assay 

Bacteria cultures of PAO1, ATCC MDR-PA, AR-0239, ATCC S. aureus, ATCC MRSA, 

and AR-0565 were grown from frozen (-80 °C) stocks on TSA plates. Colonies were isolated from 

the TSA plate, resuspended in TSB (5 mL), and incubated at 37 °C overnight with vigorous (250 
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rpm) shaking. An aliquot (1 mL) of the overnight bacteria solution was added to fresh TSB (30 

mL), grown to an OD600 of 0.25 for P. aeruginosa or 1.25 for S. aureus (corresponding to a 

concentration of 108 CFU mL-1), and subsequently diluted 1:100 to 106 CFU mL-1 in PBS (10 mM, 

pH 7.4). Weighed samples of NO-releasing GAGs were dissolved in PBS and titrated to pH 7.4 

with 1 M HCl. Samples were added to a 96-well polystyrene plate and serially diluted 1:2 in PBS 

so that each well contained 100 µL of NO-releasing GAG. Bacterial solution containing 106 CFU 

mL-1 (100 µL; 1 v/v TSB in PBS) was added to each well, resulting in final GAG concentrations 

of 0.5-16 mg mL-1. Amine-modified (i.e., non-NO-releasing) GAGs were evaluated at 16 mg  

mL-1 to ensure the GAG backbone was not responsible for bactericidal action. The 96-well plate 

was then incubated at 37 °C for 4 h with gentle (100 rpm) shaking. Untreated bacteria solutions 

were included in each experiment to ensure bacteria viability over the 4-h duration. After the 4-h 

exposure, bacterial solutions were serially diluted (10-, 100-, and 1000-fold dilutions), spiral plated 

on TSA plates using an Eddy Jet spiral plater (IUL; Farmingdale, NY), and incubated overnight at 

37 °C. Viability of bacteria following treatment with amine-modified or NO-releasing GAGs was 

determined using a Flash & Go colony counter (IUL; Farmingdale, NY). The minimum 

bactericidal concentration after a 4-h exposure period (MBC4h) was defined as the minimum GAG 

concentration required to achieve a 3-log reduction (≥ 99.9% reduction) in bacteria viability 

relative to untreated bacteria (i.e., reduced bacterial counts from 106 to 103 CFU mL-1). The limit 

of detection for this counting method is 2.5 x 103 CFU mL-1.71,72  

 

3.2.8. In vitro cytotoxicity assay 

Human dermal fibroblasts (HDF) were grown in DMEM supplemented with 10 vol% FBS 

and 1 wt% PS. Human epidermal keratinocytes (HEK) were grown in keratinocyte SFM with 1 
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wt% PS and 5 ng mL-1 human recombinant epidermal growth factor (rEGF). Cells were incubated 

in 5 vol% CO2 under humidified conditions at 37 °C. After reaching 80% confluency, a cell 

suspension of 1 x 105 cells mL-1 was prepared, and 100 µL was added to each well of a 96-well 

plate. After 24-h incubation at 37 °C, the supernatant was aspirated and replaced with 100 µL of 

either unmodified, amine-modified, or NO-releasing GAG in fresh growth medium (pH adjusted 

to 7.4 with 1 M HCl) with GAG concentrations ranging from 0.25 to 32 mg mL-1. The cultures 

were then incubated for 24 h at 37 °C. Following exposure, the supernatant was aspirated, and the 

wells were washed twice with PBS. A 100-µL mixture of growth medium/MTS/PMS (105/20/1, 

v/v/v) was added to each well and incubated for 90 min at 37 °C. The absorbance of the solution 

in each well was measured at 490 nm using a Molecular Devices SpectraMax M2 

spectrophotometer (San Jose, CA). A blank mixture of growth medium/MTS/PMS and untreated 

cells were used as the blank and control, respectively. Cell viability for each sample was calculated 

using Eq. 1.   

 

% cell viability	=	 (Abs490,sample"Abs490,blank)
(Abs490,control"Abs490,blank)

×100       (Eq. 1) 

 

3.2.9. In vitro adhesion assay 

Adhesion assays were carried out using a procedure adapted from Kucik and Wu.73 Briefly, 

96-well plates were coated with 100 µL of 32 µg mL-1 bovine collagen type I (10 µg cm-1 growth 

area) in PBS and incubated for 1 h at 37 °C. After 1 h, collagen solution was aspirated from the 

wells and replaced with 100 µL of 10 mg mL-1 BSA in PBS for 1 h at 37 °C. In tandem, 1.5-mL 

microcentrifuge tubes were coated with BSA using the same procedure at a greater volume (1.5 

mL BSA solution). Following incubation, each plate and microcentrifuge tube was rinsed once 
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with PBS and once with the respective growth medium. Fresh growth medium, either blank or 

containing unmodified, amine-modified, or NO-releasing GAG, was added to the well plate (100 

µL). HDF and HEK were grown under described conditions until 80% confluent. A cell suspension 

of 1 x 105 or 1.5 x 105 cells mL-1 was prepared for HDF and HEK, respectively. An aliquot of the 

cell suspension (100 µL) was added to each well, with final GAG concentrations spanning the 

range of 100 ng mL-1 to 100 µg mL-1, and the plate was incubated for 1 h at 37 °C. Simultaneously, 

a 1-mL aliquot of the cell suspension was transferred to a BSA-coated 1.5-mL microcentrifuge 

tube. Cells were immediately pelleted at 3800×g for 15 min, the supernatant was removed, and the 

pellet was stored at -20 °C until needed. After 1 h, the 96-well plate was rinsed thrice with PBS to 

remove non-adhered cells, and a 100 µL mixture of growth medium/MTS/PMS (105/20/1, v/v/v) 

was added to each well. Growth medium/MTS/PMS solution was added to the empty wells as a 

blank. Growth medium/MTS/PMS (1 mL) was added to the cell pellet, which was gently vortexed 

and added to the well plate (100 µL well-1) as a measure of the total number of cells initially added 

to each well. The plate was incubated for 90 min at 37 °C, and the absorbance of the solution in 

each well was measured at 490 nm using a Molecular Devices SpectraMax M2 spectrophotometer 

(San Jose, CA). Cell adhesion for each sample was calculated using Eq. 2.   

 

% cell adhesion	=	 (Abs490,adhered"Abs490,blank)
(Abs490,total"Abs490,blank)

×100      (Eq. 2) 

 

3.2.10. In vitro proliferation assay 

HDF and HEK were grown under described conditions until 80% confluent. A cell 

suspension of 3 x 104 or 7.5 x 104 cells mL-1 was prepared for HDF and HEK, respectively. An 

aliquot of the cell suspension (100 µL) was added to each well of a 96-well plate, and plates were 
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incubated at 37 °C for 24 h to ensure adhesion. After 24 h, the supernatant was aspirated and 

replaced with 200 µL of fresh growth medium, either blank or containing unmodified, amine-

modified, or NO-releasing GAGs spanning the range of 100 ng mL-1 to 100 µg mL-1. Importantly, 

after the initial 24 h of cell adhesion, growth medium was prepared without either FBS (for HDF) 

or rEGF (for HEK) to prevent excess unstimulated proliferation. The plate was then incubated for 

72 h at 37 °C. Following exposure, the supernatant was aspirated, and the wells were washed twice 

with PBS. A 100 µL mixture of growth medium/MTS/PMS (105/20/1, v/v/v) was added to each 

well and incubated for 90 min at 37 °C. The absorbance of the solution in each well was measured 

at 490 nm using a Molecular Devices SpectraMax M2 spectrophotometer (San Jose, CA). A 

mixture of growth medium/MTS/PMS without cells and untreated cells were used as the blank and 

control, respectively. Cell proliferation, relative to untreated cells, was calculated using Eq. 3.  

 

% relative proliferation	=	 (Abs490,sample"Abs490,blank)
(Abs490,control"Abs490,blank)

×100     (Eq. 3) 

 

3.2.11. In vitro inflammation assay 

HEK-Blue™ mTLR4 cells were grown in DMEM supplemented with 10 vol% FBS, 1 wt% 

PS, 100 µg mL-1 Normocin™, and 1x HEK-Blue™ Selection. Cells were incubated in 5 vol% CO2 

under humidified conditions at 37 °C. After reaching 80% confluency, a cell suspension of 1.4 x 

105 cells mL-1 was prepared. Fresh media (20 µL), either blank or containing test agent at 10x 

concentration, was added to wells of a 96-well plate. The cell suspension (180 µL) was added to 

each well, with a final concentration of cells in each well of 2.5 x 104 cells well-1. Unmodified, 

amine-modified, and NO-releasing GAG samples were evaluated at final well concentrations of 

100 ng mL-1 to 100 µg mL-1. Positive controls included 100 pg mL-1 to 100 ng mL-1 of LPS and 
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TNF-α to ensure NF-κB activation and validate the assay. After incubation for 24 h at 37 °C, 20 

µL of the supernatant from each well was removed and added to 180 µL QUANTI-Blue™ 

solution, prepared according to the manufacturer instructions. Plates were incubated for 1 h, and 

the absorbance of the solution in each well was measured at 630 nm using a Molecular Devices 

SpectraMax M2 spectrophotometer (San Jose, CA). Blank media and untreated cells were used as 

the blank and negative control, respectively. The relative concentration of secreted embryonic 

alkaline phosphatase (SEAP), produced as a result of NF-κB activation, is presented as the OD630 

corrected for the blank.  

HEK-Blue™ Null1-v cells that express endogenous levels of TLR3, TLR5, NOD1, 

ALPK1, and TIFA but are not transfected with the murine TLR4 receptor gene were used as a 

control to ensure measured activity was due to interaction with the TLR4 receptor. HEK-Blue™ 

Null1-v cells were grown in DMEM supplemented with 10 vol% FBS, 1 wt% PS, and 100 µg  

mL-1 Zeocin™ and utilized in the same manner for NF- κB activation experiments as described 

above.  

 

3.2.12. In vivo murine wound healing model 

Female C57B6/Ntac wild-type mice (body weight of ~20 g; 8-weeks old) were purchased 

from Taconic Farms (Rensselaer, NY). The animal studies were approved and carried out in 

compliance with the Institutional Animal Care and Use Committee standards. The mice were 

housed individually with 12-h light-dark cycles. For wounding, mice were anesthetized using 

gaseous isoflurane, hair was removed from the dorsal region of the mouse using clippers and a 

depilatory cream, and the skin was prepared for surgery using betadine and 70 vol% ethanol. A 

sterile 6-mm biopsy punch was used to outline a circular pattern between the shoulders. Forceps 
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were used to lift the skin, and surgical scissors were used to create a full-thickness wound on each 

mouse. P. aeruginosa (PAO1, 25 µL of 8 x 106 CFU mL-1) was pipetted into the wound. For the 

first study, mice were randomly assigned into 3 treatment groups of 5 mice each and treated with 

10 µL of either PEG 400, 100 mg mL-1 HA6-HEDA/NO in PEG 400, or 100 mg mL-1 CSC-

HEDA/NO in PEG 400. For the subsequent study, mice were randomly assigned into 5 treatment 

groups of 5 mice each and treated with 10 µL of either PEG 400, 100 mg mL-1 CSC-HEDA in 

PEG 400, 100 mg mL-1 CSC-HEDA/NO in PEG 400, 100 mg mL-1 CSC-DPTA in PEG 400, or 

100 mg mL-1 CSC-DPTA/NO in PEG 400. Treatment began immediately following wounding and 

continued once daily for 7 d post-wounding. Throughout the experiment, mice were monitored 

and received acetaminophen in their drinking water (1.6 mg mL-1) ad libitum. Each day, all wounds 

were measured in perpendicular directions using calipers for wound area calculations and 

photographed. Mice were sacrificed on day 8 post-wounding.  

 

3.2.13. In vitro migration assay 

HDF and HEK were grown under described conditions until 80% confluent. A cell 

suspension of 1 x 105 cells mL-1 was prepared for HDF and HEK. An aliquot of the cell suspension 

(1000 µL) was added to each well of a 24-well plate, and plates were incubated at 37 °C for 48-72 

h or until ~95% confluent. Following the formation of a near-monolayer, cells were scratched in 

perpendicular directions with a 200-µL sterile pipette tip to simulate wounding, rinsed with PBS 

to remove detached cells, and treated with either blank media or unmodified, amine-modified, or 

NO-releasing GAGs (1000 µL of 100 ng mL-1 to 100 µg mL-1). Importantly, after the initial 48-72 

h of adhesion and growth, growth medium was prepared without either FBS (for HDF) or rEGF 

(for HEK) to minimize proliferation. Each scratch was imaged in two locations at 0, 4, 8, 12, 24, 
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and 48 h using an EVOS XL Core Imaging System (Thermo Fisher Scientific; Fair Lawn, NJ). 

Two technical replicates were averaged at each time point, and n ≥ 3 separate experiments were 

performed with different populations of cells. Wound area was calculated using ImageJ software 

(NIH; Bethesda, MD). Remaining wound area was calculated using Eq. 4, where A0h is the initial 

wound area and An is the remaining wound area after n hours. 

 

% wound	remaining	=	 An
A0h

×100        (Eq. 4) 

 

3.2.14. Statistical analysis 

NO-release and elemental analysis measurements are presented as the average ± standard 

deviation from n ≥ 3 separate synthesis batches. Bacteria viability, cytotoxicity, cell proliferation, 

and cell adhesion results are depicted as the average ± standard deviation from n ≥ 3 separate 

experiments with bacteria/mammalian cells grown on different days. Dose-response curves for 

mammalian cell viability were plotted using GraphPad Prism 9 software (San Diego, CA). 

Nonlinear regression (normalized response with variable slope) analysis was performed to 

determine IC50 values. In vivo wound-healing data are presented as the average ± standard 

deviation from n = 5 separate animals. Significance testing for cell adhesion, proliferation, 

inflammation, and migration assays was performed via a 2-tailed Student’s t-test. Significance 

levels are denoted: *p < 0.05. Statistical analysis of wound closure for the in vivo study was 

performed using a one-way ANOVA with Tukey’s multiple comparisons. Significance levels are 

denoted: *p < 0.05, **p < 0.01, ***p<0.005.  
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3.3. Results and Discussion 

3.3.1. Modification of glycosaminoglycans with alkylamines 

Carbodiimide chemistry was used to graft a series of alkylamines, including N-(2-

hydroxyethyl)ethylenediamine (HEDA), bis(3-aminopropyl)amine (DPTA), and 

diethylenetriamine (DETA), onto five GAG backbones (Figure 3.1). Three hyaluronic acid 

derivatives, HA6 (12.2 kDa, Đ=1.52), HA50 (52.0 kDa, Đ=2.47), and HA90 (95.1 kDa, Đ=1.39), 

and two chondroitin sulfate derivatives, CSA (29.2 kDa, Đ=1.53) and CSC (17.0 kDa, Đ=2.27), 

were included to understand the role of molecular weight and sulfation pattern, respectively, on 

antibacterial and wound healing properties (Table 3.1). Successful incorporation of the alkylamine 

functional groups was monitored using 1H and 13C NMR spectroscopy (Figures 3.2 and 3.3), FTIR 

spectroscopy (Figure 3.4), and CHNS elemental analysis (Table 3.2). The addition of a peak at 

160 ppm in the 13C NMR spectra indicates the formation of amide bonds, confirming success of 

the carbodiimide reaction (Figure 3.3). Further, the peak in the carbonyl region of the FTIR spectra 

(1550-1700 cm-1) demonstrates a marked change in shape, supporting an increase in amide content 

(~1580 cm-1) (Figure 3.4). Elemental analysis (CHNS) was implemented to assess the extent to 

which the GAGs were modified with alkylamines. Glycosaminoglycan derivatives increased from 

2-4 wt% to 7-18 wt% nitrogen, with CSC derivatives showing the greatest increase in nitrogen 

content (Table 3.2). Lastly, the range of molecular weights was retained for all derivatives 

following modification with alkylamines, with each amine-modified derivative possessing similar 

to or greater than the molecular weight of the unmodified GAG (Table 3.1).  
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Figure 3.1 Modification of hyaluronic acid and chondroitin sulfate with alkylamines. 
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Table 3.1 Representative weight-average molecular weights (Mw) and dispersity (Đ) of 
unmodified and amine-modified hyaluronic acid and chondroitin sulfate.a 

Modification Mw (kDa) Đ 
HA6 12.2 1.52 
HA50 52.0 2.47 
HA90 95.1 1.39 
CSA 29.2 1.53 
CSC 17.0 1.97 
HA6-HEDA 10.7 1.39 
HA50-HEDA 59.3 2.55 
HA90-HEDA 122.8 2.36 
CSA-HEDA 45.7 1.52 
CSC-HEDA 22.1 2.27 
HA6-DPTA 13.9 1.18 
HA50-DPTA 58.9 1.57 
HA90-DPTA 95.8 1.62 
CSA-DPTA 37.3 1.42 
CSC-DPTA 37.5 1.35 
HA6-DETA 11.6 1.47 
HA50-DETA 47.3 2.16 
HA90-DETA 89.7 1.90 
CSA-DETA 34.7 1.71 
CSC-DETA 50.8 1.21 

aDetermined by GPC-MALS in 0.1 M phosphate buffer (pH 7.4) supplemented with 0.1 M 
NaNO3 and 0.02 wt% NaN3. 
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Figure 3.2 Representative 1H NMR (600 MHz, D2O) of unmodified and amine-modified (A) 
HA6, (B) HA50, (C) HA90, (D) CSA, and (E) CSC derivatives.  
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Figure 3.3 Representative 13C NMR (600 MHz, D2O) of unmodified and amine-modified (A) 
HA6, (B) HA50, (C) HA90, (D) CSA, and (E) CSC derivatives.  
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Figure 3.4 Representative FTIR analysis of unmodified and amine-modified (A) HA6, (B) 
HA50, (C) HA90, (D) CSA, and (E) CSC derivatives.  
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Table 3.2 Elemental analysis (CHNS) of unmodified and amine-modified hyaluronic acid and 
chondroitin sulfate.a 

