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ABSTRACT

Indwelling medical devices have provided significant enhancement to patient’s
outcomes, but often come with the risk of infection. Increasing numbers of antibiotic-
resistant bacteria have prompted researchers to discover innovative methods to treat and
prevent these infections. Nitric oxide (NO) is a free radical produced by endothelial cells,
macrophages, and neurons that has demonstrated excellent antimicrobial properties. The
incorporation of NO donors within medical grade polymers to mimic endogenous NO
release has shown the potential to reduce infection rates and subsequent antibiotic use.
Before these materials can move to clinical use some improvements are necessary.
Herein, two novel methods of enhancing NO release are described: 1) the addition of a
metal ion to catalyze NO release from a S-nitrosothiol donor and 2) covalent attachment
of the NO donor directly to the polymer. These modifications allowed for prolonged

duration of NO release, increased NO levels, and improved antimicrobial activity.
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CHAPTER 1

INTRODUCTION

1.1 Hospital-Acquired Infections

Indwelling medical devices have allowed for rapid growth in the practice of
medicine and have contributed greatly to the quality of life. While these devices are
indispensable for the treatment and prevention of many diseases and complications, they
are often associated with an increased risk of Infection. Healthcare-associated infections
(HAISs) are defined by their absence at time of admission, but acquired during a patient’s
hospitalization. HAIs impact an estimated 1 in 25 patients in acute care hospital settings
with an observed mortality rate of 100,000 deaths per year in the United States (US)
alone.»?> HAIs are generally broken into 4 types: blood stream infections, surgical site
infections, urinary tract infections, and device-related infections. Together, the morbidity
of these HAIs contributes to roughly $20 billion spent annually as reported by the Centers
for Disease Control and Prevention (CDC).® These statistics cause growing alarm, as the

scope of medical device technology continues to expand.

Common device-related HAIs of significant concern include ventilator-associated
pneumonia (VAP), catheter-related bloodstream infections (CRBSI), and catheter-
associated urinary tract infections (CAUTI). Out of the 3 million central venous catheters
inserted each year in the US, 28% of the resulting infected catheters will lead to

mortality.* Compared to other types of HAIs, VAPs are associated with the highest rate
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of mortality, ranging from 24-50%.° Risk factors for the development of the
aforementioned infections are location of the device, duration of use, and host factors
(age, preexisting conditions, etc.). The use of these devices that lead to infection is
consistently increasing due to the rise in hospitalization rates, along with a large aging
population. This makes reducing the spread of infection and surveillance of device-
related infections a high priority for all healthcare providers. Proper precautions for

reducing the spread of infection, such as hand washing, should also be maintained.

1.2 Pathogenesis of Implantable Device Infections

An infection is acquired when there is an imbalance in the host tissue and foreign
microorganisms. The pathogens that are often associated with nosocomial infections are
considered either gram-negative or gram-positive bacteria, denoting the presence and
structure of the outer membrane. Common cultured organisms from HAIs include gram-
negative Escherichia coli (E. coli), Pseudomonas aeruginosa (P. aeruginosa), and
Proteus mirabilis, and the infamous gram-positive bacteria, Staphylococcus aureus (S.
aureus), known as the leading cause of infections in indwelling medical devices.® Most of
these bacteria can be found on the skin, in water, or on improperly cleaned surfaces and
equipment. Although these bacteria normally reside in these areas with little notice, they
quickly become virulent when given an opportunity, such as a host’s weakened immune
system or an exposed wound on the skin. In a clinical setting, transmission of bacterial
organisms can happen through direct contact with bodily fluids or through air particles.
Transmission can easily happen from a patient’s contact with an infected patient or

passed from a healthcare worker that was in contact with an infected patient.



Upon implantation of a medical device within a biological environment, such as a
venous catheter in the bloodstream, a series of events take place that lead to its
colonization with bacteria. Initially, planktonic bacteria form weak interactions with the
device surface, mainly through reversible Van der Waals forces.” These once free-
floating bacteria cells now attract more cells to the device surface and begin secreting an
extracellular polymeric substances (EPS) designed to hold the cells together. The secreted
matrix also supports stronger adhesion to the surface and provides a protective barrier
from antimicrobial penetration and macrophage engulfment. Maturation of the biofilm is
then dependent on cell-to-cell communication through signaling molecules and a
phenomenon known as quorum sensing. Quorum sensing allows the bacteria to work as a
single unit and react to the environment surrounding them.® As the bacteria continue to
develop and colonize the surface, some cells may detach and disperse into the biological
environment leading to the spread of infection within the host. The complete lifecycle of

a biofilm on a medical device surface is depicted in Figure 1.1.



Platelets

Figure 1.1. Biofilm formation on a material surface goes through 4 distinct
phases: 1) Initial presence and transport of planktonic bacteria 2) Irreversible
attachment to surface and excretion of EPS 3) Biofilm maturation 4) Bacteria
detachment and dispersal

Biofilm contamination and the resultant bacterial dissemination contributes to the
device failure and the development of complications, such as ventilator-associated
pneumonia, catheter-associated urinary tract infections, and surgical-site infections.®
Removal and replacement of the infected device is the typical clinical approach, followed
by a course of antibiotics for bloodstream infections. Penicillin was the first antibiotic
available to doctors in the early 1940’s, beginning the golden era of antibiotics.X® Over
the years the improper prescribing and extensive use of antibiotics has resulted in the
prevalence of bacterial resistance. More than 15 classes of antibiotic drugs have been
implicated in the escalating frequency of resistant bacteria strains.!>!2 Staphylococcus
aureus has shown multi-drug resistance, beginning with the emergence of methicillin-
resistant S. aureus (MRSA) discovered nearly 50 years ago.*® In 2002, 57% of S. aureus
isolated presented as MRSA.}* The spread of MRSA prompted the introduction of

vancomycin as the standard treatment for S. aureus infections, but resistance has been
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quickly established leading to vancomycin-resistant S. aureus (VRSA). While the
occurrence of VRSA is rare when compared to MRSA, it continues to provide
apprehension about the future outlook of antibiotic use. Moreover, bacteria residing

within a biofilm are over 1,000 times more resistant to antibiotics.®

The growing alarm of antibiotic resistance has provoked changes in the
methodology that medical providers use to prescribe and administer antibiotics. Many
facilities now require positive identification of the infecting organism prior to a decision
of medical care. From a pharmaceutical standpoint, there have been a reduction in
companies that invest in antibiotic development due to high risk and an estimated
inevitability of bacterial resistance within 2 years of use.'® The diminishing role of
antibiotics is a motivating factor for scientist and researchers to continually pursue new

avenues for treatment and prevention of bacterial infections.

1.3 Biocompatibility of Medical Devices

Almost all implantable devices are faced with the challenge of the body’s foreign
body response (FBR), initiated upon integration of a foreign material. The FBR is
characterized by events such as initiation of macrophages and blood protein deposition on
the material’s surface. In order to avoid a strong FBR, materials can be designed to be
biocompatible. The biocompatibility of a medical devices is defined by its degree of
interaction with the host tissue and the ability of the device to co-exist within the host
without eliciting harmful local or systemic effects.!”®  When a material lacks
biocompatibility the host may respond in a variety of ways, including deposition of
protein on the material surface, activation of immune system, or initiation of thrombus

formation.*®° Materials recognized as foreign cause the body to react harshly, creating
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more serious complications. For example, a foreign material that causes thrombus
formation on its surface has the possibility of the formed thrombi to block blood flow, as
well as detach and cause an embolism elsewhere in the body. In this case, the material
causes additional harm to the patient and could lead to a fatal outcome. A full assessment
of biocompatibility of a developed device is typically achieved through in vitro studies

that look at fibroblast cell viability after exposure to the material and its leachates.

The determination of a material’s biocompatibility can also predict the potential
interaction of bacteria. Material surfaces that are prone to protein deposition facilitate
bacteria adhesion.’® The process of bacterial adhesion is also influenced by the
characteristics of the individual bacteria and the surrounding medium.?* Since we cannot
change the nature of the bacteria or the medium encountered in medical applications, the
surface of the implant is the only area where significant modification can occur. Surface
characteristics can be adjusted without impacting the bulk properties of the material
through the use of coatings and chemical functionalization.?? Specific methods for
material modification will be further discussed in section 1.4. When designing materials,
it is important to consider the medium that the material will contact. Properties of the
medium that have a role in bacteria adhesion involve shear stress of the medium flow,
concentration of bacteria, temperature, and surface tension of the medium.?*?3% For

indwelling medical devices, mediums that are typically encountered are blood and urine.

Characteristics of bacteria that impact their ability to adhere include the presence
of protein-based structures, such as pili and flagella, surface charge, and bacterial
hydrophobicity. Bacteria in agueous solutions frequently carry a negative surface charge,

which may enhance attachment to medical devices depending on the surface
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functionalization of the material.?® Another important physical factor for bacterial
adhesion is the bacteria’s hydrophobicity. Hydrophobic bacteria tend to have a stronger
affinity for adherence to hydrophobic material surfaces and hydrophilic bacteria tend to
have a stronger affinity for more hydrophilic material surfaces.?® There is a greater extent
of bacterial adhesion in hydrophobic interactions, with a large number of bacterial
species found to have hydrophobic properties.?” Unfortunately, many of the vital medical
devices frequently used are made of materials that are hydrophobic, such as endotracheal

tubes, catheters, and PICC lines making them more susceptible to biofilm formation.

1.4 Current Preventative Strategies

Aside from antibiotics, other measures are implemented to prevent and treat
device-related infection in a clinical environment. Around 1999, there were more than 27
million surgical procedures performed each year in the US, all involving contact between
the sterile patient’s tissues and medical equipment.?® Today, due to the increase in
medical and technological advances, that number is closer to 50 million surgical
procedures annually.?® The first line of defense for infection prevention during these
procedures is through sterilization of materials. Sterilization can be achieved by steam
techniques, ethylene oxide gas, and radiation. These methods are highly successful at
completely eliminating pathogens, but sterilized materials can quickly become vulnerable
to contamination once removed from the sterile field. The ability to use sterilization
techniques is also limited by the type of material. Some materials cannot withstand the
high temperatures and pressures during the process. Even for materials that can withstand

sterilization methods, when used in long-term situations contamination is inevitable.



With these limitations in mind, researchers have aimed to develop materials that
can resist infection even after implantation. For example, urinary catheters are highly
prone to biofilm build-up if used for extended durations. In fact, virtually all patients with
an indwelling urinary catheter for more than 28 days developed an infection.*® These
biofilms and encrustations may then lead to device blockage and failure. With nearly
560,000 catheter-associated urinary tract infections reported annually, a new type of
catheter was proposed that is coated with a silver hydrogel layer.3! This technology was
also translated to other indwelling medical devices, such as endotracheal tubes and
central venous catheters.®? Silver was chosen due to its innate antimicrobial properties
and minimal bacteria resistance.®® Silver’s antimicrobial activity is multifaceted and
attacks bacteria differently than standard antibiotics. In nanoparticle form, silver can
disrupt bacteria cell wall function, penetrate the membrane, and generate reactive oxygen
species (Figure 1.2).3* This is also true for various other transition metal ions, such as
zinc and copper.® Unfortunately, various clinical and laboratory-related studies have
identified little to no difference between silver coated materials and controls.6-%8 Silver
also causes increased platelet activation when exposed to blood, leading to an increased
chanced of thrombus formation, even under the systemic effects of heparin.®® The use of

silver raises concerns over cytotoxicity effects and environmental implications.
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Figure 1.2. Various methods of metal ion antimicrobial action with bacteria cells.
Most activity occurs through the generation of reactive oxygen species that can
disrupt cell structures and function. Metal ions can also cross the cell membrane
and directly damage cellular components.

