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ABSTRACT
Biomedical devices are often targeted by bacteria leading to biofilm development and device-
associated infections. Infections arising from biomedical devices not only exhibit detrimental
effects which severely impact the quality of life for patients, but also bar advancements in the
healthcare system by significantly increasing the cost of treatment. Each year >1 million people
are affected by medical device-associated infections in the United States alone. The complex
nature of bacterial biofilm, increasing bacterial resistance to conventional antibiotics, and failure
of current hospital regimens to treat infections are one of the several factors that result in a
continuous escalation of medical device-associated infections. The antimicrobial efficacy of
polymeric medical devices is greatly reliant upon the deterrence of the first step of biofilm
formation. This can be attained by preventing the bacteria from attaching to the surface of a
medical device. Therefore, strategies that can prevent or eradicate life-threatening infections are
urgently needed to thwart the occurrence of bacterial infections. Nitric oxide (NO) is a diatomic
gaseous molecule endogenously synthesized by the body via nitric oxide synthase (NOS)
enzymes and regulates several important functions such as pathogen invasion, wound healing,
and prevention of platelet activation. Various NO donor molecules have been designed by
researchers that can be exogenously utilized to emulate the physiological roles of NO in

biomaterials and medical device materials. Materials with NO-releasing properties have been



demonstrated to eradicate pathogenic bacteria and inhibit the attachment of viable bacteria on
the surface. However, NO-releasing materials have historically faced the challenges of
uncontrolled NO release, thermal instability of NO donors during the polymer fabrication process,
limited shelf-life at room temperature, and inability to prevent biofouling. This dissertation is
focused on developing NO-releasing antibacterial medical devices using additive manufacturing
and photosensitivity of NO donors to regulate the NO release from medical device surfaces,
combined effect with other active antibacterial drugs such as chlorhexidine to improve efficacy
and evaluate synergy with slippery surface technology to prevent biofouling on biomedical
devices. These approaches hold great potential to enhance biocompatibility and antimicrobial

properties of biomedical surfaces and improve their efficiency in the patient care setting.
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CHAPTER 1:
INTRODUCTION - RECENT DEVELOPMENTS IN MULTIFUNCTIONAL ANTIMICROBIAL
SURFACES AND APPLICATIONS TOWARDS ADVANCED NITRIC OXIDE BASED

BIOMATERIALS

' Chug, M. K., & Brisbois, E. J. (2022). Recent Developments in Multifunctional Antimicrobial
Surfaces and Applications toward Advanced Nitric Oxide-Based Biomaterials. ACS Materials
Au, 2(5), 525-551.

Reprinted here with permission of the publisher. Further permission related to the material
excerpted should be directed to the ACS.



1.1 Medical Device Associated Infections and Challenges with Bacteria

A large population in the world depends on biomedical devices such as stents, catheters,
prosthetic joints and meshes, pacemakers, vascular grafts, endotracheal tubes, and orthopedic
devices.' Although medical devices are beneficial to people with various types of diseases and
health conditions, the proliferation of bacteria on the surface of these devices is a prevalent global
problem.* Bacterial pathogens have become a severe threat by causing infectious diseases that
lead to high morbidity and mortality worldwide and are the main cause of biomedical device-
associated infections such as catheter-related bloodstream infections (CRBSIs), catheter-
associated urinary tract infections (CAUTI), and ventilator-associated pneumonia (VAP) (Figure
1.1).25 Approximately 687,000 were affected by a hospital-acquired infection (HAI) in 2015.8
More than 72,000 patient deaths were caused by HAIs in the United States, out of which >25%
are related to implanted medical devices.” Infections associated with medical implants often lead
to post-surgical complications that require removal and replacement of the infected implant
leading to increased healthcare costs to patients and hospitals while increasing the rate of
infection.? The widespread use of antibiotics has led to the prevalence of drug-resistant bacteria
that are more dangerous and life-threatening because they are difficult to treat.? The most
common pathogenic drug-resistant bacteria in biomedical device-associated infections are
methicillin-resistant Staphylococcus aureus (MRSA) and vancomycin-resistant Enterococcus
(VRE) which account for a large number of healthcare-related infections per year, resulting in
increased morbidity, risk of mortality, and a severe financial burden." It is estimated by the O’Neill
commission that antimicrobial resistance will cost $100 trillion and over 10 million lives will be lost
by 2050, making multidrug-resistant bacteria a major problem to the economy and public health.®
Biomedical device-associated infections occur when planktonic bacterial cells attach to the
surface of a biomedical device and form a multilayered biofilm from both Gram-positive and Gram-

negative bacteria including Enterococcus faecalis, Staphylococcus aureus, Staphylococcus



epidermidis, Streptococcus viridans, Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis,
and Pseudomonas aeruginosa.? & ° Biofilms are formed when planktonic bacteria adhere to an
organic or inorganic surface and produce an extracellular polymeric substance (EPS) that is

composed of proteins and other extracellular polymers (Figure 1.2A).2

Dental implants and screws \'\ Endotrachael tubes

S. mutans S. epidermidis =
C. rectus ¥y P, aeruginosa |

P, aeruginosa i K. pneumoniae w

S. aureus 8 E. coli

S. epidermidis & Enterococci

Vascular stents Catheters

S. aureus
Methicillin-resistant S.
aureus

P, aeruginosa

P, acnes

S. aureus
S. epidermidis /f
K. pneumoniae 5‘3%

S. maltophilia

Orthopedic devices Urinary catheters

Coagulase negative E. coli
staphylococci P, aeruginosa
S. aureus P, mirabilis

E. coli K. pneumoniae
Streptococci S. epidermidis

Figure 1.1 Examples of microbial species frequently responsible for causing biomedical
device-associated infections that arise from various implantable and indwelling medical
devices. This includes both short- and long-term devices including dental implants,
endotracheal tubes, vascular and peritoneal catheters, vascular stents, urinary catheters,
and fracture fixation devices. The 3 most common infections arising from medical devices
include: Catheter Related Blood Stream Infections (CRBSIs), Catheter Associated Urinary
Tract Infections (CAUTI), and Ventilator Associated Pneumonia (VAP). These are
indicated by yellow boxes on the right.

The formation of biofilm can be considered as bacteria’s defense mechanism to survive in a
hostile setting and colonize new substrates. The bacteria protected within the EPS matrix largely
vary in their genetic composition compared to free-floating planktonic bacteria which makes them

resistant to conventional antibiotic agents. These bacterial species deeply embedded in the



biofilm require 1000X more dosage of antibiotic treatment as opposed to free-floating planktonic
cells as not all antimicrobial agents can penetrate deeper into the matrix.'® This high amount of
drug increases the issues of antibiotic resistance in bacteria, leads to higher healthcare costs,
and can be cytotoxic to other healthy cells or tissues."" "> Dental plaque, upper respiratory tract
infections, peritonitis, and urogenital infections are examples of medical conditions that are
associated with biofilms and often have an increased resistance to antimicrobial agents.® The
interface between a medical device and the surrounding physiological environment (e.g., urine,
saline, blood, tissues, etc.) offers a suitable environment for the bacteria to attach and proliferate
on the surface. The development of biofilm on the device surface is heavily influenced by the
physical characteristics of medical device surfaces such as surface roughness, hydrophobicity,
surface charge, and bacterial membrane charge appear to govern bacterial adhesion and
subsequent biofilm formation.® '® The complexity of biofilm increases with the presence of diverse
microbial species, antibiotic resistant genes, virulence factors, etc. which all makes eradication of

bacteria in biofilm a very challenging task.

Biofilm infections are difficult to eliminate because the EPS allows bacterial cells to proliferate
while providing the necessary environment to protect bacterial colonies from immunologic
defense systems, nutrient limitations, and antibacterial agents.? * '* Infections can then spread
by the detachment of bacterial cells from mature biofilms."™ Furthermore, the accumulation of
biofilms on a surface can impede the function, durability, and usability of medical devices and
implants.* '® To solve these issues, significant attempts have been targeted toward creating
antibacterial surfaces that can considerably lower the scope of preliminary microbial attachment,
and thus prevent the consequent biofilm development. These include generating bactericidal
surfaces with an active killing mechanism or by creating an antifouling interface for preventing
bacterial adhesion on the device surface (Figure 1.2B).'® Active antibacterial mechanisms Kkill

bacteria on contact once the bacteria adhere to the surface. Polymers with an active mechanism



are functionalized with cationic biocides, antimicrobial peptides, antibiotics, silver metal or
nanoparticles, salts, or antimicrobial agents (see Table 1.1)." ' Quaternary ammonium
compounds (QACs) are an example of an active agent investigated for antimicrobial coatings.
These compounds disrupt the negatively charged bacterial cell surface which leads to microbe
death by exerting strong electrostatic interactions with long cationic polymeric chains that
penetrate the bacterial cell membrane.® '® Antimicrobial peptides (AMPs) exhibit antimicrobial
properties that have been effective against both Gram-positive and Gram-negative bacteria, fungi,
viruses, and unicellular protozoa; several AMPs can indirectly promote pathogen clearance by
modulating the immune response of the host (Figure 1.2C)."® Metal-based nanoparticles such as
silver nanoparticles (AgNPs) have emerged as a strong approach to developing robust
antibacterial surfaces.?’ The relatively smaller size of these particles along with a higher surface-
to-volume ratio allows them to create a strong interaction with the outer membrane resulting in
significant antibacterial action. Materials with AgNPs exhibit non-specific antibacterial activity as
there is no one specific receptor that these particles target. These characteristics make it more
difficult for bacteria to develop resistance to the antibacterial mechanisms.?' In contrast,
antifouling coating materials such as polyethylene glycol (PEG), poly(N-vinylpyrrolidone) (PVP),
PEG-based copolymers, zwitterionic materials, and biomimetic materials such as
polysaccharides, cell membrane mimicking strategies, slippery liquid infused porous surfaces
(SLIPs) and topographical patterns on the surface have been reported to reduce or inhibit the

biofouling of microbes on biomaterial interfaces (see Table 1.2)."":22

Table 1.1 Classification of single antimicrobial surface and their mode of action

Material Example Compounds Action

Classification

Cationic Quaternary ammonium Disrupts microbial membrane through

Biocides compounds (QACs) strong electrostatic interactions with the
negatively charged bacterial cell
surface.



Chlorhexidine

Disrupts the bacteria cell membrane by
binding to the negatively charged cell
wall and displacing the stabilizing
calcium ions.

Antimicrobial
Enzymes

Acylase

Lysozyme

Quorum quenching enzyme cleaves
the amide bond of acyl-homoserine
lactones.

A hydrolytic enzyme that can catalyze
the hydrolysis of [B-(1-4) glycoside
bonds between N-acetyl-muramic acid
and N-acetyl-glucosamine in the cell
wall peptidoglycan layer.

Antimicrobial
Peptides
(AMPs)

Human beta-defensin 3
LL-37
Dermcidin

Formation of transmembrane pores
and inhibition of cell wall formation and
other essential parts of bacterial

physiology.

Antibiotics

B-lactams
Glycopeptides
Aminoglycosides

Quinilones

Sulfonamides and trimethoprim

Disrupts synthesis of peptidoglycan.
Inhibits cell wall synthesis.

Inhibits  protein synthesis through
hydrogen bond interactions with the
16S rRNA of the 30S subunit.

Inhibits DNA replication by inhibiting
bacterial DNA gyrase.

Inhibit folic acid metabolism.

Metals

Ag ions

Silver nanoparticles (AgNPs)

Copper ions

Copper nanoparticles (CuNPs)

Zinc oxide nanoparticles (ZnONPs)

Penetration of Ag ions into bacterial
cells hinders DNA replication. Ag ions
bind to proteins with the sulfhydryl
group (-SH) which leads to a
decrease/loss of enzyme activity.
AgNPs inhibit cell proliferation by
causing oxidative stress to damage
proteins and nucleic acids through the
generation of reactive oxygen species
(ROS).

Generation of reactive oxygen species
(ROS) makes Cu ions toxic to microbial
cells.

CuNPs kill bacteria by forming stable
complexes with vital enzymes inside
the cell which impede cellular function.
ZnONPs permeate into the cell
membrane which damages lipids,
carbohydrates, proteins, and DNA
through oxidative stress. Vital cellular
functions are disrupted by alteration of
the cell membrane caused by lipid
peroxidation.

Nitric Oxide
Donors

S-Nitroso-N-acetylpenicillamine
(SNAP)

Highly reactive with superoxide radical
to generate peroxynitrite resulting in



S-Nitrosoglutathione (GSNO)

N-Diazeniumdiolates

cellular oxidative stress. The oxidation
causes the modification of protein
functionality and DNA strands and
damage to cell membranes. Direct
nitrosation of cysteine thiols groups in
proteins by the NO radical can also
readily alter the protein functionality
and lead to cell stasis or death.

Table 1.2 Classification of single antifouling surfaces and their mode of action

Material
Classification
Hydrophilic
Polymers

Example Compounds

Polyethylene glycol (PEG)

Poly(N-vinylpyrrolidone) (PVP)

Action

Large exclusion volume, chain
flexibility, and steric hindrance of
hydrated layer reduce protein and
bacterial attachment.

Low protein adsorption compared
to PEG-modified surfaces.

Zwitterionic
Materials

Zwitterionic polymers and polymer Contains distinct chemical

brushes

structures of anionic and cationic
groups incorporated into the
polymer structure that induces
functionalities like  antifouling
abilities that can be controlled by
adjusting the polymer charge
density, pH sensitivity, and
counterion association.
Zwitterionic polymer brushes have
a strong water association ability
that reduces nonspecific protein
adsorption, cells, and bacteria.

Biomimetic
Materials

Nano-micro
Patterned
Surfaces

Polysaccharides

Cell membranes-inspired materials

Polysaccharides are highly
hydrophilic and able to form water-
storing hydrogels with antifouling
properties.

Forms a structure that mimics the
cell's outer membrane to prevent
fouling.

Slippery liquid-infused porous surfaces Uses capillary forces to reduce the

(SLIPs)

surface adsorption and generates
a low adhesion interface between
material and contacting liquid.

Nano-micro pillars, square-shaped Alters total surface area and

patterns

surface wetness of the substrate.
Affects cellular signaling, cell
membrane expression, and the
function of bacterial flagella.