Modification C (%) H (%) N (%) S (%) 
HA6 39.2 ± 0.8 6.2 ± 0.3 3.1 ± 0.1 N/A 
HA50 37.2 ± 0.1 5.5 ± 0.2 3.0 ± 0.1 N/A 
HA90 35.5 ± 1.7 5.9 ± 0.2 2.9 ± 0.1 N/A 
CSA 29.0 ± 0.1 4.6 ± 0.1 4.0 ± 0.1 4.3 ± 0.5 
CSC 32.9 ± 0.1 5.2 ± 0.1 1.7 ± 0.1 1.3 ± 0.4 
HA6-HEDA 40.8 ± 0.9 6.9 ± 0.2 7.8 ± 0.1 N/A 
HA50-HEDA 41.4 ± 0.5 6.6 ± 0.1 7.9 ± 0.3 N/A 
HA90-HEDA 40.3 ± 0.6 6.7 ± 0.3 7.1 ± 0.1 N/A 
CSA-HEDA 35.6 ± 0.4 5.7 ± 0.4 9.5 ± 0.1 3.5 ± 0.1 
CSC-HEDA 39.3 ± 0.1 5.9 ± 0.1 12.8 ± 0.9 1.4 ± 0.1 
HA6-DPTA 41.6 ± 0.8 7.4 ± 0.1 8.7 ± 0.1 N/A 
HA50-DPTA 42.7 ± 1.3 7.6 ± 0.1 9.2 ± 0.1 N/A 
HA90-DPTA 40.8 ± 0.3 6.8 ± 0.5 8.1 ± 0.2 N/A 
CSA-DPTA 37.3 ± 0.3 6.6 ± 0.2 11.1 ± 0.9 3.4 ± 0.3 
CSC-DPTA 40.8 ± 0.2 6.5 ± 0.2 16.3 ± 1.8 1.4 ± 0.2 
HA6-DETA 41.4 ± 0.5 7.4 ± 0.2 10.2 ± 0.2 N/A 
HA50-DETA 41.6 ± 0.7 7.0 ± 0.3 10.2 ± 0.3 N/A 
HA90-DETA 40.5 ± 0.6 7.5 ± 0.2 9.1 ± 0.2 N/A 
CSA-DETA 35.9 ± 0.9 6.2 ± 0.1 13.7 ± 2.7 3.3 ± 0.5 
CSC-DETA 39.6 ± 0.3 6.5 ± 0.1 17.7 ± 2.2 1.3 ± 0.1 

aError represents standard deviation for n ≥ 3 separate syntheses. 
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3.3.2. NO-release properties of glycosaminoglycans 

The formation of N-diazeniumdiolate NO donors was carried out via exposure to high 

pressures of NO gas under basic conditions. N-diazeniumdiolate NO donor formation was 

confirmed using UV-Vis spectroscopy, with the appearance of a characteristic absorbance peak at 

250-255 nm observed for each of the NO-releasing GAG derivatives (Figure 3.5). Of note, no 

peaks were observed for amine-modified (control) HA scaffolds in this region; however, amine-

modified CS derivatives displayed a slight peak at 258-260 nm as a result of the sulfate groups on 

the backbone. The release of NO from the GAG scaffolds was directly monitored in real-time 

using a chemiluminescent nitric oxide analyzer (NOA), with each derivative evaluated in both PBS 

and simulated wound fluid (SWF; 10 vol% FBS in PBS). Nitric oxide payloads ranged from 0.2 

to 0.8 µmol NO mg-1 GAG in PBS (pH 7.4) depending on the alkylamine modification, HA 

molecular weight, and CS sulfation pattern (Table 3.3). Glycosaminoglycans modified with DETA 

exhibit lower NO release payloads than HEDA- and DPTA-modified GAGs, which can be 

attributed to the stability of the NO donor. It is likely that more NO is released by these DETA-

modified biopolymers at levels unmeasurable by the NOA after analysis is terminated. For DPTA- 

and DETA-modified HA, a slight decrease in NO payload is observed with increasing molecular 

weight. Greater chain entanglement and viscosity with increasing HA molecular weight may 

decrease accessibility of NO to the precursor NO donor moiety during the N-diazeniumdiolate 

formation process. Each of the CSC derivatives studied exhibited greater alkylamine 

functionalization (Table 3.2), and therefore greater NO payloads (Table 3.3), than all the CSA 

derivatives. This discrepancy between the CS isomers is likely a result of sulfation pattern.  

The incorporation of three alkylamine substituents to the GAG backbones confers a range 

of NO-release kinetics in PBS. Nitric oxide-releasing GAGs modified with HEDA exhibited the 
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Figure 3.5 Representative UV-Vis spectra of control (- -) and NO-releasing (—) GAG 
derivatives modified with HEDA (blue), DPTA (red), or DETA (green). Spectra show (A) 
HA6, (B) HA50, (C) HA90, (D) CSA, and (E) CSC.  
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Table 3.3 Nitric oxide-release properties of GAG derivatives in PBS (10 mM, pH 7.4, 37 °C) 
and simulated wound fluid (10% v/v FBS in PBS, 37 °C).a 

Modification 
Phosphate Buffered Saline Simulated Wound Fluid 

[NO]t 
(µmol mg-1)b 

t1/2 
(min)c 

[NO]t 
(µmol mg-1)b 

t1/2 
(min)c 

HA6-HEDA/NO 0.45 ± 0.01 19 ± 2 0.40 ± 0.04 39 ± 17 
HA50-HEDA/NO 0.34 ± 0.03 19 ± 1 0.34 ± 0.05 26 ± 6 
HA90-HEDA/NO 0.42 ± 0.07 22 ± 3 0.39 ± 0.04 53 ± 13 
CSA-HEDA/NO 0.31 ± 0.01 16 ± 1 0.22 ± 0.02 24 ± 3 
CSC-HEDA/NO 0.46 ± 0.15 14 ± 1 0.38 ± 0.11 18 ± 4 
HA6-DPTA/NO 0.51 ± 0.10 25 ± 2 0.51 ± 0.10 46 ± 11 
HA50-DPTA/NO 0.46 ± 0.05 29 ± 6 0.43 ± 0.05 37 ± 6 
HA90-DPTA/NO 0.35 ± 0.08 34 ± 5 0.34 ± 0.03 62 ± 16 
CSA-DPTA/NO 0.48 ± 0.08 19 ± 1 0.42 ± 0.01 24 ± 6 
CSC-DPTA/NO 0.78 ± 0.08 16 ± 3 0.91 ± 0.04 20 ± 4 
HA6-DETA/NO 0.31 ± 0.01 60 ± 2 0.31 ± 0.05 84 ± 2 
HA50-DETA/NO 0.28 ± 0.03 66 ± 20 0.27 ± 0.06 89 ± 3 
HA90-DETA/NO 0.27 ± 0.03 75 ± 13 0.24 ± 0.02 76 ± 13 
CSA-DETA/NO 0.26 ± 0.03 51 ± 6 0.22 ± 0.04 67 ± 13 
CSC-DETA/NO 0.30 ± 0.07 88 ± 7 0.31 ± 0.11 108 ± 8 

aError represents the standard deviation of n ≥ 3 separate syntheses. bTotal NO released over 
release duration. cHalf-life of NO release.  
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shortest half-lives and durations in PBS (Tables 3.3 and 3.4), owing to the reduced stabilization of 

the N-diazeniumdiolate moiety by the terminal hydroxyl group. Increased NO donor stabilization, 

and thus extended NO-release durations, were observed with the primary amine-terminated 

derivatives, DPTA and DETA. However, DETA resulted in even longer NO release as compared 

to DPTA (e.g., 8.1 ± 0.7 vs. 12.2 ± 0.4 h durations for HA6-DPTA/NO and HA6-DETA/NO, 

respectively), suggesting that the ethyl spacing between the NO donor-containing secondary amine 

and positively charged tertiary amine of DETA facilitates better stabilization than the propyl 

spacing of DPTA.  

The kinetics of NO release changed when analyzed in SWF versus PBS. For all derivatives, 

the maximum instantaneous concentration of NO release was less in SWF compared to PBS (Table 

3.4). As a result, the half-lives of NO release are extended for the majority of the GAG derivatives 

(Table 3.3). The components of FBS (e.g., glucose, proteins, enzymes, counterions) within SWF 

are expected to affect stabilization of the N-diazeniumdiolate NO donor, altering the kinetics of 

NO release. However, the majority of NO payloads were retained when evaluated in SWF as 

compared to PBS, indicating negligible scavenging from the protein components in FBS. As a 

result, NO totals should not be substantially altered when used in a wound environment even if 

there are 10-60% changes to the maximum flux and duration of NO release. 

 

3.3.3. In vitro inhibitory and eradication activity against common wound pathogens 

In developing a new chronic wound therapy, it is necessary to consider the antibacterial 

activity of the proposed material. Multiple isolates of Pseudomonas aeruginosa and 

Staphylococcus aureus were thus evaluated for both inhibition and eradication following treatment 

with NO-releasing GAGs. Three strains of each species were chosen to encompass a range of 
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Table 3.4 Nitric oxide-release properties of GAG derivatives in PBS (10 mM, pH 7.4, 37 °C) 
and simulated wound fluid (10% v/v FBS in PBS, 37 °C).a 

Modification 
Phosphate Buffered Saline Simulated Wound Fluid 

[NO]max 
(ppb mg-1)b 

td 
(h)c 

[NO]max 
(ppb mg-1)b 

td 
(h)c 

HA6-HEDA/NO 2270 ± 390 5.7 ± 1.4 1200 ± 360 7.6 ± 1.2 
HA50-HEDA/NO 1460 ± 90 4.7 ± 0.3 940 ± 280 4.3 ± 0.4 
HA90-HEDA/NO 1440 ± 310 5.5 ± 0.8 660 ± 170 7.5 ± 1.9 
CSA-HEDA/NO 1600 ± 130 4.6 ± 0.3 610 ± 50 3.0 ± 0.5 
CSC-HEDA/NO 2400 ± 980 3.5 ± 0.4 1600 ± 610 2.9 ± 0.8 
HA6-DPTA/NO 2440 ± 580 8.1 ± 0.7 1290 ± 100 12.0 ± 1.6 
HA50-DPTA/NO 1640 ± 480 7.2 ± 0.5 1120 ± 100 8.3 ± 1.3 
HA90-DPTA/NO 1090 ± 240 6.9 ± 1.4 620 ± 40 10.7 ± 3.3 
CSA-DPTA/NO 2560 ± 590 6.5 ± 0.6 1520 ± 310 5.4 ± 0.1 
CSC-DPTA/NO 4450 ± 890 5.2 ± 0.6 3740 ± 590 6.0 ± 0.3 
HA6-DETA/NO 1490 ± 340 12.2 ± 0.4 910 ± 190 13.3 ± 1.8 
HA50-DETA/NO 1300 ± 330 11.6 ± 0.6 680 ± 210 12.2 ± 1.2 
HA90-DETA/NO 1000 ± 360 12.3 ± 1.2 670 ± 30 11.5 ± 1.6 
CSA-DETA/NO 1090 ± 270 9.8 ± 0.7 600 ± 100 9.5 ± 1.3 
CSC-DETA/NO 670 ± 350 11.6 ± 0.9 510 ± 240 12.8 ± 2.6 

aError represents the standard deviation of n ≥ 3 separate syntheses. bMaximum instantaneous 
NO concentration. cDuration of NO release.  
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antibiotic-resistance profiles, including two susceptible strains (PAO1 and ATCC S. aureus), two 

ATCC resistant strains (ATCC MDR-PA and ATCC MRSA), and two multidrug-resistant clinical 

isolates provided by the Centers for Disease Control (AR-0239 and AR-0565). Of note, P. 

aeruginosa strain AR-0239 and S. aureus strain AR-0565 are reported to be resistant to ≥ 15 and 

≥10 common antibiotics, respectively. The use of these multidrug-resistant strains facilitates an 

evaluation of the NO-releasing GAGs on several acquired resistance mechanisms.  

The inhibitory action of the NO-releasing GAG derivatives was first evaluated against the 

six wound pathogens. Bacteria were treated with NO-releasing GAGs in simulated wound fluid to 

determine the minimum inhibitory concentration, or MIC24h, defined as the concentration of GAG 

required to prevent visible bacterial growth over 24 h. In evaluating the Gram-negative P. 

aeruginosa strains (i.e., PAO1, ATCC MDR-PA, and AR-0239), DETA-modified NO-releasing 

GAGs proved the most effective at preventing bacterial growth for each strain compared to the 

HEDA- and DPTA-modified derivatives (Table 3.5). The efficacy of this inhibition trended with 

NO-release duration. Derivatives with the shortest NO-releasing lifetime, HEDA-modified GAGs, 

required the largest concentrations of GAGs to inhibit P. aeruginosa growth. Derivatives with 

intermediate NO-release durations and half-lives (i.e., DPTA-modified GAGs) required 

intermediate GAG concentrations to inhibit bacterial growth (4-16 mg mL-1). The sustained release 

of DETA-modified derivatives (9-13 h in SWF) was more effective in preventing bacterial growth 

over a 24-h experiment duration. Increased NO-releasing DETA-modified GAG concentrations 

were necessary to prevent bacterial growth in ATCC MDR-PA and AR-0239 in comparison to 

PAO1, suggesting that the resistance mechanisms adopted by the bacteria, such as the production 

of mucoid exopolysaccharide capsule,74 may facilitate decreased permeability of NO through the 

bacterial cell membrane. However, these same strain differences were not observed for HEDA- 
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Table 3.5 Minimum inhibitory concentrations (MIC24h) of NO-releasing glycosaminoglycan 
derivatives against antibiotic susceptible and drug-resistant strains of common wound 
pathogens in simulated wound fluid (10% v/v SWF in PBS)a following 24-h exposure.b 

Modification 
MIC24h (mg mL-1) 

PAO1 ATCC 
MDR-PA AR-0239 ATCC 

S. aureus 
ATCC 
MRSA AR-0565 

HA6-HEDA/NO 8 16 16 4 2 2 
HA50-HEDA/NO 16 16 16 4 4 4 
HA90-HEDA/NO >16 16 4 2 2 2 
CSA-HEDA/NO 16 >16 16 4 4 4 
CSC-HEDA/NO 8 16 16 4 4 4 
HA6-DPTA/NO 8 8 8 2 2 1 
HA50-DPTA/NO 8 8 4 2 2 1 
HA90-DPTA/NO 8 16 4 2 1 2 
CSA-DPTA/NO 8 16 8 2 4 2 
CSC-DPTA/NO 8 8 8 2 2 2 
HA6-DETA/NO 1 4 4 2 2 2 
HA50-DETA/NO 1 4 4 4 2 1 
HA90-DETA/NO 2 8 2 2 1 2 
CSA-DETA/NO 2 4 4 4 4 4 
CSC-DETA/NO 1 4 8 2 2 1 

aSWF was supplemented with 10% v/v Mueller-Hinton II broth for S. aureus strains. bMIC24h 
values were determined from n ≥ 3 separate experiments.  
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and DPTA-modified GAGs. Of note, NO-releasing DETA-modified GAGs were still able to 

inhibit all pathogens at concentrations ≤ 8 mg mL-1. In contrast to the Gram-negative pathogens, 

Gram-positive S. aureus strains (i.e., ATCC S. aureus, ATCC MRSA, and AR-0565) were equally 

inhibited by all GAG derivatives, with each strain requiring 1-4 mg mL-1 of NO-releasing GAG to 

inhibit bacterial growth over 24 h (Table 3.5), indicating that even short-term NO release (3-8 h 

with HEDA-modified derivatives) is sufficient to inhibit the growth of S. aureus derivatives during 

the experimental timeframe. Negligible differences in MIC24h were observed across the three S. 

aureus strains, which varied in resistance profile, indicating that the resistance mechanisms 

adopted by ATCC MRSA and AR-0565 do not affect the ability of NO to inhibit growth.  

In addition to inhibition, bactericidal properties are expected for NO-based therapeutics 

owing to NO’s antibacterial mechanisms (e.g., lipid peroxidation). Bacteria were treated with a 

range of NO-releasing GAG concentrations under static conditions to determine the minimum 

bactericidal concentration, or MBC4h, defined as the concentration of GAG required to reduce 

bacterial viability by 3-log (i.e., >99.9%) over 4 h. While inhibition is beneficial over long-term 

exposures (i.e., 24 h), more rapid eradication is advantageous, as prior to eradication, bacteria will 

continue to replicate. As such, a 4-h exposure window was chosen to evaluate bactericidal 

properties. For all six bacteria strains, the NO-releasing DPTA-modified GAG derivatives were 

most effective at eradicating bacteria, requiring only 1-4 mg mL-1 of the NO-releasing GAG for a 

3-log reduction (Figures 3.6-3.8, Table 3.6). Greater concentrations of the HEDA- and DETA-

modified NO-releasing GAG derivatives were required for P. aeruginosa and S. aureus, with the 

exception of HA6-HEDA/NO (Table 3.6). In comparing the molecular weights of HA, the 6 kDa 

HA was more effective than the 50 or 90 kDa derivatives, especially for AR-0239 and AR-0565 

(Figure 3.8), indicating that the lower molecular weight provides a beneficial property in faster 
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Figure 3.6 Antibacterial efficacy of NO-releasing GAG derivatives against (A, C, E) PAO1 
and (B, D, F) ATCC S. aureus. Modifications of HA6 (red circle), HA50 (green triangle), HA90 
(blue square), CSA (orange hexagon), and CSC (purple diamond) include (A-B) HEDA, (C-D) 
DPTA, and (E-F) DETA. Error bars represent the standard deviation for n ≥ 3 separate 
experiments. 
 