Another area of study for preventing bacteria contamination and infection is
through modification of indwelling medical device materials. A material’s propensity to
be bound by microbial organism is determined by its chemical composition, the site of
implantation, surface characteristics, and mechanical interactions with host tissues.?
Current strategies for resisting bacterial adhesion includes the selection of hydrophilic
surfaces. Hydrophilic materials have the ability to form hydrogen bonds with water and
allow for the formation of a hydration layer.*> The layer acts as a physical barrier,
passively protecting the material from planktonic bacteria adhesion, but plays no role in
bacterial killing. Additional passive surfaces for reducing adhesion include cationic and
zwitterionic charged coatings.** Drug-eluting materials are a more direct approach to
preventing device-related infection. In particular, polymer systems that actively release

antibiotics have been developed using vancomycin, gentamycin, amoxicillin, and
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cephalothin.*? By incorporating these antimicrobials directly within the material, high
dosages of the drugs can be used to control infection in the area of the device. However,
this strategy is limited by the capacity of the polymeric material and which pathogens a

single antibiotic can target, as well as the potential to enable pathogenic resistance.

1.5 Background on Nitric Oxide

In an effort to address the need for new antimicrobial agents, researchers have
turned to nitric oxide (NO), the endothelium-derived relaxation factor identified by
Furchgott, Ignarro, and Murad in 1987.1643 This gaseous free radical molecule has been
identified as a potent antimicrobial agent, mediator of smooth muscle relaxation and
platelet inhibitor. In mammalian cells, NO is produced from the conversion of L-arginine
to L-citrulline enzymatically by nitric oxide synthase (NOS) in the presence of molecular
oxygen. NO can be generated by three different isoforms of NOS differentiated by their
utilization of calcium. Endothelial NOS (eNOS) and neuronal NOS (nNOS) are calcium
dependent and generate low, continuous levels of NO release, while inducible NOS
(iNOS) is calcium independent and generates high levels of NO when needed.** Each
isoform may be found in various areas of the body, with all three having regulatory roles

in the cardiovascular system.*

NO’s antimicrobial action functions by direct and indirect processes. Both
pathways entail nitrosative and oxidative action. Directly, the small and virtually
uncharged NO molecule can diffuse across membranes with relative ease. Once inside
the bacteria cell NO can form reactive oxygen species intermediates in situ or directly
target DNA and microbial proteins. In an indirect manner NO reacts with superoxide to

produce a potent oxidizer intermediate, peroxynitritte (OONO™). As with NO,
10



peroxynitrite can cross the bacterial membrane and target cellular components leading to
enzyme inhibition, lipid peroxidation and protein nitrosation.*®4’ Peroxynitrite may also
be formed through the reaction of additional NO analogs such as nitrous acid (HNO,)
with hydrogen peroxide (H,0,) or when nitroxyl (NO™) reacts with oxygen.*® Due to its
broad spectrum of antimicrobial actions, NO has a reduced probability of microbial
resistance. Typical antimicrobial molecules are not effective against biofilm bacteria due
to the protective extracellular matrix that surrounds them. NO has been proven to be
effective against biofilm bacteria in addition to planktonic bacteria, demonstrating the
ability to disperse pre-existing P. aeruginosa and E. coli biofilms, putting the bacteria in

a planktonic state and making them vulnerable to traditional antibiotic methods.*%>°
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Figure 1.3. NO can indirectly and directly target bacterial cells. Directly, NO can cross
the membrane and react with superoxide to produce peroxynitrite. Peroxynitrite can react
with tyrosine on membrane proteins, as well as produce oxidizing agents.
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Due to NO’s enticing antimicrobial traits, NO donors have been developed to
store, transport, and delivery NO to mimic the body’s natural host defenses. The usage of
NO in the form of a singularly gaseous molecule presents challenges with a short half-life
in vivo, which led to the development of donor molecules. Some major classes of NO
donors of particular focus are S-nitrosothiols, diazeniumdiolates, organic nitrates/nitrites,
and metal-NO complexes. While these are the major donors researched for biomaterials,
it is important to note that many compounds with nitrogen-oxygen bonds are capable of
decomposing and generating reactive nitrogen species. Most donors release their NO
payload as they decompose in the presence of light, moisture, and heat.®® Some donors

are pH dependent or require the addition of a catalyst.

Organic nitrates and nitrites have long been used in the cardiovascular field as
therapeutic agents in the treatment of vascular and heart diseases, but are often limited by
their short half-life and drug tolerance.> To overcome these limitations additional NO
donors were sought leading to the emergence of the widely studied class of
diazeniumdiolates (NONOates). The unique structure of NONOates allows for the
molecule to covalently attach two moles of NO, however the instability of the molecule
results in rapid release of its NO payload when placed in physiological pH and
temperature, presenting challenges for long-term medical applications. A more recent
class of NO donors with exciting potential are naturally occurring and synthetic S-
nitrosothiols (RSNOs). When exposed to thermal conditions, a metal ion catalyst, or
moisture, RSNOs can relinquish their NO group in the forms of NO°, NO~, and NO*
through a heterolytic or homolytic cleavage.***® One example of an endogenous RSNO

is S-nitrosoglutathione (GSNO). GSNO is a stable NO carrier with important roles in NO
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signaling pathways. A synthetic RSNO used extensively in preclinical studies and the
focus of this thesis is S-nitroso-N-acetylpenicillamine, referred to as SNAP. SNAP has
shown significant antimicrobial activity in both in vitro and in vivo studies.?>>* A study
of the shelf-life of a SNAP-doped material resulted in 87% retention of the initial SNAP
content after 6 months at room temperature conditions, demonstrating its stability and
potential for commercial use.>® Compared to GSNO, the chemical nature of SNAP and its
ability to be dissolved in a variety of organic solvents make it a more appealing molecule

to use in many medical grade polymers.

Effective delivery of exogenous NO for therapeutic purposes is an important topic
in the biomaterial field. Generally, researchers aim to design materials that are NO-
releasing or materials that can generate NO from endogenous sources. When designing
NO-releasing materials, the desired levels of NO surface flux rate are intended to match
the physiologically levels of 0.5 — 4 x 10 mol min® cm? produced by the
endothelium.>® Recent work has shown that surfaces with a NO flux as low was 0.3 x 10
19 mol min"t cm were still effective at reducing viable bacteria attachment.%” Release of
NO is often controlled by the polymeric matrix chosen. A more hydrophilic polymer will
lead to a more rapid release of NO by hydrolysis, where as a more hydrophobic polymer
may release its NO content more consistently at lower levels. The release profile of NO is
also determined by the donor chosen. For example, with SNAP-doped materials the
release of NO is impacted by the crystallization of the SNAP molecule within the
polymer matrix during material fabrication.®® Crystallization tends to occur when the
concentration of SNAP meets or exceeds 10 wt% of the polymer it is incorporated
within.*®

13



The fabrication of NO-releasing materials is accomplished through either
physical blending or chemical attachment of the NO donor to the polymer. Selection of
polymer is important for solvents that are also compatible with the NO donor. In cases of
direct attachment, it is pertinent to maintain the integrity of the starting polymer. This can
be determined through mechanical testing and property characterizations before and after
attachment. Some examples of polymers used for direct attachment include polyvinyl
chloride (PVC) and poly(dimethylsiloxane) (PDMS).5"* In cases of physical blending,
retention of the NO donor is of concern and should be monitored through leaching
studies. An additional approach to physical blending consists of solvent-swelling.®® This
approach is utilized in cases that require a polymer substrate to be heated for
crosslinking, such as the case of catheters made using extrusion polymerization methods.
The use of high heat can cause the NO donors to release their NO content and should be
avoided. To circumvent this issue, placing the cured polymer in a solution of solvent/NO
donor allows for the donor to infiltrate the swelled polymer matrix. The appropriate

fabrication method and polymer should be selected based on the material application.

Materials that generate NO from endogenous sources are still in the early
developmental phase but show great promise for maintaining an unending supply of NO.
NO is generated in vivo through catalyzation of RSNOs, electrochemical reduction of
nitrite, or reduction of sodium nitroprusside.’’ One research group has immobilized -
cysteine to a polyethylene terephthalate (PEG) polymer backbone in order to supply a
free thiol to undergo a reaction with circulating nitrosothiols.5' Others have used the

catalytic approach by incorporating a lipophilic copper (11) complex to generate NO from
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endogenous sources.%? Both studies show promising outlooks, but there are still

challenges in measuring NO generation in vivo.

While NO work shows promising results, the current fabrication methods have
some drawbacks. These drawbacks include high cost of production, storage stability, and
lifetime of NO release. Many methods fail to establish a controllable or sustained release
rate and often exhaust their NO reservoir within the first 24 h when exposed to
physiological conditions. Controlling NO levels is crucial for various biological
functions and applications, which is why the versatility of using RNSO based donors like
SNAP is necessary to improve the overall biocompatibility of medical devices. This
thesis aims to address the current drawbacks of NO-releasing platforms and improve
antimicrobial activity of these systems. Diverse novel methods are demonstrated that
improve two types NO donor scaffolds, electrospun polyacrylonitrile (PAN) and
polyurethane-silicone copolymer.

Chapter 2 of this thesis presents a method for enhancing NO release over an
extended period of time. This is accomplished by the addition of a metal ion catalyst, in
the form of zinc oxide nanoparticles, top-coated on a SNAP-impregnated polymer.
Traditionally, polymers embedded with RSNOs do not release a high enough flux for a
prolonged duration to be an effective antimicrobial surface. The incorporation of a zinc
catalyst was able to enhance the NO release significantly. In addition to the improvement
of NO release kinetics, the zinc ion adds an additional antimicrobial agent that allows for
further broad-spectrum activity. The synergy between zinc and NO helped to
significantly reduce the amount of viable bacteria adherence on the material surface,

compared to either agent alone. Several additional studies were conducted to characterize
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the multifaceted material, indicating a uniform zinc coating, low cytotoxicity to
fibroblast, and minimal NO donor leaching.