Polymers with an antifouling mechanism are generally hydrophilic, negatively charged, or
have a low surface free energy which reduces protein adsorption and negates the hydrophobic
and negatively charged properties of bacteria.'”” PEG is one of the commonly used antifouling
materials and it inhibits biofilm formation by resisting protein and polysaccharide adsorption on
surfaces due to its high chain mobility, large exclusion volume, and the steric hindrance effect of
the highly hydrated layer.'”: 2 Zwitterionic materials are neutrally charged due to an equal amount
of positive and negative charges on the same molecule that are used for antifouling applications.
Zwitterionic polymers can be formed with low molecular weight polymers that bind water
molecules more strongly than PEG resulting in a protective layer that increases the antifouling
effect.?> 24 Slippery liquid infused porous surfaces (SLIPs) are comprised of Food & Drug
Administration (FDA) approved silicone oil to mimic the mucus production in the gastrointestinal
tract and provide an ultralow fouling surface that prevents protein adsorption and bacterial
adhesion.?® Topographical patterns with nano-microstructures can obstruct the adhesion and

interaction of bacteria in their collaborative work of developing EPS and biofilm on surfaces.
1.2 Challenges with Monofunctional Approaches

Many reports have confirmed the limitations of exclusive antibacterial or antifouling coating in
hindering biofouling and biofilm formation. Adsorption of proteins, cells, or microorganisms on the
surfaces of implanted biomedical devices poses a significant danger to human health.*
Antifouling surfaces do not kill microorganisms, but instead prevent adhesion through physical
mechanisms.?® Although antibacterial and antifouling mechanisms are effective methods to fight
against infections, there are disadvantages to utilizing a single antibacterial or antifouling
mechanism. Antifouling coatings can prevent bacterial adhesion on the surface up to a certain

degree. However, they do not possess the ability to kill bacteria directly (Figure 1.3).'* 27
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Figure 1.2 (A) Progression of biofilm formation and proliferation on a medical device surface.
(B) Types of active and passive mechanisms used in the development of biomedical device
surfaces. (C) The five common active killing mechanisms of antimicrobial biomaterials utilizing
agents such as antibiotics, antimicrobial peptides, quaternary ammonium compounds, nitric
oxide, and metallic nanoparticles to kill and eradicate bacteria on these surfaces.

Functionalization of a surface with antifouling surface chemistry can also be compromised by
the reactive physiological environment, leading to failure of the antifouling mechanisms (e.g.,
patches of altered chemistry) where bacteria can begin attaching and forming biofilm after
prolonged implantation time. To date, not one surface has been reported that can attain 100%

prevention of microbial infections in clinical applications.
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Figure 1.3 Progression of biofilm formation and proliferation on a medical device surface and
failure of a singular approach to fully prevent infection on biomaterial surfaces. A passive
surface can prevent or reduce the initial attachment of bacteria. However, material chemistry
can significantly change upon exposure to the physiological environment which can lead to
failure of the antifouling materials chemistry. Ultimately, the bacteria are able to breach the
altered surface, colonize and form biofilm. Active surface with contact-based killing succumbs
to fouling from dead bacteria debris and proteins. However, the release of active agents from
these biomaterials continues to eradicate pathogens until the source of the active agent
becomes depleted. Both single-mechanism active and passive surfaces lead to eventual biofilm
formation in long-term applications.

While surfaces with active mechanisms can directly kill bacteria, they do not have the ability
to release the dead bacteria and other biofoulants accumulated on surfaces. In long-term
applications, other live pathogens can use this debris as a substrate to colonize the surface which
can conceal the active moieties and reduce the efficacy of the device (Figure 1.3).2” For example,
the positively charged nature of QACs reduces antimicrobial efficacy by increasing protein
adsorption and the accumulation of dead bacteria on the surface blocking the influence of
antibacterial compounds that will lead to biofilm formation.'* Cytotoxicity from high dose
requirements, a narrow antimicrobial spectrum, and implications for propagating multidrug
resistance are other potential drawbacks of compounds with a singular active mechanism.™ Thus,
with the great sense of necessity to produce a multi-functionalized material, integration of active
surfaces having broad-spectrum antibacterial and antifouling functionalities are widely reported.?®
2 Materials with the combination of multiple antibacterial mechanisms are expected to show

synergy and provide a stronger combined defense against medical device infections.
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Over the past few years, surfaces with multiple active components have been integrated into
a single biomaterial interface using methods of tethering an active agent with a substrate
embedded with an active antibacterial compound, two active antibacterial compounds embedded
in the substrate, or light-sensitive compounds added to a conventional antibacterial agent. Many
studies in the literature have reported approaches to combine dual active bactericidal surfaces
that can help lower the microbial burden on medical devices. Such methods involve combinations
of antimicrobial components such as QACs, metal nanoparticles (Cu, Zn, Ag), antibiotic and
antimicrobial coated/impregnated materials (chlorhexidine, silver sulfadiazine, rifampicin,
gentamicin, etc.)**3, and nitric oxide (NO)-releasing therapeutic strategies.***” Some of the
materials with dual active strategies that involve combination of two antibiotics have been
successfully translated to pre-clinical stages.®' For instance, indwelling catheters with
chlorhexidine and silver sulfadiazine are commercially available and are at present used in
patients to combat bacterial infections arising from biomedical devices. However, infections on
medical devices are continuing to rise because these surfaces 1) lack antifouling mechanisms to
prevent microbial adhesion and 2) the material surface is left vulnerable after the eventual
depletion of active antimicrobial agents over time.® Therefore, these limitations have motivated
researchers to integrate antibacterial (bacteria-killing) and antifouling (bacteria/fouling-resistant)
strategies into one substrate with broad-spectrum antimicrobial activity and mechanisms to

discourage further bacterial adhesion and biofilm formation on the surface (see Table 1.3).

1.3 Antimicrobial Surfaces with Dual Antibacterial and Antifouling Strategy
1.3.1 Hydrophilic Polymer Brush-based Coatings

To lower the bacterial attachment on the device surface, three important surface strategies
have been extensively explored in the field of materials engineering to transform the hydrophilicity,
hydrophobicity, and charge of the desired material (Figure 1.4). The other approaches include

altering the surface topography through nano and micro patterns and changing the surface

11



architecture through the introduction of polymer brushes. These brushes can be tuned by
adjusting the thickness, mobility, and density of the brushes on the surface. Chemical modification
of surfaces with polymer brushes can enhance the antibacterial properties of materials.
Hydrophilic cationic polymer brushes exhibit antifouling properties that influence the adhesion of
microorganisms, proteins, and cells to a surface.***' Employing antifouling polymer chains on a
surface is a very valuable synthetic approach, as it lets widespread tuning of the surface
properties merely by modifying the makeup, functionality, or structural design of the tethered
polymer brushes. Regulating the surface-wetting properties, inhibition of non-specific binding of
biomolecules, colloidal stabilization, and resistance to fouling are all examples of successful
application of polymer brushes. Notably, these polymer brushes can be functionalized on a range
of materials with secondary antibacterial functions arising from antibiotics, nanoparticles,
peptides, or zwitterion molecules to counteract implant-associated infections. 4?46 These surfaces
are of particular significance because they can minimize the selection and propagation of resistant

microbes, supporting persistent antibacterial efficacy.
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Figure 1.4 Three main surface modification techniques to create an antifouling interface on
biomedical materials. This includes surface chemistry, surface architecture and surface
topography.
Early studies on the development of dual-functional antimicrobial surfaces involved
contact-active antibacterial and antifouling multifunctional coatings containing PEG with anchored

antibiotics (penicillin, ampicillin, vancomycin).*” These coatings could be easily applied on

biomedical materials surfaces like PDMS, stainless steel, TiO2, PTFE, and PP using microwave
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plasma and chemical reactions to adjust the surface energy, roughness, and reactivity of the

material surface.*® 49

Table 1.3 Examples of biomaterials with antimicrobial and antifouling strategies

Antibacterial

component
Gentamicin

Sulfamethoxazole
(SM2) and
trimethoprim (TMP)
Quaternized
polyethyleneimine

poly(styrenesulfonate)
(PSS), quaternary
ammonium, H.0;
enzyme

Cationic antimicrobial
polypeptides

Rosin acid-derived
maleopimaric acid
quaternary ammonium
cation

(MPA-N+)

Chlorination of
cysteine sulfurs
Silver, Magnesium

a-aminoisobutyric
acid
Vancomycin

Silver

Silver

Antifouling
component

Ethylene glycol linker

PEG

poly(glycidyl
methacrylate)
brushes
Zwitterionic,
copolymers
(PTMAEMA-co-
PSPE) with varied
sulfobetaine
fractions
Heterofunctionalized
poly(ethylene glycol)
Allyloxy PEG

novel

Bovine serum
albumin/zwitterion
Pyarogallol

Lysine

phenylboronic

acid polymer
brushes

2.
methacryloyloxyethyl
phosphorylcholine

perfluorodecanethiol
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Target
microorganism (s)
S. aureus, E. Coli

S. aureus, E. Coli

S. aureus

S aureus biofilm

S. aureus, E. coli, P.
aeruginosa

E. coli, S. aureus,
and P. aeruginosa

E. coli

S. aureus, S.
epidermis, E.
faecalis, MRSA, P.
aeruginosa, E. coli,
K. pneumoniae, A.
baumannii

E. coli, B. subtilis

S. aureus, S.
epidermidis

E. coli, E. coli K 1-2

S. aureus, E. Coli

Applications

Titanium
implant
Biomedical
catheters

Dental
implant

Urinary
catheter

Surface
coatings
Biomedical
device

Surface
coating
Suction
catheters

Foley
catheters
Contact lens

Catheters,
stents,
dialysis
equipment.
Catheters

and

Ref

50

51

121

65

122

86

123

124

125

126

127



Over the years, this phenomenon became more refined where implant surfaces can be
modified with hyperbranched polymers on a pre-functionalized surface and simultaneously be
linked to antibiotics. For example, a sequence of hyperbranched polymers comprising gentamicin
moieties and PEG linkers was synthesized via a one-pot ring-opening reaction namely GPEG
(from gentamicin and poly(ethylene glycol) diglycidyl ether) and GEG (from gentamicin and
ethylene glycoldiglycidyl ether).%° Biomaterial interfaces such as Ti can be functionalized with
hyperbranched polymers using polydopamine (PDA) adhesive chemistry. The antibacterial
activity of the coated Ti disks (Ti-GEG, Ti-GPEG, Ti-EPEG (antifouling analogue)) was evaluated
in vitro and in vivo mice model against S. aureus and E. coli that showed a significant reduction
in the number of viable cells adhered on the combinational implant surface (Ti-GPEG)
demonstrating excellent antibacterial and antifouling properties compared to pristine and
individual controls. These characteristics of the dual functionalized Ti disks presented potential

clinical applications to reduce implant-related infections.

More recently, an efficient method for developing antibacterial and antifouling coatings on
biomedical catheters (BC) via co-deposition of microcrystalline antibacterial drugs
sulfamethoxazole (SMZ) and trimethoprim (TMP) combined with PEG immobilization via PDA
chemistry was reported.®' The product, namely BC-PEG-drugs, were effectively studied for their
drug loading and releasing capacity in an acetic acid buffer solution (pH 5.5). The surface-
modified catheters showed significant antibacterial and antifouling activity in solution and as well
as in the zone of inhibition study. Moreover, the drug-loaded coating along with PDA-PEG helped
in inhibiting the biofilm formation toward S. aureus and E. colifor up to 7 d and showed exceptional
antibacterial and antifouling abilities in an in vivo animal infection model against S. aureus. These
drug-loaded implant coatings allow on-demand deployment of drug payloads and highlight the
advancement of multimodal antibacterial remedies for clinical applications. Dual-function coatings

of this kind illustrate great initial bacteria-killing efficacy due to the release of antibiotics and
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preserve significant antifouling activity after the depletion of embedded antibiotics because of the

surface-immobilized polymer brushes.

However, antimicrobial materials that employ biocide release methods have demonstrated
low accomplishment, with their primary disadvantage being the loss of activity as soon as the anti-
infective molecules have been released or are no longer released at required dosages. Sublethal
amounts of antibiotics have been shown to hasten resistance mechanisms and biofilm
development.®? Therefore, various innovative antimicrobial coatings that can supplant the high
doses of traditional antibiotics have strongly influenced the field of surface chemistry. These
coatings can be chemically altered to achieve a variety of features without altering the physical
aspects of the base material. The fact that antimicrobial coatings can be readily applied to the
surface of insertable, or implantable medical devices underscores their importance in inhibiting
bacterial adhesion, proliferation, and eventual destruction. In this regard, AgNPs-based
compounds have shown the potential to regulate bacterial contaminations. However, safety
factors about using AgNPs have been raised due to their toxic nature to mammalian cells.% >
The presence of AgNPs in the proximity of the cell membrane is reported to rise the reactive
oxygen species (ROS) to a toxic level. To address the issue of cytotoxicity, the antifouling
properties of surface immobilized-PEG have been used in devising a defensive layer to protect
the direct contact and uncontrolled release of AQNPs and Ag* ions from a material surface.*®
Literature suggests that, at minimal concentrations, such surfaces lack toxicity towards eukaryotic
cells and interestingly are adequate to avert bacteria, including E. coli, S. Typhimurium, S. aureus,

and S. pyogenes. 5%

Another strategy is to develop a dual-function technology in which antibacterial gemini
quaternary ammonium salt waterborne polyurethanes (GWPU) brushes are placed over an
antifouling layer of PEG and carboxyl anion of L-lysine.®® The bactericidal activity of the upper

layer at 4.96% biocidal concentration along with the antifouling features of the sub-layer resulted

15



in an augmentation of the coated surface which reduced the growth of both Gram-positive and
Gram-negative bacteria by > 99%. However, the long-term usage and in vivo applicability of
coatings comprised of hydrophilic moieties are restricted by their rich hydrophilic surface. Such
polymers are prone to quicker release of the antibacterial component and are susceptible to
disintegration by established biofilms in long-term in vivo applications. To improvise the
biocompatibility and stability of these materials, recently a cross-linked double-layered contact-
active antibacterial and antifouling waterborne polyurethane using PEG, L-lysine, and Gemini
QAS (GQAS) was synthesized.’' ATR-FTIR confirmed the stability of cross-linked structure for at
least 5 months with promising long-term antibacterial and antifouling applications. Moreover,
these films exhibited >95% Kkilling efficacy at 2 and 7 d of implantation suggestive of great
antibacterial action with diminishing acute inflammatory stage after 90 d of implantation in vivo.
One major advantage of these release-based coatings is the antibacterial moieties can not only
kill the bacteria adhered to the surface, but also eradicate the planktonic bacteria surrounding the
medical device before their colonization on the surface (e.g., bacteria present in the lumen of the
catheter, saliva, or in the bloodstream). Dual functional surfaces with bactericidal agent release
have been explored with agents such as antimicrobial peptides,*® antibiotics,®> metallic

nanoparticles,® % enzyme®®, etc. with on-demand release and switchable properties.