  

  

  
 

0 5 10 15 20
103

104

105

106

107

[GAG] (mg mL-1)

B
ac

te
ria

 V
ia

bi
lit

y 
(C

FU
 m

L-1
)

A

0 5 10 15 20
103

104

105

106

107

[GAG] (mg mL-1)

B
ac

te
ria

 V
ia

bi
lit

y 
(C

FU
 m

L-1
)

B

0 5 10 15 20
103

104

105

106

107

[GAG] (mg mL-1)

B
ac

te
ria

 V
ia

bi
lit

y 
(C

FU
 m

L-1
)

C

0 5 10 15 20
103

104

105

106

107

[GAG] (mg mL-1)

B
ac

te
ria

 V
ia

bi
lit

y 
(C

FU
 m

L-1
)

D

0 5 10 15 20
103

104

105

106

107

[GAG] (mg mL-1)

B
ac

te
ria

 V
ia

bi
lit

y 
(C

FU
 m

L-1
)

E

0 5 10 15 20
103

104

105

106

107

[GAG] (mg mL-1)

B
ac

te
ria

 V
ia

bi
lit

y 
(C

FU
 m

L-1
)

F



 
 
 164 

 
 

 
Figure 3.7 Antibacterial efficacy of NO-releasing GAG derivatives against (A, C, E) ATCC 
MDR-PA and (B, D, F) ATCC MRSA. Modifications of HA6 (red circle), HA50 (green 
triangle), HA90 (blue square), CSA (orange hexagon), and CSC (purple diamond) include (A-
B) HEDA, (C-D) DPTA, and (E-F) DETA. Error bars represent the standard deviation for n ≥ 
3 separate experiments. 
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Figure 3.8 Antibacterial efficacy of NO-releasing GAG derivatives against CDC multidrug 
resistant isolates (A, C, E) AR-0239 and (B, D, F) AR-0565. Modifications of HA6 (red circle), 
HA50 (green triangle), HA90 (blue square), CSA (orange hexagon), and CSC (purple diamond) 
include (A-B) HEDA, (C-D) DPTA, and (E-F) DETA. Error bars represent the standard 
deviation for n ≥ 3 separate experiments. 
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Table 3.6 Minimum bactericidal concentrations (MBC4h) of NO-releasing glycosaminoglycan 
derivatives against antibiotic susceptible and drug-resistant strains of common wound 
pathogens in PBS following 4-h exposure.a 

Modification 
MBC4h (mg mL-1) 

PAO1 ATCC 
MDR-PA AR-0239 ATCC 

S. aureus 
ATCC 
MRSA AR-0565 

HA6-HEDA/NO 2 4 2 4 4 4 
HA50-HEDA/NO 4 8 16 8 16 >16 
HA90-HEDA/NO 16 8 16 8 8 16 
CSA-HEDA/NO 4 16 8 16 16 8 
CSC-HEDA/NO 4 >16 8 8 8 16 
HA6-DPTA/NO 1 2 1 2 2 2 
HA50-DPTA/NO 1 4 2 4 2 2 
HA90-DPTA/NO 4 2 2 4 2 2 
CSA-DPTA/NO 1 4 2 4 4 4 
CSC-DPTA/NO 2 1 2 2 2 2 
HA6-DETA/NO 4 4 4 >16 8 8 
HA50-DETA/NO 16 8 16 16 16 >16 
HA90-DETA/NO 4 8 16 >16 8 16 
CSA-DETA/NO 16 >16 16 >16 16 16 
CSC-DETA/NO 4 16 16 >16 >16 >16 

aMBC4h values were determined from n ≥ 3 separate experiments.  
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diffusion to the bacteria and/or increased bacterial localization for NO delivery. We previously 

reported the benefits of 6 kDa NO-releasing HA for eradicating biofilm-based P. aeruginosa over 

90 kDa NO-releasing HA as a result of more rapid diffusion through the EPS matrix.22 This 

beneficial property may also translate to planktonic bacteria cultures. Significant differences in 

bactericidal activity were not observed between the two CS derivatives, which varied in sulfation 

pattern.  

To confirm that NO was responsible for bactericidal activity rather than the biopolymer 

backbone, amine-modified GAGs (without NO) were evaluated against all six bacteria strains at 

16 mg mL-1 (Figure 3.9). Negligible differences were observed for the three S. aureus strains 

(ATCC S. aureus, ATCC MRSA, and AR-0565), indicating that neither the GAG backbone nor 

amine modification were responsible for bactericidal activity (Figure 3.9B, D, and F). For the P. 

aeruginosa derivatives, negligible decreases in bacteria viability were observed for HEDA-

modified GAGs. However, a subset of the DPTA- and DETA-modified derivatives resulted in 

slight decreases in bacteria viability. For example, treatment with CSC-DETA resulted in a 0.89-

log reduction in PAO1 viability (Figure 3.9A). Treatment with HA50-DPTA resulted in 1.12- and 

0.79-log reductions in ATCC MDR-PA and AR-0239 viabilities, respectively (Figures 3.9C and 

E). However, this activity was significantly lower than the 3-log reduction threshold considered to 

be bactericidal, implicating NO as the bactericidal agent.  

 

3.3.4. In vitro cytotoxicity against human skin cells 

While antibacterial activity is a primary goal, minimizing off-target toxicity to mammalian 

cells is equally important. In vitro cytotoxicity assays were performed using human dermal 

fibroblasts (HDFs) and human epidermal keratinocytes (HEKs) as representative cell types in the 
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Figure 3.9 Colonies of (A) PAO1, (B) ATCC S. aureus, (C) ATCC MDR-PA, (D) ATCC 
MRSA, (E) AR-0239, and (F) AR-0565 remaining after 4-h treatment with amine-modified 
GAGs (without NO). All modifications were evaluated at 16 mg mL-1. Error bars represent 
the standard deviation for n ≥ 3 separate experiments. 
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wound environment. Glycosaminoglycans are endogenously found and thus expected to exhibit 

little-to-no toxicity; however, the effects of amine-modification and NO-loading on resulting 

toxicity to these cell types must still be considered. Fibroblasts and keratinocytes were dosed with 

a range of concentrations of unmodified GAGs, amine-modified GAGs, or NO-releasing GAGs to 

determine the IC50 for each material, which is defined as the concentration of GAG that reduces 

the metabolic activity of the cells by 50% (Figures 3.10-3.12). In addition to allowing for toxicity 

comparisons between the derivatives, the IC50 values help inform the upper limit for GAG 

concentrations utilized in further in vitro cell assays.  

As expected, unmodified GAG derivatives did not impact HDF cell viability at 

concentrations up to 32 mg mL-1 (Figure 3.10A and B). However, a decrease in viability was found 

for HEKs upon treatment with 16-32 mg mL-1 of unmodified HA scaffolds (60-80% activity) or 

unmodified CS scaffolds (40-80% activity), indicating that the HEKs are more susceptible to these 

materials than HDFs (Figure 3.10C and D). The amine-modified and NO-releasing GAG 

derivatives would thus be expected to have greater toxicity to HEKs than HDFs. Indeed, this 

toxicity is reflected in the resulting IC50 values from the dose-response curves (Figures 3.11-3.13). 

When evaluating HDFs (Figure 3.11), both control HEDA- and DETA-modified GAGs (without 

NO) maintain ≥90% cell metabolic activity at concentrations up to 32 mg mL-1, indicating that 

alkylamine modifications do not markedly change the toxicity profile at evaluated concentrations. 

A decrease in metabolic activity was observed for the same derivatives evaluated against HEKs at 

16-32 mg mL-1 (Figure 3.12). For both cell types, DPTA modification led to greater cell toxicity, 

with IC50 values of 6-10 mg mL-1 and 2-5 mg mL-1 (excluding CSC-DPTA) for HDFs and HEKs, 

respectively (Figure 3.13). CSC-DPTA was the only DPTA-modified GAG derivative to exhibit 

an IC50 against HEK in line with the other alkylamine modifications (IC50 of 22 ± 8 mg mL-1).  
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Figure 3.10 Dose-response curves for unmodified glycosaminoglycans against human dermal 
fibroblasts (A-B) and human epidermal keratinocytes (C-D). Glycosaminoglycan derivatives 
include HA6 (red circle), HA50 (green triangle), HA90 (blue square), CSA (orange hexagon), 
and CSC (purple diamond). Error bars represent the standard deviation for n ≥ 3 separate 
experiments. 
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Figure 3.11 Dose-response curves after 24-h treatment of human dermal fibroblasts with 
amine-modified (hollow) and NO-releasing (solid) glycosaminoglycan derivatives. 
Modifications of HA6 (red circle), HA50 (green triangle), HA90 (blue square), CSA (orange 
hexagon), and CSC (purple diamond) include (A-B) HEDA, (C-D) DPTA, and (E-F) DETA. 
Error bars represent the standard deviation for n ≥ 3 separate experiments.  
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Figure 3.12 Dose-response curves after 24-h treatment of human epidermal keratinocytes with 
amine-modified (hollow) and NO-releasing (solid) glycosaminoglycan derivatives. 
Modifications of HA6 (red circle), HA50 (green triangle), HA90 (blue square), CSA (orange 
hexagon), and CSC (purple diamond) include (A-B) HEDA, (C-D) DPTA, and (E-F) DETA. 
Error bars represent the standard deviation for n ≥ 3 separate experiments.  
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Figure 3.13 Concentration of amine-modified (solid) or NO-releasing (striped) 
glycosaminoglycan derivatives required to inhibit metabolic activity of (A) human dermal 
fibroblasts (HDFs) or (B) human epidermal keratinocytes (HEKs) by 50% (IC50).  
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Upon N-diazeniumdiolate NO donor formation, the GAG derivatives exhibited similar IC50 

values regardless of alkylamine, suggesting that the release of NO is strongly influential to the 

toxicity profile. For HDFs, NO-releasing DPTA-modified GAG biopolymers exhibited IC50 values 

of 3-6 mg mL-1, whereas the NO-releasing HEDA- and DETA-modified systems exhibited IC50 

values of 5-10 mg mL-1. These overlapping ranges indicate that the NO loading on the material 

encompasses much of the toxicity profile, with lesser influence from the GAG backbone structure.  

For HEKs, the NO-releasing DPTA-modified GAG derivatives resulted in IC50 values of 1-3 mg 

mL-1 while the IC50 values for NO-releasing HEDA- and DETA-modified derivatives were 1-5 mg 

mL-1. Although the cytotoxicity increased with NO donor formation, an in vitro monolayer of cells 

behaves differently than three-dimensional in vitro cell models or in vivo tissue. Indeed, 

monolayers of cells are often more susceptible to toxicity.75,76 All further in vitro wound healing 

assays were performed using < 1 mg mL-1 GAG to ensure sufficient cell activity and survival. In 

vivo studies will be utilized to confirm the therapeutic utility of the NO-releasing GAG derivatives 

at greater concentrations.  

 

3.3.5. In vitro adhesion of human skin cells to extracellular matrix components 

The ability of mammalian cells to adhere to ECM components and/or other cells is 

important for successful wound healing.73 The analysis of cell-ECM adhesion was evaluated using 

static adhesion assays by treating fibroblasts and keratinocytes with 100 ng mL-1 to 100 µg mL-1 

of unmodified, amine-modified, or NO-releasing GAGs. Concurrent with treatment, the cells were 

seeded into collagen I-coated well plates, as collagen I is a major component of the ECM in the 

skin and facilitates adhesion. The effect of the GAGs on adhesion to collagen I was determined by 

monitoring the quantity of metabolically active cells adhered to the plate after multiple washes 
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(removal of non-adhered cells). Adhesion of HDFs and HEKs were first evaluated in response to 

treatment with unmodified GAGs. Treatment of HDFs with unmodified HA or CS resulted in a 

slight decrease in adhesion to the collagen I-coated surface relative to untreated cells but was 

within error (Figure 3.14). Treatment of the HEKs led to significantly less adhesion at one or more 

evaluated concentrations for all GAGs except for CSA (Figure 3.15), indicating that the sulfation 

pattern of CS may impact adhesion of cells to ECM components.  

A decrease in HDF adhesion was only observed for DPTA-modified GAGs, both with and 

without NO, for treatments spanning 100 ng mL-1 to 100 µg mL-1 (Figure 3.16). HEDA- and 

DETA-modified GAGs were not significantly different than untreated cells. At three of the four 

evaluated concentrations, treatment with CSC-DPTA/NO significantly hindered cell adhesion. No 

major trends were observed regarding GAG identity, HA molecular weight, or CS sulfation 

pattern. The inhibition of adhesion was predominantly determined by alkylamine substituent. In 

contrast, treatment of HEKs with amine-modified and NO-releasing GAGs at the same 

concentrations demonstrated differences regarding GAG identity. The majority of the derivatives 

decreased HEK adhesion to ECM components at one or more of the evaluated concentrations 

(Figure 3.17). Treatment with each NO-releasing CSC derivative (CSC-HEDA/NO, CSC-

DPTA/NO, and CSC-DETA/NO), however, did not influence cell adhesion to collagen I versus 

untreated cells. In terms of promoting or maintaining cell adhesion properties for both fibroblasts 

and keratinocytes, both CSC-HEDA and CSC-DETA were the only candidates exhibiting such 

behavior at all tested concentrations (with and without NO).  
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Figure 3.14 Adhesion of HDFs treated with unmodified GAGs at concentrations of (A) 100 ng 
mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 100 µg mL-1. Adhesion of GAG derivatives is 
reported as a percentage of the total number of cells seeded in each well. Error bars represent 
the standard deviation of n ≥ 4 separate experiments. * p < 0.05 compared to untreated cells.  
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Figure 3.15 Adhesion of HEKs treated with unmodified GAGs at concentrations of (A) 100 ng 
mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 100 µg mL-1. Adhesion of GAG derivatives is 
reported as a percentage of the total number of cells seeded in each well. Error bars represent 
the standard deviation of n ≥ 4 separate experiments. * p < 0.05 compared to untreated cells.  
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Figure 3.16 Adhesion of HDFs treated with amine-modified (solid) or NO-releasing (striped) 
GAG derivatives at concentrations of (A) 100 ng mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 
100 µg mL-1. Adhesion of GAG derivatives is reported as a percentage of the total number of 
cells seeded in each well. Error bars represent the standard deviation of n ≥ 5 separate 
experiments. * p < 0.05 compared to untreated cells.  
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Figure 3.17 Adhesion of HEKs treated with amine-modified (solid) or NO-releasing (striped) 
GAG derivatives at concentrations of (A) 100 ng mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 
100 µg mL-1. Adhesion of GAG derivatives is reported as a percentage of the total number of 
cells seeded in each well. Error bars represent the standard deviation of n ≥ 5 separate 
experiments. * p < 0.05 compared to untreated cells.  
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3.3.6. In vitro proliferation of human skin cells 

Following adhesion, cells such as fibroblasts and keratinocytes must proliferate in the 

wound environment. The proliferation of dermal fibroblasts is essential to wound healing, as these 

cells play key roles in the deposition of new ECM as well as wound contraction.77 Epidermal 

keratinocytes are involved in restoration of the epidermis; upon migration to the wound site, 

keratinocytes proliferate to begin filling the region of missing tissue.78 Due to the importance of 

cell proliferation, the effect of unmodified, amine-modified, and NO-releasing GAGs was 

evaluated using in vitro proliferation assays. The impact of unmodified materials on HDF and 

HEK proliferation was first investigated by treating both HDFs and HEKs with unmodified HA 

and CS. Treatment with unmodified HA90 and CSC resulted in slightly lower proliferation of 

HDFs at all concentrations tested versus untreated cells (Figure 3.18). Each of the unmodified 

materials facilitated lower proliferation of HEKs at 10 or 100 µg mL-1 (Figure 3.19), indicating 

that the unmodified materials themselves do not facilitate significantly enhanced fibroblast and 

keratinocyte proliferation over 100 ng mL-1 to 100 µg mL-1.  

This effect was altered upon modification of the biopolymers with alkylamines and N-

diazeniumdiolate NO donors. Treatment of the HDFs with HEDA- and DETA-modified GAGs 

with and without NO donors exhibited similar proliferation to untreated cells (Figure 3.20). 

However, the DPTA moiety, either alone or in addition to NO donor formation, facilitated similar 

or enhanced HDF proliferation compared to untreated cells. This enhancement is most clearly 

observed with HA6-DPTA and HA6-DPTA/NO, which significantly increase proliferation at 1-

100 µg mL-1 treatment doses. A different trend was observed when the same derivatives were used 

to treat HEKs. Nearly all of the HEDA- and DETA-modified GAGs, with and without NO, 

decreased or retained proliferation properties compared to untreated cells (Figure 3.21). HA6-
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Figure 3.18 Proliferation of HDFs treated with unmodified GAGs at concentrations of (A) 100 
ng mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 100 µg mL-1. Proliferation of GAGs is reported 
relative to untreated cells (set to 100% proliferation). Error bars represent the standard deviation 
of n ≥ 4 separate experiments. * p < 0.05 compared to untreated cells.  
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Figure 3.19 Proliferation of HEKs treated with unmodified GAGs at concentrations of (A) 100 
ng mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 100 µg mL-1. Proliferation of GAGs is reported 
relative to untreated cells (set to 100% proliferation). Error bars represent the standard deviation 
of n ≥ 3 separate experiments. * p < 0.05 compared to untreated cells.  
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Figure 3.20 Proliferation of HDFs treated with amine-modified (solid) or NO-releasing 
(striped) GAG derivatives at concentrations of (A) 100 ng mL-1, (B) 1 µg mL-1, (C) 10 µg  
mL-1, and (D) 100 µg mL-1. Proliferation of GAG derivatives is reported relative to untreated 
cells (set to 100% proliferation). Error bars represent the standard deviation of n ≥ 4 separate 
experiments. * p < 0.05 compared to untreated cells.  
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Figure 3.21 Proliferation of HEKs treated with amine-modified (solid) or NO-releasing 
(striped) GAG derivatives at concentrations of (A) 100 ng mL-1, (B) 1 µg mL-1, (C) 10 µg  
mL-1, and (D) 100 µg mL-1. Proliferation of GAG derivatives is reported relative to untreated 
cells (set to 100% proliferation). Error bars represent the standard deviation of n ≥ 4 separate 
experiments. * p < 0.05 compared to untreated cells.  
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HEDA decreased HEK proliferation at all concentrations tested. The CSC-HEDA/NO enhanced 

cell proliferation at 10 µg mL-1, making it the only GAG derivative to elevate proliferation at any 

of the evaluated concentrations. Contrary to the proliferative effects observed for DPTA-modified 

GAGs against HDFs, the proliferation of HEKs lessened substantially over 1-100 µg mL-1 for non-

NO-releasing DPTA-modified GAGs. However, the modification of the DPTA-modified GAGs 

with NO was compensatory and allowed for proliferation to be restored to untreated levels when 

treated with 1-10 µg mL-1. The contrasting effects of DPTA-modified GAGs motivated their 

further study in order to understand their impact on wound healing in a more complex model (i.e., 

containing both fibroblasts and keratinocytes). With respect to the materials that best promoted or 

maintained proliferation of HDFs and HEKs, only CSA-HEDA, CSC-HEDA, HA6-DETA, and 

HA90-DETA fulfilled this requirement for both amine-modified and NO-releasing forms.  