A novel approach to fabricating NO-releasing nanofibers is discussed in Chapter
3. Directly blending polymeric fibers with an antimicrobial agent can result in rapid
leaching of the agent and are not suitable for long-term applications. In cases of fibrous
wound dressings, release rate of the antimicrobial agent is crucial in the reduction of the
growth rate of bacteria within a wound.®® To provide a more stable and longer-term
release of NO in wound healing applications, we present a chemical method for the
irreversible attachment of an RNSO donor directly to PAN nanofibers. Antimicrobial
capabilities and wound healing resolution are both important parameters to consider
when designing a wound healing scaffold, and the incorporation of NO release enhances
both of these properties. By covalently attaching the donor to the polymer, the concern of
leaching was eliminated, which in turn prolonged the NO release from the nanofibers.
The newly fabricated SNAP-PAN fibers were evaluated for fibroblast attachment and
proliferation, proving beneficial in the support of the wound healing process. Overall,
this work demonstrates the improvement of NO-releasing nanofiber platforms for wound

healing and infection prevention applications.
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ABSTRACT

The development of infection resistant materials is of foremost importance as
seen with an increase in antibiotic resistance. In this project, the NO-releasing polymer
has an added topcoat of zinc oxide nanoparticle (ZnO-NP) to improve NO release and
match the endogenous NO flux (0.5 — 4 x 10'° mol cm? min™). The ZnO-NP is
incorporated to act as a catalyst and provide the additional benefit of acting
synergistically with NO as an antimicrobial agent. The ZnO-NP topcoat is applied on a
polycarbonate-based polyurethane (CarboSil) that contains blended NO donor, S-nitroso-
N-acetylpenicillamine (SNAP). This sample, SNAP-ZnO, continuously had NO release
above 0.5 x 10'° mol cm? min? for 14 days while samples containing only SNAP
dropped below physiological levels within 24 hours. The ZnO-NP topcoat improved NO
release and reduced the amount of SNAP leached by 55% over a 7-day period. ICP-MS
data observed negligible Zn ion release into the environment, suggesting longevity of the
catalyst within the material. Compared to CarboSil films, the SNAP-ZnO films had a
99.03% Kkilling efficacy against S. aureus and 87.62% Killing efficacy against P.
aeruginosa. A cell cytotoxicity study using mouse fibroblast 3T3 cells also noted no
significant difference in viability between the controls and the SNAP-ZnO material,
indicating no toxicity towards mammalian cells. The studies indicate that the synergy of
combining a metal ion catalyst with a NO-releasing polymer significantly improved NO

release kinetics and antimicrobial activity for device coating applications.
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2.1 INTRODUCTION

One of the most common problems with implanted medical devices is the
increased susceptibility of the patients to infections.® Infections attributed to medical
devices, otherwise known as healthcare associated infections (HAIS), have led to various
complications like increased healthcare costs, medical device failure, and unnecessary
deterioration in a patient’s health.? While the Center for Disease Control and Prevention
estimates that 1 out of every 25 hospitalized patients is affected, HAIs are increasingly
linked to mortality and morbidity.®> Some of the most common types of HAIs include
catheter associated urinary tract infections, surgical site infections, and bloodstream
infections. The need to prevent and control HAIs is evident; such infections can be
transmitted between different healthcare facilities and their prevention can result up to

$31.5 billion in medical cost savings.®

While infection can be managed using several strategies, prevention of infection
by anti-fouling and antimicrobial materials for medical devices has been studied
extensively.* Although some of the most successful strategies include both active and
passive agents, active agents are most widely studied due to their higher rate of success in
preventing infections in the long term, whereas passive surfaces can be fail over time.
Passive materials such as polyethyl glycol, zwitterionic polymers and other hydrophilic
polymers are unable to kill the pathogens themselves and can also be fouled over time
through settling of other biomacromolecules, which in turn can attract microbes.
Therefore, agents such as silver nanoparticles (Ag-NPs), antibiotics, chlorhexidine,
triclosan, quaternary ammonium ions, antimicrobial peptides, and nitric oxide (NO) have

been studied widely.®

24



The often miraculous and controversial roles of nitric oxide (NO) in several
biological applications from nerve signals to gut functions have been studied aggressively
since 1992 when it was awarded the “Molecule of the Year” by The American
Association for the Advancement of Science. Since NO’s half-life is very short in
physiological conditions, NO is transported in the form of endogenous S-nitrosothiols
(RSNOs, e.g. S-nitrosoglutathione (GSNO), S-nitrosoalbumin, S-nitrosocysteine).® S-
nitrosothiols degrade to release NO and result in disulfide formation.” However, over the
last two decades, NO release from both endogenous and synthetic donors has been
studied for the purpose of antimicrobial medical device coatings and wound healing
applications.>®* While a couple of NO donors like N-diazeniumdiolates,>'” and S-
nitrosothiols *31° have been researched extensively, their disadvantages include low NO
release, cytotoxicity towards mammalian cells, and by-products that are not approved by
the FDA. Similar to GSNO, SNAP is another RSNO, but is synthetic and has a longer
shelf-life with increased NO donor capacity in polymers.?® SNAP has been studied
extensively in different polymers and thus is a well-characterized NO donor with the least
cytotoxicity towards mammalian cells since the release of NO leads to FDA approved by-

products.?

Zinc oxide is another antimicrobial but it is already commercially used and is
known to have less cytotoxicity towards mammalian cells while having similar
antibacterial effects at the same concentration when compared to other commonly used
antimicrobial metal ions such as copper and silver.?? It has been shown to inhibit the
growth of dental caries-related bacteria, Streptococcus mutans, Actinomyces viscosus,

Lactobacillus casei, Staphylococcus aureus (S. aureus), and Candida albicans.?® Zinc
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oxide nanoparticles (ZnO-NPs) have been found to inhibit growth and cause loss of cell
viability in Escherichia coli (E. coli) and S. aureus at concentrations ranging from as low
as 1 mM up to 3.4 mM. The same concentrations also had minimal effects on primary
human T cell viability.?* Metal ions with high affinity for sulfur like Zn ions tend to
inhibit glycolysis within microorganisms by oxidizing thiols groups in essential
glycolytic enzymes. Coupled with low toxicity towards mammalian cells, ZnO-NPs are a
good example of metal ion nanoparticles that are required in low concentrations for

increased antimicrobial effects.?

As of yet, no studies have been conducted to demonstrate the improvement of
antimicrobial activity of biomaterials that contain both NO releasing properties and ZnO-
NP coated surfaces. The hybrid material fabricated in this study containing both ZnO-NP
and NO donor capacity will serve two purposes: 1) provide a synergistic effect of
antimicrobial properties by combining different mechanisms of bactericidal properties
exhibited by NO and ZnO -NPs, and 2) ZnO-NPs would provide a catalytic platform for

NO release.

While the enhanced biological effects of nitric oxide releasing materials have
been studied with metal ions like iron and copper,?-? and polyurethane/metal organic
framework composite materials,?® the catalytic effects of a much more mammalian cell
friendly metal ion, ZnO-NPs, has not been studied until now. In the past, the effect of
Zn?* on its ability to generate NO from SNAP has been studied using a Zn wire and a

solution for in vivo biodegradable bare stent and has been found to elevate NO release.*°
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However, the enhanced biological effects, like increased antimicrobial activity and lower

cytotoxic effects of ZnO-NPs on NO releasing polymers have not been studied.

As discussed herein, we have attempted to fabricate, study, and demonstrate the
catalytic and antimicrobial properties of a hybrid material SNAP-ZnO (Figure 2.1).
ZnO-NPs were topcoated on a NO-releasing polymer to enhance infection resistant
properties of potential medical coatings. Different concentrations of ZnO-NPs were
dispersed in previously established concentrations of NO-releasing polymer topcoats and
studied for leaching properties of SNAP. Once the least leaching (highest SNAP storage)
combination is determined, the hybrid sample is then used to investigate synergistic
properties of NO and ZnO-NP in antimicrobial and cytotoxicity studies. Studies for up to
14 days of elevated NO release and 24-hour antimicrobial effects have been presented.
Along with proving the antimicrobial efficacy of the material, cytotoxic studies are

performed to ensure mammalian cell friendly nature of the final product.

4 2\

Dipcoated with 25 mg/mL CarboSil (2x) Lu"" ————— |

: \ CarboSil 3,
< .
Solution casted film Dipcoated with 10 wt.% ZnO-NP
(50 mg/ml Carbosil) /ol ook 20 -
\ ZnO Y,
4 2\

Dipcoated with 25 mg/mL CarboSil (2x) é

SNAP D
s S
A o Dipcoated with 10 wt.% ZnO-NP
wi .

(50 mg/ml CarbosSil) " SNAP-ZnO P

Figure 2.1. Fabrication process of four main tested samples in antimicrobial and
cytotoxicity tests. CarboSil, ZnO, SNAP, SNAP-ZnO.
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2.2 MATERIALS AND METHODS
Materials

CarboSil® 2080A UR STPU (referred to as CarboSil hereon) was acquired from
DSM Biomedical Inc. (Berkeley, CA). Anhydrous tetrahydrofuran (THF), N-acetyl-D-
penicillamine (NAP), sodium nitrite (NaNOz), concentrated sulfuric acid (H2SOa),
phosphate buffered saline (PBS), ZnO-NPs, cell counting kit-8 and ethylenediamine
tetraacetic acid (EDTA) were obtained from Sigma Aldrich (St. Louis, MO).
Concentrated hydrochloric acid (conc. HCI), and methanol were bought from Fisher-
Scientific (Hampton, NH). CarboSil™ 2080A (CarboSil) was obtained from DSM
Biomedical Inc. (Berkeley, CA). Gram-positive Staphylococcus aureus (ATCC 6538)
and Gram-negative Pseudomonas aeruginosa (ATCC 27853, P. aeruginosa) were
originally obtained from American Type Culture Collection (Manassas, VA). Milli-Q
filter was used to obtain deionized (DI) water for all the aqueous solution preparations.
Nitrogen and oxygen gas cylinders were purchased from Airgas (Kennesaw, GA). LB
Agar (LA), Miller and Luria broth (LB), Lennox were purchased from Fischer

BioReagents (Fair Lawn, NJ).

Synthesis of S-nitroso-N-acetyl-penicillamine (SNAP)

The protocol for the synthesis of SNAP was followed from a previously reported
method with slight modifications.3* Briefly, 2M HCI and 2M H2SO4 were added to a
beaker containing a 1:1 mixture by volume of methanol and water, followed by an
equimolar ratio of NAP and NaNO>. The solution was stirred for 30 minutes then moved
to an ice bath to facilitate the precipitation of the SNAP crystals. After 6 hours, the

crystals were collected via vacuum filtration and dried for 24 hours. The entire process
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and crystals obtained were shielded from light throughout the entire duration of the

experiment.

Fabrication of ZnO-NP loaded-NO Releasing Films

The bulk of the films were made using solvent casting method and top coats were
added using dip coating (both techniques have been previously described and
published).3**2 Briefly, SNAP films were prepared by dissolving CarboSil in THF for a
final concentration of 50 mg ml™. CarboSil is a polycarbonate-based polyurethane that
contains a silicone segment and is marketed by DSM. It has been used previously by our
and other groups and has been found to have good NO-releasing properties.3!3® (Exact
properties are not public knowledge but all details are available on the company’s
website.) When CarboSil was fully dissolved, 10 wt.% SNAP was added to the solution.
The solution was then poured into a Teflon™ mold and left to dry in the dark, overnight.
Dried films were cut into circular disks with diameters of 8 mm. Then, various solutions
of 25 mg ml? of CarboSil were prepared separately (containing 0, 1, 5, and 10 wt.%
ZnO-NP). The circular films were top coated twice with the prepared solution containing
0, 1,5 or 10 wt.% ZnO-NP by dipping the films in the solution and allowing 10 minutes
of drying between coats. The ZnO-NP used was purchased from Sigma-Aldrich. The size
of the ZnO-NP was specified as <50nm in size and >97% purity. All films were allowed
24 hours to fully dry before being used for experiments. Following is a table (Table 2.1)

for all the compositions used along with the sample names.
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Table 2.1. Composition for each sample.