While PEG has been studied as a gold standard in antifouling materials, one challenge that
has been observed is that it gets oxidized under physiological conditions, which results in the
demolition of the hydration layer. Accordingly, the efforts to find substitutes with higher stability
have directed efforts towards an exploration of mixed polymer brushes, zwitterionic polymers,
side chains, and surface grafts.® % Neutral, hydrophilic PEG alternatives, such as poly(glycerol)
and poly(2-methyl-2-oxazoline), have demonstrated comparable protein resistance to PEG
controls and improved oxidative stability on polydopamine modified surfaces.®”’° Bacterial

species consist of negatively charged surfaces due to the presence of ionic carbohydrates,
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teichoic acids, and lipopolysaccharides structures. Therefore, antibacterial agents with positively
charged surfaces comprising of particles, polymers, and peptides have been developed and
extensively investigated for their dual-functional antibacterial behavior against a vast span of

bacteria including multi-drug resistant strains.”"-"3
1.3.2 Zwitterion Based Coatings

Many multifunctional antimicrobial surfaces in the literature have been fabricated through the
incorporation of bactericidal agents into antifouling materials.*® ™ Materials with contact-based
killing require the bacteria to adhere to the surface for efficient eradication of bacteria. However,
the features offered by antifouling qualities restrict this process. To evade this conflict, the
antibacterial and antifouling elements need to be spatially or chronologically distinct. To achieve
this, PDMS-based silicone catheters with the ability to eradicate UTI pathogens were fabricated
using electrostatic layer-by-layer assembly.?® The coatings comprised of three building blocks,
namely, a copolymer in conjunction with zwitterionic/quaternary ammonium side chains for
antifouling properties, a derivative of the same polymer with octyl group for potential bactericidal
activity, and cellobiose dehydrogenase (CDH), another antibacterial moiety with H-O5 releasing
capacity. The working of the integrated coatings was initially analyzed on the silicon wafers as
model substrates, and later on the predeveloped silicone rubber surface following zeta potential,
wettability, and morphological evaluation. The H2O. byproduct of the immobilized CDH enzyme
was the primary means of antibacterial activity from the surface-functionalized coating which
resulted in a > 60% decline in the viable S. aureus attachment. Moreover, the magnitude of the
antifouling capacity of the coatings was observed to be reliant on the depth on the surface and
remained stable for at least 10 d in water and urine. The controlled release of the antimicrobial
moieties from functionalized surfaces can be utilized to lower microbial contamination on devices

and prevent the attachment of free-floating bacteria and inhibit biofilm formation.
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Recently a novel zwitterionic monomer, 3-(dimethyl(4-vinyl benzyl) ammonio) butanesulfonate
(DVBABS), and a polymeric coating that can both destruct bacterial cells and also release the
debris of dead cells from the device surface have been synthesized specifically for the anti-biofilm
activity.” These coatings were formulated via deposition of PDA, following in situ synthesis of
AgNPs, and ultimately by grafting of polyDVBABS brushes using ARGET-ATRP (activators
regenerated by electron transfer for atom transfer radical polymerization). The PDA catechol
groups immobilized the AgNPs, which resulted in the killing of bacterial cells, and a shift from
water to salt medium caused a reversible structural change of the polyzwitterion, which caused
the release of the bacterial cell from the surface. For both E. coliand S. aureus, the multifunctional
coating killed 299% of the attached bacteria and then quickly released =295% of all the attached
bacterial cells. Both functions were found to be preserved over several cycles of killing and

release.

A crucial antimicrobial mechanism of QACs requires the cationic chains to infiltrate the
membrane of a bacterial cell.”® 7" This is achieved either by opposite charge attraction and
subsequent penetration of the active group leading to the disruption of the phospholipid bilayer or
by establishing a charge imbalance that breaks down the transmembrane potential. Membranal
integrity of the bacteria cell wall can be compromised upon the transfer of cationic surface charges
to active intrinsic cations in the membrane.”® However, the positively charged QACs are more
prone to intensifying the spontaneous protein adsorption in the in vivo setting, thus considerably
reducing its antimicrobial ability.”® The surface contaminants of the debris from dead bacteria can
conceal the functionalities on the modified surface containing QACs which can increase the
possibility of recurring biofilm growth.® To overcome this challenge, the antimicrobial activity of
QACs has been integrated with that of antifouling properties of hydrophilic polymers. On one
hand, zwitterionic polymers can create robust and stable bonding with water molecules through

electrostatic interactions, and on the other hand hydrophilic polymers and coatings can help
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achieve surface hydration through the formation of hydrogen bonds between the polymer and
water molecules. In addition to the surface hydration elements, zwitterionic polymers also tend to
exhibit a strong anti-polyelectrolyte effect. In principle, the change in interactions of the polymer
can lead to two diverse performances in water and salt solutions. Exposure to water and salt
solution can lead to collapsed and stretched conformation of polymer brushes, respectively.®'
From an insightful perspective of composition and shape, the variations of cationic moieties and
salt amounts and forms can be used to transform the surface wettability from a highly hydrophobic
surface to a highly hydrophilic surface. Such transformation in the material properties has unveiled
several research prospects involving the growth of multi-pronged bio-responsive materials that

can revoke the shift between kill and release events.828
1.3.3 Surface Passivation via Protein Coatings

Additional antifouling strategies utilize specific protein interactions to prevent bacterial
adhesion and non-specific adsorption of other proteins. A classic example of this method involves
the passivation of surfaces with proteins that hinders cell attachment and blocks non-specific
protein adsorption. In order to reduce non-specific interactions on polymers, various passivation
agents are employed. Out of these, Bovine Serum Albumin (BSA) is most commonly used for
surface passivation purposes due to its abundance, low fabrication cost, and a lesser degree of
steric hindrance of specific binding proteins. Fabrication of stable protein films with BSA can
passivate surfaces and be generated via nanoimprint lithography (NIL).® This method comprises
a blend of temperature and pressure to generate materials that can substantially preserve the
native structure of the protein in aqueous conditions. The coated surface can then be
functionalized with various moieties such as chlorinating agents to produce N- or S-chloro species
that would slowly release chlorine, providing a strong biocidal activity against uropathogens in
addition to antifouling properties.? These protein coatings were also combined with nanoparticles

as a nano bricks surface modification technique to create thin-film coatings on various substrates
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such as dental implant screws for biomedical applications.®”- 8 Such robust approaches can be
utilized towards scaling of medical device technology with protein films with an ability to be
thermally treated to produce biostable coatings that retain their surface architecture (i.e.,

hydrophilicity, biodegradability, surface charges, etc.) in an in vivo environment.
1.3.4 Surface Topography

Modifications in the surface structure via textured patterns have come out as an advanced
method to hamper microbial adhesion, kill bacteria, or sensitize attached microbes on medical
implants.®" These surfaces are inspired by nature where animal and plant surface topographies
are employed to transform material with bio-inspired patterns for biofouling control. For example,
surface characteristics like nanopillars or spikes have been shown to destruct the bacterial cell
membrane, killing them and therefore obstructing bacterial adhesion.® Although the exact
mechanism behind the bacteria repellence remains unclear, it is believed that nano- and micro-
structures radically reduce contact adhesion area, generating improved bactericidal functions in
comparison to smooth, solid surfaces. Single bacterial cells that encounter the textured surfaces
undergo mechanical stress due to patterns and lower surface area which prevents them from
attaching and results in significant distortions in the cell membrane, causing the membrane to
rupture.®® % |t is also understood that surface patterns comprised of nano-microstructures can
disorder nanoscale domains in the bacterial membrane, a critical step of the biofilm development
process.®® Notably, bacteria can switch between planktonic and biofilm states by sensing the
topographical patterns around them.® Thus, the presence of nano-microstructure on the surface
can not only obstruct the adhesion of microorganisms but also prevents the communication
between bacteria in their collaborative aim of colonizing the surfaces. Studies have shown that
patterns on the surface can hinder flagellar interaction between bacteria and block the release
and sensing of small signaling molecules which is responsible for EPS production and biofilm

formation.®®
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It is worth noting that bacterial attachment to medical devices and materials is often
generalized since bacteria are viewed as immobile, extremely soft, and geometrically defined
particles. In reality, bacterial cells are extremely dynamic with a convoluted living system that alter
the protein structure in the cell envelope based on surrounding physiochemical circumstances,
affecting functions like protein secretion, EPS generation, an extension of flagella, and adhesive
molecules such as fimbriae.®” Moreover, bacterial forms, sizes, growth conditions, and nutrient
availability can all influence their interaction with the medical device interface. Therefore, there is
no universal set system in terms of the topography of the surface that can prevent all
microorganisms from adhering to the surface. Even though the implant at first may be
inhospitable for bacterial adhesion, the buildup of a protein-rich conditioning film will ultimately
initiate microbial adhesion and biofilm creation. Therefore, these patterned surfaces are primarily
effective in delaying the early stage of bacterial biofilm growth when the number of cells is
relatively low.%® As the microbes start to grow and multiply, after a certain period, microorganisms
will colonize the surface and initiate biofilm development. Whereas an ideal biomedical implant
should possess the ability to not only delay, but also completely prevent the growth of biofilm and
associated infections. For this reason, microtopography alone is inadequate and there is a need

to develop multifunctional coatings that are both antifouling and antibacterial.

Polymers are widely used in a variety of biomedical applications including short- or long-
term indwelling medical devices and implants. By their range of properties, today’s polymer-based
medical devices are formulated to provide excellent biocompatibility, durability, elevated potency,
high-level wear endurance, and processing versatility over a wide range of applications. However,
their applications are restricted due to a lack of resistance mechanisms against biofouling and
infections. Materials like polymethyl methacrylate (PMMA), polyethylene terephthalate (PET),
polyurethane (PU), polydimethylsiloxane (PDMS), titanium, stainless steel, etc. which are widely

used in fabricating medical devices such as prosthetic devices, nasoenteral tubes, contact lenses,
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indwelling catheters, or orthopedic and dental implants can be functionalized with nanopatterned
structures using photolithography, etching, chemical and vapor deposition, electrodeposition,
nanoimprinting and other texturing techniques.®®'%' Using Direct Laser Interference Patterning
(DLIP), periodic bacteria-repellent microstructures have been produced on a variety of metallic
and non-metallic biomedical surfaces with antimicrobial agents.'? It has been shown that pattern
sizes similar to bacterial cell size (1-2 pm) thwart the biofilm formation drastically by isolating the
bacterial cells and successively lowering the microbial attachment.'%® 94 This hypothesis is used
by several authors to sensitize and eradicate biofilms of S. aureus and P. aeruginosa with the
synergism between micropatterned surfaces and streptomycin antibiotic treatment in the
concentration range of 1-4 mg/L.'% The bacteria-size surface topographic characteristics
decrease bacterial adhesion and obstruct the growth of two-dimensional accumulates for the

initial few hours.

Recent studies have largely reported the synergistic antibacterial effect of topographical
cues and chemical components.'%: 197 The combined effect of chemically modified surface and
topography is known to have a greater impact on the adhesion and viability of P. aeruginosa.'®®
The study consisted of a conducting polymer, polyaniline (PANI), and modified the surface of PET
by in situ polymerization and microstructured the surface using DLIP. The PANI-modified
hydrophilic films decreased the attachment of P. aeruginosa by 74% and consecutive biofilm
formation by 50%. The presence of microstructure and PANI on the dual-functional PET—PANI
film further increased the ability to inhibit bacteria and biofilm formation by 97% and 65%,
respectively. Similarly, the antimicrobial properties of inorganic surfaces like copper can be
additionally boosted by directed surface functionalization using the same patterning technique.'%?
One drawback of DLIP however is that it can induce undesirable chemical variations in the surface
of the polymer.'% Therefore, the validity of the method for the use of the polymeric medical device

is still uncertain. Scientists have taken great inspiration from naturally occurring micro- and nano-
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topographies with high surface contact to modify biomedical materials that mimic these intricate
architectures for their antibacterial and anti-fouling properties. Patterned structures often found
on the cicada, dragonfly wings, shark skin, lotus, and rose petals or even liquid infused surfaces

possess the ability to inhibit or destroy bacteria." 112

Evaluation of these surfaces illustrates extensive variants in elemental and conformational
traits, suggesting that there is no one specific surface structure that demonstrates bactericidal
performance against all types of microorganisms. Nevertheless, complex biological interactions
between adsorption and release of protein moieties, cells, and microorganisms on the device
interface may be dictated by these designs. For this purpose, high-performance dual-functional
coatings that can repel and inactivate bacteria with UV-cross-linkable adhesive material based on
shark-skin nanotopography have been developed.'”® This material was loaded with titanium
dioxide nanoparticles (TiO2 NPs) from which shark-skin microstructures can be imprinted on a
poly (ethylene terephthalate) (PET) substrate using solvent-assisted soft nanoimprint lithography.
Upon exposure to UV-light, TiO2 NPs can be irradiated where they produce reactive hydroxyl
radicals and superoxide ions that can inactivate a variety of microorganisms.'"® The light-activated
shark-skin-designed surfaces decreased the attachment of E. coli by ~70% compared to the
smooth surface films with identical chemical compositions. Even the lowest tested concentration
of 10 wt% TiO2NPs demonstrated > 80% and 95% inactivation of E. coliand S. aureus within 1 h
of UV light exposure. The use of TiO, offer superior attributes for biomedical applications
compared to other nanoparticles (e.g., Ag, Cu) due to their ability to be loaded into transparent
materials and device coatings.'"* This can be beneficial for many medical devices, such as blood-

contacting devices where early visual detection of blood clots is imperative.

As per the recent molecular dynamics model report, there is a strong correlation between
bacterial adhesion, the physicochemical surface properties, and the design of a medical device,

where both the device and bacteria determine the success of the device in terms of antibacterial
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activity.®® Some structures like nanopillars found on surfaces of cicada and dragonfly wings can
only impede certain types of bacterial strains.''> '"® Bactericidal efficacy of the surface is not only
influenced by the shape, width, height, and spacing of the structural patterns but also by the cell
type and rigidity of the bacterial cell membrane. This might be the reason why rigid Gram-positive
bacteria strains including the S. aureus bacteria are resistant to nano-patterned surfaces of cicada
wings, while Gram-negative may not be affected to a similar extent.""” To conquer this limitation,
engineered surfaces with topographical patterns can be combined with antimicrobial
compounds. In this regard, fluorine-loaded hydroxyapatite (FHA) has been widely employed with
biomimetic structures for orthopedic and dental applications due to its broad-spectrum
antibacterial efficacy against bacteria like S. aureus, E. coli, and P. gingivalis.'"® On the same
basis an integrated surface of cicada wing-like nanopillars (diameter ~80 nm ) in conjunction with
FHA on titanium substrate using electro-chemical additive manufacturing for biomedical
applications has been designed.""® Similarly, dragonfly-wing-based nanopillars made of ZnO/Au
on a PDMS (PDMS-ZnO/Au) surface with a dual bactericidal and anti-biofouling activity to reduce
the formation of biofilm over a prolonged time have been reported.'® The superhydrophobic
surface of modified PDMS with the ZnO nanopillars produces air pockets for a photocatalytic
reaction which is enhanced with the addition of AuNPs. The anti-adhesive and antibacterial
PDMS-ZnO/Au surface demonstrated > 99% of bacteria reduction with just 30 min of visible light
exposure which can be attributed to ROS generation through photocatalytic reduction of AuNP

which results in membranal destruction, protein, and DNA destruction in bacteria.?°
1.4 Advancements in Nitric Oxide Releasing Multifunctional Biomedical Devices

Conventional approaches for tackling infections associated with medical devices with
antibiotic treatments have exhibited decreasing effectiveness as complications with biofilms and
resistant bacteria at the material interface become more prevalent. Moreover, these devices can

often be affected by other biomedical issues, such as device-induced thrombosis and
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inflammation. It is understood that local and systemic microbial infections elevate the threat of
thrombosis as much as 20 times and lead to thromboembolic diseases.'?® One main issue that
underlines the risk of thrombosis is the degree of inflammation that is triggered by the occurrence
of infection, in which a pro-coagulant state can increase inflammation and thrombotic
complications.’?® Active antimicrobial surface strategies discussed in the previous sections
including antibiotics, metal nanoparticles, and QACs can all effectively tackle bacterial
contamination; however, they cannot address other biomedical challenges that occur at
biomaterial interfaces (e.g., thrombosis and inflammation). The use of nitric oxide (NO) releasing
materials has become a popular strategy to simultaneously overcome the issues arising from the
use of biomedical devices, including the issue of biofilm.™%13 NO is a diatomic free radical,
gaseous transmitter molecule that is endogenously produced in the body when L-arginine
undergoes enzymatic oxidation in presence of nitric oxide synthases (NOS), resulting in the
production of NO and L-citrulline. '35 136 Healthy endothelial cells generate an NO flux of 0.5—4 x
107" mol cm™ min™" in the blood vessels which protects against platelet activation and
aggregation, and exhibits an anti-proliferative effect on smooth muscle cells (SMCs), and controls
vasodilation and blood pressure.'®” Nitric oxide is known to regulate many physiological functions
such as neurotransmission, vasodilation, an immune response to infection, wound healing,
angiogenesis, and oxygen-free radical generation.'® '3 Apart from these versatile properties, NO
has been also found to possess excellent antimicrobial/bactericidal activity against both Gram-
positive and Gram-negative bacteria, including several clinically resistant bacteria strains such as
methicillin-resistant S. aureus (MRSA).'%'42 The antibacterial activity of NO is governed by
multiple mechanisms such as nitrosation of amines and thiols, chemical alteration of DNA, lipid
peroxidation, promoting iron depletion in bacteria, and tyrosine nitration.'#3'4> Moreover, NO has
a very short half-life in the physiological environment which makes its action very rapid due to

which bacteria are unable to develop resistance against NO.'#% 147 These properties of NO make
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it a superior therapeutic compared to traditional antibiotics or other active antimicrobial agents

discussed above.