 

3.3.7. In vitro TLR4 inflammation assay 

Inflammation is a central component to wound healing. Toll-like receptors (TLRs) are 

expressed on many cells that facilitate wound healing processes, including macrophages, 

neutrophils, fibroblasts, and keratinocytes. Toll-like receptor 4 (TLR4) is expressed by these four 

cell types, among others, and is shown to be associated with wound healing.79 Hyaluronic acid 

fragments with a molecular weight of 10-250 kDa have been shown to interact with TLR4 during 

the inflammatory phase of wound healing.50,51 In contrast, Stabler et al. reported that CS decreases 

NF-κB activation via TLR4 inhibition, although how sulfation pattern affects this process remains 

unclear.80 The interactions between amine-modified and NO-releasing GAGs with TLR4 were 

thus evaluated using an in vitro assay that measures NF-κB-induced SEAP activity resulting from 

TLR4 activation on HEK-Blue™ mTLR4 cells. Positive controls included TNF-α and LPS. TNF-
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α is a cytokine that interacts with many receptors leading to NF-κB activation. LPS activates NF-

κB via TLR4 (Figure 3.22).81,82 Unmodified GAGs were first evaluated at 100 ng mL-1 to 100 µg 

mL-1 using this assay. Increasing SEAP activity was observed with increasing concentration of 

GAGs (Figure 3.23). At 100 µg mL-1, both HA50 and HA90 exhibited significantly more NF-κB-

induced SEAP production than untreated cells (Figure 3.23D). However, HA6 did not increase 

SEAP concentration, suggesting a molecular weight threshold for TLR4 activation. Both CSA and 

CSC interacted with TLR4, leading to activation at a greater level than that achieved with the HA 

derivatives. Of note, CSA exhibited greater activation of TLR4 than CSC, demonstrating the role 

that sulfation pattern plays in CS’s inflammatory properties.  

In evaluating amine-modified and NO-releasing GAGs, negligible increases in TLR4 

activity were observed compared to untreated cells upon treatment of cells with 100 ng mL-1 to 10 

µg mL-1, with the exception of CSA-HEDA at 10 µg mL-1 (Figure 3.24A-C). At 100 µg mL-1 GAG 

treatment doses (Figure 3.24D), five of the fifteen amine-modified GAGs significantly increased 

SEAP concentrations compared to untreated cells, indicating that these biopolymers maintained 

some interaction with TLR4, albeit at lesser levels than the unmodified GAGs. Regardless of the 

alkylamine used to form the NO donor, each NO-releasing GAG derivative exhibited negligible 

TLR4 activation at concentrations up to 100 µg mL-1. By minimizing TLR4 activity, downstream 

activation of NF-κB should be lessened. Activation of NF-κB is a key component in the 

inflammatory process and associated with many inflammatory diseases. Decreased TLR4 activity 

as a result of NO release clearly supports NO’s roles as an anti-inflammatory agent.17,18 

To ensure that the NF-κB activation resulted from TLR4 activity and not that of other receptors 

(e.g., TLR3, TLR5, NOD1, ALPK1, and TIFA receptors present at endogenous levels on the HEK-

Blue™ mTLR4 cells), HEK-Blue™ Null1-v cells were evaluated in the same manner. 
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Figure 3.22 Activation of NF-κB in HEK-Blue™ mTLR4 cells upon treatment with LPS 
(orange) or TNF-α (purple) at concentrations of 0.1 to 100 ng mL-1. NF-κB-induced SEAP 
activity is reported as the OD630 corrected for blank media. Error bars represent the standard 
deviation of n ≥ 3 separate experiments. 
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Figure 3.23 Activation of NF-κB via murine TLR4 receptor in HEK-Blue™ mTLR4 cells upon 
treatment with unmodified GAGs at concentrations of (A) 100 ng mL-1, (B) 1 µg mL-1, (C) 10 
µg mL-1, and (D) 100 µg mL-1. NF-κB-induced SEAP activity is reported as the OD630 corrected 
for blank media. Error bars represent the standard deviation of n ≥ 3 separate experiments. Of 
note, the y-axis of (D) uses a different range to present the data. * p < 0.05 compared to 
untreated cells.  
 

  

  
 
 

Untre
ate

d
HA6

HA50
HA90

CSA
CSC

0.0

0.1

0.2

0.3

0.4

0.5

O
D

63
0 -

 O
D

bl
an

k
A

*

Untre
ate

d
HA6

HA50
HA90

CSA
CSC

0.0

0.1

0.2

0.3

0.4

0.5

O
D

63
0 -

 O
D

bl
an

k

B

*

Untre
ate

d
HA6

HA50
HA90

CSA
CSC

0.0

0.1

0.2

0.3

0.4

0.5

O
D

63
0 -

 O
D

bl
an

k

C

*

*

Untre
ate

d
HA6

HA50
HA90

CSA
CSC

0.0

0.5

1.0

1.5

2.0

O
D

63
0 -

 O
D

bl
an

k

D

* *

*

*



 
 
 189 

 
 
 
 
 
 
 

 
 

Figure 3.24 Activation of NF-κB via murine TLR4 receptor in HEK-Blue™ mTLR4 cells upon 
treatment with amine-modified (solid) or NO-releasing (striped) GAG derivatives at 
concentrations of (A) 100 ng mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 100 µg mL-1. NF-
κB-induced SEAP activity is reported as the OD630 corrected for blank media. Error bars 
represent the standard deviation of n ≥ 3 separate experiments. * p < 0.05 compared to  
untreated cells.  
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These cells exhibit endogenous levels of TLR3, TLR5, NOD1, ALPK1, and TIFA receptors but 

are not transfected with the murine TLR4 receptor gene. TNF-α was included as a positive control 

to confirm NF-κB activation, and LPS served as a negative control, as without TLR4 present, it 

does not cause NF-κB activation (Figure 3.25). As expected, all GAG derivatives, whether 

unmodified, amine-modified, or NO-releasing, exhibited negligible NF-κB activation without 

TLR4 present (Figures 3.26 and 3.27), confirming that the activation or lack thereof of NF-κB by 

the GAG derivatives is the result of TLR4 activity. Unequivocally, NO release from NO donor-

modified GAGs decreases TLR4 activity in vitro.  

 

3.3.8. In vivo evaluation of NO-releasing glycosaminoglycans on infected murine wounds 

The in vitro assays described heretofore were utilized to narrow the list of wound healing 

candidates for further in vivo evaluation. The antibacterial experiments pointed to HA6-

HEDA/NO along with all NO-releasing DPTA-modified GAGs as the most effective for 

eradicating multiple strains/resistance profiles of P. aeruginosa and S. aureus. When summarizing 

the proliferation and adhesion assays for HDFs and HEKs, CSC-HEDA and CSC-HEDA/NO were 

revealed as the only derivatives with all neutral or positive influences on proliferation and adhesion 

regardless of concentration (Figure 3.28). HA6-HEDA/NO and CSC-HEDA/NO were thus 

selected as most suitable therapeutic candidates for the initial in vivo wound healing study. 

Mice were wounded using a standard biopsy punch procedure with the wound inoculated 

with 2 x 105 CFU of PAO1. Initial in vivo experiments included three treatment groups, with one 

group receiving vehicle only (i.e., PEG), a second group receiving HA6-HEDA/NO in PEG (50 

mg kg-1 body weight), and a third group receiving CSC-HEDA/NO in PEG (50 mg kg-1 body 

weight). Mice were treated once daily beginning immediately following the wounding and 
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Figure 3.25 Activation of NF-κB in HEK-Blue™ Null1-v cells upon treatment with LPS 
(orange) or TNF-α (purple) at concentrations of 0.1 to 100 ng mL-1. Cells express endogenous 
levels of TLR3, TLR5, NOD1, ALPK1, and TIFA but are not transfected with the murine TLR4 
receptor gene. NF-κB-induced SEAP activity is reported as the OD630 corrected for blank 
media. Error bars represent the standard deviation of n = 3 separate experiments. 
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Figure 3.26 Activation of NF-κB in HEK-Blue™ Null1-v cells upon treatment with 
unmodified GAGs at concentrations of (A) 100 ng mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and 
(D) 100 µg mL-1. Cells express endogenous levels of TLR3, TLR5, NOD1, ALPK1, and TIFA 
but are not transfected with the murine TLR4 receptor gene. NF-κB-induced SEAP activity is 
reported as the OD630 corrected for blank media. Error bars represent the standard deviation of 
n = 3 separate experiments. 
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Figure 3.27 Activation of NF-κB in HEK-Blue™ Null1-v cells upon treatment with amine-
modified (solid) or NO-releasing (striped) GAG derivatives at concentrations of (A) 100 ng 
mL-1, (B) 1 µg mL-1, (C) 10 µg mL-1, and (D) 100 µg mL-1. Cells express endogenous levels of 
TLR3, TLR5, NOD1, ALPK1, and TIFA but are not transfected with the murine TLR4 receptor 
gene. NF-κB-induced SEAP activity is reported as the OD630 corrected for blank media. Error 
bars represent the standard deviation of n = 3 separate experiments. 
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Figure 3.28 Heat maps displaying a positive (blue), negative (red), or neutral (purple) effect on 
HDF and HEK adhesion and proliferation following treatment with (A) 100 ng mL-1, (B) 1 µg 
mL-1, (C) 10 µg mL-1, or (D) 100 µg mL-1 of amine-modified (control) or NO-releasing GAGs. 
Data represents the average of n ≥ 3 separate experiments. 
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infection procedure. Wounds were imaged daily and measured in perpendicular directions with 

calipers. The percentage of wound area remaining at each time point was calculated relative to the 

initial wound area to monitor wound closure. Wounds treated with HA6-HEDA/NO increased in 

size over the initial 24 h following wounding but then began to decrease in size (Figure 3.29A). 

Treatment with HA6-HEDA/NO did not significantly decrease remaining wound area compared 

to the PEG controls at any time point. In contrast, treatment of mice with CSC-HEDA/NO 

decreased remaining wound area compared to the PEG control on days 3 through 7 post-wounding. 

For example, CSC-HEDA/NO treated wounds retained ~60% and ~15% of their wound areas at 

day 3 and 7 post-wounding, respectively, whereas PEG-treated wounds exhibited ~105% and 

~45% at the same timepoints. The CSC-HEDA/NO treatment also proved better (i.e., greater 

wound closure) than HA6-HEDA/NO on days 2 through 4 post-wounding. The discrepancy 

between the two treatments cannot be attributed to NO payloads as HA6-HEDA/NO and CSC-

HEDA/NO released similar amounts of NO, 0.40 ± 0.04 and 0.38 ± 0.11 µmol NO mg-1, 

respectively, in SWF. Further, CSC-HEDA/NO only releases NO for 2.9 ± 0.8 h in SWF compared 

to 7.6 ± 1.2 h for HA6-HEDA/NO, suggesting NO-release duration is also not a major factor. We 

thus set out to evaluate the therapeutic activity of the CSC-HEDA backbone (without NO) to 

determine how the biopolymer alone may influence wound healing.   

While CSC-HEDA/NO promoted faster wound healing, it did not exhibit the strongest 

antibacterial properties in vitro. In the second study, CSC-DPTA/NO was included to determine 

the effect of greater antibacterial properties on wound healing. The inclusion of non-NO-releasing 

CSC-HEDA and CSC-DPTA controls were necessary to determine the role of the biopolymer 

scaffold alone. The following five treatment groups were used: (1) vehicle only (i.e., PEG); (2) 

CSC-HEDA in PEG (50 mg kg-1 body weight); (3) CSC-HEDA/NO in PEG (50 mg kg-1 body 
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Figure 3.29 (A) Percentage of initial wound area remaining following daily treatment with 
PEG (gray), 50 mg kg-1 of HA6-HEDA/NO in PEG (purple), or 50 mg kg-1 of CSC-HEDA/NO 
in PEG (red). Of note, mice were treated and imaged on day 5 post-wounding but not measured. 
(B) Percentage of initial wound area remaining following daily treatment with PEG (gray), 50 
mg kg-1 of CSC-HEDA in PEG (orange), 50 mg kg-1 of CSC-HEDA/NO in PEG (red), 50 mg 
kg-1 of CSC-DPTA in PEG (green), or 50 mg kg-1 of CSC-DPTA/NO in PEG (blue). (C) 
Representative images of wounds from each treatment group. Error bars represent the standard 
deviation for n = 5 mice. *p < 0.05, **p < 0.01, ***p < 0.005.  
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weight); (4) CSC-DPTA in PEG (50 mg kg-1 body weight); and, (5) CSC-DPTA/NO in PEG (50 

mg kg-1 body weight). As was described above, the wounds were treated immediately following 

wounding/infection and once daily thereafter.  

Beginning on day 2 post-wounding, both NO-releasing derivatives (i.e., CSC-HEDA/NO 

and CSC-DPTA/NO) were providing a substantial benefit to wound healing compared to PEG-

treated (control) wounds (Figure 3.29B).  On days 2 and 3 post-wounding, wound closure for the 

NO-releasing CSC biopolymers was significantly more advanced than the PEG-treated wounds. 

By day 4, the CSC-HEDA/NO and CSC-DPTA/NO demonstrated significantly greater wound 

closure than the CSC-HEDA and CSC-DPTA controls, highlighting the benefit to NO release, 

especially during the early wound healing phases, due to NO’s ability to clear infection. This effect 

corroborates what is seen endogenously, where greater concentrations of NO are present at the 

initial stages of wound healing to assist in the inflammatory stage.27 On day 5-7 post-wounding, 

treatments with NO-releasing and control GAGs were characterized by smaller wound areas 

relative to PEG controls, with no significant differences observed between the controls (i.e., amine-

modified) and NO-releasing GAGs. On day 6 post-wounding, PEG-treated mice still exhibited 61-

72% of their initial wounding area, whereas all mice treated with the GAGs had only 21-55% of 

their wound areas remaining. While NO was most essential at the early stages for infection 

clearance, it is clear that the amine-modified GAG backbone also acts as a pro-wound healing 

agent itself. A portion of the early-stage success for the NO-releasing GAGs must be attributed to 

the bioactive biopolymer backbone. However, the role of NO is still apparent at later time points, 

as mice in the CSC-HEDA/NO and CSC-DPTA/NO treatment groups exhibited the most visually 

healed wounds at day 8 post-wounding (Figure 3.29C). At all time points, there were no significant 

differences between CSC-HEDA/NO and CSC-DPTA/NO, suggesting that the identity of the 
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GAG is more influential than the alkylamine substituent for murine wound healing. Of note, no 

adverse effects were observed in mice following treatment with any of the developed formulations. 

In all, these in vivo studies indicate that the NO-releasing GAGs exhibit pro-wound healing benefit 

contributions from both NO and the CS backbone. 

 

3.3.9. In vitro migration of human skin cells 

An in vitro cell migration assay was employed to evaluate potential mechanisms for the 

enhanced in vivo wound healing. A standard scratch assay was used to “wound” a near-monolayer 

of HDF or HEK prior to treatment with HA6 or CSC (unmodified, with HEDA- or DPTA- 

modification, or NO-releasing). The unmodified HA6 dosing of the HDF resulted in similar 

migration patterns as untreated cells (Figure 3.30A). While not significant, treatment of HDF with 

HA6-HEDA or HA6-HEDA/NO yielded migration similar to or slower than untreated cells 

(Figure 3.30B and C). Treatment of HDF with CSC was similar to or slightly slower than untreated 

cells, whereas treatment with CSC-HEDA, CSC-HEDA/NO, or CSC-DPTA/NO slowed migration 

further (Figure 3.30D, E, F, and H). These results suggest that the enhanced in vivo wound healing 

in the murine model is not the result of enhanced fibroblast migration.  

Similarly, treatment of HEK scratches with GAGs also did not yield any significant 

changes in cell migration (Figure 3.31). The use of HA6 and HA6-HEDA/NO resulted in similar 

migration patterns as untreated cells, with some concentrations leading to slightly enhanced 

migration while others decreased migration (Figure 3.31A and C). Furthermore, treatment of HEK 

with CSC yielded an increase in the migration rate when treated at 100 ng mL-1, 1 µg mL-1, or 100 

µg mL-1, albeit not statistically significant (Figure 3.31D). Contrasting one another, treatment with 

CSC-HEDA resulted in similar or increased migration rates to untreated cells whereas treatment 
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Figure 3.30 Percentage of initial in vitro wounding area remaining following treatment of 
human dermal fibroblasts with (A) HA6, (B) HA6-HEDA, (C) HA6-HEDA/NO, (D) CSC, (E) 
CSC-HEDA, (F) CSC-HEDA/NO, (G) CSC-DPTA, or (H) CSC-DPTA/NO at concentrations 
of 100 ng mL-1 (purple diamond), 1 µg mL-1 (red triangle), 10 µg mL-1 (green square), or 100 
µg mL-1 (blue circle). All treatments are compared to untreated cells (black cross).  
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Figure 3.31 Percentage of initial in vitro wounding area remaining following treatment of 
human epidermal keratinocytes with (A) HA6, (B) HA6-HEDA, (C) HA6-HEDA/NO, (D) 
CSC, (E) CSC-HEDA, (F) CSC-HEDA/NO, (G) CSC-DPTA, or (H) CSC-DPTA/NO at 
concentrations of 100 ng mL-1 (purple diamond), 1 µg mL-1 (red triangle), 10 µg mL-1 (green 
square), or 100 µg mL-1 (blue circle). All treatments are compared to untreated cells  
(black cross).  
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with CSC-HEDA/NO facilitated similar or decreased migration rates to untreated cells (Figure 

3.31E and F). Lastly, treatment of HEK with 100 ng mL-1 CSC-DPTA/NO seemingly slowed 

migration (Figure 3.31H). However, no significant trends were observed upon treatment of HEK 

with any GAGs. As stated for HDF migration, it is unlikely that the enhancement of wound healing 

observed in mice was due to increased keratinocyte migration.   