Sample Fabrication

SAMPLE
NAME BASE FILM TOPCOAT
CarbosSil 50 mg/ml CarboSil 2 dips of 25 mg/ml CarbosSil solution
] . 2 dips of 25 mg/ml CarboSil solution
Zno-1 50 mg/ml CarboSil containing 1 wt.% ZnO-NP
] . 2 dips of 25 mg/ml CarboSil solution
Zn0-5 50 mg/ml CarboSil containing 5 wt.% ZnO-NP
. 2 dips of 25 mg/ml CarboSil solution
Zn0 50 mg/ml CarboSil containing 10 wt.% ZnO-NP
50 mg/ml CarbosSil . . .
SNAP with 10 Wt.% SNAP 2 dips of 25 mg/ml CarbosSil solution
i i 50 mg/ml CarbosSil 2 dips of 25 mg/ml CarboSil solution
SNAP-ZNO-1 | it 10 wt.% SNAP containing 1 wt.% ZnO-NP
i i 50 mg/ml CarbosSil 2 dips of 25 mg/ml CarbosSil solution
SNAP-ZNO-5 | ith 10 wt.% SNAP containing 5 wt.% ZnO-NP
SNAP-ZnO 50 mg/ml CarboSil 2 dips of 25 mg/ml CarboSil® solution
with 10 wt.% SNAP containing 10 wt% ZnO-NP

SNAP Leaching Analysis

Prepared circular films were tested for leaching of SNAP using UV-Vis
spectrophotometry. The SNAP leached into the PBS used to soak the films was measured
by detecting the absorbance at 340 nm wavelength (maximum absorbance for SNO bond
in SNAP) at various time points over 7 days. Samples were weighed before applying the
topcoats to determine the amount of SNAP initially present. After application of topcoats,
films were soaked in PBS (with EDTA) at 37°C for the duration of the study.

Measurements were compared to a calibration curve.

Energy-dispersive X-ray spectroscopy
Scanning electron microscopy (SEM, FEI Teneo, FEI Co.) fitted with a large

detector Energy dispersive X-ray spectroscopy (EDS, Oxford Instruments) system was
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employed at an accelerating voltage of 10.00 kV to examine the presence and elemental

mapping of SNAP and ZnO-NP particles throughout the surfaces fabricated.

Nitric Oxide Release Measurements

Chemiluminescence of NO release from SNAP-ZnO films versus the SNAP films
was measured using a Siever’s Nitric Oxide Analyzer (NOA) (Boulder, CO). Films
containing SNAP (both with and without ZnO coatings) were measured for their NO
release. Each sample was placed in cell containing PBS buffer at 37°C. EDTA was added
to this PBS buffer as a chelating agent and prevent any catalytic release of NO by free
metal-ions in the solution. Nitrogen gas was bubbled through the solution to purge NO
from the solution. Sweep gas carried the purged NO to the detection chamber, where it
was measured in PPB. Samples were measured with NOA on day 0, 1, 3, 5, and 7.

Between measurements samples were kept in PBS buffer in 37°C incubator.

Inductively Coupled Plasma — Mass Spectroscopy (ICP-MS)

To measure the amount of metal-ion nanoparticles (ZnO in this case) in the
sample leachates for the duration of the study, an ICP-MS study was conducted using a
VG ICP-MS Plasma Quad 3 instrument.?® In this study, the samples containing ZnO
topcoats were soaked in DMEM for 2 weeks and kept in 37°C. At the end of 2 weeks, the
films were removed from the media and the media was analyzed for presence of #4Zn and

%67n isotopes using a previously published method.®*

Bacterial Adhesion Study
Bacterial adhesion study for the fabricated materials was carried out using a
previously established ASTM E2180 protocol.®? This protocol was performed with very
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minor modifications. The samples used for the bacterial adhesion study were CarboSil,
ZnO, SNAP and SNAP-ZnO. The bacteria used for antimicrobial efficacy analyses were
S. aureus and P. aeruginosa. The bacteria were grown to a mid-log phase of ~108-10®
CFU mltin LB broth at 37°C. Following this, the bacteria were then resuspended in PBS
to incubate the samples. 2 ml of bacterial solution was used for each sample and kept in a
shaker incubator (37C, 200 rpm) for 24 h. After 24 h of incubation with the bacteria,
samples were rinsed with DI water to remove any unattached bacteria. The samples were
then homogenized for 1 min each to remove any adhered bacteria into buffer solutions.
The buffer solutions, now containing bacteria from the materials, were serially diluted
(up to 10°), plated on LB agar, and kept in the incubator (37°C). The colonies of bacteria
were counted after 18 h of incubation and average number of CFUs were normalized for

the surface area of each sample exposed to the bacteria.

Cytotoxicity Analysis

The cytotoxicity test was performed on mouse fibroblast cells (3T3) using a
recommended and previously published cell cytotoxicity assay.?® The mouse fibroblast
cells were cultured from a cryopreserved vial Dulbecco’s Modified Eagle’s Media
(DMEM) containing 5% glucose, 10% Fetal bovine serum and 1% antibiotics (Penn-
Strep). The culture media was changed every second day until the cell confluency was
80-90%. After this step, 100 ul of 5000 cells/ml were seeded per well of a cell culture
grade 96-well plate (n=5) and kept in a humidified incubator with 5% CO, maintained at

37°C.
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In the meanwhile, leachates from the CarboSil films, SNAP-CarboSil, ZnO-
CarboSil and ZnO-SNAP-CarboSil films were collected by adding 10 mg of each type of
sample in 10 ml of DMEM media (n=5 for each sample type). The resulting mixture was
covered in an amber vial in the incubator at 37°C for 24 hours to allow the films to leach

in the DMEM medium.

After 24 hours, 10 L of the leachates were added to each of the well-containing
cells followed by incubation for 24 hours in the incubator. 10 pL of the WST-8 solution
(CCK-8 kit, Sigma Aldrich) was added to the resulting mixture and incubated for 4 hours
according to the manufacturer’s recommendation. The NADH released by only viable
fibroblast cells converted WST-8 to formazan, an orange color product that was
quantified at 430 nm using a photo plate reader. The relative viability of the cells was
measured with respect to CarboSil (cells exposed to CarboSil leachates) using the
formula below.

% Cell Viability = Absorbance of the test samples % 100
o Lell Viabllity = Absorbance of the CarboSil samples

Statistical Analysis
All data are stated as mean + standard deviation. The number of replicates for
every experiment have been mentioned under methods used. Student’s t-tests were

performed with unequal variances and significance is reported as p<0.05.
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2.3 RESULTS AND DISCUSSION

Film Fabrication, Surface Characterization and NO Release Kinetics

Previous work has shown SNAP-blended polymers to release NO on the low end
of the physiological range.?! This is in part due to the need for hydrophobic polymers
requiring a thin top coat as a support for SNAP to prevent rapid leaching of the molecule.
The hydrophobicity of these polymers delays or prevents moisture from reaching the
SNAP molecule to elicit NO release. We hypothesized that the addition of a metal ion,
specifically Zn, would catalytically increase NO release from SNAP within the
hydrophobic polymers without unnecessary SNAP leaching. For this study we used a
biocompatible, medical grade thermoplastic urethane copolymer, CarbosSil, as a support

for SNAP.

Films of varying ZnO-NPs were made to test for SNAP leaching on consistent
SNAP content films as mentioned on Table 1. This was done to establish the wt.% of
ZnO-NP required for a longer NO-release with ideal SNAP storage. The amount of
SNAP, 10 wt.%, required for sustained NO release has already been established in
previously published results.®? To determine if ZnO-NP topcoated films helped to retain
SNAP within the film, a 7-day study on films stored in PBS (pH of 7.4, 37°C) was
conducted. It is ideal to have high SNAP retention within the polymer in order to ensure
prolonged NO release from the material, as well as avoid adverse cytotoxic effects, if any
exist. After 7 days of soaking, all film types showed a high amount of SNAP retention
(Figure 2.2, Table 2.2). Minimal leaching was demonstrated in the SNAP-ZnO films

with only 7.75 + 0.51 wt.% SNAP leached after 7 days, while films containing only

34



SNAP had the most SNAP leached (13.86 + 3.62 wt.%). This higher retention of SNAP
within SNAP-ZnO may be contributed to the ZnO-NP content in the topcoat as
everything else is left consistent along the tested samples. The metal ion -blended topcoat
may slow SNAP’s ability to pass through the polymer layer. The catalytic effect of the
ZnO-NP within the topcoat could also be facilitating a quicker degradation of the SNAP
as it diffuses, resulting in the leaching of NAP instead which would be undetectable at the
measured SNAP UV wavelength (340 nm). However, since NAP has been demonstrated

in the past to be noncytotoxic and is even used in heavy metal chelation therapy, the

possible leaching of this would not be problematic.®® Due to these results all subsequent

studies (NO Release measurement, EDS mapping, Antibacterial efficacy, Cytotoxicity)

were performed with SNAP-ZnO as the proposed hybrid material demonstrated reduced

loss of SNAP from the material despite having the exact same coatings as the other

materials and differing only in the ZnO-NP content (10 wt.% compared to 1 and 5).

(Note: The loading efficiency of SNAP in all the films with SNAP is estimated to be
~100% since the SNAP crystals are allowed to dissolve and blend into the polymer/THF

solution and casted into the molds.)
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Figure 2.2. SNAP leaching profile for SNAP, SNAP-ZnO-1, SNAP-ZnO-5, and SNAP-
Zn0-10 films. SNAP leaching was tested over 7 days/168 hours. (n=3)

Table 2.2. Complementary table for Figure 2: Weight percentage of SNAP leached.