The multifunctional antimicrobial, anti-thrombotic, and anti-inflammatory properties of NO
makes it a promising candidate for the development of various indwelling and blood-contacting
biomedical devices with enhanced hemocompatibility and antimicrobial activity. The instability
and short biological half-life of NO in aqueous conditions have led to the development of a
pharmacologically active class of NO donors, such as nitrates, N-diazeniumdiolates (NONOates),
and S-nitrosothiols (RSNOs), which can be integrated within a variety of medical-grade polymeric
devices for prolonged and controlled NO release.'® 52 NONOates are one of the most widely
studied NO donating molecules that are synthesized by reacting primary or secondary amines
with NO under very high pressure (e.g., 5 atm) and low-temperature environment in basic
conditions (Figure 1.5 a-d). The NO release from these compounds can be triggered by
modulating the pH, light, or enzymes where two moles of NO are released per one mole of a
donor.'31%  S-Nitrosothiols (RSNO), another class of commonly investigated NO donating
compounds, are endogenously found in the body and can be synthesized by conventional
nitrosation of thiol functional group in an acidic environment.'® %7 RSNOs, can rapidly release
NO at physiological conditions and in the presence of various catalysts such as heat, light, metal
ions, and enzymes (Figure 1.5e). S-nitroso-N-acetylpenicillamine (SNAP) and S-
nitrosoglutathione (GSNO) are two commonly used NO donor species studied for biomaterial
applications because of their long-term stability and NO release properties apart from ease of
synthesis, low cost, and excellent biocompatibility (Figure 1. 5f-g)."**Other RSNOs such as S-
nitroso-N-acetylcysteine (SNACET) (Figure 1. 5h) and derivatized molecules such as (N-Acetyl-
S-nitrosopenicillaminyl)-S-nitrosopenicillamine (SNAP-SNAP) have also been synthesized and

reported.'59 160
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NO donors can be incorporated into a polymer matrix via solvent impregnation, non-covalent
dispersion or blending of the donor in a polymer, or covalently immobilization of the NO donor

moiety to the polymer backbone (Figure 1.6).
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Figure 1.5 (a) Schematic representation of formation and decomposition of (a) N-
Diazeniumdiolates (NONOates), chemical structure of NONOates donor (b)
diazeniumdiolated N-(6-Aminohexyl) aminopropyltrimethoxysilane (AHAP/NONOate), (c)
diazeniumdiolated diethylenetriamine  (DETA/NONOate), (d) diazeniumdiolated
dibutylhexanediamine (DBHD/NONOate) (e) Schematic representation of formation and
decomposition of S-nitrosothiols (RSNOs) , and structure of common RSNO donors, (f) S-
Nitroso-N-acetylpenicillamine (SNAP), (g) S-Nitrosoglutathione (GSNO) and (h) S-nitroso-
N-acetylcysteine ethyl ester (SNACET).

NO-releasing materials have historically faced the challenges of attaining controlled NO
release and long-term release properties to meet the requirements for various medical device
applications. This is one of the challenges that has restricted effective clinical translation of NO-
releasing materials to date. Given that the therapeutic levels of NO and its effects can vary
significantly in physiological conditions, it is essential to regulate the levels of NO for desired

biomedical application.
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(A)

(B)

(C)

Figure 1.6 Methods to generate NO-releasing/generating materials. This includes (A)
solvent impregnation, (B) non-covalent dispersion of NO donors in a polymer solution
and solvent casting, and (C) immobilization of NO donors to functionalized polymer

substrate.

For example, during the introduction of a medical device implant to the body, the device may

need elevated levels of NO to thwart the initial bacterial attachment on the device surface.
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Nevertheless, over longer durations, these implanted devices may need reduced levels of NO to
maintain a bacteria-free state. The NO release from materials has been determined by a
combination of the NO donor chemistry and the material properties. Recent work has utilized
approaches that can control the NO release by modulating the polymer properties (water uptake),
dip coating with hydrophilic polymer to create a hydration layer and prevent adsorption of
biomolecules, coating with low water uptake/hydrophobic polymer, covalent immobilization of NO
donors that can control leaching and prolong NO release, or by elevating the levels of NO using
catalysts (light, metals, enzymes, etc.).’®-63 The metal-based catalysts can also provide a second
active antimicrobial mechanism while helping control the NO release. Similarly, to precisely
regulate the dosage and NO delivery time from polymers, the photoresponsive properties of NO
donors have been exploited for various biomedical applications (catheter disinfection, inhalation
NO therapy, osteosarcoma therapy, etc.).1%> 183165 Another approach to controlling the location
and enabling site-specific NO availability is transnitrosation reactions at thiol moieties, like
cysteine, that are immobilized on surfaces providing a localized site for NO at these
biointerfaces.®%-1%°® The specific details of these combinational materials are discussed later in the

manuscript.

1.5 NO-Releasing Combinational Surfaces with Dual Antimicrobial Strategies

NO-releasing antimicrobial surfaces are a promising approach to increasing the lifetime and
enhancing the biocompatibility of medical devices. Nevertheless, one major issue with these
devices is that the levels of NO may decline with time owing to the degradation of the NO donor
within the polymer matrix, which restricts the potential of devices to eliminate bacteria over longer
durations. Therefore, many efforts in the field have been directed toward combining dual-active
antimicrobial approaches (Figure 1.7). These strategies are exciting since medical devices with
NO and a secondary antimicrobial mechanism will not only help with tackling infection issues at

medical device interfaces, but also help overcome other significant challenges with indwelling
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medical devices such as thrombosis, inflammation, etc. due to inherent biological properties of
NO. Surface modifications of NO-releasing antibacterial polymer coatings are attempted to
bestow additional antibacterial properties to synergistically combat bacteria. These techniques
involve the incorporation of NO donor along with secondary antibacterial agents such as
nanoparticles '°, antibiotics, antimicrobial peptides,'!, and other antiseptic molecules."”? The
reported studies usually contain an NO donor incorporated in the base polymer that is top-coated

with a polymer containing secondary active molecules (see Table 1.4).

NO + Active Antimicrobial Strategies
@  NO donor
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Figure 1.7 Different physical and chemical modification techniques to incorporate
multifunctional antibacterial and antifouling surface properties to nitric oxide-releasing
materials. These strategies include surfaces with nanoparticles, metallic organic frameworks,
antibiotics antimicrobial peptides, and quaternary ammonium compounds for antibacterial
action. Antifouling surfaces include hydrophilic/zwitterionic polymer brushes, slippery liquid
infused porous surfaces, and surface patterning with micro- and nano-topographies.

Table 1.4 List of NO-releasing medical devices/polymeric surfaces exhibiting dual-action

antibacterial behavior.

Strategy Secondary Microorganisms Material/Device
component
Antibacterial Formaldehyde S. aureus, E. coli Micellar Zil
nanoparticles
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Antibacterial

Antibacterial

Antibacterial

Antibacterial
Antibacterial
Antibacterial
Antibacterial
Antibacterial
Antibacterial
Antibacterial
Antibacterial

Antibacterial
Antibacterial

Antibacterial

Antibacterial

Antibacterial

Antifouling

Dihydropyrrolones

beta-defensin 2
(BD-2), colistin,
gentamicin,
chloramphenicaol,
ciprofloxacin,
tetracycline
Tobramycin,
Meropenem,
Colistin,
Ciprofloxacin,
Ceftazidime,
Aztreonam,

Cu NPs
Cu NPs
Ag*
AgNPs

Benzophenone-
based quaternary
ammonium
Selenium
Chlorhexidine
Nisin
Heparin
Quaternary
ammonium
epoxides
Quaternary
ammonium

Oligoethylene
glycol,
hydrophobic
Ethylhexyl,
cationic primary
amine-containing
antimicrobial
polymer
Amphotericin B

Ordered
submicron pillar

S. aureus, P.
aeruginosa
P. aeruginosa

S. aureus, P.
aeruginosa,
MRSA,
Burkholderia
cepacia complex.
Clinical resistant-
K. pneumoniae
and P.
aeruginosa
S. aureus, P.
aeruginosa
S. aureus, P.
aeruginosa
S. aureus, P.
aeruginosa
S. aureus, E.
coli, S. mutans
S. aureus, P.
aeruginosa

S. aureus, E. coli
S. aureus, E. coli
S. aureus, E. coli
S. aureus
S. aureus, P.
aeruginosa

S. aureus, P.
aeruginosa

P. aeruginosa

S. aureus, E.
coli, C. albicans
S. aureus, P.
aeruginosa, S.
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Fluorinated ethylene

propylene surface
Catheter

Chitosan
oligosaccharides

PU composites
PVC tubing
Xerogel
Alginate NPs
PU composites
PU composites
Silicone rubber

Silicone rubber
Silicone rubber

Functionalized silica

nanoparticles

Poly(amidoamine)
(PAMAM)
dendrimers
Amphiphilic
statistical ternary
copolymer

Polydimethylsiloxane

PU surface

219

190

188

170

177

179

220

196

176

172

171

221
222

194

132

192

215



1.5.1

example,

Antifouling

Antifouling

Antifouling

Antifouling

Antifouling

Antifouling

Antifouling

Antifouling

Antifouling

The advantage of having antibacterial nanoparticles as a secondary active mechanism

topographical
surface
Ordered
submicron pillar
topographical
surface
Silicone Oil

Silicone oil

Silicone oil

BPMPC

BPMPC

Tecophillic
SP60D60,
hydrophilic,
antifouling
polymer
Hydrophobin SC3

PDMS

epidermidis, E.

coli
S. epidermidis

S. aureus, P.
aeruginosa
S. aureus
S. aureus, S.
epidermidis
S. aureus

S. aureus

S. aureus

S. aureus

S. aureus

NO-Releasing Surface with Metal Nanoparticles
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PU surface

Silicone rubber
tubing

Silicon Foley
catheter
Insulin cannula
PU composites

Vascular catheters

PU coatings

PU-PDMS
composites

PDMS surface

217

207

209

25

212

213

161

191

200

serves a dual purpose with NO-releasing materials. Metal nanopatrticles are known to catalyze
the NO release from S-nitrosothiol-based NO donor compounds due to their ability to break the
S-NO bond of the donor. Metals like copper have been demonstrated to facilitate RSNO
decomposition via Cu* interaction thereby leading to NO release from the donor."® '3 In one
NO-releasing biocompatible polyurethane composites can be generated by
incorporating 10 wt% of SNAP into the CarboSil-20 80A, a commercially available biomedical

grade polymer followed by a top coating of 1, 3, or 5 wt % Cu-NPs. Here, the SNAP molecule



worked as NO-releasing (NOrel) material whereas, Cu-NPs worked as NO generating (NOgen)
material.”® The topcoat of Cu-NPs not only helped in the enhancement of the NO release but
also improved the overall antimicrobial activity via the oligodynamic effect of Cu.'* The NO flux
for the SNAP-CarboSil composites without Cu-NP coatings after 3 h was found to be 1.32 £ 0.6
x 1071 mol min™" cm™, whereas, with 1, 3, and 5 wt% Cu-NPs coatings, it was observed to be
448 +0.5%x107"° 4.84 + 0.3 x 107" and 11.7 £ 3.6 x 107'° mol min™" cm™2, respectively. While
the Cu-NPs only controls exhibited some antimicrobial effects, the 3% Cu-SNAP composites
exhibited a significant reduction (up to 99.8%) in both Gram-positive S. aureus and Gram-negative
P. aeruginosa compared to the controls. Various other studies have shown the use of
nanoparticles as a catalyst and a means to generate NO using zinc, copper, and selenium to
enhance the antibacterial efficacy with a variety of NO donors.'”® 176.1777 The combination of CUNPs
and NO has been shown to increase antimicrobial effects and blood-compatibility for short-term
extracorporeal circulation (ECC) applications.'” Combinational approaches involving metal
nanoparticles can be extremely advantageous for the catalytic release of NO from medical-grade
polymers. The innate bactericidal efficacy and ability to interact with endogenous RSNOs in blood
makes CuNPs superior compared to other types of metallic nanoparticles. Similarly, the broad-
spectrum antimicrobial properties of NO have been combined with ZnNPs for sterilizing hub
regions of tunnel dialysis catheters.® Meyerhoff and group developed a novel NO-releasing
insert for hemodialysis catheter hub disinfection, where the ZnNPs combined with GSNO
significantly increased the NO flux that demonstrated superior antimicrobial activity in a full-length
catheter implanted in 14-d in vivo sheep model as compared to clinically used chlorhexidine
impregnated caps. Other literature has reported the potential for the synergistic killing of NO with

Ag which also been explored against infection-causing pathogens for biomedical applications. '7°