 

3.4. Conclusions 

A series of glycosaminoglycans were modified with N-diazeniumdiolate NO donors to store 

and tunably release NO in the wound environment. The role of native GAG properties (i.e., 

identity, molecular weight, sulfation pattern) and NO donor properties (i.e., alkylamine substituent, 

NO-release kinetics) were evaluated using in vitro antibacterial and wound healing assays. The 

results of these studies determined that DETA-modified GAG derivatives were most effective at 

inhibiting bacterial growth. However, DPTA-modified GAG derivatives outperformed the other 

two amine modifications in facilitating bacterial eradication. Bacterial eradication with NO 

released from these DPTA-modified compounds was not dependent on resistance mechanisms 

adopted by the bacteria. These materials therefore represent a promising alternative to 

conventional antibiotics in treating antibiotic-resistant bacterial infections. Investigation of 

fibroblast and keratinocyte adhesion and proliferation as a result of GAG treatment revealed trends 

based on the alkylamine modification, NO-release capacity, and GAG identity. These in vitro 

assays highlighted CSC-HEDA/NO as being the best pro-wound healing agent of the GAG 

derivatives. The addition of NO release to GAG scaffolds decreased their activation profiles of 

TLR4, a receptor found on many wound-related cells that signals for pro-inflammatory activity, 

suggesting that these NO-releasing GAGs may exhibit anti-inflammatory properties. An in vivo 
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infected murine wound model analysis of one NO-releasing HA6 and one NO-releasing CSC 

derivative presented CSC as a more beneficial backbone for the development of a wound healing 

agent. Further analysis comparing CSC-HEDA/NO, which demonstrated beneficial wound healing 

properties in vitro, and CSC-DPTA/NO, which was a stronger antibacterial agent, demonstrated 

that both significantly increased the rate at which infected murine wounds heal. Active NO release 

was determined to be most impactful during the initial days following wounding, whereas the 

CSC-HEDA and CSC-DPTA backbones were equally as effective as their NO counterparts at 

increasing healing rates by day 5 post-wounding, supporting the idea that wound healing benefits 

are coming from both active NO release and a bioactive GAG backbone. These benefits are likely 

not due to increased fibroblast or keratinocyte migration but are instead related to antibacterial 

efficacy, cell proliferation and adhesion, and anti-inflammatory activity. The combination of these 

beneficial properties has allowed for the development of a multi-functional antibacterial wound 

healing agent that demonstrates promise in addressing complications related to chronic wounds.   
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CHAPTER 4: NITRIC OXIDE-RELEASING HEMODIALYSIS CATHETER  
LOCK SOLUTIONS 

 

4.1. Introduction 

Tunneled dialysis catheters (TDCs) are frequently employed for hemodialysis access as 

they can be utilized immediately upon placement. Most often, TDCs are utilized for temporary 

access in patients waiting for arteriovenous fistulas and grafts to mature. However, TDCs may be 

necessary for long-term use in patients without a suitable vein for a fistula or graft.1,2 Roughly 

80% of dialysis patients begin with a TDC, making them an essential part of dialysis access despite 

many associated shortcomings.1,3 Tunneled dialysis catheters are more prone to infection, 

thrombosis, and stenosis than other access types (e.g., fistulas and grafts),1,2 necessitating the 

development of prevention and treatment strategies targeted at these major complications.  

Upon TDC placement, the catheter surface is rapidly coated with extracellular matrix 

proteins and immune proteins.4,5 This protein coating facilitates the adhesion of bacteria and also 

triggers a coagulation cascade, resulting in the formation of a thrombus.4,6 Both infection and 

thrombosis can result in catheter failure. Infection is the second leading cause of mortality in 

dialysis patients, accounting for 15-20% of deaths.1,7 Biofilms, or cooperative communities of 

bacteria encased in a self-secreted exopolysaccharide (EPS) matrix, can form on the catheter 

surface in as few as 3 d after implantation.5 Biofilms are responsible for the persistence of catheter-

related infections and are a source of bacterial dissemination to other sites in the body, with both 

Gram-positive (e.g., Staphylococcus epidermidis, Staphylococcus aureus, and Enterococcus 

faecalis) and Gram-negative (e.g., Pseudomonas aeruginosa, Escherichia coli, and Klebsiella 
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spp.) bacteria associated with catheter-related bloodstream infections.4,8–10 Not only can biofilm 

formation lead to systemic infections, the presence of bacteria are associated with an increased 

risk of heart failure, stroke, and peripheral vascular disease.10 Thrombosis presents an equally 

significant challenge in maintaining hemodialysis access through a TDC. Thrombosis occurs 

frequently in patients with a TDC, either within the catheter (e.g., intraluminally) or within the 

vein in which the catheter is placed.11,12 Depending on the location of the thrombus, dialysis access 

may be hindered due to occlusion.11,13  

Current strategies for mitigating catheter-related complications are insufficient and nearly 

always target only a single problem (i.e., thrombosis or infection). Thrombosis is most frequently 

prevented with local administration of anticoagulants (e.g., heparin lock solutions), but treatment 

strategies for removing existing thrombi are limited and usually necessitate catheter 

removal.1,6,12,14 Infection is typically addressed by catheter removal and/or with antimicrobials or 

antiseptics administered topically, systemically, or within/on the surface of the catheter itself, 

through the surface immobilization of antimicrobials, the incorporation of antimicrobials within 

the catheter material, or as intraluminal lock solutions.1,5,10,11,15 The use of antibiotic/antiseptic 

lock solutions has garnered much interest due to the potential for incorporation within current 

clinical practices. Lock solutions for infection control have been reported using gentamicin,16–19 

vancomycin,20,21 cefotaxime,22 cefazolin,19,20 ceftazidime,20 minocycline,18 citrate,23–25 

taurolidine,23,26 and ethanol.27,28 While a reduction in catheter-related infections has been 

demonstrated with many such antimicrobial lock systems, concerns surrounding these strategies 

include the potential to promote bacterial resistance as well as leakage of cytotoxic 

antibiotics/antiseptics from the catheter tip.10 In order to maintain efficacy while minimizing 

potential complications, the use of more biocompatible antimicrobial agents that are unlikely to 
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promote bacterial resistance are necessary. In addition to possessing antimicrobial action, the use 

of a lock solution that also prevents thrombosis would allow for both major complications to be 

addressed with a single agent.  

Nitric oxide (NO), an endogenous signaling molecule, possesses these attributes, and NO-

release lock solutions may represent a potential new strategy for improving the performance of 

TDCs. Nitric oxide exerts broad-spectrum antimicrobial action through oxidative and nitrosative 

stresses.29 Reaction with oxygen and superoxide (byproducts of bacterial metabolism) lead to the 

production of dinitrogen trioxide and peroxynitrite, respectively, initiating DNA damage, thiol 

nitrosation, and destruction of the bacterial membrane.29,30 Most importantly, bacterial resistance 

to NO has not been observed and is unlikely to due to the above multiple mechanisms of action.31,32 

As an additional benefit, NO can prevent thrombosis.6 Endothelial cells that line the inner wall of 

blood vessels produce NO at a surface flux of 0.8-6.8 pmol cm-2 s-1 to facilitate blood vessel 

dilation and prevent platelet activation/thrombosis.33,34 The formation of thrombi on medical 

surfaces may be prevented by mimicking such surface NO flux.  

Due to NO’s roles in mitigating infection and thrombosis, researchers have sought to 

develop NO-releasing biomedical devices.6,35,36 Related to catheters, multiple studies have 

incorporated NO donors within or attached to the catheter surface with promising trends in 

decreasing infection and thrombosis.34,37–42 However, these strategies are only effective so long as 

NO release is maintained. Replenishable NO sources, such as nitric oxide-releasing lock solutions, 

are therefore advantageous. To date, only one NO-based lock solution study has been reported, 

where antibacterial NO levels and performance were maintained for at least 18 h. However, the 

prevention of bacterial adhesion was only reported for up to 18 h, and longer prevention time 

frames (48-72 h) would be more desirable.43 
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Herein, we describe the preparation of NO-releasing lock solutions with tunable NO-

release profiles and active NO-release durations of at least 72 h. In order to maximize efficacy and 

clinical translatability, physiologically relevant nitric oxide concentrations (i.e., >0.8-6.8 pmol  

cm-2 s-1 as produced by eNOS), to prevent thrombosis,33,34 or greater, to promote antibacterial 

action, must be maintained for 72 h, as lock solutions are changed every 48-72 h between dialysis 

sessions. By varying the concentration and release profile of NO from the catheter surface, we 

evaluated the role of NO-release properties on bacterial adhesion, mammalian cell toxicity, and 

protein adsorption using in vitro methods. A porcine hemodialysis catheter model is underway to 

determine in vivo efficacy in preventing infection, thrombosis, and stenosis. 

 

4.2. Materials and methods 

4.2.1. Materials 

Diethylenetriamine (DETA), bis(3-aminopropyl)amine (DPTA), and phenazine 

methosulfate (PMS) were purchased from MilliporeSigma (Burlington, MA). Dulbecco’s 

modified Eagle’s medium (DMEM), trypsin, penicillin streptomycin (PS), fetal bovine serum 

(FBS), sodium dodecyl sulfate (SDS), Pierce™ BCA protein assay kit, LC/MS grade formic acid, 

LC/MS grade acetonitrile, LC/MS grade water, and common laboratory salts and solvents were 

purchased from Fisher Scientific (Fair Lawn, NJ). 3-(4,5-dimethylthizol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium inner salt (MTS) was purchased from 

Biovision (Milpitas, CA). Tryptic soy broth (TSB), tryptic soy agar (TSA), and Hickman® 13.5 F 

dual-lumen long-term hemodialysis catheters were obtained from Becton, Dickinson, and 

Company (Franklin Lakes, NJ). Staphylococcus epidermidis (S. epidermidis, ATCC 12228), 

Pseudomonas aeruginosa (P. aeruginosa, ATCC 47085), and Vero C1008 cells (ATCC CRL-
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1586™) were purchased from the American Type Culture Collection (Manassas, VA). Nitrogen 

(N2), oxygen (O2), carbon dioxide (CO2), pure nitric oxide (NO; 99.5%), and NO calibration gas 

(25.87 ppm balance N2) were obtained from Airgas National Welders (Raleigh, NC). Distilled 

water was purified to a resistivity of 18.2 MΩ·cm and a total organic content of ≤6 ppb using a 

Millipore Milli-Q UV Gradient A10 system (Bedford, MA).  

 

4.2.2. Synthesis of NO donors (DETA/NO and DPTA/NO) 

Diethylenetriamine and bis(3-aminopropyl)amine were dissolved in anhydrous acetonitrile 

at 50 mg mL-1. Each solution (50 mL) was placed into Teflon cups within Parr hydrogenation 

reaction vessels with magnetic stirring. Vessels were purged with argon a total of six times (three 

10-s purges followed by three 10-min purges) to remove dissolved oxygen prior to being 

pressurized with 15 bar NO for 72 h. Following the reaction, the same argon purging procedure 

was utilized to remove unreacted NO. The N-diazeniumdiolate-functionalized amines (i.e., 

DETA/NO and DPTA/NO), which precipitated as a white solid, were collected via centrifugation 

and washed with cold diethyl ether to remove acetonitrile and unreacted amines. The powders 

were dried in vacuo to remove residual solvent and stored in sealed vials at -20 °C. Attenuated 

total reflection Fourier transform infrared spectroscopy (ATR-FTIR) was performed using a 

Nicolet iS50 FTIR Spectrometer (Thermo Fisher Scientific; Fair Lawn, NJ). 1H and 13C nuclear 

magnetic resonance (NMR) spectra were recorded on a Bruker (600 MHz) spectrometer (Billerica, 

MA). Representative 1H and 13C NMR of the NO donors included the following peaks:  

DETA/NO: 1H NMR (D2O, 600 MHz, 𝛿) 2.62 (t, 4H), 3.03 (t, 4H). 13C NMR (D2O, 600 MHz, 𝛿) 

37.3, 55.2. DPTA/NO: 1H NMR (D2O, 600 MHz, 𝛿) 1.45 (quint, 4H), 2.62 (t, 4H), 2.92 (t, 4H). 

13C NMR (D2O, 600 MHz, 𝛿) 29.0, 38.4, 51.8.  
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4.2.3. Preparation of NO-releasing lock solutions 

Nitric oxide donors (DETA/NO or DPTA/NO) were dissolved in sterile pH 7.4 phosphate 

buffered saline (PBS; 10 mM) at 25-75 mg mL-1 of total NO donor content. The pH of the solution 

was corrected to pH 7.4 using 5 M HCl. To ensure sterility, solutions were filtered through 0.22-

µm syringe filters into sterile 10 mL vials. For each experiment, 3.9 mL of a control (PBS) lock 

solution or an NO-releasing lock solution was added to Hickman® dual-lumen hemodialysis 

catheter, with 1.9 mL added to the red lumen and 2.0 mL added to the blue lumen.  

 

4.2.4. Analysis of NO-release properties 

Nitric oxide release was monitored in real time using a Sievers 280i Nitric Oxide Analyzer 

(NOA; Boulder, CO). The NOA was calibrated with air passed through a NO zero filter (0 ppm 

NO) and 25.87 ppm NO calibration gas (balance N2) prior to analysis. In a typical experiment for 

analyzing the native NO-releasing materials, 1-2 mg of NO donor was introduced into a round-

bottom flask containing 30 mL deoxygenated PBS (10 mM, pH 7.4, 37 °C). The solution was 

purged with nitrogen gas at a flow rate of 200 mL min-1 to carry liberated NO into the instrument. 

The analysis was terminated when NO levels fell below the quantification limit of the instrument 

normalized to the mass of NO donor (10 ppb NO mg-1 NO donor).  

To monitor NO released from the catheter surface (via NO diffusion through the catheter), 

the middle portion (excluding both the tip and hub ends of the catheter) of the Hickman® dual-

lumen hemodialysis catheter was placed in a 100-mL three-neck flask containing 60 mL of 

deoxygenated PBS (10 mM, pH 7.4, 37 °C) (Figure 4.1). Catheters were filled with the NO-

releasing catheter lock solutions at NO donor concentrations of 25 or 50 mg mL-1. Analysis of NO 
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Figure 4.1 Analysis of surface NO flux using a chemiluminescent nitric oxide analyzer. 
Catheters are partially submerged in pH 7.4 PBS (10 mM, 37 °C). 
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release was terminated at 72 h to simulate the use of the catheter lock solutions between 

hemodialysis events. Of note, the NO flux did not reach levels below the quantification limit of 

the instrument (10 ppb NO) during the 72-h experiment duration.   

 

4.2.5. Analysis of NO donor diffusion through catheter surface 

HickmanÒ dual-lumen catheters were filled with either a control solution (PBS only) or an 

NO-releasing catheter lock solution (25 or 50 mg mL-1) with the middle portion of the catheter 

(excluding both the tip and hub ends of the catheter) placed into a 50-mL conical tube containing 

30 mL LC/MS grade water. An aliquot of the catheter extract solution (1.5 mL) was removed after 

24, 48, and 72 h to monitor for leaching of the NO donors from the catheter. Extract samples were 

collected from n=3 separate catheters/experiments. The presence of DETA or DPTA in the aliquots 

was assessed using HPLC (Agilent Technologies 1260 Infinity II LC System; Santa Clara, CA) 

and a single quadrupole mass spectrometer detector (MSD; Agilent Technologies Infinity Lab 

6125 MSD, Santa Clara, CA). Standards of DETA and DPTA ranging from 0.8-100 µg mL-1 were 

prepared in LC/MS grade water to create a calibration curve. The aliquots and standards were 

analyzed using a Synergi 4 µm Hydro-RP column (250 x 4.6 mm; Phenomenex; Torrance, CA) 

and a mobile phase composed of 95:5 (v/v) water:acetonitrile with 0.1 vol% formic acid at a flow 

rate of 1 mL min-1. Elution was monitored via MSD. The optimized electrospray ionization 

parameters included: a fragmentor voltage of 80 V for DETA and 110 V for DPTA; a capillary 

voltage of 2,500 V; a drying gas temperature of 350°C; a drying gas flow rate of 12.0 L/min; and, 

a nebulizer pressure of 35 psig. Selected ion monitoring was used for the quantification of each 

analyte. Using these parameters, the limits of quantification for DETA and DPTA were found to 

be 1.6 µg mL-1 and 0.8 µg mL-1, respectively. 
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4.2.6. Bacterial adhesion inhibition assay 

Prior to each experiment, catheters were washed copiously with 70 vol% ethanol (both 

inside the lumens and on the surface), soaked in 70% ethanol for a minimum of 18 h, and exposed 

to UV radiation for a minimum of 30 min to ensure sterilization. Bacteria cultures of P. aeruginosa 

and S. epidermidis were grown from frozen (-80 °C) stock solutions on TSA plates. Colonies were 

isolated from the TSA plate, resuspended in TSB (5 mL), and incubated at 37 °C overnight with 

vigorous (250 rpm) shaking. An aliquot (1 mL) of the overnight solution was resuspended in fresh 

TSB (30 mL), grown to a concentration of 108 CFU mL-1, and subsequently diluted to 106 CFU 

mL-1 in 30 mL PBS (10 mM, pH 7.4) in a 50-mL conical tube. Hickman® dual-lumen hemodialysis 

catheters were filled with either a control solution (PBS only) or an NO-releasing solution (25-75 

mg mL-1 NO donor in 10 mM PBS). The middle portion of the catheters (excluding both the tip 

and hub ends) were placed into the 50-mL conical tube containing 106 CFU mL-1 bacteria. 

Catheters were soaked in the bacteria solution for 1, 4, or 48 h with gentle shaking (100 rpm) at 

37 °C. Following incubation, catheters were removed from the bacteria solution, rinsed twice in 

conical tubes containing PBS to remove non-adhered bacteria, and placed in a conical tube 

containing 30 mL of fresh PBS. The catheter-containing tube was gently sonicated for 10 min and 

vortexed to liberate adhered bacteria into the solution. The PBS solution containing collected 

bacteria and its 10- and 100-fold dilutions were spiral plated on TSA plates using an Eddy Jet 

spiral plater (IUL; Farmingdale, NY) and incubated overnight at 37 °C. The concentration of 

bacteria adhered to the catheter was quantified using a Flash & Go colony counter (IUL; 

Farmingdale, NY) relative to the surface area of the catheter exposed to the bacteria solution. The 

limit of detection for this counting method is 4	x	102 CFU cm-2 (based on the surface area of the 

catheter in the soak solution).44,45 Percent reduction in bacterial adhesion upon NO treatment 
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compared to catheters without the NO lock solution was calculated using Eq. 1, where APBS 

represents bacteria adhered to the PBS-filled catheters and ANO represents bacteria adhered to the 

NO-releasing catheters.  

 

Percent reduction = (APBS"ANO)
APBS

×100%       (Eq. 1) 

 

4.2.7. Removal of pre-adhered bacteria 

Prior to each experiment, catheters were sterilized as described above. Overnight bacteria 

cultures of P. aeruginosa and S. epidermidis were grown as described above for the adhesion 

inhibition assay. An aliquot (1 mL) of the overnight solution was resuspended in fresh TSB (30 

mL), grown to a concentration of 108 CFU mL-1, and subsequently diluted to 106 CFU mL-1 in 30 

mL TSB in a 50-mL conical tube. Hickman® dual-lumen hemodialysis catheters were filled with 

PBS. The middle portion of the catheters (excluding both the tip and hub ends) were placed into 

the 50-mL conical tube containing 106 CFU mL-1 bacteria in TSB. After 24-h incubation with 

gentle shaking (100 rpm) to facilitate bacterial adhesion, catheters were removed from the bacteria 

growth solution, gently rinsed twice in PBS to remove non-adhered bacteria, and placed in a 50-

mL conical tube containing 30 mL of PBS.  Nitric oxide-releasing lock solutions were prepared as 

described above. The PBS within the catheters was replaced with either a fresh control solution 

(PBS only) or a NO-releasing catheter lock solution (25 or 50 mg mL-1 NO donor). Catheters were 

incubated for 48 h with gentle shaking (100 rpm) at 37 °C. Following treatment, catheters were 

removed from the solution, rinsed twice in conical tubes containing PBS to remove non-adhered 

bacteria, and placed in a conical tube containing 30 mL of fresh PBS. The catheter-containing tube 

was gently sonicated for 10 min and vortexed to liberate adhered bacteria into the solution. The 
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PBS solution containing collected bacteria and its 10- and 100-fold dilutions were spiral plated on 

TSA plates using an Eddy Jet spiral plater (IUL; Farmingdale, NY) and incubated overnight at  

37 °C. The concentrations of bacteria remaining adhered to the catheter were determined using a 

Flash & Go colony counter (IUL; Farmingdale, NY) and normalized to the surface area of the 

catheter that was soaked in the bacteria solution. The limit of detection for this counting method 

is 4	x	102 CFU cm-2.44,45 Percent reduction in catheter surface bacterial adhesion was calculated 

using Eq. 1.  