Wt. % of SNAP

Leached
1 hour 4 hours 24 hours 48 hours 72 hours 96 hours 168 hours
SNAP 1.70 £1.55 3.73£1.94 5.34 £2.11 7.81£1.98 9.81+£1.98 11.53+2.51 13.86 +£2.96

SNAP-ZnO-1 | 0.45+0.40 2.06 £0.50 3.94 £0.59 6.22 +0.83 8.10+0.96  10.89 +2.35 12.70 £2.61
SNAP-ZnO-5 | 0.00+0.00 1.06 +0.32 2.37+0.41 4.39 £0.51 5.39 +0.26 6.86 £0.34 8.82 +0.26

SNAP-ZnO 0.21+0.30 1.38 +0.34 2.52 +0.30 4.47 +0.66 4.99 +0.39 6.08 £0.40 7.75+0.41

The low water uptake property of CarboSil allows for SNAP crystal formation
within the polymer matrix. Exceeding the SNAP solubility threshold allows for
crystallization of the molecule, thus stabilizing the NO donor to increase longevity of NO
release.®®%”  To reach the optimum crystallization of SNAP without sacrificing

mechanical properties of the polymer, 10 wt.% SNAP was used in all films, as
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determined from previous work.®” It was observed that the NO flux for the SNAP-ZnO
films remained in the physiological range released from the endothelium of 0.5 to 4.0
(x10™2° mol min? cm? for over 14 days (Figure 2.3, Table 2.3). While the SNAP
samples had an initial burst (Day 0 not included in figure) in NO flux of 3.57 + 0.814
(x10°2° mol min't cm2), within 24 hours the flux was 0.24 + 0.045 (x10° mol min'* cm™)
and below 0.10 (x101° mol min* cm) by day 14. Although the average NO Flux for the
SNAP-ZnO films on day 14 was 0.487 + 0.075 (x10™° mol min? cm?), just below
physiological levels, recent work has shown these levels still exhibit an antimicrobial
effect.®® The extended and improved NO release from SNAP-ZnO films shows a
promising outlook for long-term indwelling medical device applications to reduce device-

associated infections.

Table 2.3. Complementary table for Release of NO (x102° mol cm™ min't) from SNAP
films vs. SNAP-ZnO films for 14 days.

Day 1 Day 3 Day 5 Day 7 Day 11 Day 14

SNAP 0.241+0.045  0.222+0.023  0.235+0.084 0.203 £0.048  0.123+0.061  0.079 +0.043
SNAP-ZnO | 5766 +0.427 175240145 1.253+0.129 0.851+0.019 0.649 +0.026  0.487 +0.075
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Figure 2.3. NO release profile for SNAP vs. SNAP-ZnO films for 14 days. (n=3)
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To confirm that SNAP crystals were blended and ZnO-NPs were present and
evenly distributed on the surface of the samples, fabricated films (SNAP-ZnO) were
mapped by EDS and analyzed for the uniform presence of zinc and sulfur. The coatings
and impregnation of SNAP and ZnO-NPs were found to be uniform as shown in Figure
2.4 A and B indicating that the fabrication method had no adverse effect on the stability
of SNAP or ZnO-NPs. This uniform distribution is also a good indication that the coating
method is reliable to be used for microbial adhesion prevention on the medical device’s

surface.

Figure 2.4. Energy dispersive X-ray Spectroscopy images of the elements present in
different coatings. A) Sulfur element map for SNAP-ZnO films and B) Zinc element map
for SNAP-ZnO films

Analysis of ZnO-NP Leaching

The decomposition of all RSNOs into radical NO and disulfides is facilitated
through the homolytic cleavage of the sulfur-nitroso bond which can be accelerated by
the administration of certain transition metal ions. The reduction of Cu?" metal ions to
Cu* has been thoroughly investigated in its catalytic properties with RSNOs.*® While the

exact mechanism is still being investigated, Zn has previously been reported to display a
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similar catalytic effect.® The Zn?* mediated reactivity of RSNOs has a more unique
proposed mechanism when compared to Cu® as it keeps its ionic state consistent
throughout the catalytic process. After RSNO degradation to RS™ + NO, residual RS
molecules end up forming disulfide RSSR compounds when in an aqueous environment.
Zn is able to form a complex with these residual RS~ ions to prevent disulfide bond
formation, allowing for possible regeneration of RSH molecules after complete NO
release and subsequent renitrosation into its original RSNO form.*° The presence of these
thiols would also assist in the increased NO release of Zn incorporated SNAP films as

RSH molecules have been demonstrated to have destabilizing effects to RSNOs.*

While Zn has many beneficial effects, and is vital for numerous physiological
pathways, it is important that a majority of the ZnO-NP stays within the tested polymer
films to help facilitate the catalytic NO release from the blended SNAP. To detect for any
ZnO-NP diffusion, ICP-MS was performed on 1 cm? measured samples. Only the highest
weight percent (10%) of ZnO-NPs was used for all ICP-MS studies to observe any
potential leaching into the surrounding environment. After 14 days of soaking in DMEM
at 37°C, ZnO films demonstrated only 1.08% of the total Zn leached into solution while
SNAP-ZnO films also had a negligible 3.17% leached. This shows how well
encapsulated the nanoparticles are within the topcoats of the synthesized CarbosSil
polymer films and demonstrates the potential longevity of their catalytic activity. As NO
is emitted from the polymer into an aqueous environment, trace amounts of nitric acid are
formed at the material interface which can increase the potential Zn solubility and

account for the slightly higher leachate result. The increase in Zn leaching from the
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SNAP-ZnO films could also be assisting in the increased antimicrobial activity, which is

described in detail in the next section.

Enhanced Antimicrobial Efficacy and Low Cytotoxicity of NO-Releasing Materials
Topcoated with ZnO-NP

Bacterial adhesion is a common challenge faced by medical implants. It is
triggered in response to medical devices coming in contact with the fluidic biological
milieu provided by the human physiology and the surgical wound provided during the
insertion of the medical device. This bacterial adhesion in the first few hours of
implantation can lead to infection of the site and further cause medical device failure or
even death. Furthermore, S. aureus and P. aeruginosa are two of the most commonly
found nosocomial pathogens. Due to the stated reasons, a bacterial adhesion study was
carried out for the fabricated materials for 24 hours using S. aureus and P. aeruginosa.
Another important point to note here is that both bacteria studies were done after an
initial 24 hours soaking of the materials in PBS. This step allowed for initial metal-ion
and SNAP leachates to be removed from the study and hence prevent any false results

due to higher percentage of leachates during bacterial incubation.

Due to the antibacterial properties of NO, active release of NO from the donor
molecule incorporated in the hydrophobic polymeric films can reduce the chances of
biomedical device related infections or HAIls. The adhesion of bacteria to the NO-
releasing material can further be reduced increasing the NO release or having an initial
burst release followed by the synergistic bactericidal activity of a metal ion. As seen from
Figure 2.5 A, in case of S. aureus, there is a 78.02 £25.03% reduction (~0.5 log) when
only ZnO-NPs are applied as a topcoat on CarboSil samples. This is due to the

40



bactericidal properties of ZnO-NPs as mentioned in the introduction. NO-releasing
CarboSil (SNAP films) in comparison have a higher killing efficiency at 87.72 +£7.53%
(~1 log) reduction due to even better bactericidal properties of diffusion based bacterial
cytotoxicity of NO. However, the synergistic effects are clearly seen and very prominent
as there is a 99.03 £0.50% (~2 log) reduction in case of SNAP-ZnO films. This reduction
is seen to increase when ZnO-NPs are applied as topcoat to SNAP containing polymer
and hence it can be concluded that ZnO-NPs and NO have synergistic bactericidal effects
against S. aureus. It is also important to note here that in addition to the higher reduction
with SNAP-ZnO materials, there was also a high reduction between ZnO vs SNAP-ZnO

(95.59 +£2.29%) and SNAP vs SNAP-ZnO (92.11 £4.10%) materials.

A Inhibition of viable S. aureus B Inhibition of viable P. aeruginosa
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Figure 2.5. Inhibition of viable bacteria adhesion over 24-hour exposure in physiological
conditions. A) Comparison in adhesion of S. aureus between CarboSil, ZnO, SNAP and
SNAP-ZnO films. B) Comparison in adhesion of P. aeruginosa between CarboSil, ZnO,
SNAP and SNAP-ZnO films. (All bars indicate statistical significance with p<0.05; n=4
for S. aureus; n=3 for P. aeruginosa)
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Similar results were observed in case of P. aeruginosa but with a smaller log
reduction in all the bactericidal agent containing films (Figure 2.5 B). This may be
attributed to the extra cell membrane that Gram negative bacteria like P. aeruginosa
have. A 60.98 £14.18% (~0.5 log) reduction was seen in ZnO, and a 63.76 +14.88%
reduction for SNAP materials was seen when compared to CarboSil. Although when both
the bactericidal agents were combined, SNAP-ZnO materials yielded an 87.63 +4.86%
(~1 log) reduction when compared to CarboSil samples. All of these reductions were
significant with a p value<0.05. This higher reduction is seen as a synergistic effect of
ZnO-NPs and NO’s antimicrobial activity. In addition to these reductions, there was also
a high reduction between ZnO vs SNAP-ZnO (65.86 +13.42%) and SNAP vs SNAP-ZnO
(68.29 £12.46) materials. Thus, from the antimicrobial assays used to test the synergistic
combination of ZnO nanoparticles with NO donor, the hybrid materials were able to
demonstrate superior infection-resistant properties that can be applied to medical device

coatings (Table 2.4).

Table 2.4. Reduction of bacteria/cm? seen on test samples compared to CarboSil control

Reduction in S. aureus (%) Reduction in P. aeruginosa (%)

CarboSil vs ZnO 78.02 £25.03 60.98 +14.18
CarboSil vs SNAP 87.72 £7.53 63.76 £14.88
CarboSil vs SNAP-ZnO 99.03 £0.50 87.63 +4.86
Zn0O vs SNAP-ZnO 95.59 £2.29 65.86 £13.42
SNAP vs SNAP-ZnO 92.11 +4.10 68.29 +12.46

While the material demonstrated controlled NO release and antibacterial efficacy,
it was important to validate that the material is not toxic to the mammalian cells. In a
real-life scenario, this would mean protecting the host tissue from toxic side effects
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during the time of application. The WST-8 dye-based test showed that there was no
significant difference in the viability when the CarboSil was compared with cells exposed
to leachates from SNAP, ZnO or SNAP-ZnO materials (Figure 2.6). This means that the
material does not possess any cytotoxicity toward mouse fibroblast cells. This negligible
cytotoxicity was expected based from the leaching test results of Zn ions (ICP-MS
results) and SNAP and serves as a proof-of-concept for the potential biocompatibility of

the material.
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Figure 2.6. Percentage relative cell viability of mouse fibroblast cells after 24-hour
exposure to leachates from CarboSil, ZnO, SNAP and SNAP-ZnO films. (n=3).

While the same concentration of SNAP by itself for NO-release has shown
negligible cytotoxicity in the past,*> copper nanoparticles have also assisted NO release
from SNAP and demonstrated no toxicity towards mammalian cells.?® However, this is
the first time that similar results have been recorded with the SNAP-ZnO combination.
Another advantage of such NO based strategies is that it is highly compatible with other

bacteria resistant or bactericidal approaches such as zwitterions, quaternary ammonium
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ions, silicone oil, and diatomaceous earth particle.>>**% The non-cytotoxic nature
combined with the antibacterial properties offers a potential alternative therapeutic option
instead of silver nano particles or antibiotics which have the issue of cytotoxicity or

bacterial resistance.