While metal nanoparticles can trigger higher levels of NO surface flux, they also have the

potential to generate a consequent cytotoxic effect from the leaching of these particles.' The
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undesired leaching can harm the neighboring cells and healthy tissues leading to inflammatory
reactions in the body. To overcome the challenge of metal leaching, copper-based metal-organic
frameworks (MOFs) have been reported to alleviate Cu?"'* via coordination with extended
catalytic operation as opposed to their salt or nanoparticle counterparts. The use of MOFs in NO-
releasing polymeric composites with NO donor compounds was demonstrated by creating a
multifunctional triple-layered composite scaffold with CuBTTri and SNAP.'"" The NO release
levels from the catalyzed SNAP decay could be finely-tubed by varying the concentration of
CuBTTri. These combinational NO-MOF surfaces demonstrated 2.74 and 1.23-log reduction in
adhered methicillin-resistant S. aureus and E. coli, respectively.’® Although, these surfaces
showed improved antibacterial properties compared to the individual NO or MOF control surfaces,
the practical use of MOF-containing materials has been restricted due to high production rates,
inadequate selectivity, minimal function, and complexities in recycling/regeneration.'® Similar
studies have been reported consisting of a combination of NO and
nanocomposite polyvinylidene fluoride (PVDF) membrane or other light-activated antibacterial
nanomolecules.'®18 These metal-based surfaces can be irradiated with a light source taking
advantage of photocatalytic activity to increase the therapeutic efficacy of NO-releasing
surfaces. Readers are directed to other thorough review articles for more information on NO-

releasing photo-activable materials for antibiofilm applications.'®”
1.5.2 NO-Releasing Surfaces with Antibiotics, Antiseptics, or Antimicrobial Peptides

Many studies in the past have reported the efficiency of NO-releasing materials in eradicating
viable bacteria that can maintain a biofilm-free state for an extended period of time.®”: ' |t has
been demonstrated that NO can increase the susceptibility of multiple classes of antibiotics in
drug-resistant bacteria, while simultaneously slowing down the resistance process.'® This can be
attributed to the augmented membrane permeability in bacteria caused by reactive oxygen and

nitrogen species generated by exogenous delivery of NO. It is hypothesized that an increase in
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membrane permeability driven by NO can result in better action of antibiotics in bacteria. For this
reason, scientists have attempted to either modify the NO-releasing surface with broad-spectrum
antibiotics'® or improve the antibacterial properties of NO by co-delivery/subsequent delivery of
antibiotics after NO treatment.'® 1% The Schoenfisch group has studied the combined effects of
NO with various antibiotics in chitosan oligosaccharides.'®® Their study confirmed that most
combinations of NO and antibiotics were synergistic or additive, without any antagonism,
demonstrating the synergy of the approaches and advantages of their combination.'®® These
strategies can prove superior against antibiotic-resistant pathogens such as P. aeruginosa which
have lower permeability to conventional antibiotics, presence of efflux pumps, and production of
enzymes that can chemically alter the expression and deactivate the action of antibiotics.
Despite the excellent broad-spectrum antimicrobial, anti-thrombotic, and anti-
inflammatory properties of NO, the commercialization of NO-releasing materials has not been
achieved to date. Hence, approaches that involve other clinically available antimicrobial catheter
materials have also been combined with NO-releasing properties to create a multifunctional
medical device interface for a greater level of microbial eradication. Recently, a method to modify
silicone rubber medical device interfaces with the incorporation of the NO-donor SNAP and a
commonly used broad-spectrum antiseptic chlorhexidine (CHXD) was reported.'”? The antiseptic
CHXD was top-coated on the SNAP-loaded surface at various concentrations. The CHXD was
homogeneously dispersed on the surface of the films and its mechanism of action is that it can
kill pathogens upon contact, thereby preventing biofilm formation on the surfaces. The dual-active
SNAP-CHXD surfaces demonstrated the highest reduction in viable S. aureus and E. coli bacteria
with > 3-log reduction on the surface of the films with up to 4 weeks of physiologically relevant
levels of NO."2 A similar methodology has been used by other groups that immobilize
hydrophobin and Amphotericin-B on NO-releasing surfaces for bacterial and fungal
eradication.'®" 192 The fate of the medical device is highly dependent on the initial timepoints of
implantation or insertion where prevention of microbial adhesion on the surface is determined to
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be very crucial. The synergy of multiple antimicrobial interfaces can radically reduce the
attachment of viable bacterial cells on the surfaces. The successive levels of NO release from the
surface can then persistently offer antibacterial action against clinical pathogens and help

maintain a biofilm-free state.
1.5.3 NO Releasing Surfaces with Quaternary Ammonium Compounds

lonic compounds such as quaternary ammonium, phosphonium, phosphonic acid, and
sulfonic acid are well-known groups of organic compounds for their antimicrobial activities. When
these charged molecules are combined with the NO donors, the antimicrobial effect of the
materials increases significantly.'®® Since long chains of alkyl on the QACs have been shown to
increase the penetration of molecules into the bacterial cell membrane, NO-releasing QAC-
functionalized generation 1 (G1) and generation 4 (G4) poly(amidoamine) (PAMAM) dendrimers
using NONOate form of NO donors have also been reported.’* Modification of QAC dendrimer
scaffolds with NO release capabilities resulted in increased bactericidal efficacy against both
Gram-positive and -negative bacteria compared to the QAC-modified dendrimers alone.* 1% The
NO payload in these materials can be tuned by regulating the polarity of the charging solvent
used in NONOate synthesis reaction (i.e., by increasing the ratio of tetrahydrofuran to methanol
with increasing alkyl chain length). However, the stability of polymers with NONOates during shelf-
life storage and with various hospital sterilization methods is yet to be evaluated. To overcome
this, a combination of RSNO and QA was synthesized that demonstrated superior bactericidal
effect by permanent photo-crosslinking and surface immobilization of benzophenone-based
quaternary ammonium antimicrobial (BPAM) on a CarboSil based polymeric composite with
SNAP embedded as an NO donor.'® SNAP has the capacity to crystallize in the polymer matrix
and be triggered via heat, light, or metal ions. The crystallinity of the donor in the polymer matrix
increases its lifetime in the RSNO-loaded polymers up to 8 months of storage at room

temperature.’®” Owing to its excellent storage capacity, a dual functional polyurethane polymer
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CarboSil 20 80A was loaded with NO donor SNAP followed by top coating with surface-
immobilized BPAM molecule. BPAM exhibits instant contact killing and high biocidal activity
against both Gram-positive and Gram-negative bacteria along with rapid surface attachment

(within 1 min) to the polymer with mild UV irradiation and good mechanical durability.®
1.6 NO-releasing Combinational Surfaces with Antimicrobial and Antifouling Strategies

A second potential limitation of NO-releasing polymers, and motivation for their combination
with antifouling strategies, is they have been shown to promote surface fouling via blood protein
adsorption.'® As previously mentioned, such non-specific adsorption of physiological protein
often becomes a substrate for bacteria attachment which adversely influences the performance
of NO-releasing materials. Although the adsorption of protein on the surface does not affect the
activity of NO release from polymers'’®, it can increase surface fouling arising from dead bacterial
debris. Therefore, a secondary antifouling mechanism that eliminates the fouling on the NO-
releasing device surface that encounters bodily fluids, while actively killing bacteria via NO is one
of the newest and most promising directions in this field of research. The antifouling approaches
applied to NO-releasing materials include texturing of the polymer surface, liquid-infused slippery
surfaces, conjugation of NO donors on polymeric brushes, NO impregnated/incorporated

surfaces with zwitterionic, superhydrophobic, and even hydrophilic topcoats.?* 1%
1.6.1 NO Releasing Hydrophilic and Hydrophobic Antifouling Surface

Hydrophilic coating materials due to their intrinsic antifouling property play a crucial role in
combating microbial growth on the surface. When a hydrophilic surface comes in contact with
bodily fluid, a hydration layer is formed on the surface which inhibits the attachment of non-specific
hydrophobic proteins. Further, the combination of NO donating materials and antifouling surface
exhibits a synergistic antimicrobial effect. This method was demonstrated using a polyurethane

coating with antibacterial and antifouling properties using CarboSil 2080A polymer and SNAP as
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NO donor "', The developed CarboSil-SNAP composite was top coated with Tecophillic
SP60D60, a commercially available hydrophilic, antifouling polymer with a contact angle of ca.
51°. The fabricated coating showed a sustained NO release and a synergistic effect in the
reduction of up to 96% of S. aureus viable cell count compared to the control samples. A
biomimetic surface coating on NO-releasing polymers was also evaluated for antimicrobial
applications. This methodology included solvent impregnation of SNAP in CarboSil and PDMS
polymer, followed by a topcoat of hydrophobin SC3 (SC3), a self-assembling amphiphilic
protein.’® The top-coated SC3 led to a B-sheet formation on the CarboSil surface that induced
hydrophilicity resulting in a ca. 30% reduction in the contact angle (from 107° to 76° for SC3-
SNAP-CarboSil). The change in surface wetting also resulted in a tenfold drop in the fibrinogen
adsorption on SC3 top-coated polymer samples when compared to non-SC3-coated samples.
The SC3 top-coated SNAP-PDMS polymer samples demonstrated superior bactericidal property
with a ca. 79% reduction in viable S. aureus. However, one of the major constraints with using
polymers for top-coating the substrates is the potential for untimely polymer degradation which
can lead to an increase in surface roughness or a hon-homogenous top-coat layer, which can

defeat the purpose of having an antifouling interface.

Surface immobilization of NO donors has greatly impacted the field, and a major advantage
of combining antibacterial and antifouling strategies is accomplishing the long-term function of
medical devices. The presence of an antifouling interface has been understood to prolong the life
of NO-releasing materials even after the total NO payload is exhausted in the polymer matrix.
This was exemplified with a triple-action (protein, platelet, and bacteria repellent) coating called
surface-immobilized S-nitroso-N-acetylpenicillamine (SIM-S) on a PDMS polymer surface to
combat infection.?®® The modified PDMS polymers released NO at physiologically relevant levels
for up to 4 weeks, resulting in a 99.99% (~4 log) reduction in viable S. aureus over 24 h. The

functionalized polymer surfaces revealed non-fouling nature and significantly reduced protein
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adhesion by ca. 65% when compared to unmodified PDMS. The antifouling capability of the
material surface was preserved despite the complete depletion of NO payload within the polymer

because of the surface-immobilized NAP degradation product.

Similarly, using the mussel adhesive chemistry via polydopamine (PDA) immobilization of
polytetrafluoroethylene (PTFE) particles on the SNAP-loaded NO-releasing polymer composite
surface was recently reported.?’’ The PTFE coating on the NO-releasing surface decreases the
surface wettability of the polymer making it highly hydrophobic. On very hydrophobic surfaces like
PTFE coating, air-water interfaces, or the presence of interfacial nanobubbles can significantly
reduce the contact of bacteria with the surface. Therefore, together the PTFE coating is known to
passively lower the degree of bacterial attachment to the surface of the polymer, and the presence
of active NO release is expected to eradicate bacteria that were able to adhere to the surface.
The combination of these two interfaces was shown to reduce 99.3% and 99.1% of viable S.

aureus and E. coli bacteria on the surface, respectively.

Despite integrating multiple mechanisms in a single medical device, NO-releasing materials
suffer from limitations such as a lower range of NO release levels, leaching of NO donors from
polymer, and clinical/commercial translatability. Many approaches reported in the literature need
to be scalable, easy to manufacture, and ready for the regulatory pathway for effective clinical
translation. From a broader perspective, blood-contacting devices frequently face the problem of
clotting which is often linked with device-associated infection. One major advantage of NO-
releasing devices is their diverse role in various biological pathways. Combinational surfaces with
NO-releasing properties are superior to other surfaces due to the multiple roles of NO
(vasodilation, platelet activation, inflammation, pathogen elimination, etc.). To demonstrate this,
Hou et al. reported a NO-releasing catheter with uniform high-density precision diblock copolymer
brushes (termed H(N)-b-S) consisting of a surface block of antifouling poly(sulfobetaine

methacrylate) with a subsurface block of antibacterial RSNO-modified poly(hydroxyethyl
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methacrylate).?? Using a novel catheter modification technique of ozone-initiated surface
reversible addition-fragmentation chain-transfer (ozone-surface-RAFT) block copolymerization,
both the inner and outer surface of a slender polyurethane (PU) catheter were altered. These
dual-functional NO-releasing catheters exhibited 99.99% biofilm reduction of various Gram-
positive and Gram-negative bacteria as compared to <90% antibacterial activity of commercial
silver catheter in a murine subcutaneous infection model. In a long-term study, these modified
catheters exhibited >99.99% reduction in MRSA bacteria in a 5-d implantation study in a porcine
central venous catheter infection model. In addition, the combination of NO and polymer brushes
demonstrated excellent antithrombogenicity and biocompatibility. More importantly, this study
presented a technique to design a flow reactor to scale up the H(N)-b-S coating procedure to
modify clinically relevant size catheter (30 cm long). Overcoming these challenges in scaling up
the synthesis of material design along with the combination of secondary antimicrobial approach
is expected to significantly enhance the translatability of NO-releasing materials for clinical

applications.
1.6.2 Liquid-Infused Nitric Oxide-Releasing (LINORel) Surface

Although the impregnation of NO donor does solve the issue of treating the bacterial
infection, it does not completely resolve the issue of fouling from proteins of dead bacteria. When
it comes to designing biocompatible coatings, material scientists are often drawn toward
biomimetics to explore and construct materials inspired by natural phenomena. Strategies to
mitigate the bacterial colonization on the device surfaces are urgently needed that are equipped
with synergistic elements like surface chemistry and surface roughness that are unfavorable for
bacterial attachment. Keeping this in mind, there has been tremendous growth in the
development of Slippery liquid-infused porous surfaces (SLIPS).2%4 205 These surfaces are a new
class of antifouling materials and are an inspiration from the gastrointestinal tract that takes the

advantage of van der Waals and capillary forces between fouling liquid and infused polymer.
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Together these forces generate an atmosphere in which they actively favor the infusing liquid as
opposed to the fouling fluid resulting in a continuous infused surface. The SLIPs materials provide
an antifouling approach to resist the adhesion of pathogenic microorganisms and protein without
affecting the NO release which can be achieved by infusing the polymer with biocompatible

silicone oil (Si oil).2%

Nitric oxide-releasing medical devices made of silicone rubber polymer have shown
promising ability to be infused with Si oil for creating an antimicrobial and antifouling interface.?®
203,207,208 gy ch surfaces can be impregnated with NO donor, SNAP, and then later infused with
silicone oil to generate the antifouling surfaces. Reports suggest that the infusion of Si oil not only
improved the controlled release of NO, but also reduced the leaching of SNAP while maintaining
the ultra-low fouling property of liquid-infused silicone tubing surface.?’” Further, the Liquid-
Infused Nitric Oxide-Releasing (LINORel) surface exhibited 99% and 88% reduction in viable cell
adhesion of S. aureus and P. aeruginosa respectively over 7 days in a CDC bioreactor
environment.?°” Moreover, the fabricated NO-releasing non-fouling surface was also found to be
non-cytotoxic toward mammalian fibroblast cells. A similar methodology was reported with other
SR-based medical devices for the use of urinary catheters and insulin cannula with long-term NO
release, reduced SNAP leaching, and protein fouling in addition to excellent antibacterial,
antifouling, and biocompatible properties. 2° 203 29° This is a simple and promising approach to
generate LINORel on prefabricated medical devices and therefore holds huge potential in clinical
translation. Recently, a novel method to generate NO-releasing Si oil with proactive antibacterial
properties was reported that involved covalently immobilizing NO donor to Si oil or generating
NO-releasing Si oil by nitrosating the thiolated Si oils.?'%2"" Such oils can be infused on the PDMS
surface that often used for biomedical device applications to create an antibacterial interface. NO

release from these surfaces can be controlled by modulating the NO-payload based on the type
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of application. These studies confirmed the ability to tune the NO surface flux by altering the

percent thiol conversion to NO moiety in the NO-releasing Si oil.2"°
1.6.3 NO-releasing Surface with Zwitterionic Properties