 

4.2.8. Surface antifouling test 

Prior to each experiment, catheters were sterilized as described for the adhesion inhibition 

assay (see above). Hickman® dual-lumen hemodialysis catheters were filled with either a control 

solution (PBS only) or an NO-releasing catheter lock solution (25 or 50 mg mL-1 NO donor). The 

middle portion of the catheter (excluding both the tip and hub ends) was placed into a 50-mL 

conical tube containing 30 mL of 50 vol% fetal bovine serum (in PBS). The catheters were 

incubated at 37 °C with gentle shaking (100 rpm) for 24 h. Following incubation, the catheters 

were rinsed twice with PBS and placed in a conical tube containing 30 mL of 10 mg mL-1 SDS in 

PBS. The catheters in SDS were gently shaken (100 rpm) at 37 °C for 2 h and then sonicated 

briefly (10 min). An aliquot of the SDS solution containing detached protein (0.1 mL) was mixed 

with BCA protein assay kit reagent (2 mL) and incubated for 30 min at 60 °C. Protein 

concentrations were calculated using the absorbance measured at 562 nm and a standard 

calibration curve as specified in the kit. The limit of quantification for this method was 4.5 ± 2.4 

µg protein cm-2.  
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4.2.9. Elution cytotoxicity assay 

Prior to each experiment, catheters were sterilized as described for the adhesion inhibition 

assay (see above). Hickman® dual-lumen hemodialysis catheters were filled with either a control 

solution (PBS only) or an NO-releasing catheter lock solution (25 or 50 mg mL-1 NO donor). The 

middle portion of the catheter (excluding both the tip and hub ends) was placed into a 50-mL 

conical tube containing 30 mL DMEM supplemented with 10 vol% FBS and 1 wt% PS. The 

catheter-containing solutions were incubated at 37 °C with gentle shaking (100 rpm) for 72 h. An 

aliquot of the catheter extract solution (500 µL) was removed after 24, 48, and 72 h and 

immediately frozen at -20 °C. Extract samples were collected from n = 3 separate experiments. 

Vero cells were grown in DMEM supplemented with 10 vol% FBS and 1 wt% PS in 5 vol% CO2 

under humidified conditions at 37 °C. After reaching 80% confluency, a cell suspension of 1 x 105 

cells mL-1 was prepared, and 100 µL was added to each well of a 96-well plate. After 24-h 

incubation at 37 °C, the supernatant was aspirated and replaced with 100 µL of fresh media or 

catheter extract. The cultures were then incubated for 24 h at 37 °C. Following exposure, the 

supernatant was aspirated, and the cells were washed with PBS. A 100-µL mixture of 

DMEM/MTS/PMS (105/20/1, v/v/v) was added to each well and incubated for 90 min at 37 °C. 

The absorbance of the solution in each well was measured at 490 nm using a Molecular Devices 

SpectraMax M2 spectrophotometer (San Jose, CA). A blank mixture of growth 

medium/MTS/PMS and cells cultured with fresh media (no extract) were used as the blank and 

control, respectively. Cell viability for each sample was calculated using Eq. 2.  

 

% cell viability= (Abs490,sample"Abs490,blank)
(Abs490,control"Abs490,blank)

×100%       (Eq. 2) 
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4.2.10. Statistical analysis 

Nitric oxide-release measurements on NO donors prior to use in lock solutions are 

presented as the average ± standard deviation for n ≥ 3 separate synthesis batches. Nitric oxide-

release measurements from the catheter surface are presented as the average ± standard deviation 

for n ≥ 3 individually prepared lock solutions. For catheter surface NO measurements, the half-life 

of NO release was estimated based on first-order kinetics using a Michaelis-Menten fit in 

GraphPad Prism 9. Bacterial/biofilm adhesion results are depicted as the average ± standard 

deviation for n ≥ 3 separate experiments with bacteria grown on different days. Cell elusion 

toxicity, protein adhesion, and NO donor diffusion studies are presented as the average ± standard 

deviation for n ≥ 3 separate experiments. Significance testing for protein adhesion was performed 

via a two-tailed Student’s t-test, with p < 0.05 used as the threshold for statistical significance.   

 

4.3. Results and discussion 

4.3.1. Preparation and NO release characterization of lock solutions 

N-diazeniumdiolate NO donors, DPTA/NO and DETA/NO, were synthesized via exposure 

to high pressure gaseous NO under alkaline conditions. Successful formation of the NO donor 

moiety was confirmed using FTIR, 1H NMR, and 13C NMR (Figures 4.2, 4.3, and 4.4). Peaks were 

observed in the FTIR spectra (Figure 4.2) of DPTA/NO and DETA/NO consistent with N-

diazeniumdiolate formation, including N-O stretching (1230 cm-1 and 1185-1195 cm-1), N-N 

stretching (1100 cm-1), and in-plane N2 symmetric stretching (1150 cm-1 and 975-980 cm-1).46–48 

Integration of peaks in the 1H NMR spectra suggested a >94% conversion from small molecule 

amines DETA and DPTA to NO-releasing DETA/NO and DPTA/NO, respectively (Figure 4.3). 

Indeed, this conversion efficiency is supported by the near-theoretical NO payloads achieved from 
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Figure 4.2 Representative FTIR analysis of DPTA and DETA before and after N-
diazeniumdiolate NO donor formation. N-O stretches (1230 cm-1 and 1185-1195 cm-1), N-N 
stretches (1100 cm-1), and in-plane N2 symmetric stretches (1150 cm-1 and 975-980 cm-1) are 
observed due to the presence of the N-diazeniumdiolate group. 
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Figure 4.3 Representative 1H NMR (600 MHz, D2O) of DPTA/NO and DETA/NO. Peaks 
labeled A through E represent DPTA/NO and DETA/NO, and peaks labeled A’ through E’ 
represent DPTA and DETA without an N-diazeniumdiolate NO donor. 
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Figure 4.4 Representative 13C NMR (600 MHz, D2O) of DPTA/NO and DETA/NO. Peaks 
labeled A through E represent DPTA/NO and DETA/NO, and peaks labeled A’ through E’ 
represent DPTA and DETA without an N-diazeniumdiolate NO donor. 
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the NO donors (Table 4.1). These NO donors were selected for lock solution preparation due to 

their high NO payloads per unit mass and range of kinetics. Whereas DETA/NO produces a stable, 

low flux of NO over ~7 d, DPTA/NO releases NO with a higher maximum flux and shorter release 

duration (~2 d).  

Lock solutions were prepared to contain 25 or 50 mg mL-1 of DPTA/NO or DETA/NO in 

pH 7.4 PBS (10 mM) as a means to evaluate the role of NO surface flux and total NO released on 

bacterial and protein adhesion properties. Nitric oxide release from the catheter surface was 

monitored using a chemiluminescent nitric oxide analyzer as displayed in Figure 4.1. The initial 

flux of NO was proved to be dependent upon both the identity and concentration of the NO donor 

(Figure 4.5A). As expected from the NO-release profiles of the donors themselves (Table 4.1), 

lock solutions containing DPTA/NO exhibited a higher initial flux and faster NO release (half-

lives of 10-17 h) whereas DETA/NO-based solutions exhibited slow, sustained NO release (half-

lives of 62-68 h) (Table 4.2). Of note, the NO-release half-lives were extended within the lock 

solutions compared to those of the free donor. The added catheter diffusion barrier, wherein NO 

has to first diffuse into the external solution from within the catheter to then be carried to the NO 

detector, is likely to delay NO measurements. The extended half-lives are also hypothesized to be 

due in part to the high localized concentrations of the NO donor, slightly increasing the pH upon 

NO release, which in turn slows subsequent NO release. The effect of the slight increase in pH (up 

to pH ~8) was most evident for the 50 mg mL-1 DPTA/NO lock solution, as this solution initially 

displayed a surface flux that was approximately double that of the 25 mg mL-1 DPTA/NO (~430 

vs. ~260 pmol NO cm-2 s-1). The NO-release payload though was similar between the 25 mg  

mL-1 and 50 mg mL-1 DPTA/NO lock solutions (~5.2 and ~6.0 µmol NO cm-2, respectively), 

indicating that the larger concentration of NO donor leads to premature self-termination of NO 
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Table 4.1 Nitric oxide-release properties from DPTA/NO and DETA/NO.a 

NO Donor t[NO] 

(µmol mg-1)b 
t[NO]theor 

(µmol mg-1)c 
[NO]max 

(ppb mg-1)d td (h)e t1/2 (h)f 

DPTA/NO 10.1 ± 0.9 10.5 2590 ± 100 44 ± 2 5.2 ± 0.3 
DETA/NO 12.1 ± 1.4 12.3 500 ± 50 178 ± 14 35.6 ± 3.9 

aError represents the standard deviation for n ≥ 3 separate syntheses. bTotal NO released over 
full duration. cTheoretical total NO payload. dMaximum instantaneous NO concentration. 
eDuration of NO release. fHalf-life of NO release.  
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Figure 4.5 (A) Real-time NO-release profiles for the initial 6 h of release and (B) cumulative 
NO-release totals for 25 mg mL-1 DETA/NO (purple), 50 mg mL-1 DETA/NO (green), 25 mg 
mL-1 DPTA/NO (red), and 50 mg mL-1 DPTA/NO (blue) lock solutions. Each curve represents 
the average ± standard deviation from n ≥ 3 separate analyses. 
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Table 4.2 Nitric oxide-release properties from DPTA/NO and DETA/NO lock solutions from 
within silicone catheters.a 

NO Donor Concentration 
(mg mL-1) 

t[NO]72h 

(µmol cm-2)b 
[NO]max 

(pmol cm-2 s-1)c t1/2 (h)d 

DPTA/NO 25 5.16 ± 0.91 263 ± 61 17 ± 5 
50 6.04 ± 0.34 432 ± 140 10 ± 3 

DETA/NO 25 5.37 ± 0.32 64 ± 7 68 ± 22 
50 9.15 ± 0.76 110 ± 16 62 ± 25 

aError represents the standard deviation for n ≥ 3 analyses of individually prepared lock 
solutions. bTotal NO released over 72 h. cMaximum instantaneous NO flux. dHalf-life of NO 
release based on total NO payload as modeled using Michaelis-Menten kinetics.   
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release (Figure 4.5B, Table 4.2). This phenomenon was not as prevalent for the DETA/NO lock 

solutions, potentially due to the less rapid initial release of NO, with 25 mg mL-1 DETA/NO 

releasing ~5.4 µmol NO cm-2 and 50 mg mL-1 DETA/NO releasing ~9.2 µmol NO cm-2. 

Importantly, NO release was maintained above physiological levels for at least 72 h for all four 

lock solutions, with each system releasing NO at concentrations above 6 pmol cm-2 s-1 at the 72-h 

timepoint, meeting the ideal threshold for mitigating thrombosis.  

To ensure that NO was the primary molecule diffusing through the catheter surface and not 

the entire NO donor, samples of an external soak solution were collected at 24, 48, and 72 h to 

determine DPTA and DETA content released from DPTA/NO- and DETA/NO-loaded catheters, 

respectively. External soak solutions were analyzed in an acidic environment to promote 

breakdown of any remaining NO donor molecules. Soak solutions for catheters containing four 

different lock solutions (25 and 50 mg mL-1 of DPTA/NO or DETA/NO) as well as DPTA and 

DETA calibration standards were analyzed via LC/MS (Figure 4.6A). Calibration standards were 

plotted using a quadratic fit to allow for the determination of NO donor precursor concentrations 

in the catheter soak solutions (Figure 4.6B). The percent of NO donor that leached through the 

catheter surface was calculated relative to the total NO donor in each catheter. On average, all 

catheters leached < 0.2% of the NO donor content into the surrounding environment, with 25 mg 

mL-1 DPTA/NO- and 50 mg mL-1 DETA/NO-filled catheters leaching < 0.02% (Figure 4.6C). In 

evaluating the 50 mg mL-1 DPTA/NO-filled catheters, one catheter leached substantially more than 

the other two replicates, suggesting that the catheter surface may have been compromised. This 

outlier led to a large error associated with the measurement (Figure 4.6C). Overall, these results 

clearly indicate that NO diffuses through the catheter surface as a dissolved gas rather than attached 

to the NO donor to generate the observed surface flux of NO.  
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Figure 4.6 (A) Analysis via LC/MS of DETA/NO standards and catheter leachate solutions. 
Curves represent DETA/NO standards, including 100 (blue), 50 (green), 25 (orange), 12.5 
(red), 6.25 (purple), 3.13 (gray), 1.56 (brown), and 0 (black) µg mL-1 DETA/NO, as well as 
catheter leachate solutions from catheters filled with 50 mg mL-1 DETA/NO lock solutions after 
24 h (cyan), 48 h (maroon), and 72 h (indigo). Inset is an enlarged section of the chromatogram 
including the DETA/NO peak to visualize small peaks from catheter leachate solutions. (B) 
Calibration curves using a quadratic fit for LC/MS analysis of DPTA/NO (blue) and DETA/NO 
(red). (C) Quantity of NO donor (DPTA/NO or DETA/NO) leached from the catheter surface 
over 24 (solid), 48 (striped), and 72 h (dotted) as quantified by LC/MS. The amount of leached 
NO donor is reported relative to the total concentration of NO donor within the catheter. The 
limit of detection for this method is 0.02% leached. For samples where all measurements fell 
below this threshold, no error bars are presented. 
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4.3.2. Inhibition of bacterial adhesion to catheter surface 

The first stage of biofilm formation is adhesion of planktonic bacteria to the catheter 

surface.49,50 By inhibiting this adhesion step, the formation of biofilms are hindered, ideally leading 

to decreased incidences of catheter-related infections. Due to their high prevalence and clinical 

significance in catheter-related infections, P. aeruginosa and S. epidermidis were selected for 

evaluation of the prepared NO-releasing lock solutions.8–10 Catheters were soaked in 1 vol% 

growth medium in PBS, initially containing 106 CFU mL-1 bacteria, for short (1- or 4-h) or 

extended (48-h) adhesion periods. The concentration of bacteria in the external soak solution 

increased over the 48-h experiment (data not shown), indicating that sufficient nutrient conditions 

were present to facilitate bacterial viability and moderate growth over the course of the experiment.  

Following short-term or extended exposure to the bacteria soak solution, non-adhered 

bacteria were rinsed from the catheter. The adhered bacteria were then collected from the catheter 

surface into fresh PBS. For both P. aeruginosa and S. epidermidis adhesion studies, an increased 

number of bacteria was found adhered to the catheter with increasing exposure time (Figure 4.7). 

Furthermore, P. aeruginosa adhered to the catheter in greater quantities than S. epidermidis, 

consistent with previous reports in which P. aeruginosa achieved larger densities of surface 

coverage than S. aureus or S. epidermidis.39,41,42 In evaluating Gram-negative P. aeruginosa, the 

DPTA/NO lock solutions better prevented bacterial adhesion at 1-h exposures (Figure 4.7A), likely 

owing to their more rapid release of NO during this period. By 4 h, the DPTA/NO and DETA/NO 

lock solutions were similarly effective at preventing P. aeruginosa adhesion, with increased 

inhibition found for the 50 mg mL-1 versus the 25 mg mL-1 lock solutions (Figure 4.7C). Over 48-

h exposure, only the 50 mg mL-1 DETA/NO solution maintained substantial inhibitory action, 

reducing adhesion by 88.9% compared to the control PBS catheters (Figure 4.7E, Table 4.3). The 
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Figure 4.7 Quantity of (A, C, E) P. aeruginosa or (B, D, F) S. epidermidis adhered to catheters 
following (A-B) 1-, (C-D) 4-, or (E-F) 48-h exposure to bacteria solution in 1 vol% TSB-
supplemented PBS. Evaluated lock solutions included a PBS control and 25 mg mL-1 or 50 mg 
mL-1 of DPTA/NO or DETA/NO in PBS. Of note, the y-axis of (E) is extended to fit the data. 
Each bar represents the average ± standard deviation from n ≥ 3 separate experiments. Error 
bars are not presented if all replicates fell below the LOD of the plate counting method. 
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Table 4.3 Reduction in bacterial adhesion to the catheter surface following exposure to bacteria 
solution (P. aeruginosa or S. epidermidis) for 1, 4, or 48 h. Percent reduction is calculated 
relative to catheters containing a PBS control lock solution.a 

Lock Solution 
Percent Reduction (%) 

P. aeruginosa  S. epidermidis 
1 h 4 h 48 h 1 h 4 h 48 h 

25 mg mL-1 DPTA/NO 94.0 92.9 39.4 20.3 82.3 80.2 
50 mg mL-1 DPTA/NO 93.9 97.0 9.5 60.8 85.2 96.7 
25 mg mL-1 DETA/NO 61.6 89.9 38.1 25.9 80.4 90.3 
50 mg mL-1 DETA/NO 88.6 95.6 88.9 83.8 93.0 99.7 
aPercent reduction calculated using the average of n ≥ 3 trials for both control and treated lock 
solutions. 
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NO flux of the other three lock solutions is likely insufficient over this later timeframe to prevent 

adhesion of P. aeruginosa, suggesting a threshold for NO flux to inhibit bacterial adhesion. These 

results also support that a sustained NO flux, rather than an initial burst, is more effective at 

preventing bacterial adhesion of P. aeruginosa over longer periods.  

As a representative Gram-positive bacterial species, adhesion of S. epidermidis was 

evaluated in the same manner. In contrast to the studies performed with P. aeruginosa, the 50 mg 

mL-1 DETA/NO lock solution was the most effective over both short-term and extended exposures 

with an 83.8, 93.0, and 99.7% reduction in bacterial adhesion over 1, 4, and 48 h, respectively 

(Table 4.3, Figure 4.7B, D, and F). In general, a greater reduction in S. epidermidis adhesion over 

time was observed without a decrease in viability in the external soak solution (data not shown), 

demonstrating that active NO release prevents the adhesion of bacteria through a mechanism that 

does not rely on bacterial eradication. Further, the NO fluxes at later time points (between 4 and 

48 h) proved sufficient in continuing to prevent S. epidermidis adhesion. The NO threshold for 

preventing S. epidermidis adhesion may thus be lower than that required to inhibit P. aeruginosa 

adhesion.  