2.4. CONCLUSION

This work demonstrates the potential beneficial effects of ZnO-NPs on the
catalytic release and antimicrobial effects of NO under physiological conditions. The
hybrid materials, SNAP-ZnO, was composed of a base film (50 mg/ml CarboSil with 10
wt.% SNAP) and a topcoat (2 dips of 25 mg/ml CarboSil solution containing 10wt.%
ZnO-NP). The 10 wt.% of ZnO-NPs in SNAP-ZnO samples was able to retain more
SNAP molecules within it (7.75 wt.% loss of SNAP) when compared to samples with no
(13.85 wt.%), 1 (12.697 wt.%) or 5 (8.821 wt.%) wt.% ZnO-NPs in them. EDS-mapping
showed that the hybrid material, SNAP-ZnO, had a uniform distribution of ZnO-NPs and
SNAP molecules in it. NO release measurements also demonstrated SNAP-ZnQO’s ability
to maintain physiological levels of NO release for up to 14 days. Antibacterial efficacy at
99.03 +£0.50% and 87.63 +4.86% reduction for S. aureus and P. aeruginosa, respectively,
were promising results. Finally, low cytotoxicity results demonstrated by SNAP-ZnO
samples establish the need to fabricate antibacterial materials that are mammalian cell

friendly.

These studies represent preliminary data that can be used to design a long-term
antimicrobial and biocompatible device coating that has high potential for use in different

implantable materials. In the future, more similar mammalian cell friendly metal-ions that
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can be combined with nitric oxide donors to tune NO release for biomedical purposes can

be designed for longer term use that can be tested with in vivo conditions.
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CHAPTER 3
COVALENTLY BOUND S-NITROSO-N-ACETYLPENICILLAMINE TO
ELECTROSPUN POLYACRYLONITRILE NANOFIBERS FOR

MULTIFUNCTIONAL TOPICAL HEALING APPLICATIONS?

2 Christina D. Workman, Sean Hopkins, Jitendra Pant, Marcus
Goudie, Hitesh Handa. To be submitted to Journal of
Materials Chemistry B.
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ABSTRACT

Attachment of a nitric oxide (NO) donor to an electrospun polymer has the
potential to prolong the wound-healing actions of the material. This study presents the
novel, covalent attachment of S-nitroso-N-acetylpenicillamine (SNAP) to
polyacrylonitrile (PAN) fibers. By attaching the NO donor to the polymer, rather than
blending it, leaching is reduced to maintain a NO flux within the physiologically relevant
range for a longer duration. The synthesized fibers were characterized using a variety of
techniques such as SEM, 'H NMR, and drop shape analysis. Due to NO’s potent
antimicrobial activity, the SNAP-PAN fibers demonstrated a 2-log reduction of S. aureus
adhesion. Furthermore, the extended zone of inhibition of S. aureus by SNAP-PAN
demonstrates the ability of NO to impact the environment surrounding the material, in
addition to the environment in direct contact. The NO content of this material, the
hydrophilicity of PAN, and the fibrous network led to an increased fibroblast
proliferation and attachment, an important event for wound closure. The results from this
study demonstrate a novel preparation and design of NO-releasing fibers to provide

multiple benefits for chronic and acute wound healing applications.
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3.1 INTRODUCTION

Chronic wounds affect an estimated 6.5 million patients in the United States
alone, resulting in nearly $25 billion spent on treatment annually 2. Chronic wounds are
often distinguished by their inability to heal within three months and are accompanied by
persistent inflammation, pain and infection. These wounds are typically marked by a
decline in quality of life and the use of significant healthcare resources. Chronic wounds,
such as diabetic ulcers and pressure sores, are on the rise as the population ages, leaving
many with a heavy financial burden and poor healing outcomes. In 2005, it was estimated
that the prevalence of pressure sores was between 1.3 and 3 million in the United States
alone 3. This has led to a high demand for a wound dressing that can positively impact the
inflammatory, proliferative and remodeling stages of the healing process, while also

providing a protective barrier.

In recent years, electrospinning polymer scaffolds have become a popular focus
for wound dressing applications due to their high porosity and ability to remove exudates
from a wound, while allowing for oxygen diffusion to promote healing *°. Electrospun
nanofibers are also the ideal scaffold to use for cell migration and attachment due to its
ability to mimic the size of native extracellular matrix (ECM). This allows the mesh
network of the nanofibers to provide scaffolding for fibroblasts for the re-epithelialization
of the wound area 7. One particular polymer, polyacrylonitrile (PAN), has demonstrated
excellent fibroblast seeding owing to its moderate wettability ’. PAN nanofibers are
relatively simple to fabricate with low production costs overall, making it a viable option
for wound dressing designs. PAN-based fibers have been used in a wide range of

applications such as filtration membranes and textiles. More recently, PAN fibers have
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been modified with metal ions, such as silver, for antimicrobial biomaterials & While
these fibers were successful in antibacterial experiments, there have been some concerns
with the cytotoxicity of metal ions °. Overall, the versatility and ease of electrospinning

of PAN made it an ideal selection for our material in this study.

Perhaps the biggest concern in the management of wounds is the prevention of
infection. An open wound is an entryway for a variety of bacteria, especially for the
opportunistic microflora that normally reside on the skin. With the emergence of
antibiotic resistant bacteria, namely methicillin-resistant S. aureus (MRSA), new
approaches for treatment and prevention are an urgent need. MRSA is frequently
contracted in healthcare settings and is reported to cause over 11,000 deaths in the United
States each year %1, The current treatment option for MRSA is vancomycin, deemed the
gold standard in treating resistant pathogens. The extensive use of this antibiotic has now
lead to an emergence of vancomycin-resistant S. aureus (VRSA) and vancomycin-
resistant enterococcus (VRE) causing the death rate to rise >3, This precipitates a

growing alarm for researchers and healthcare providers worldwide.

To address the need for new antimicrobial agents, research has turned to nitric
oxide (NO), the endothelium-derived relaxation factor identified by Furchgott, Ignarro,
and Murad in 1987 4%, NO has been a popular molecule to administer as a targeted and
localized therapeutic agent due to its role in important physiological functions in
vasculature, such as platelet deactivation, vasodilation, and angiogenesis *%6. An
additional mechanism seen with NO is through its ability to exhibit biocidal activity

against foreign pathogens, such as bacteria, protozoa, and viruses mainly through
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peroxynitrite formation and nitrosative stress that alters protein function "%, These
attributes have prompted many research groups to develop NO donor molecules and
fabricate polymeric materials that release NO *°. Extensive research has surrounded S-
nitrosothiols as synthetic donors, as they have demonstrated potent pharmaceutical and
physiological functions 2%2*. While the results have been promising, the duration of NO
release comparable to physiological levels (surface flux of 0.5-4x10° mol cm™ min™?) is
limited due to the leaching of NO donor compounds from the material 2. To circumvent
this issue, we propose a novel method of covalent attachment of the S-nitrosothiol, S-
nitroso-N-acetyl-penicillamine (SNAP), to an electrospun PAN fiber scaffold to reduce
leaching of the antimicrobial, promote better wound healing, and reduce the risk of

infection.

3.2 MATERIALS AND METHODS
Materials

Polyacrylonitrile  (PAN), N-acetyl-D-penicillamine (NAP), sodium nitrite
(NaNO3), concentrated sulfuric acid (H2SOs), pyridine, acetic anhydride, hexanes,
anhydrous magnesium sulfate, t-butyl nitrite, cyclam (1,4,8,11-tetraazacyclotetradecane),
ethylene diamine (EDA), sodium acetate, Ellman’s reagent (5,5’-dithiobis-(2-
nitrobenzoic acid))(DTNB), phosphate buffer saline (PBS), ethylenediamine tetraacetic
acid (EDTA), and DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride) were
acquired from Sigma Aldrich (St. Louis, MO). Concentrated hydrochloric acid (HCI),
Alexa Flour 488 Phalloidin, and methanol were purchased from Fisher Scientific
(Hampton, NH). Gram positive Staphylococcus aureus (ATCC 6538, S.aureus) and 3T3

mouse fibroblast (ATCC-1658) were obtained from American Type Culture Collection
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(Manassas, VA). Milli-Q filter was used to synthesize deionized (DI) water for all
aqueous solutions. Miller and Luria Broth (LB), Lennox and Luria Agar (LA) were

purchased from Fischer BioReagents (Fair Lawn, NJ).

Synthesis of S-nitroso-N-acetyl-penicillamine (SNAP)

SNAP was synthesized according to a previously reported protocol with slight
modifications 2. In short, an equimolar ratio of NAP and NaNO; were added to a beaker
containing a 1:1 mixture of water and methanol with 2M H2SOs and 2M HCI. The
mixture was allowed to stir and cool, followed by submersion of the beaker in an ice bath
to facilitate precipitation of SNAP crystals. After several hours the crystals were
collected via vacuum filtration and dried for 24 hours. During the entire duration of the

experiment the solution and crystals were shielded from light.

Synthesis of N-acetyl-D-penicillamine thiolactone (NAP-thiolactone)

NAP thiolactone was synthesized following a previously described method.?*
Briefly, 5g of NAP was dissolved in 10 mL pyridine and chilled over ice. In a separate
vial, 10 ml of pyridine and 10 mL of acetic anhydride were combined and chilled. Once
each solution reached 0°C they were slowly combined and stirred for 24 h. The resulting
light pink solution was evaporated at 45°C and slowly increased to 60°C to remove the
pyridine. The remaining product was dissolved in 20 mL of chloroform and washed with
hydrochloric acid (HCI) using a separatory funnel to isolate the organic layer. The
washing step was repeated and the collected organic layer was dried with magnesium
sulfate. The magnesium sulfate was then filtered off via vacuum filtration and the liquid

collected was evaporated at room temperature to remove the chloroform. The solid
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collected was washed with hexanes and vacuum filtered to collect the final crystalline

product.

Modification of Polyacrylonitrile (PAN) for SNAP Attachment

In order to attach the SNAP molecule to PAN’s polymer chain, first the PAN
molecule had to be functionalized with an amine group. This required a reaction between
the cyanide groups on the PAN chain and EDA. First, 1g of PAN was suspended in
ethanol with a 10-fold excess of EDA and refluxed at 70°C for 12 h. Argon gas was used
to continuously purge the reaction flask. After 12 h the solid was collected via vacuum
filtration and washed with DI water and ethanol. The dried aminated PAN was re-
dissolved in DMF to achieve a 12 wt % solution. NAP thiolactone was next added to the
solution at a 1:1 molar ratio to the amine groups, allowing for a ring opening reductive
amination of the primary amine group. The solution was allowed to stir for 24 h to ensure
completion of the reaction. Lastly, t-butyl nitrite was used to nitrosate the thiol groups.
The t-butyl was first chelated of any copper stabilizers using a 20 mM cyclam solution
before being added to the NAP functionalized with PAN. The complete reaction scheme

can be seen in Figure 3.1.
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Figure 3.1. Schematic for the covalent attachment of SNAP to the PAN polymer chain.
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Electrospinning of SNAP-PAN fibers

Fabrication of SNAP-PAN fibers were done using a 12 wt% solution of polymer
in DMF. The nitrosation of the polymer solution was done immediately before
electrospinning. Plastic syringes (10 mL) fitted with a blunt, 1” 18G needle were placed
onto a syringe pump with the nitrosated polymer solution (Razel Scientific Instruments,
St. Albans, VT). A high voltage power supply (Gamma High Voltage, Ormond Beach,
FL) was used to supply 14 kV to the needle while a grounded collector was placed 15 cm
away from the tip. Flow rate of the SNAP-PAN solution was optimized and maintained at
1.30 mL ht. After electrospinning, the fibrous SNAP-PAN scaffolds were dried under

vacuum at room temperature for 24 h before being used for any procedures.