To augment the efficacy of NO-releasing surfaces, antifouling zwitterionic-based
compounds have been employed. To explore the covalent grafting of zwitterionic polymers to
various substrates ranging from hydrophilic to hydrophobic, benzophenone (BP) chromophore, a
photo-active tethering reagent was incorporated into the polymeric backbone.?'? The covalent
grafting of the synthesized antifouling zwitterionic terpolymer, 2-methacryloyloxyethyl
phosphorylcholine-co-butyl methacrylateco-benzophenone (BPMPC) to SNAP incorporated
CarboSil through rapid UV-cross-linking resulted in a stable hydrophilic coating (contact angle
~50°) with the antimicrobial ability and excellent antifouling properties. The developed zwitterionic
coating material showed a significant reduction (ca. 84-93%) of protein adhesion compared to
the control samples. A similar trend was observed for SNAP incorporated CarboSil composite
with BPMPC topcoat which also exhibited a 99% reduction of viable S. aureus when compared
to control samples. Facile treatment of phosphorylcholine-based polyzwitterion and its covalent
attachment to a hydrophobic CarboSil polymer also inspired the fabrication of antimicrobial, anti-
inflammatory, and antithrombotic vascular catheters.?'®> The SNAP-BPMPC catheters released
NO above physiological levels for over 1 week. The SNAP-BPMPC catheters exhibited a
significant reduction in viable S. aureus (97%) after 7 d in a CDC bioreactor environment. The
SNAP-BPMPC catheters also demonstrated excellent hemocompatibility in an in vivo rabbit

model over a 7-d period.
1.6.4 NO-Releasing Surface with Topographical Patterns
Nano- or micro-topographies in combination with NO release have been demonstrated to

be useful methodologies to prevent and manage bacterial attachment and biofilm development
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on a polymeric substrate. While the patterns can inhibit bacterial attachment in the initial
timepoints, NO with biocidal properties can actively kill the bacteria and disperse the biofilms over
longer durations.?'* 25 These strategies can inhibit medical device-related infections with no
known antibiotic resistance. When the NO-releasing materials are incorporated into the physically
modified surfaces, it exhibits an enhanced dual functioning antimicrobial property with reduced
foreign body response.?'+2'® This phenomenon was verified with a textured polyurethane-based
film containing SNAP as the NO-releasing material in the sublayer and an ordered submicron
pillar topographies at the top surface.?' A series of SNAP-textured films with CarboSil 20 80A
polyurethane, in which the middle layer of PU was doped with 5 wt%, 10 wt%, and 15 wt% SNAP,
and the top surface layer was textured with patterns of 400/400 nm or 500/500 nm using a soft
lithography two-stage replication molding technique. The hydrophobicity of PU was seen to
increase due to surface texturing (water contact angle changed from 91° to 139°). The NO release
rate, reduction in bacterial adhesion, and biofilm formation were in correlation and directly
proportional to SNAP concentration in the sublayer. A synergistic effect on the inhibition of S.
epidermidis bacterial adhesion was observed due to the combination of NO release and surface
texturing. Biomimetic SNAP textured CarboSil PU surface containing 15 wt% SNAP and the
500/500 nm pattern surface texture reduced the bacterial adhesion by 88% and inhibited biofilm
formation for at least 28 d. However, one disadvantage of the repeated spin-coating process was
that depositing the SNAP-polymer solution onto a dried SNAP-polymer surface can cause re-
dissolution and re-crystallization of the NO donor, instigating untimely degradation during the
fabrication method. To reduce the loss of activity, a new method that utilized the impregnation of
SNAP on a textured polymer surface was recently reported.?' The 700/700/300 nm surface
texture alone reduced the surface-bound bacteria counts by 49%, 28%, 52%, and 27% for P.
aeruginosa, S. aureus, S. epidermidis, and E. coli, respectively, after only 1 h of incubation.
However, the 15 wt% SNAP impregnated samples in the 700/700/300 nm textured surface,
reduced the degree of bacterial adhesion with 88%, 61%, 85%, and 85% inhibition rates, for the
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same four bacteria strains over the 1 h test period corroborating the synergistic effect of SNAP

and the textured surface towards the reduction of bacterial adhesion to the polymer surface.

1.7 Summary

The recent progress in biomaterials science and biomedical engineering has led to the
development of robust dual-function antibacterial surfaces. These materials contain dual
antimicrobial strategies combined into one system with either two active antimicrobial actions
(active-active) or an antimicrobial combined with antifouling actions (active-passive). The
literature research done in this review confirms that the recent developments made in producing
dual-functional surfaces can synergistically enhance the antibacterial effect of other antibacterial
agents such as antibiotics, metal nanoparticles, or nitric oxide, showing an effective antibacterial
therapy compared to traditional monofunctional surfaces. While active-active approaches might
be better suited for shorter-term device applications since their antimicrobial reservoir will become
depleted over time, the active-passive approaches have the advantage of initial active
antimicrobials to fight initial infection while the passive moieties can continue protecting the
surface longer (provided that the antifouling chemistry is stable). This can be a crucial issue in
medical devices with long-term implantation, such as heart valves, that can get seriously infected
years after the surgery which might necessitate a long-term solution. Ultimately the specific
material requirements have to be considered for the final medical device application since not all
dual-functional materials may be the best approach to addressing infection challenges universally
for all medical device applications. For example, the anti-adhesive/antifouling materials
approaches may have limitations in orthopedic applications because it is a significant challenge
to fabricate an implant that inhibits bacterial colonization and concomitantly
promotes osteoblast adhesion. Combinational surfaces with such mechanisms might, however,
prove beneficial for urinary and intravascular catheters that do not require such prerequisites. In

fact, vascular catheters require the inhibition of platelets and plasma proteins (albumin, fibrinogen,
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fibronectin, etc.) attachment on the device surface. It is understood that the adsorption of proteins
can trigger platelet activation and blood-clotting which is highly undesirable for blood-contacting
devices. Similarly, the microenvironment of the urinary catheter implant site may contain proteins
and electrolytes which may accumulate over time and negatively impact the function of the urinary
catheter. Therefore, having a combinational surface with both antimicrobial and antifouling
strategies can significantly prevent the adhesion of biomolecules in addition to actively eradicating

bacteria which can all improve the function and lifetime of the device.

Strategies involving metal nanoparticles, antibiotics, or QAC integrated with antifouling
mechanisms like polymer brushes, and topographies have been seen to exhibit promising activity
in the initial microbe exposure time points. However, the success rate of these medical devices
in vivo for long-term applications has been limited due to other underlying biological issues
associated with medical devices (eg., thrombosis and inflammation). Since medical-device-
related infection is a complex series of steps, many of these materials still lack the universal
properties needed to prevent biofiilm on the device surface. Moreover, most contact-killing
biocides have a higher probability of failing against superbugs with multidrug resistance. To
overcome these problems, nitric oxide (NO)-releasing polymers have been extensively explored
in the field of biomedical engineering for their therapeutic efficiency. These materials have not
only exhibited synergistic effects when combined with other antimicrobial/antifouling strategies
against clinically resistant bacterial strains but also demonstrated the ability to address multiple
biocompatibility challenges including thrombosis and inflammation, without any reported
cytotoxicity or resistance concerns. Furthermore, NO-releasing materials alone have been
promising in both short- and long-term animal models;'%? 222 however, a potential limitation with
other dual-functional materials reported in the literature is that similar animal studies have not yet
been conducted. Even with significant growth in the development of antimicrobial surfaces with

multiple functionalities in the literature, to date, not many platforms have accomplished clinical
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translational success. This can possibly be related to the functions and properties of
multifunctional biomedical devices in long-term applications and severe gaps in meeting the
requirements of translational research. There is also no comprehensive evidence in the studies
reviewed detailing how the dual functional materials would affect the resistance mechanisms in
the biofilm-forming pathogens. Therefore, future studies with dual functionality should consider
studying the long-term cytotoxic effects, biocompatibility, and bacterial resistance of the
developed material primarily for in vivo applications in clinically applicable models (e.g., specific

medical device applications).

All the bactericidal agents have their respective disadvantages relating to their shelf-life
stability, limited advancement to in vivo application, long-term effectiveness, biocompatibility,
cost, and ease of synthesis. Moreover, as seen with the topographical designs, not all structures
are effective against all types of bacteria and more importantly, these surfaces have not been
tested in long-term animal models. Many of these approaches need to be scalable for clinically
relevant size medical devices, easy to manufacture, and well prepared for the regulatory pathway
in order to be translated to clinical use in patients. Although some materials reported in literature
might seem promising with small-scale in vitro studies, the translatability of some material designs
remains a challenge. Since the biological microenvironments are known to be considerably
complex, it is imperative to evaluate the dual functional biomedical materials and devices

discussed here for their antimicrobial performance in end-use medical device applications.

1.8 Statement of Dissertation Research

NO-releasing materials have encountered difficulties in clinical translation of materials due to
uncontrolled NO release, heat sensitivity of NO donors during the polymer extrusion process,
restricted shelf-life stability, and inability to thwart fouling on materials. The key goal of this
dissertation was to solve these significant challenges by developing NO-releasing antibacterial
medical devices that can control the NO release from biomedical materials, augment stability at
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room temperature, and prevent biofouling on biomedical device surface. This dissertation was
prepared using a manuscript-style format, where every chapter is taken from articles that have
already been published in peer-reviewed scientific journals or currently being prepared for
submission. The introductory Chapter 1 also has parts derived from a review article that is

published in the journal ACS Materials Au and featured as a cover.??*

In the first approach, the synergy of NO-releasing materials with other active or passive
strategies was explored. The combination of active-passive strategy is presented in Chapter 2
where NO-releasing active surface was combined with a passive antifouling strategy with the
ability to reduce biofouling on insulin cannula surfaces. Insulin cannula developed in this study
provided continuous NO release and an antifouling interface for > 14 d which also exhibited a
significant reduction in protein and bacterial adhesion. This method of developing dual function
nitric oxide-releasing and antifouling surface for subcutaneous insulin infusion cannulas
applications carries promising ability to decrease the rate of infection and inflammation related to
insulin pump delivery systems. This work has been published in the journal ACS Applied Bio

Materials.?®

Chapter 3 presents an active-active approach where NO-releasing silicone rubber polymer
was top-coated with a broad-spectrum antiseptic called chlorhexidine (CHXD) to elevate the
antibacterial and biocompatible properties of NO-releasing materials. The dual-active NO-CHXD
films were able to significantly lower E. coli and S. aureus bacteria (> 3-log reduction) adhesion
on the surface of films compared to unmodified and single controls with no explicit toxicity towards
mouse fibroblast cells. This work has been published in the Journal of Biomedical Materials

Research Part A and featured as a cover for the journal.'”?

In the second approach, a method to tune NO release via additive manufacturing and light
has been presented. Chapter 4 utilizes additive manufacturing to custom fabricate polymeric
devices and presents methodology to incorporate NO donor chemistry in 3D-printed polymers.
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Tuning the surface porosities can result in tunable NO donor loading and NO release. All the NO-
releasing films studied demonstrated >99% prevention of viable S. aureus bacteria on the surface
as compared to unmodified control films exhibiting the potential for incorporating NO-donors in
3D-printed medical devices such as 3D-scaffolds, catheters, etc. This work has been published

in the journal Biomaterials Science.®

Similarly, light is known to catalyse NO release from RSNO forms of NO donors. In Chapter
5, the photocatalytic property of SNAP was used to design a disposable catheter disinfection
insert (DCDI) which involved SNAP-impregnated silicone rubber tubing mounted on a side
glowing fiber optic. NO release from DCDI can be regulated real-time using a simple smartphone
application where both light wavelength and intensity can be modulated to achieve different levels
of NO. The thin and flexible nature of DCDI can be used to disinfect various types of catheters
such as vascular, hemodialysis, urinary etc. Results from the study showed that DCDI can inhibit
>99% of viable bacterial adhesion on surface and exterminate 97% of pre-colonized bacteria on
catheter devices. This work has been published in the Journal of Controlled Release and featured

as a cover for the journal.'®?

Together, data acquired from these newly designed NO-releasing surfaces highlights the
capacity of tuning the NO release via surface porosity or photolytic degradation of NO donor to
modulate NO release in real-time. Additionally, the combination of other active (antimicrobial) and
passive (antifouling) approaches with NO-releasing materials can help in the fabrication of
advanced medical device surfaces with superior antimicrobial and antifouling properties. The
surface strategies demonstrated in this dissertation can be the next generation biocompatible

solution for combating medical device-associated infections.
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2.1 Abstract

Many Type 1 diabetes patients utilize insulin pumps, which rely on a small subcutaneous insulin
infusion cannula. However, insulin cannulas still suffer from infection and inflammation, which impacts
the wear time of the insulin cannula, reduces the efficiency of insulin infusion, and requires frequent
rotation of the insulin infusion site. Infection and inflammation of continuous insulin infusion pump
therapy are growing issues and are estimated to cost billions of dollars globally each year. This study
aims to develop a potent antibacterial and antifouling insulin cannula with a synergistic effect of
bioinspired polymers, integrating antifouling Slippery, Liquid-Infused Porous Surface (SLIPs)
technology with an active nitric oxide (NO) releasing polymer. The cannulas were developed by
impregnating the NO donor molecule S-nitroso-N-acetylpenicillamine (SNAP) and silicone oil (Si)
in commercial medical-grade silicone rubber tubing (SR-SNAP-SI) via a solvent impregnation
process. The efficiency of the SR-SNAP-Si to reduce protein adsorption and provide antibacterial
properties against Staphylococcus aureus and Staphylococcus epidermidis were studied using in
vitro bioassays. The SR-SNAP-Si cannula released NO for > 14 d at physiological levels and
were stable during storage for 30 d at room temperature. Scanning electron microscopy images
revealed no observable changes to the material surface after the solvent impregnation process.
The infusion of silicone oil significantly reduced the protein adsorption on the cannula by 66.40%
and the NO release reduced the viable bacterial cell adhesion of S. epidermidis and S. aureus after 24
h by 94.89% and 99.77%, respectively, as compared to SR controls. This insulin cannula provided
continuous NO release and an antifouling interface for > 14 d and exhibited a significant reduction
in protein and bacterial adhesion. This method of developing dual-function nitric oxide-releasing
and antifouling surfaces for subcutaneous insulin infusion cannulas holds great potential to reduce

infection and inflammation associated with insulin pump delivery systems.