While 50 mg mL-1 DETA/NO lock solutions were determined to be the most effective at 

preventing bacterial adhesion for both P. aeruginosa and S. epidermidis, the influence of a 

DPTA/NO and DETA/NO mixture and/or greater concentration of DETA/NO on further reduction 

was evaluated next. As DETA/NO was more effective than DPTA/NO, a mixture of 10 mg mL-1 

DPTA/NO and 40 mg mL-1 DETA/NO was evaluated against S. epidermidis relative to 50 mg  

mL-1 of either NO donor alone (Figure 4.8). At all time points (i.e., 1, 4, and 48 h), the mixture 

behaved more similarly to 50 mg mL-1 DPTA/NO than DETA/NO, even though it was 

predominantly composed of DETA/NO. The addition of DPTA/NO was thus not found to be 
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Figure 4.8 Quantity of S. epidermidis adhered to catheters following (A) 1-, (B) 4-, or (C) 48-
h exposure to bacteria solution in 1 vol% TSB-supplemented PBS. Evaluated lock solutions 
included a PBS control, 50 mg mL-1 DPTA/NO in PBS, 50 or 75 mg mL-1 DETA/NO in PBS, 
and a hybrid 10 mg mL-1 DPTA/NO and 40 mg mL-1 DETA/NO in PBS. Each bar represents 
the average ± standard deviation from n ≥ 3 separate experiments. Error bars are not presented 
if all replicates fell below the LOD of the plate counting method. 
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beneficial in further preventing bacterial adhesion. Greater concentrations (75 mg mL-1) of 

DETA/NO as lock solutions were also evaluated against S. epidermidis (Figure 4.8). After 1 h, the 

50 mg mL-1 solution proved more effective than 75 mg mL-1. At 4 and 48 h, 50 and 75 mg mL-1 

were similarly effective, suggesting no additional benefit to utilizing a larger concentration of 

DETA/NO. The equivalence in efficacy between the 50 and 75 mg mL-1 lock solutions suggests 

that a critical threshold for the prevention of bacterial adhesion is met with either solution and that 

increasing the NO flux past that threshold does not provide further benefit. 

 

4.3.3. Removal of pre-adhered bacteria on the catheter surface 

In addition to preventing bacterial adhesion, it was essential to understand whether the NO-

releasing lock solutions can decrease the magnitude/viability of bacteria adhered to the catheter 

prior to treatment. By removing adhered bacteria from the catheter, the catheter lock solution can 

be used to treat patients with established catheter infections rather than only prevent them from 

occurring. Bacteria were thus adhered to the catheter surface under 100% growth conditions for 

24 h prior to treatment with an NO-releasing lock solution. Control (PBS) or NO-releasing lock 

solutions were then introduced to the catheters for 48 h under static conditions. For P. aeruginosa, 

large quantities of bacteria adhered to the surface, consistent with biofilm formation (Figure 4.9A). 

Robust levels of bacteria were maintained at >107 CFU cm-2 after 48-h treatment with a PBS lock 

solution. Similar to the bacterial adhesion results, DETA/NO lock solutions were the most 

effective at removing pre-adhered bacteria over the 48-h exposure time. The sustained flux of NO 

from these lock solutions outperformed the NO burst from DPTA/NO solutions. As anticipated, 

the 50 mg mL-1 DETA/NO lock solution was more effective at pre-adhered bacteria removal than 

the 25 mg mL-1 solution, facilitating a 98.7% decrease in bacterial adhesion (Table 4.4).  
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Figure 4.9 Quantity of (A) P. aeruginosa or (B) S. epidermis biofilm remaining following a 
48-h treatment with lock solutions. Evaluated lock solutions included a PBS control and 25 mg 
mL-1 or 50 mg mL-1 of DPTA/NO or DETA/NO in PBS. Each bar represents the average ± 
standard deviation from n ≥ 3 separate experiments. Error bars are not presented if all replicates 
fell below the LOD of the plate counting method. 
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Table 4.4 Reduction in pre-adhered bacteria (P. aeruginosa or S. epidermidis) remaining on 
the catheter surface following exposure to lock solutions for 48 h. Percent reduction is 
calculated relative to catheters containing a PBS control lock solution.a 

Lock Solution Percent Reduction (%) 
P. aeruginosa  S. epidermidis 

25 mg mL-1 DPTA/NO 73.9 99.2 
50 mg mL-1 DPTA/NO 35.0 99.2 
25 mg mL-1 DETA/NO 90.6 99.2 
50 mg mL-1 DETA/NO 98.7 99.2 
aPercent reduction calculated using the average of n ≥ 3 trials for both control and treated lock 
solutions. 
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The coverage of pre-adhered bacteria with S. epidermidis (~5 x 104 CFU cm-2) was less 

than that for P. aeruginosa following 24-h adhesion/growth and 48-h treatment with a PBS control 

lock solution (Figure 4.9B). However, this result is in agreement with the earlier bacterial adhesion 

studies (Figure 4.7) and previously published work.39 S. epidermidis simply does not adhere to the 

silicone catheter as readily as P. aeruginosa. Upon treatment with the NO-releasing lock solutions, 

all four solutions decreased bacterial adhesion by 99.2% (the detection limit of the plate counting 

method utilized). As shown in Table 4.4, the 50 mg mL-1 DETA/NO lock solutions proved most 

effective at both removing pre-adhered bacteria and preventing the adhesion of new bacteria to the 

surface.  

 

4.3.4. Prevention of protein adhesion to catheter surface 

Upon catheter insertion, proteins rapidly coat the surface, serving as a nidus for biofilm 

formation and thrombosis.1,6 By preventing the initial adhesion of proteins to the surface, it is 

likely that the downstream formation of biofilms and thrombi will be attenuated. Prior research 

suggests that active NO release reduces the adhesion of thrombus-related proteins.51 The influence 

of the NO-releasing lock solutions on protein adhesion was thus also investigated through an in 

vitro assay. Catheters were filled with either a control or NO-releasing lock solution and soaked 

in proteinaceous solution (50 vol% FBS in PBS, containing approximately 0.5-1 g total 

protein)52,53 for 24 h. Control catheters, filled with a PBS lock solution, were coated with 30 ± 8 

µg protein cm-2 following exposure (Figure 4.10). Lock solutions prepared with DPTA/NO 

demonstrated 25-40% reductions in protein adhesion, with 22 ± 7 and 19 ± 2 µg protein cm-2 for 

25 and 50 mg mL-1 lock solutions, respectively. DETA/NO-based lock solutions exhibited an even 

more significant decrease in protein adhesion (i.e., 60-65% reduction), with only 10 ± 5 and 11 ± 
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Figure 4.10 Quantity of protein adhered to catheters following 24-h exposure to 50 vol% fetal 
bovine serum. Evaluated lock solutions included a PBS control and 25 mg mL-1 or 50 mg  
mL-1 of DPTA/NO or DETA/NO in PBS. Each bar represents the average ± standard deviation 
from n ≥ 3 separate experiments. *p < 0.05. 
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8 µg protein cm-2 for the 25 and 50 mg mL-1 lock solutions, respectively. Of note, the different 

DETA/NO-based lock solutions did not show a concentration dependence in preventing protein 

adhesion. The lack of concentration dependence conveys that the NO flux from both solutions is 

above the critical level needed to prevent protein adhesion. Overall, the results suggest that the 

low, sustained flux of DETA/NO is most beneficial in preventing protein adhesion. 

 

4.3.5. In vitro cytotoxicity of catheter extract solutions 

To determine the effects of NO release on cell toxicity and any influence of NO flux on 

healthy cells, catheters containing control PBS or NO-releasing lock solutions were soaked in cell 

media with the extract solution collected at 24, 48, and 72 h. As a representative cell type, Vero 

cells were then exposed to the extract solutions for 24 h and their viability quantified using the 

MTS assay. Treatment with all extract solutions maintained >80% cell viability following 24-h 

exposure, indicating minimal toxicity as might be expected for low NO flux solutions (Figure 

4.11). The lowest viability (~84% viable) was found for the 50 mg mL-1 DETA/NO lock solution 

after a 72-h extraction protocol. This solution likely contains the highest concentration of NO 

byproducts given the greater NO payloads achieved with the 50 mg mL-1 DETA/NO solutions 

compared to the other lock solutions. The slight decrease in viability seen with this solution 

provides further rationale to utilize the lowest effective NO donor dose rather than increasing the 

lock solution concentration to 75 mg mL-1 as was evaluated in the bacterial adhesion studies. 

However, a minor decrease in cell viability such as that observed with 50 mg mL-1 DETA/NO is 

unlikely to be a problem in vivo due to the continuous flow of fluid (i.e., blood) outside the catheter 

within the body.  
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Figure 4.11 Cytotoxicity of catheter extract solutions against Vero cells. Catheters filled with 
lock solutions, including a PBS control and 25 mg mL-1 or 50 mg mL-1 of DPTA/NO or 
DETA/NO in PBS, were soaked in DMEM for 72 h. Aliquots of the external DMEM solutions 
were taken at 24 (solid), 48 (striped), and 72 h (dotted), and cells were exposed to catheter 
extract solutions for 24 h. Cell viability is calculated relative to cells treated with fresh, non-
extract DMEM. Each bar represents the average ± standard deviation from n ≥ 3 separate 
experiments. 
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4.4. Conclusions 

Nitric oxide-releasing lock solutions represent a promising strategy for mitigating catheter-

related complications, especially in decreasing incidences of infection. Two NO donor systems, 

DPTA/NO and DETA/NO, were utilized to develop NO-releasing lock solutions varying in release 

profile, with DPTA/NO demonstrating a burst-release profile and DETA/NO providing low and 

sustained levels of NO. The DETA/NO-based lock solutions investigated herein with sustained 

NO flux were most efficacious in preventing bacterial and protein adhesion to catheters, 

minimizing the potential for biofilm and thrombus formation. Further, the DETA/NO-based lock 

solutions were able to reduce the adhesion of pre-adhered bacteria (i.e., bacteria adhered to the 

catheter prior to treatment), indicating that the solutions can serve as both preventative and 

treatment strategies. Negligible toxicity was observed following exposure of mammalian cells to 

catheter extract solutions, highlighting the tolerable nature of these lock solutions to mammalian 

cells. An extensive evaluation of the best-performing lock solution candidate (50 mg mL-1 

DETA/NO) is ongoing in a porcine model to determine the role of NO release on preventing 

infection, thrombosis, and stenosis simultaneously. 
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CHAPTER 5: SUMMARY AND FUTURE DIRECTIONS 
 

5.1. Summary of dissertation research 

My dissertation research involved developing NO-based strategies for the prevention and 

treatment of infections. Chapter 1 described strategies by which bacteria can evade antibiotic 

treatment, including the acquisition of resistance mechanisms, formation of biofilms, or co-

infection with other pathogens. Current limitations of conventional antibiotics in treating abiotic- 

and biotic-surface based infections were described to establish the immediate need for novel 

therapeutics. Exogenous NO was proposed as an alternative antibacterial agent for the treatment 

of resistant, biofilm-based, and/or polymicrobial infections due to the multiple mechanisms of 

action exerted by NO that are responsible for its broad-spectrum antibiofilm action. In addition, 

NO has roles in modulating inflammation, angiogenesis, thrombosis, and stenosis, motivating its 

use as a multimodal therapy for both wound and catheter-based infections. As exogenous NO 

exists in a gaseous form that is difficult to directly use for such therapies, strategies for the localized 

delivery of exogenous NO through small molecule NO donors and macromolecular scaffolds were 

discussed.  

Chapter 2 detailed the development of a novel NO-releasing polysaccharide for wound 

healing applications through amine modification and subsequent N-diazeniumdiolation of HA, 

from which NO is then released. One NO-releasing amine modification of HA in particular, DPTA, 

facilitated bactericidal action at small doses against common wound pathogens, such as E. coli, P. 

aeruginosa, S. aureus, and E. faecalis. Both HA6-DPTA/NO and HA90-DPTA/NO were superior 
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to the conventional antibiotic neomycin sulfate at eradicating antibiotic-resistant pathogens (i.e., 

MDR-PA and MRSA). The investigation regarding antibiofilm efficacy determined HA6-

DPTA/NO to be the stronger antibiofilm agent compared to both HA90-DPTA/NO and neomycin 

sulfate, highlighting the benefit of low molecular weight HA in biofilm penetration as well as NO’s 

ability to eradicate biofilm-based bacteria. It was demonstrated that amine modification and NO 

donor loading did not sacrifice the innate biodegradability of HA as confirmed by in vitro studies 

where amine-modified and NO-releasing HA derivatives were degraded by the endogenous 

enzyme hyaluronidase. Lastly, treatment with HA6-DPTA/NO outperformed treatment with the 

PEG control and non-NO-releasing HA6-DPTA in an infected murine wound model regarding 

wound healing and bacterial clearance, highlighting the benefit of both the HA biopolymer and 

active NO release.  

The promise of NO-releasing HA as a dual-action antibacterial wound therapeutic 

motivated the development of NO-releasing CS in Chapter 3, as CS is another endogenous GAG 

involved in wound healing. Properties of the two GAGs, including GAG identity (i.e., HA vs. CS), 

HA molecular weight, CS sulfation pattern, alkylamine modification, and NO-release properties, 

were investigated through in vitro antibacterial and wound healing assays. While DETA-modified 

GAGs were found to best inhibit bacterial growth for three strains each of P. aeruginosa (PAO1, 

MDR-PA, and AR-0239) and S. aureus (ATCC S. aureus, MRSA, AR-0565), DPTA-modified 

GAGs were the most bactericidal against the same six strains. In vitro, the alkylamine 

modification, GAG identity, and NO-release capability were all found to influence cell adhesion 

to ECM components and proliferation of human dermal fibroblasts and human epidermal 

keratinocytes. Furthermore, NO-release properties demonstrated decreased activation of the 

inflammatory receptor TLR4, suggesting that the NO-releasing GAGs may elicit anti-
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inflammatory actions in the wound environment. Lastly, the most promising GAG candidates, 

including HA6-HEDA/NO, CSC-HEDA/NO, and CSC-DPTA/NO, were evaluated in an infected 

murine model. In comparing an NO-releasing HA derivative versus an NO-releasing CS 

derivative, it was found that CS facilitated faster wound closure. Further, it was demonstrated that 

the alkylamine attached to CS (i.e., HEDA or DPTA) did not impact wound closure rate. HEDA- 

and DPTA-modified CS (without NO) also exhibited significantly accelerated wound closure 

compared to control PEG-treated wounds, albeit less than the initial acceleration observed with 

NO-releasing CS, indicating the role that the CS backbone plays in the multi-action wound 

therapeutic.  

Finally, Chapter 4 detailed the development of NO-releasing lock solutions for the 

prevention/treatment of infection and thrombosis associated with hemodialysis catheters. Two NO 

donor systems were utilized to investigate the role of the NO-release profile on antibacterial 

efficacy and protein adhesion. The slow, sustained NO release from DETA/NO-based lock 

solutions, when compared to the high initial NO flux profile of DPTA/NO-based solutions, was 

found to be most effective at preventing bacterial and protein adhesion as well as removing pre-

adhered bacteria. Nitric oxide was found to readily diffuse through the catheter surface, whereas 

the NO donor (DPTA or DETA) demonstrated negligible leaching through the surface. As such, 

minimal toxicity to Vero cells was observed upon treatment with catheter leachate solutions. These 

studies demonstrated the efficacy of small molecule NO donor-based lock solutions in mitigating 

catheter-related complications, with an emphasis on preventing and treating infection.  
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5.2. Future directions 

The investigations described in this dissertation established the utility of multi-action NO-

release systems for the prevention and treatment of infections and associated complications for 

two distinct biomedical applications. While the results herein demonstrate the promise of these 

systems in treating chronic wounds and preventing catheter-related complications, substantial 

work is necessary before these NO-release systems could be employed in a clinical setting. In this 

section, an expansion of available NO-releasing systems and their formulations for clinical 

application as well as further in vitro and in vivo analyses for assessing therapeutic potential will 

be described. In addition, the exploration of these NO-release systems will be proposed for 

additional biomedical applications, including dermatological and dental therapies. 

 

5.2.1. Expanding the library of NO-releasing GAGs 

Nitric oxide-releasing HA and CS were both shown to exhibit antibacterial action and pro-

wound healing activities in Chapters 2 and 3. These efficacies motivate the development of 

additional NO-releasing GAG derivatives either varying in GAG identity or alkylamine 

modification. Heparin and heparan sulfate, both within the GAG family, have been widely studied 

for their anticoagulant activity and ability to prevent thrombosis.1 These biopolymers thus 

represent attractive scaffolds for modification with NO donors to prevent catheter-related 

infections and thrombosis. In a similar manner, dermatan sulfate, another member of the GAG 

family, has strong antithrombotic activity that is similar to heparin and HS.1,2 In fact, danaparoid 

sodium, the active ingredient in the non-heparin antithrombotic and anticoagulant drug Orgaran, 

is composed of a mixture of three GAGs: heparan sulfate (84%), dermatan sulfate (12%), and 

chondroitin sulfate (4%).3 As such, the modification of HS and DS to release NO represents an 
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attractive strategy for further developing an antibacterial and antithrombotic agent for use in 

catheter lock solutions. In addition to its roles in thrombosis, it has been proposed that DS is 

involved in wound healing, as it is a major constituent of the skin and exhibits roles in coagulation, 

cell growth, and immune defense.4 These actions further motivate the modification of DS to release 

NO, as it could be useful for wound healing applications as well. The development of a larger 

library of NO-releasing GAGs will allow for a side-by-side comparison of the role of GAGs in 

infection control, thrombosis mitigation, and wound healing acceleration.  

In addition to evaluating new GAG backbones, expanding the list of alkylamine 

substituents that can be added to GAGs for NO donor formation represents an interesting avenue 

to pursue. It has been well-supported in the literature that the presence of a terminal primary amine 

facilitates enhanced stabilization of N-diazeniumdiolate NO donors and thus extends NO release.5,6 

It has also been proposed that this positively charged terminal amine may assist in localizing the 

therapeutic to the bacteria given the negative charge of bacterial membranes.7–9 In this dissertation 

research, the alkyl chain length between the NO donor location (i.e., secondary amine) and 

terminal primary amine was also hypothesized to impact antibacterial efficacy via NO donor 

stabilization and/or bacterial localization. However, a systematic study to fully elucidate the role 

of alkylamine substituents on the bacterial localization properties of NO-releasing biopolymers 

has not yet been performed.  