Characterization of SNAP-PAN fibers
Amine Quantification
Quantification of EDA attachment to the backbone of PAN was done via a
fluorescent ATTO-TAG FQ assay 2. Fluorescent detection was done using a 96-
well plate reader (plate reader) and quantification of primary amine sites was
determined using glycine as a reference. The conjugate that forms is maximally

excited at 480 nm with an emission of 590 nm.

Thiol Quantification
After NAP-thiolactone attachment, detection of free thiols was done using
Ellman’s assay 2°. Exposed thiol groups from the covalently attached NAP bind to

5,5’-dithiobis (2-nitrobenzoic acid) (DNTB) and release a dye in solution
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measurable at 412 nm. A calibration curve using acetyl cysteine was used as a

reference to quantify the NAP attachment.

Nitric oxide (NO) Capacity Quantification

Nitrosated SNAP-PAN films were left to dry under vacuum for 24 h
before being tested for NO release. The bound NO on the SNAP-PAN was then
catalytically released by placing it into a solution containing 30 pL of 50 mM
CuCly, 1.5 pL of 10 mM cysteine, and 2945 L of PBS. The total NO was then
quantified via chemiluminescence from a Nitric Oxide Analyzer (NOA) (Sievers
280i, GE Analytics, Bounder, CO), where NO is measured from the SNAP-PAN
in real time. Once the NO release was exhausted, the resulting NO release curve

was integrated and quantified.

NMR analysis

IH NMR was performed on modified PAN samples using a 300 MHz
Varian/Agilent mercury spectrometer. Deuterated N,N-dimethylformamide
(DMF-d7) was the solvent used for all analysis. Mnova software was used for

calculating peak data.

SEM Imaging

Fiber size and mat porosity were examined under a scanning electron
microscope (SEM) (FEI Inspect F FEG-SEM). The fiber mats were mounted on a
metal stub with double-sided carbon tape and sputter coated with 10 nm gold-
palladium using a Leica EM ACE200 sputter coater. Images were taken at
accelerating voltage 5 kV.
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Static Contact Angle

The static contact angles for the proposed material and the control were
measured using a Kriiss DSA100 Drop Shape Analyzer via a sessile drop method
with DI water. SNAP-PAN films and PAN only films were made via a solvent
evaporation method, resulting in a solid film. This study was used to assess if the

modification of PAN altered the hydrophilicity of the material.

NO Release Measurements

NO release was quantified using a NO chemiluminescence analyzer (Sievers 280i,
GE Analytics, Boulder, CO). NO release readings were recorded at time points of 0, 6,
24, and 48 h. Samples of SNAP-PAN fibers and SNAP blended fibers were wrapped in a
dampened Kimwipe and suspended in a humid sample holder to simulate physiological
conditions. The humid environment was created by placing a small amount of PBS (with
EDTA) in the bottom of the sample holder and warming to 37°C. The NO released was
swept and purged by high purity nitrogen gas supplied into the sample holder via the
sweep and bubble flows. Oxygen in the reaction chamber produces ozone for the
reaction with the released NO, producing a voltage signal in the chemiluminescence
detection chamber. The signal was then converted to a concentration and displayed as
ppb. Using the NO constant (mol ppb s1), the ppb data was normalized and converted to

a NO flux (x102° mol mg*min?) in terms of the weight of each sample.
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Fibroblast Cell Attachment and Proliferation

Mammalian Cell Culture

A cryopreserved vial containing fibroblast cells was thawed rapidly at
room temperature and added to 5 ml of pre-warmed DMEM medium. The cells in
the medium were centrifuged at 1100 rpm for 7 minutes. The supernatant was
discarded and fresh DMEM medium was added. The cells were then transferred
to a sterile 25 cm? T-flask and incubated in a humidified incubator with 5% CO;
at 37°C. DMEM was changed on alternate days to fulfill the nutrients
requirements of the cells and were allowed to grow until they became 80-90 %
confluent. Thereafter the monolayer of the cells was detached using 0.18% trypsin
with 5mM EDTA. The cell count was taken using 0.4% trypan blue dye in a

hemocytometer counter.

Imaging

Mouse fibroblast cells were directly cultured onto control PAN and
SNAP-PAN fibrous scaffolds to observe cell growth and attachment potential.
Fibers were directly electrospun onto 1 cm diameter glass cover slips and placed
into a 6 well plate, which were UV sterilized for 30 minutes before testing. Cell
cultures containing 500 cells mL™ were then seeded directly to the nanofibers and
allowed to incubate for 24 h. The cell nuclei were then stained with DAPI (4°,6-
diamidino-2-phenylindole) and cytoskeletal structure was observed using Alexa
Fluor 488 Phalloidin. Briefly, the cells within the fibrous scaffolds were first fixed
in 0.01M PBS containing 5% paraformaldehyde. Alexa Fluor 488 Phalloidin was

diluted (1:500 in PBS) and was then administered for 20 minutes followed by
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DAPI (300 nM in PBS) for 3 minutes while being protected from light. Finally,
cell growth and attachment of the fibroblasts was observed under a fluorescent

microscope (EVOS XL, Thermo Fisher Scientific, Waltham, MA).

Evaluation of Antimicrobial Activity

Zone of Inhibition Analysis

A modified, standard agar diffusion assay was conducted to evaluate
SNAP-PAN’s ability to inhibit bacteria growth via the diffusion of gaseous nitric
oxide to the surrounding environment. LB agar plates were inoculated with S.
aureus (1 x 10 CFU/mL) and spread to cover the entire plate. Circular films with
a surface area of 1 cm? were placed on the surface on the cultured bacteria. Films
of PAN only fibers and SNAP-PAN fibers were compared. Plates were incubated
overnight at 37°C. Antimicrobial activity was determined by measuring the
diameter of the zones of inhibition. The assay was performed in triplicate to

ensure reproducibility.

Quantification of Viable Bacteria Adhesion

In this study, the SNAP-PAN fibers were tested to evaluate the ability for
the material to kill and prevent bacteria from adhering to the fiber network. We
tested our material against S. aureus, a common Gram-positive bacterium
acquired in hospital settings. A protocol for quantifying viable CFUs was
followed with slight adjustments. In summary, S. aureus was grown over night in
Luria Broth for 14 h at 37°C while rotating at 150 rpm. The optical density (OD)

was measured using a UV-Vis spectrophotometer at 600nm wavelength to
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confirm bacteria were in log phase of growth. The solution was centrifuged at
2500 rpm for 7 min and the resulting pellet was collected. The bacteria were re-
suspended in sterilized PBS and the ODseoo adjusted to achieve a CFU/mL in the
range of 107-10° based on a calibration curve for S. aureus. Exact weights of
SNAP-PAN fibers and SNAP blended fibers were recorded and maintained
around 0.70 mg each. Triplicates of each sample type were tested. Samples were
incubated in a 24-well plate and exposed to 1 mL of the adjusted bacteria
solution. The 24-well plate was incubated on a shaker for 24 hours to allow for
interaction between the bacteria and the material. Samples were removed from the
solution and gently rinsed with sterilized PBS to remove loosely bound bacteria.
The fibers were then sonicated using an Omni-tip homogenizer to collect the
bound bacteria in a 1 mL PBS solution. The collected bacteria was serially diluted
and spread on LB agar plates. Plates were inverted and incubated overnight at
37°C. The CFUs were then counted and adjusted using the dilution factor to
quantify the number of adhered bacteria. Data was reported in terms of CFUs/mg.

% Bacterial inhibition = % x 100

c

CFU
¢ cm?

of control samples

CFU
Cs — oz of test samples

Statistical Analysis
All data are expressed as a mean standard deviation. Results between the test
fibers and control fibers were compared and analyzed using a Student’s t-test. P values

were obtained to analyze significance of results.
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3.3 RESULTS AND DISCUSSION
Evaluation of SNAP-PAN Fibers

The principal goal for this material was to develop a nanofibrous support with
sustained levels of NO release that could be applied for wound healing and tissue scaffold
applications. One of the key concerns with NO releasing fibers is how quickly their NO
reservoir can be exhausted. Due to the high surface area of dressings formed from
nanofibers, blended NO donors will leach at a high rate, which usually exhausts the NO
release within the first 24 h. By covalently attaching the NO donor to the backbone of the
electrospun polymer, this leaching issue could potentially be circumvented. Before
electrospinning of the SNAP functionalized fibers could proceed, a thorough
characterization of the modified polymer was first performed. The initial amination step
of the cyanide backbone groups on PAN has been previously optimized 2’. Since a
difunctional amine reagent was used to modify the PAN, the reaction conditions are
extremely sensitive as reacting too long can cause crosslinking between polymer chains
and too short of a time would result in low amination functionality. Once the degree of
primary amine groups was quantified, the ring opening reaction with NAP-thiolactone
and proceeding nitrosation allowed for the covalent attachment of SNAP. Each reaction
step was monitored with NMR, which is shown in Figure 3.2. Total quantification of
amine, NAP, and SNAP conversion is shown in Table 3.1. The low conversion of NAP

to SNAP is most likely due to NO loss from the electrospinning process.
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Figure 3.2. The technique of NMR spectroscopy was used to confirm the attachment of
the diamine and subsequent attachment of NAP thiolactone.

Table 3.1. Amine/thiol/NO quantification of PAN Fibers

Functionalization of SNAP-PAN Fibers

Total Amines Free Thiols Total NO Conversion
(umol/mg) (umol/mg) Loaded Thiol to NO
(umol/mg)
SNAP-PAN 5 94 4 0.07 2.69 +0.27 1.02 +0.05 38%
Fibers

The synthesized SNAP-PAN was dissolved in DMF at 12 wt% and fibers were

electrospun using an applied voltage of 15 kV, 15 cm away from the target, at a rate of
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1.30 mL hr. One complication that occurred during the electrospinning process was the
fibers precipitating immediately from the needle tip before hitting the target. This was
due to the t-butyl nitrite still present in the solution after the nitrosation step. To prevent
this, SNAP-PAN solutions were allowed to stir uncovered for several hours before
electrospinning to evaporate any unreacted t-butyl nitrite and t-butyl alcohol byproduct

that formed.

The SEM images of the electrospun fibers are shown in Figure 3.3 which were
used to calculate the average fiber diameter and porosity of PAN and SNAP-PAN. The
average diameter was calculated using ImageJ software and was found to be 350 + 104
nm for PAN and 482 + 117 nm for SNAP-PAN. Porosity and fiber diameter are
important factors when relating to cell migration, adhesion, and even the regulation of
proinflammatory macrophages 22%°, When designing a wound dressing, these parameters

should be optimized to maximize the effectiveness.
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Figure 3.3. SEM images of PAN fibers (left) and SNAP-PAN fibers (right) at a
magnification of 6,000x and a voltage of 5 kV.
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The static contact angle was measured to determine the hydrophilicity of the PAN
material before and after modification with SNAP. Sessile drops of deionized water were
applied to solid PAN films and SNAP-PAN fibers to obtain observable drops. We were
unable to use fibers due to the rapid absorption of water into the fibrous network. By
attaching SNAP to the PAN polymer, there was a notable decrease in the contact angle
from 69.77° + 9.26 to 46.45° + 3.66 representing an increased hydrophilic nature of
the SNAP-PAN material. This indicates that our material will have enhanced

wettability, which allows for better fibroblast attachment 31.