Keywords: Diabetes, Insulin pump therapy, Insulin cannula, Nitric oxide, Antibacterial, Antifouling
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2.2 Introduction

Diabetes Mellitus is a global epidemic where 30 million people are affected and an
additional 84 million people have been diagnosed with prediabetes in the U.S alone.” The
continuous elevation in the incidence of diabetes directly correlates to the amplified medical and
financial burden. According to a 2017 report by the American Diabetes Association, the annual
medical cost associated with diabetes is $237 billion.? In healthy people the insulin hormone
helps metabolize blood glucose that is absorbed by cells. However, in Type 1 diabetes, the beta
cells in the pancreas fail to produce adequate amounts of insulin, thus causing a rise in blood
glucose levels. Several management devices have been developed to better manage diabetes
care. To achieve good glycemic control, all Type 1 and some Type 2 diabetes patients utilize
different modes of insulin delivery for treatment of diabetes, such as insulin syringes, insulin

pens, or insulin pumps.

One critical device in diabetes care is the Continuous Subcutaneous Insulin Infusion Pump
(CSll, Figure 2.1). The insulin pump contains the insulin hormone stored in a replaceable
reservoir. Insulin travels at a controlled rate through a thin plastic tubing to the subcutaneous
insulin cannula. The infusion of insulin triggers the uptake of blood glucose by the cells of the
body (e.g., muscle cells). The closed-loop structure of an insulin infusion pump is devised to
emulate the role of the pancreas that can provide balanced dosages of insulin hormone to
maintain the concentration of glucose in the bloodstream. The cannula is inserted
subcutaneously with the help of a needle and is held in place by a small adhesive patch that is
adhered to the skin. Insulin infusion pump therapy has been proven to be an extremely effective
treatment for Type 1 diabetes and has been used in more than 400,000 patients globally.3 *
Normally, the insulin pump therapy is self-administered in order to give more flexibility, control,
and accuracy of insulin dosage, and reduces the number of episodes of hypoglycemia compared

to regular insulin syringes.®
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Figure 2.1 Schematic of a continuous insulin infusion pump (A) Insulin is stored inside a
tiny cassette in the interior of the pump. (B) At a controlled flowrate, insulin flows into the
body through an elastic tubing that ends with a tiny “cannula” inserted in the subcutaneous
tissue. (C) The cannula is held in place by an “infusion set”, a small adhesive patch
adhered to the skin.
The current commercial insulin cannulas are predominately either stainless-steel or
Teflon cannulas. However, the wear time of these cannulas is relatively short (2-3 days) due to
hindrances caused by two major issues, namely infection and inflammation (foreign body
response) that limit their long-term usage.® Reports suggest that ~36% of insulin pump users
have infection or inflammation at the infusion site and insulin infusion sets have a 65% failure rate
after 7 d of implantation.”® The long-term effects of repeated cannula insertion and foreign body
response lead to the formation of scar tissue, which limits the availability of insulin infusion sites
until the tissue is healed.'® Bacterial strains such as Staphylococcus aureus and Staphylococcus
epidermidis are the two most prevalent opportunistic pathogens found on various subcutaneous
catheters.”" The skin around the site of cannula insertion is sterilized using an antibacterial agent
solution in order to avoid risks of bacterial infections during self-administration of the insulin
cannula. However, infections remain prevalent due to the introduction of bacteria and biofilms
adhered to the cannula surface. Biofilms are highly resistant to many classes of antibiotics and
host defense mechanisms (immune response)." Formation of microbial biofilm is facilitated by
multifaceted progressive stages involving bacterial cell attachment on an organic or inorganic

surface, cell-to-cell communication, microcolony development, and finally the creation of a
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confluent matured biofilm."”> The confluent biofiim is secured by an extracellular polymeric
substance, a slimy protective layer, which averts the immune defense by preventing white blood
cells and antibiotics from penetrating the biofilm matrix and killing the bacteria. In addition, the
attachment of S. epidermidis is mediated by a polysaccharide intercellular adhesion (PIA) antigen
in preliminary attachment on the polymer substrate, which further guards the constantly dividing
bacterial cells from being phagocytosed by polymorphonuclear leukocytes, eventually leading to
either systemic or chronic infections related to the indwelling medical devices.™ Furthermore, the
extracellular nuclease enzymes synthesized by S. aureus make them resistant to neutrophil
extracellular traps (NET), consequently shielding the biofilm from NET-based killing."* Therefore,
the American Diabetic Association (ADA) recommends replacing the cannula and rotating the
infusion site every 2-3 days to avoid the potential encapsulation, infections, and inflammation that

can occur from the long-term usage of the insulin cannula.®

Considering the problems associated with the current insulin cannulas, there have been
efforts toward developing insulin cannula with a variety of antimicrobial coatings. For example,
Jamal et al. have developed an insulin cannula with a synergistic antibacterial effect of gentian
violet and chlorhexidine.’® However, these cannulas do not have a mechanism to prevent foreign
body response that can lead to local inflammation and encapsulation on the cannula. Elevated
doses of the antibiotics are required to penetrate the biofilm, which can lead to the development
of bacterial strains with antibiotic-resistant genes overtime leaving the most effective antibiotics
futile."”” Furthermore, these cannulas do not address the biofouling on the cannula surface.
Protein adsorption is the first response to the implanted cannula, which leads to the activation of
phagocytic immune cells.'® The activated neutrophils and macrophages sense the presence of
the foreign body (implant) and release inflammatory cytokines causing localized inflammation at
the site of insertion.” The cascade of reactions at the cannula insertion site also leads to

encapsulation on the cannula, which then limits the diffusion of insulin to the bloodstream.
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Therefore, it is important to have an insulin cannula that not only exhibits antimicrobial properties,

but also possesses antifouling and anti-inflammatory properties.

Inspired by the mucus production in the gastrointestinal tract, material scientists have
developed slippery, liquid-infused porous surfaces (SLIPs) with an ability to engender ultra-low
fouling surfaces that are impervious to protein adsorption and bacterial adhesion using FDA-
approved silicone oil (Si).?° These slippery surfaces have been integrated with several common
biomedical devices and have been shown to exhibit improved biocompatibility and reduced
biofouling on the device surface.?"?? Silicone oil-infused medical polymers have been shown
to be non-toxic to healthy tissues in humans near the implant site, making it favorable for
infusion of SLIPs materials.?! Silicone rubber, an elastomer, has been widely utilized in
antifouling SLIPs interfaces due to its ability to absorb Si. Although SLIPs can passively
decrease bacterial and protein adhesion, they do not actively exhibit any bactericidal effects
against bacteria that may adhere to a surface, which may lead to microbial proliferation and

eventually biofilm formation.

One tactic to improve the biocompatibility of therapeutic polymer devices is to incorporate
nitric oxide (NO) donors within the polymer matrix. Nitric oxide was discovered as an endogenous
gas molecule synthesized by the body via nitric oxide synthase (NOS) enzymes that converts L-
arginine into citrulline and NO.% 24 Nitric oxide released from the polymer matrices can mimic
endogenous NO release, such as endothelial cells that release NO at a surface flux of 0.5 - 4 x
101 mol cm? min”, to prevent platelet activation and adhesion.?® Phagocytic cells, like
macrophages, produce NO via inducible nitric oxide synthase (iNOS) at > 1 yM NO that acts as
a bactericidal agent and promote the dispersion of biofilms.?® Additionally, NO has been shown
to mitigate the inflammatory reaction and platelet activation.?”-2% In recent years there has been
tremendous interest in developing NO-releasing polymers to exogenously emulate natural

immune responses. Nitric oxide is a gaseous radical and has a very short half-life (seconds).?
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To mimic the physiological release of NO, various NO donors such as N-diazeniumdiolates and
S-nitrosothiols have been synthesized and incorporated into polymeric materials for localized
delivery of NO.3° Nitric oxide donors incorporated in polymeric materials have been fruitful in
enhancing wound healing and angiogenesis in diabetic wound animal models, which verify that
the activity of exogenously delivered NO is preserved even in the diseased condition like
diabetes.?" 32 In this study, S-nitroso-N-acetylpenicillamine (SNAP, Figure 2.2A), a NO donor
molecule, was impregnated into a medical-grade silicone rubber cannula tubing as a promising
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Figure 2.2 (A) Chemical structure of the NO donor S-nitroso-N-acetylpenicillamine (SNAP),
(B) Formation of nitric oxide from the decomposition of SNAP. When 2 molecules of SNAP
are triggered by the stimuli of heat, light, or metal ions, the S-nitrosothiol bond of SNAP is

cleaved, and a resultant two molecules of NO and NAP disulfide are formed. The structure
of NAP is sustained by the formation of disulfide bond between NAP molecules.

solution to prevent device infection. S-nitroso-N-acetylpenicillamine (SNAP) is one of the most
commonly studied NO donors and it has been reported that incorporation/impregnation of SNAP
into various polymers, like polyurethanes and silicone elastomers, gives sustained and controlled
NO release.®** It is well understood that SNAP is stabilized in the polymer matrix by forming
internal hydrogen bonding, which prolongs the NO release for days to months.?” Moreover, the
approach of impregnating the SNAP via solvent swelling process can overcome the thermal

degradation of the NO donor molecule during the polymer extrusion process.*® S-nitroso-N-
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acetylpenicillamine is a stable, cost-effective, and easy to synthesize NO donor with low
cytotoxicity and can release NO at physiological conditions. When SNAP is stimulated by heat,
light, or metal ions (e.g., Cu®) the S-nitrosothiol bond is cleaved and results in the formation of N-
acetyl-D-penicillamine (NAP) disulfide and NO (Figure 2.2B). The parent thiol, NAP, and its
eventual degraded product, penicillamine, are FDA approved and have been used in treating
heavy metal contamination in diseased conditions like Wilson’s disease.3**?> Numerous studies
in the field of biomaterials have incorporated NO donors in silicone catheters to integrate the
antibacterial properties of NO with the polymers.?" 34 4346 A robust method to develop a new
generation of insulin infusion cannula with a combination of NO release and liquid-infused silicone
oil in a silicone cannula tubing material is presented with the aim to prolong the indwelling lifetime
of insulin cannula by preventing the bacterial infection, foreign body response, and biofouling.
The cannula fabrication, surface morphology, lifetime of the antifouling liquid-infused surface
property, SNAP leaching, NO release kinetics, and shelf-life were evaluated. Finally, the
biocompatibility of the cannula was tested for fibrinogen protein adsorption and the reduction of
viable infectious pathogens Staphylococcus aureus and Staphylococcus epidermidis using in vitro

bioassays.

2.3 Materials and Methods

2.3.1 Materials

N-Acetyl-D-penicillamine (NAP), sodium nitrite, L-cysteine, sodium chloride, potassium
chloride, sodium phosphate dibasic, potassium phosphate monobasic, copper (Il) chloride,
ethylenediaminetetraacetic acid (EDTA), tetrahydrofuran (THF), silicone oil with 10 cSt viscosity
and sterile phosphate buffer saline powder with 0.01 M, pH 7.4, containing 0.138 M NaCl, 2.7 mM
KCI, were purchased from Sigma Aldrich (St. Louis, MO). Methanol, hydrochloric acid, and
sulfuric acid were obtained from Fisher Scientific (Hampton, NH). Helixmark® silicone tubing-

silastic material (60-011-05) was purchased from VWR (Radnor, PA). All aqueous solutions were
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prepared using deionized water. Phosphate buffer saline (PBS) 0.01M with 100 uM EDTA was
used for all material characterization and NO analyzer studies. FITC-Fibrinogen (13 mg mL™")
was purchased from Molecular Innovations (Novi, MI). The bacterial strains Staphylococcus
epidermidis (ATCC 35984) and Staphylococcus aureus (ATCC 6538) were obtained from
American Type Culture Collection (ATCC). All the buffers and media were sterilized in an
autoclave at 121 °C, 100 kPa (15 psi) above atmospheric pressure for 20 minutes before the

biocompatibility experiments.
2.3.2 S-nitroso-N-acetylpenicillamine Synthesis

S-nitroso-N-acetylpenicillamine was synthesized using a modified version of a previously
described protocol.#” An equimolar ratio of NAP and sodium nitrite were dissolved into 2 parts of
water and 3 parts of methanol. Next, 1 M of H.SOsand 1 M HCI were added to the above mixture
and the reaction was stirred for 10 min. The reaction vessel was protected from light, blown with
gentle air, and cooled in an ice bath for 8 h. The reaction mixture was filtered, and washed with
ice-cold DI water, and precipitated SNAP crystals were collected into a Buchner funnel using
suction filtration. Finally, the collected SNAP crystals were dried overnight in a vacuum desiccator
by keeping the crystals protected from light. The purity of SNAP crystals (> 90%) was confirmed

using the NOA and UV-vis calibration curve.

2.3.3 Preparation of Antifouling Liquid-Infused and Nitric Oxide Releasing Insulin
Cannula
All the experiments were performed using HelixMark® silastic silicone cannula tubing (60-
011-05) with a length of ~ 2 cm, I.D. of 2.16 mm, and O.D. of 1.02 mm. Cannulas were fabricated
by a SNAP impregnation method.*® Sections of original silicone rubber (SR) tubing were swelled
in SNAP-THF solution (125 mg mL™") for 24 h. The resultant SNAP-impregnated SR (SR-SNAP)

cannulas were briefly rinsed and dried overnight in a vacuum desiccator. To develop the
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antifouling surface, SR-SNAP were soaked in 10 cSt silicone oil for 24 h, resulting in the SR-

SNAP-Si. Samples were always shielded from light.

2.3.4 Characterization of the Cannula Surface and Antifouling Properties

2.3.4.1 Characterization of Surface Morphology using Scanning Electron Microscopy

Scanning electron microscopy (SEM) images were recorded using a JEOL JSM-6480
Scanning Electron Microscope at a magnification of 100x at 15.0 kV. Samples were mounted
onto stubs using double-sided carbon tape and gold-sputtered for 180 s before imaging. The
original SR cannula surface is smooth and scanning electron microscopy images of the original
SR cannula, after SNAP loading, and after infusion of Si were recorded to evaluate the surface

properties throughout the fabrication process.

2.3.4.2 Evaluation of Sliding Angle and Lifetime of Antifouling Properties

The SR and SR-SNAP-Si cannula samples were cut longitudinally and mounted onto a
glass slide to create a flat surface. A sliding stage fitted with a digital protractor was used to
measure the sliding angle of a 10 pL droplet of water on the cannula surface. Before each
measurement, each sample was gently washed with DI H,O to remove contaminants from the
surface. A 10 pL droplet of water was pipetted onto the cannula surface at randomly selected
positions. The angle of the stage was slowly increased, and the angle was recorded once the
sliding of the droplet was observed. The sliding angle of each sample was recorded at at least 3
positions at various timepoints over the period of 21 d. After each measurement, samples were

incubated in fresh PBS buffer at 37 °C.
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2.3.4.3 Determining the Biocompatibility of Insulin Cannula via Fibrinogen Adsorption In

Vitro

The quantification of fibrinogen adsorbed on the cannula was performed using a revised
version of a previously reported protocol.*® Human fibrinogen conjugated with FITC (Fg-FITC, 13
mg mL", Molecular Innovations) was diluted with DI water to 2 mg mL™" concentration. First, the
SR, SR-Si, SR-SNAP, and SR-SNAP-Si were incubated with phosphate buffer (PB) at 37 °C for
30 min in a black flat bottom 96-well plate. Next, the protein solution was added to the wells with
cannulas (2 mg mL -1,100 pL).2"4® The protein solution was exposed to the cannulas for 2 h at
37 °C to emulate the physiological conditions. After the incubation, the wells were infinitely diluted
using phosphate buffer to remove the discrepancies occurring from the unadhered or free-floating
protein structures. The fluorescence intensities of the samples were recorded using a
fluorescence plate reader (Synergy 2, Biotek, Winooski, VT) at 485 nm (excitation) and 528 nm
(emission) with top read at 50%. Human fibrinogen adsorption to blank polypropylene wells was
used as an internal control to normalize the fluorescence signals. To obtain the qualitative results,

all the samples were imaged under Keyence Fluorescence Microscope BZ-X800.