Using the alkylamines displayed in Figure 5.1, such study could be initiated. The 

alkylamines vary in either: (1) terminal functional group, including methyl (Figure 5.1A), tertiary 

amine (Figure 5.1B), hydroxyl (Figure 5.1C-D), and primary amine (Figure 5.1E-H) functional 

groups; (2) alkyl chain length between the NO donor site and the terminal functional group, 

including ethyl (Figure 5.1A, C, E, G) and propyl (Figure 5.1B, D, F, H) spacing; or (3) number 
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Figure 5.1 Structures of alkylamines for modification of GAGs, including (A) N-propyl-1,3-
propanediamine, (B) N,N-dimethyldipropylenetriamine, (C) N-(2-hydroxyethyl) 
ethylenediamine, (D) 3-[(3-aminopropyl)amino]-1-propanol, (E) diethylenetriamine, (F) bis(3-
aminopropylamine), (G) triethylenetetramine, and (H) N,N’-bis(3-aminopropyl-1,3-
propanediamine).  
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of secondary amines, including alkylamines with one (Figure 5.1A-F) or two (Figure 5.1G-H) 

secondary amines. The role of this alkylamine moiety should be evaluated against mammalian 

cells to determine how it affects the toxicity profile of the material. Additionally, evaluation 

against relevant bacterial pathogens should be performed to determine how the alkylamine 

influences bacterial association and killing. To establish bacterial association properties, the GAGs 

can be readily labeled with fluoresceinamine at backbone hydroxyl groups using an established 

protocol.10 Bacteria treated with the fluorescently tagged-GAG derivatives can then be imaged 

using confocal microscopy to monitor how the structural modifications affect localization of the 

biopolymer to the bacterial surface and whether localization is affected solely by terminal 

functional group or if other variables (e.g., bacteria strain, alkyl chain length) contribute to this 

property. In a following study, an NO-sensitive fluorescent probe, 4,5-diaminofluorescein 

diacetate (DAF-2 DA), should be employed to determine whether association between the NO-

releasing GAGs and both Gram-negative and Gram-positive bacteria results in greater local 

concentrations of NO and more efficient delivery of NO to the bacterial cells.11 These studies will 

provide insight into which structural properties are most effective at enhancing NO-based bacterial 

eradication and will investigate the mechanisms involved in their success.  

 

5.2.2. In vitro evaluation of the role of NO-releasing GAGs on polymicrobial infections 

As described in Chapter 1, infections, especially those found in chronic wounds, are rarely 

due to colonization by a single pathogen.12–15 Indeed, 75-95% of chronic wounds evaluated across 

two studies were reported to be polymicrobial.14,16,17 As conventional antibiotics typically exhibit 

antibacterial action through a single mechanism, they are often not able to eradicate the broad 

spectrum of bacteria that may be present in a wound.18 Nitric oxide’s multi-mechanistic 
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antibacterial action makes it a promising candidate in eradicating many different bacterial species 

simultaneously.11,19 In Chapters 2 and 3, NO released from GAGs was utilized to eradicate a range 

of wound-relevant pathogens with varying resistance profiles, indicating that it is effective against 

both Gram-negative and Gram-positive bacteria that could exist in a chronic wound. However, it 

has not yet been investigated whether NO-releasing GAGs are able to eradicate multiple species 

of bacteria that are cultured together. Using in vitro polymicrobial bacteria solutions, this efficacy 

can be evaluated. The combination of P. aeruginosa with either S. aureus or E. faecalis is 

frequently observed in chronic wounds and would therefore be a relevant model.17,20 

While bacteria were the focus of this dissertation work, other pathogens are frequently 

found in chronic wounds. A study published by Chellan et al. reported that of 518 diabetic patients 

with infected lower-limb wounds, 21.4% of the wounds contained both bacterial and fungal 

species.21 In a separate study that evaluated 100 non-healing diabetic foot ulcers with more 

sensitive testing techniques, it was discovered that fungal species were present in up to 80% of the 

wounds, with many colonized by Cladosporium herbarum (41%), Candida albicans (22%), and 

Aspergillus cibarius (12%).20,22 Specifically, S. aureus and C. albicans, which interact 

cooperatively, are often co-isolated from burn wounds and diabetic foot ulcers. Infections with C. 

albicans lead to physical damage to organ walls, allowing S. aureus to penetrate into internal 

organs more easily. In turn, S. aureus secretes proteases that assist C. albicans in adhering to the 

mucosal layer, increasing difficulty in eradication.20 As NO has been shown to act as an antifungal 

agent,23,24 it is likely that NO-releasing GAGs would be able to treat co-infections with bacterial 

and fungal species. The culture and treatment of co-pathogens, such as S. aureus and C. albicans, 

are necessary to elucidate whether this hypothesis holds true.   
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5.2.3. Preparation of GAG-based nanoparticles 

The formation of NO-releasing GAG-based nanoparticles represents a new strategy for 

developing a wound healing therapeutic. While retaining the beneficial properties of the NO-

releasing GAGs as discussed in Chapters 2 and 3, the use of nanoparticles could further increase 

these benefits, such as by slowing endogenous degradation and increasing tissue penetration. 

Previously, nanoparticles have been prepared using CS, heparin, or HA.25–29 A straightforward 

method involves the use of carbodiimide chemistry to crosslink the carboxyl groups on GAGs with 

adipic acid dihydrazide. Using this method, HA nanoparticles varying in diameter from 90-190 

nm were prepared.28 Amine modification and NO donor formation could be included in a similar 

synthetic process to develop NO-releasing GAG nanoparticles.  

 One issue frequently reported with in vivo use of linear GAGs is rapid degradation by 

enzymes such as hyaluronidase.30 While maintaining biodegradability is important when 

modifying the GAG structure, altering the kinetics of such biodegradation could be beneficial.  By 

crosslinking the GAGs to form nanoparticles, degradation could be slowed, allowing for improved 

retention time. Degradation kinetics could be determined via studies in which GAG nanoparticles 

are exposed to enzymes (e.g., hyaluronidase) with subsequent analysis via gel permeation 

chromatography. It is hypothesized that HA molecular weight and CS/HS/DS sulfation pattern 

may affect particle size for the NO-releasing GAG nanoparticles. A systematic study of how these 

parameters affect nanoparticle size as well as properties such as skin permeability and tissue 

adhesion should be performed. Lastly, it will be necessary to elucidate how the formation of these 

nanoparticles affects interaction with endogenous receptors. As one example, HEK-Blue™ 

mTLR4 reporter cells could be used to assess how well the nanoparticles interact with the 
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inflammatory receptor TLR4. A large body of work could be established for the preparation and 

characterization of NO-releasing GAG-based nanoparticles.  

 

5.2.4. Development of delivery strategies for NO-releasing GAGs in wound applications 

The preliminary in vivo studies described in Chapters 2 and 3 involved NO-releasing GAG 

delivery via suspension of the biopolymer in PEG 400. While effective, further formulation 

development is necessary to optimize delivery of the GAG and allow for increased retention in the 

wound environment. To achieve this, the NO-releasing GAGs or NO-releasing GAG nanoparticles 

can be incorporated into hydrogels, wound dressings, or ointments. Hydrogels represent a 

promising strategy to increase cell adhesiveness and slow degradation.31 In one study, Feura 

reported a method to prepare crosslinked hydrogels containing amine-modified HA with oxidized 

dextran via imine formation.32 These hydrogels exhibited excellent swelling properties, with a 

swollen mass approximately 75-fold greater than the dry mass of the hydrogel, and demonstrated 

slow degradation in pH 7.4 and 5.4 buffers over 14 d.32 Hyaluronic acid has also been utilized in 

the preparation of wound dressings. Uppal et al. reported the development of fibrous HA wound 

dressings via electrospinning that exhibited increased air permeability and enhanced wound 

healing in a porcine model as compared to gauze.33 Similar techniques for the preparation of the 

described hydrogels and wound dressings could be employed for NO-releasing GAGs. 

Alternatively, NO-releasing GAG biopolymers or nanoparticles could be incorporated into gels 

formed from high molecular weight HA (<1 MDa) to prepare spreadable, easy-to-apply ointments. 

For all strategies, the long-term stability of NO would need to be evaluated. All of these methods 

may benefit clinical translatability in offering simple and effective ways to deliver the antibacterial 

wound healing agents.  
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5.2.5. Further in vivo evaluation of NO-releasing GAGs on murine wound healing using healthy 

and diabetic models 

The preliminary in vivo studies described in this dissertation utilized a single concentration 

of NO-releasing GAG (50 mg kg-1 body weight) as a starting point. The assessment of additional 

concentrations (e.g., 25 and 100 mg kg-1) in the same model would be useful to determine whether 

there is a concentration dependence on the benefits of the NO-releasing GAG and identify the 

optimal treatment dosage. Further, NO-releasing GAGs or NO-releasing GAG nanoparticles 

within the formulations prepared in Section 5.2.4 should be analyzed for their effect on in vivo 

wound healing to identify an optimal delivery formulation. The murine wound models utilized in 

Chapters 2 and 3 were primarily used to assess wound closure rates and endpoint bacterial burden. 

A time-based study is imperative to understand how the GAGs with or without NO affect 

infections and wound healing at the different stages (e.g., inflammation vs. proliferation phases). 

In Chapter 3, it was reported that active NO release was most influential during the initial days 

following wounding (days 1-4 post-wounding), whereas the non-NO-releasing CS derivatives 

were as effective as the NO-releasing derivatives at later time points (days 5-8 post-wounding). 

For this evaluation, mice should be sacrificed and wound tissue harvested at multiple time points 

post-wounding (i.e., 1, 3, 5, and 7 d post-wounding) for analysis via Nanostring to determine the 

gene profile,34 Luminex assay to determine the cytokine profile,35 and qPCR to determine the 

bacterial burden.36 These data will give a more complete understanding of how the GAGs and NO-

releasing GAGs affect wound healing to prepare for translation into clinical trials.  

Additional models will be useful to fully evaluate the potential of NO-releasing GAGs as 

a wound healing therapeutic. Two of the major benefits of NO as an antimicrobial agent involve 

its broad-spectrum action and its unhindered action toward antibiotic resistant bacteria.11,19,37,38 
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Coupling the biopsy punch wound model with a polymicrobial infection composed of P. 

aeruginosa and E. faecalis, as described previously, would allow for evaluation of a complex 

infected murine wound.39 Further, in an orthogonal study, an antibiotic-resistant pathogen, such as 

MDR-PA or MRSA, could be utilized to evaluate NO-releasing GAG’s ability to enhance wound 

healing in a drug-resistant environment. These models will challenge NO’s antimicrobial efficacy 

and truly evaluate whether these complications can be overcome by NO-releasing GAG therapy.  

Lastly, it is of utmost importance to evaluate how the NO-releasing GAGs affect diabetic 

wounds. Diabetes is the disease that contributes to the greatest number of diagnosed chronic 

wounds and represents an unmet need in chronic wound therapy.40 Diabetic individuals exhibit 

hyperglycemia and hypoxia, both of which contribute to an increase in ROS, impaired 

angiogenesis, dysfunction of key cells in wound healing (i.e., keratinocytes and fibroblasts), higher 

concentrations of MMPs, and decreased host immunity.40–42 All of these complications, in turn, 

lead to decreased success in wound healing. Many of the factors associated with diabetic wound 

healing are influenced by NO, making treatment with NO-releasing GAGs especially intriguing 

for diabetic chronic wounds. For this study, streptozotocin (STZ) should be used to produce a 

murine model of type I diabetes via pancreatic islet β-cell destruction.43,44 Wounding, infection, 

and treatment can then occur as optimized from earlier studies to assess the role of NO-releasing 

GAGs in diabetic wound healing. Similar biomarkers, such as genes and cytokines, can be used to 

monitor successful treatment of these wounds.  

 

5.2.6. NO-releasing GAGs for additional applications 

The work described herein focused on the development of NO-releasing GAGs for wound 

healing applications. However, these biopolymers represent attractive therapies for additional 
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applications. One application in particular is the treatment of melanoma, which is responsible for 

80% of all skin cancer-related deaths.45 Large concentrations of NO (i.e., µM) exhibit tumoricidal 

effects via oxidative and nitrosative stresses, which lead to DNA deamination, enzyme 

nitrosylation, impaired cellular function, enhanced inflammatory reactions, inhibited 

mitochondrial respiration, and cell apoptosis.19,46 Nitric oxide therefore represents a promising 

strategy for the treatment of various cancers. A key receptor of both HA and CS, CD44, is 

overexpressed in many tumors.47 The delivery of NO with a GAG backbone thus represents a 

localization strategy for the treatment of melanoma while minimizing off-target effects. The use 

of these materials should be evaluated against A375 human malignant melanoma cells as well as 

representative healthy skin cells (e.g., HDF and HEK) to evaluate whether the NO-releasing GAGs 

are selectively cytotoxic to cancerous cells as compared to healthy cells. Further, CD44 binding 

activity can be monitored to assess whether modification of GAGs with alkylamines and NO 

donors alters the CD44 binding affinity and thus localization potential.48,49 Lastly, the use of 

fluorescently tagged NO-releasing GAGs in treatment of a 3-D MatTek melanoma model 

(consisting of A375 malignant melanoma cells, normal human-derived epidermal keratinocytes 

(NHEK), and normal human-derived dermal fibroblasts (NHDF)) will allow for visualization of 

this targeted therapy.50 

The roles of NO-releasing GAGs on antibacterial activity and inflammation make these 

biopolymers attractive candidates for dental applications. Hyaluronic acid, for example, has been 

utilized in clinical studies for the treatment of periodontal disease as an HA-containing gel or 

mouthwash in addition to physical scaling and root planing procedures. HA-based treatments have 

demonstrated promising results in mitigating papillary bleeding,51,52 gingival inflammation,51,53 

clinical attachment loss,54–56 and bleeding on probing,56,57 supporting the role of GAGs such as 
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HA, CS, and DS in tissue repair.4,47,58 Through NO’s antibacterial efficacy and inflammation 

modulation properties as well as the tissue repair properties of the GAGs, NO-releasing GAGs 

have the potential to be a beneficial treatment for periodontal disease. Pertinent activities can be 

evaluated through in vitro antibacterial assays against prominent periodontal pathogens, such as 

Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans,59 in vitro cytotoxicity 

assays using human gingival fibroblasts (HGF) and human oral keratinocytes (HOK), and 

inflammation reporter cell assays (e.g., HEK-Blue™ mTLR2 or mTLR4). Eventual evaluation of 

top candidates in a murine periodontal model60,61 will facilitate elucidation of therapeutic utility. 

 

5.2.7. Evaluation of NO-releasing lock solutions in a porcine model 

The NO-releasing catheter lock solutions developed in Chapter 4 exhibited successful 

prevention of bacterial and protein adhesion in vitro, supporting their use in preventing biofilm 

formation and thrombosis in vivo. To confirm these properties, as well as assess the role of the 

lock solutions on stenosis, a porcine model should be employed. For this analysis, silicone 

hemodialysis catheters can be implanted in pigs mimicking how they are implanted in humans. 

Pigs should either receive a conventional heparin lock solution (1000 units mL-1)62,63 or an NO-

releasing lock solution (50 mg mL-1 DETA/NO in PBS, pH 7.4) every 2-3 days to mimic catheter 

use in dialysis patients. Throughout the study, pigs should be monitored for infection, with a body 

temperature >103 °F indicating potential infection. Upon culturing of a blood sample, infected 

pigs should be treated with antibiotics. If antibiotic therapy is unsuccessful, pigs will be sacrificed. 

This process of treating and monitoring body temperature can be repeated for 28 d, upon which 

the pigs will be sacrificed, and the catheter, heart, placement vein, and surrounding tissues can be 

harvested for the analysis of thrombosis and stenosis. This model will be essential in determining 
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whether NO-releasing lock solutions represent a prevention and treatment strategy for catheter-

related complications.  

 

5.2.8. Exploration of additional catheter lock solutions 

Chapter 4 detailed the development of NO-releasing catheter lock solutions using the NO 

donors DPTA/NO and DETA/NO. However, many previous NO-based catheter therapies have 

utilized a small molecule S-nitrosothiol NO donor, SNAP.64–67 A side-by-side in vitro and in vivo 

comparison of lock solutions prepared from N-diazeniumdiolate and S-nitrosothiol NO donors 

would be useful prior to further development of these solutions. N-diazeniumdiolate NO donors 

have the benefit of high NO payloads, due to the storage of two moles of NO per mole of secondary 

amine, and less stringent storage conditions; however, S-nitrosothiols are often regarded as more 

biocompatible.68 While the use of SNAP would result in approximately half of the NO payload of 

DETA/NO, SNAP’s biocompatibility would likely allow greater NO donor doses to be utilized 

without exhibiting toxicity concerns. Evaluation of how these properties affect overall efficacy in 

mitigating catheter-related complications would inform further lock solution research and 

development. Of note, the development of NO-releasing lock solutions is not limited to small 

molecule NO donors. As such, NO-releasing macromolecular scaffolds should be evaluated as a 

means to maximize tissue compatibility at the catheter tip, as macromolecular scaffolds have been 

reported to be less cytotoxic to mammalian cells than small molecule N-diazeniumdiolate NO 

donors.11 The development of NO-releasing heparan sulfate, heparin, or dermatan sulfate, as 

described in Section 5.2.1, represents a series of promising macromolecular scaffold systems for 

catheter applications due to the role of these GAGs in anticoagulation and antithrombosis.1,2  
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5.3. Conclusions 

The dissertation work described herein highlights the importance of preventing and treating 

infections associated with chronic wounds and hemodialysis catheters. Due to NO’s multi-

mechanistic antibacterial properties and unlikelihood of developing bacterial resistance, particular 

focus was given to developing NO-based strategies for infection control. The synthesis of NO-

releasing GAGs for the treatment of chronic wound infections yielded promising results in 

eradicating infection and accelerating wound closure using both in vitro and in vivo models. The 

design and implementation of NO-releasing lock solutions facilitated a decrease in protein and 

bacterial adhesion to silicone intravenous catheters as well as the ability to remove pre-adhered 

bacteria from the catheter surface. Both of these applications highlight the versatility of NO and 

the ability to harness NO for the development of strategies to address complex problems. Future 

studies of multi-action NO-release systems using murine wound models and porcine catheter 

models are necessary to fully elucidate their potential and translation to clinical use.   
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