Nitric Oxide Release Behavior from Fibers

The NO release from all film types was initiated upon exposure to a dampen
Kimwipe and suspension into the humid NOA cell, containing PBS adjusted to a pH of
7.4. These conditions allowed for the homolytic cleavage of the S-N bond on the S-
nitrosothiol molecule, giving off NO as a free radical 2. The detection of NO using
chemiluminescence is the “gold standard” in quantifying NO release due to its selectivity
for the gaseous NO released, rather than the nitrates and nitrites that may also be present.
Figure 3.4 illustrates the enhanced NO release from the PAN fibers with SNAP
covalently attached. By directly attaching the SNAP molecule to the polymer chain,
rather than blending it, the level of NO release remained in the physiologically relevant
range for a longer duration. The SNAP-PAN fibers reached a peak NO flux at 1.38 + 0.2
(x 102 mol mint mg?) initially and maintained a flux above 0.60 + 0.067 (x 107*° mol
min mg?) after 6 hours of incubation. This is a significant improvement in release
duration when compared to previous NO fiber studies that used diazeniumdiolates as the

source of NO 3%, When evaluating our SNAP-PAN fiber’s NO release at 48 hours, it is
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important to note that previous studies have evidence suggesting that NO at levels as low
as 0.3 (x 101° mol min'* mg™?) may still have antimicrobial effects %. Furthermore, the
SNAP blended fibers, with a matched NO concentration to the attached fibers, never
exceeded a NO surface flux of 0.06 + 0.036 (x 10™2° mol min™ mg™?) and at 48 hours no
release was detected by the NOA. This is most likely a result of the rapid leaching of the
SNAP molecule from the fibrous network. The attachment of SNAP to the polymer
chain eliminated the concern for leaching of the NO donor, thus sustaining the material’s
release of the antimicrobial agent. This is the first report of NO-releasing fibers with NO

release lasting longer than 24 hours.
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Figure 3.4. The nitric oxide release from SNAP-PAN fibers and SNAP blended fibers is
presented as a NO flux. The blended SNAP fibers were completely exhausted of NO after
24 hours.

Support of Cell Attachment and Proliferation
The utilization of modified PAN nanofibers has been used in the past for wound
healing scaffold applications and have been demonstrated to support fibroblast growth

5734 Osteoblasts have also been cultured on porous PAN scaffolds for bone tissue
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engineering applications .  The combination of NO with polymeric scaffolds
specifically has shown to increase the proliferation and attachment of certain cell types
such as endothelial cells and fibroblasts while inhibiting others like smooth muscle cells
3738 For wound healing specifically, the exogenous release of NO has been shown to
significantly increases angiogenesis which ultimately leads to a shorter wound resolution
3 The proposed study focuses on fibroblast adhesion specifically to SNAP-PAN fibers
after 24 h of incubation to further investigate its effectiveness as a topical wound

dressing.

The electrospun SNAP-PAN fibers demonstrated a higher amount of growth and
attachment when compared to control PAN fibers (Figure 3.5). Large aggregations of
fibroblasts were seen throughout the SNAP-PAN fibers while the cells attached on
control PAN were spread out and lower in overall number. Part of the reason could be
due to the increase hydrophilicity of the polymer when functionalized with SNAP, which
was shown in an earlier section. The primary reason for this is due to NO’s ability to
increase the proliferation and activity of fibroblasts %4, Specifically, NO has been
shown to increase wound collagen accumulation and consequently improving the overall
mechanical strength of the resolved wound area “2. This accounts for the larger
cytoplasmic and nucleic features seen in the fibroblasts cultured on SNAP-PAN when

compared to its relative control.
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Figure 3.5 Imaging of fibroblasts within the fibrous matrix. Left side: PAN only fibers
(control), Right side: SNAP-PAN fibers. Images are at a magnification of 10x and 20x.
Analysis of Antimicrobial Activity

To evaluate the SNAP-PAN material’s ability to eliminate bacteria in the
surrounding area, the fibers were exposed to S. aureus LB agar plates, resulting in zones
of inhibition (ZOI) surrounding the material. Zones of inhibition were defined as areas
were bacteria growth did not occur. S. aureus was selected due to its prevalence in
nosocomial infections and the increasing concern of MRSA. As we anticipated, clear
zones were observed around the SNAP-PAN fibers resulting from the NO eluded from
the SNAP upon warming in the incubator at 37°C, breaking the S-NO bond by thermal
decomposition *2. Due to the innate high surface area of nanofibrous scaffolds, there was
a large diffusion of NO to the surrounding agar during the study. The observed zones for

SNAP-PAN fibers ranged in size from 14 mm to 18 mm diameters (Figure 3.6). It was
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also observed that the PAN material alone was not antimicrobial, as no ZOls existed.
This particular study represented the diffusive nature of the NO molecule. This implies
that the material will protect the area immediately surrounding the wound in addition to

the area in direct contact with the material.

A PANOnly .2

Figure 3.6. Films with a surface area of 1 cm?were placed on agar media inoculated with
S. aureus. PAN-only fibers exhibited no inhibition. Zone of Inhibition is indicated by the
dashed lines. SNAP-PAN fibers exhibited an average diameter of 16 + 2 mm.

The bacteria interaction with the material was further evaluated through an
adhesion viability study. Bacteria adhesion to a material’s surface leads to biofilm
formation, which can be difficult to treat using antibiotics, making it important to prevent
initial attachment. Circular films of PAN only and SNAP-PAN fibers were compared for
the quantity of viable bacteria adhered within the fiber network. Both fiber types were
challenged with S. aureus to evaluate their ability to prevent bacteria adhesion. The
combination of the hydrophilic polymer and antimicrobial properties of NO led to a

99.71% (p<0.05) reduction of viable S. aureus (CFU mg?) on the SNAP-PAN fibers

when compared to the PAN-only fibers (Figure 3.7). The hydrophilicity of the polymer
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allows for the formation of a hydration layer creating a barrier for attachment of bacteria
and potentially other contaminants, such as blood proteins 243, The reduction in bacterial
growth can be attributed to the NO generation, based on the NO release results we
observed. An additional attribute of using NO as an antimicrobial agent in our material is
the inability for most bacteria to develop resistance 4. In summary, the reduced bacterial
growth at the site of the wound may allow for more rapid healing and a reduced need for

antibiotic treatment.
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Figure 3.7. Adhered bacteria to the fiber films was quantified using a plate counting
method. When compared to the control of PAN-only fibers, the SNAP-PAN fibers had a
99.71% reduction in adhered bacteria. (p < 0.05)
3.4. CONCLUSIONS

In this work, a novel wound dressing material demonstrated excellent
wound healing and wound protecting properties. Electrospinning the PAN polymer
provided a fibrous network for an increased surface area. The high porosity of the fibers

provides a network to capture and remove exudate from the wound, while also preventing

excessive drying of the wound area. It was also observed that the porous fibers aided in
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the epithelialization stage of the wound healing process, acting as a scaffold to support
cell attachment and proliferation. By using nitric oxide, a naturally occurring
antimicrobial, our material was able to exhibit a 2-log reduction of bacteria growth. The
addition of this antimicrobial agent to the polymer scaffold by means of direct attachment
allowed for the prolonged usage of the material, reducing the need for reapplication to the
wound site. This study provides the initial work towards the development of a novel,
multi-functional wound dressing. Future in vivo studies will be needed to assess the full

synergistic effects of this material.
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK

4.1 CONCLUSIONS

This research demonstrates two successful methods for enhancement of NO
release and duration from polymeric materials. Chapter 2 is the first report of the
combination of zinc oxide nanoparticles and an RNSO donor within a single material. By
incorporating the zinc catalyst into the topcoat of a SNAP-CarboSil®, we were able to
extend the NO release by 7 days and maintain physiologically relevant levels. The films
containing no catalyst had NO exhausted after 24 hours when left in physiological
conditions. By using zinc as the metal catalyst, the NO-releasing films had an additional
method for antimicrobial action, as metal ions have been proven highly successful
bactericidal agents. The combination of Zinc oxide and SNAP was able to reduce viable
bacteria on the film surface by 99% compared to the control, whereas only zinc and only
SNAP were able to reduce adhesion by 78% and 87%, respectively. Overall, the
preliminary studies of our novel material showed no cytotoxic effects and excellent
retention of our NO donor.

Chapter 3 described a unique approach to the development of NO-releasing fibers.
The direct attachment of a NO donor to a polymer substrate can prolong NO release.
Electrospun polymeric fibers are useful materials for wound healing applications,
specifically wound dressings. Previous studies of NO-releasing polymeric fibers reported

NO release exhausted at only 4 hours. To enhance this release, we covalently attached an
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RNSO molecule to polyacrylonitrile (PAN) prior to electrospinning to eliminated
leaching of the NO donor. Once spun, our fibers had NO flux of 0.70 x 10° mol min‘*
cm at 6 hours and 0.38 x 10° mol min cm at 24 hours. The SNAP-PAN scaffold was
able to provide an adequate environment to support fibroblast migration and proliferation
due to its hydrophilic nature. The NO component provided the fibers with defense against
S. aureus, with a 2-log reduction of viable bacteria compared to control PAN fibers.
SNAP-PAN fibers show excellent potential for wound healing application where new

tissue growth is desired and infection prevention is needed.

4.2 FUTURE WORK

Both studies provide the initial development of two innovative NO-releasing
materials for medical applications. Further characterization of these materials will be
needed before moving to clinical application. A mouse wound model can be used to
evaluate the in vivo effectiveness of SNAP-PAN fibers on wound closure and healing.
Expanding to in vivo studies will allow for a deeper understanding how other components
of the human body, such as inflammation factors and immune cells, may impact the
materials effect on wound healing. Future work for the zinc topcoat study will be the
expansion of the topcoat to various medical grade polymers, to allow for the multi-
antimicrobial system to be used in a variety of clinical application. In summary, this work
is a step towards reducing HAIs, while retaining the ability to continue the use of

lifesaving medical devices.
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APPENDIX A

SUPPLEMENTAL INFORMATION FOR CHAPTER 2

Complementary Table of values from Figure 2.6:

sample % Relative Cell
P Viability
CarbosSil 100 + 3.11
Zn0O 95.88 + 11.36
SNAP 99.98 +10.27
SNAP-ZnO 91.21 £5.31

Reaction Theory for Zinc-Catalyzed NO generation:

Heat
Light

Typical NO Generation RSN _Moswre | NO- + RS- — RSSR
RSNO — "+ NO* + RS™(---zn*")
Side Reaction (RSH + NO - RSNO)
O+
RSNO 2NO - + RS-
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APPENDIX B

SUPPLEMENTAL INFORMATION FOR CHAPTER 3

Schematic for Electrospinning Set Up:
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