2.3.5 Characterization of SNAP-impregnated Insulin Cannula for Enhanced NO-releasing
Properties

2.3.5.1 Determination of SNAP Impregnation in Insulin Cannula

The mass of each sample (SR-SNAP-Si) was recorded by an analytical balance (Mettler
Toledo™ XS105DU, Columbus, OH). The samples were soaked in THF for 24 h at room
temperature, protected from light, to extract all the impregnated SNAP from the cannula tubing.
After 24 h, the soaking buffer was analyzed by UV-vis spectroscopy (Cary 60, Agilent
Technologies) to measure the mg SNAP leached from the SR-SNAP-Si. The molar absorptivity
of SNAP in THF at 22 °C was determined to be 909 M- cm™ at 340 nm. Each cannula sample
was clear after incubation in the THF, indicating all SNAP had been extracted into the THF
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solution. After Si infusion in the SR-SNAP, an absorbance-based extraction method was used to
quantify the wt% SNAP impregnated in the cannula. Each sample was soaked in THF to extract

all the SNAP from the cannula.
2.3.5.2 Nitric Oxide Release

The real-time NO release from the cannula was quantified by a gold standard
chemiluminescence method using a Zysense chemiluminescence Nitric Oxide Analyzer (NOA)
280i (Frederick, CO). To quantify the NO release, a 2 cm section of SR-SNAP-Si cannula was
placed in 4 mL of PBS buffer with EDTA pH 7.4 in the NOA sample cell and incubated at a
physiological temperature of 37 °C. The cell pressure of the NOA cell was maintained at 9.8 Torr
with an oxygen pressure of 6.7 psi. Prior to the sample analysis, an initial 2-point calibration of
the NOA was first performed with zero NO gas (baseline) and later with the known 46.6 ppm of
NO gas. Nitric oxide released from the sample via a stimulus of physiological conditions (pH 7.4,
37 °C) was detected in the chemiluminescence detector yielding the corresponding ppm/ppb of
NO released, which was normalized with the surface area of samples to obtain the flux values
with mol cm™2min~". Samples were throughout incubated in PBS at 37 °C and the NO release
was quantified at various time points during the 21 d of the experiment. Fresh PBS was regularly
replaced during the incubation of the samples to avoid the saturation of leached SNAP or infused
Si.
2.3.5.3 Shelf-Life of Insulin Cannula at Room Temperature

To examine the shelf-life of the SR-SNAP-Si insulin cannula, small portions of the SR-
SNAP were divided into two categories. One set was infused with the Si and then stored in dark
at room temperature for 30 d. The second set was stored without the Si infusion in the same

conditions. This step was done to evaluate any influence of Si on NO stability during storage. The
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cannulas stored without liquid infusion were infused with Si before NO release testing using the

chemiluminescence NO Analyzer.
2.3.5.4 Determination of SNAP Leaching from SNAP-Impregnated Cannula

The amount of SNAP leached from SNAP-SR and SNAP-SR-Si cannula was determined
by a UV-vis spectrophotometer. The surface area of SR-SNAP and SR-SNAP-Si was recorded
to normalize the SNAP leaching of each cannula. Each sample was incubated in 10 mM PBS,
pH 7.4, with 100 yM EDTA at 37 °C for 7 d. The incubation buffer was analyzed for SNAP
concentration each day over a 7-d period. The amount of SNAP leached per surface area of the
cannula was detected by UV-vis spectroscopy. The molar absorptivity of SNAP in 10 mM PBS,
pH 7.4, with 100 uM EDTA at 37 °C was determined as 1072 M- cm™ at 340 nm. The soaking
buffer was replenished with fresh buffer after each measurement and incubated at 37 °C. The

absorbance of the buffer was measured each day using UV-vis spectroscopy.

2.3.6 Evaluating the Antibacterial Efficacy of Insulin Cannula with an In Vitro 24 h

Bacterial Adhesion Assay

The potential of the insulin cannula to thwart bacterial cell attachment and growth on the
cannula surface was tested in vitro against two common gram-positive pathogens Staphylococcus
epidermidis (ATCC 35984) and Staphylococcus aureus (ATCC 6538) for using 24 h bacterial
adhesion assays. Since these pathogens are commonly found on the human skin, their presence
and lack of sterility while inserting the cannula can increase the likelihood of bacterial adhesion
and biofilm formation on the cannula leading to infections, thereby impacting the wear time of the

cannula.

The antibacterial activity of the cannula was examined in terms of viable bacterial
adhesion on the cannula surface. A single isolated colony of the bacterial strain was incubated

overnight in LB medium for 15 h at 120 rpm at 37 °C. The optical density (O.D.) was measured
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at 600nm (ODego) using a UV-vis spectrophotometer. All samples (SR, SR-Si, SR-SNAP, and
SR-SNAP-Si; n 2 3 each) were sterilized with UV irradiation under a Biosafety Cabinet (BSC).
Cannulas were exposed to the bacterial solution with the final ODsgo of bacteria ranging between
108 — 108 CFU mL"" for 24 h at 120 rpm at 37 °C to maintain the chronic infection conditions. After
24 h, samples were gently rinsed with PBS to eliminate any loosely bound bacteria. The cannulas
were then transferred to a fresh tube with sterile PBS and homogenized for 60 s using an OmniTip
THb tissue homogenizer (Omni International, Inc.), followed by 60 s of vortexing to detach the

adhered bacterial cells from the cannula into the PBS solution.

The bacterial cells collected in the PBS buffer were serially diluted (107" to 107™) and 30
WL of bacterial culture was spread onto an LB agar plate using a sterile L-shape spreader. The
plates were incubated overnight at 37 °C and viable colonies were counted to calculate the
antibacterial activity of the test cannula (Crest) compared to the SR control cannula (Ccontrol) USINg

Equation 2.1 and presented as CFU cm™.

% Bacterial reduction = M x 100 (Equation 2.1)
Control

2.3.7 Statistical Analysis

All the data were performed with a sample size n = 3. Data are reported as mean +
standard error of mean. Dixon’s Q-test was performed on the data points to identify any outliers.
Statistical significance was determined using a two-tailed Student’s t-test with a hypothesis of

unequal variance and a = 0.05 to show the significance of the results.

2.4 Results

2.4.1 Antifouling Liquid-Infused and Nitric Oxide Releasing Insulin Cannula

In this study, SR cannula that exhibits NO release via SNAP impregnation and antifouling

surface properties via Si oil infusion were investigated. This new generation of insulin cannula is
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green in color due to the presence of SNAP (Figure 2.3A). The excellent swelling capacity of the
silicone polymer in THF solvent enabled homogenous impregnation of SNAP.3* The SR-SNAP
cannulas were infused with Si for 24 h to develop the antifouling surface (SR-SNAP-Si). Silicone
oil provided the antifouling surface to reduce protein and bacterial adhesion and assisted in the
controlled release of NO by restricting the hydration of the SR. The final SR-SNAP-Si cannula

can then be attached to an insulin infusion set for subcutaneous delivery of insulin (Figure 2.3B).
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Figure 2.3 (A) Methodology for the fabrication of SR-SNAP-Si insulin cannulas. Silicone
rubber (SR) cannula tubing is soaked in SNAP-THF mixture for 24 h to develop an
antibacterial and anti-inflammatory surface (SR-SNAP), followed by 24 h of soaking in
silicone oil to generate an antifouling surface. (B) The resultant SR-SNAP-Si cannulas
(indicated by the blue arrow) can then be attached to the insulin infusion pump set, which
will deliver insulin to the body. The insulin cannula is inserted into the body subcutaneously
with the help of a small needle and held in place by an adhesive patch adhered to the skin.

2.4.2 Characterization of Cannula Surface through SEM Imaging

The scanning electron microscopy images of the original SR cannula, SNAP-impregnated
cannula only, Si oil-infused cannula only, and combined SR-SNAP-Si cannula, were used to
evaluate the surface properties throughout the fabrication process (Figure 2.4). The images

show no observable changes to the surface, which indicated that the SNAP impregnation and Si
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infusion of the SR cannula do not significantly alter the surface properties. These findings are
consistent with previous literature that report no significant changes to surface morphology after

SNAP impregnation or Si swelling.3
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Figure 2.4 Representative scanning electron microscopy images of original SR cannula (A),
SR-Si (B), SR-SNAP (C) SR-SNAP-Si cannula (D).

2.4.3 Evaluation of Sliding Angle and Lifetime of Antifouling Properties

The longevity of the liquid-infused interface will determine the antifouling lifetime of
cannulas. The sliding angle of water on the surface of the cannula over 21 d was evaluated to
establish the SLIP lifetime. The control SR experienced no sliding at angles < 90 ° throughout
the duration of the experiment. In contrast, the SR-SNAP-Si exhibited an initial sliding angle of

12.33 £ 0.99 °. The sliding angle of Si infused surface remained < 20 ° over the duration of the
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experiment (Figure 2.5). These results demonstrate the ability of the liquid-infused cannula to

retain the antifouling interface to resist protein and bacterial adhesion for at least 21 d.
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Figure 2.5 Sliding angle of original SR cannula and SR-SNAP-Si cannula over the period of
21 d when soaked in PBS at 37 °C.

2.4.4 Characterization of Antifouling Properties via In Vitro Fibrinogen Adsorption Assay

The adsorption of protein to the SR-SNAP-Si cannula and controls was evaluated both
quantitatively and qualitatively after 2 h exposure to fibrinogen (Figure 2.6). The SR and SR-
SNAP cannulas exhibited an increased amount of fibrinogen adsorption, similar to previously
reported studies.?"° The infusion of silicone oil and development of an antifouling surface in SR-
Si and SR-SNAP-Si showed ca. 71.21% and 66.40% reduction in the amount of fibrinogen
adsorbed on the cannula surface, respectively (p < 0.05 SR vs. SR-Si and SR-SNAP-Si). The
results from the sliding angle experiment (Figure 2.5) demonstrate that the Si-infused interface
can retain the antifouling property for at least 21 d, indicating the potential for the cannulas to

exhibit long-term resistance to biofouling.
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Figure 2.6 Assessment of fibrinogen adsorption on insulin cannula. (A) Fluorescence
intensities recorded for fibrinogen adsorption after 2 h of exposure. Data represented as
normalized values of % polypropylene control (mean + standard error of mean, n =2 3; *
represents p < 0.05, SR vs. SR-Si and SR-SNAP-Si) (B) Fluorescent images of cannula
surface were captured after 2 h of protein exposure. All the images were captured with the
same light exposure using Keyence Fluorescence Microscope BZ-X800 and processed
using ImagedJ software.
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2.4.5 Characterization of SNAP-impregnated Insulin Cannula for Enhanced NO-releasing
Properties

2.4.6 Determination of SNAP Impregnation in Insulin Cannula

After silicone oil infusion in the SNAP-impregnated SR, an absorbance-based extraction
method was used to quantify the wt% SNAP impregnated in the cannula. Each sample was
soaked in THF due to the excellent solubility of SNAP and the ability to extract all the impregnated
SNAP for quantitative analysis via UV-vis spectroscopy. The SNAP-impregnation-solvent (125

mg mL™") resulted in a loading of 5.77 + 0.14 wt% SNAP in the SR cannulas.
247 Real-time Nitric Oxide Release

The NO release measured from the SR-SNAP-Si cannulas under physiological conditions

using chemiluminescence exhibited a consistent release at physiologically relevant levels of NO

NO flux (x10-'° mol cm2 min-1)
s N w
- (3] N (3] w (3]
L L L

=
)

o

Figure 2.7 Measurement of real-time NO release from 5.7 wt% SR-SNAP-Si using a
Chemiluminescence Nitric Oxide Analyzer. The NO flux levels were measured at
physiological conditions in PBS with 100 uM EDTA for 21 d. Data represents mean * standard
error of mean, n=3, dashed line represents physiological levels of NO release.
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(0.5-4 x 107" mol cm™2 min~") over a 3-week period, with initial and final release rates of ca. 3.08
+ 0.50 x 107" mol cm™ min~'and 0.29 + 0.11 x 107" mol cm™ min~", respectively (Figure 2.7).
The initial burst of NO flux levels was likely due to the presence of SNAP located in the water-rich
layer of the polymer interface, which can more rapidly diffuse into the soaking buffer. The NO
flux of the cannula then stabilizes over time and remains constant for > 14 d. It is important to
note that the longevity of the NO release can be modulated by altering the SNAP concentration
in the impregnating solution to control the wt% of SNAP incorporated in the polymer. However,
this step was limited by the solubility of SNAP in THF. This tiny insulin cannula can remarkably

release NO at physiological levels for > 14 d.
2.4.8 Shelf-Life of Insulin Cannula at Room Temperature

The cannulas were tested for their NO release under physiological conditions and the

results from this study showed NO-releasing cannula are stable at room temperature for up to 30

m Stored with silicone oil
u Stored without silicone oil

NO flux (x10-'° mol cm2 min-')

Figure 2.8. Measurement of real-time NO release from cannula stored at room temperature
for 30 d. The NO flux levels were measured from SNAP impregnated cannulas infused with
silicone oil before and after the storage. Data represents mean + standard error of mean, n=3.
Dashed line represents physiological levels of NO release.
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d with and without the Si infusion. The cannulas stored with and without Si oil exhibited a NO
release profile similar to fresh samples (Figure 2.7) and released NO at physiological levels for >
14 d (Figure 2.8). The results obtained from the shelf-life study validate that SNAP impregnation
within the SR matrix exhibits SNAP stability and permits long-term storage of SNAP-impregnated

silicone cannulas.
2.4.9 Determination of SNAP Leaching

To evaluate the amount of SNAP leached from the SR-SNAP-Si cannula, each sample
was soaked in PBS at 37 °C for 7 d. The buffer was collected each day and the absorbance was
measured using UV-vis spectroscopy. After 24 h, 35.26 + 3.01 and 60.32 + 5.74 ug cm? SNAP
leached from SR-SNAP-Si and SR-SNAP, respectively (Figure 2.9). While the largest amount of
leaching was after 24 h, the amount of leaching decreased with each successive day. The results

indicated that after 7 d, a total of 128.40 + 5.90 and 190.35 *+ 11.90 ug cm? SNAP leached from
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Figure 2.9 Mass of SNAP leaching per surface area of SR-SNAP cannula and SR-SNAP-Si
cannula. Data represents mean * standard error of mean, n = 3.
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SR-SNAP-Si and SR-SNAP, respectively. The incorporation of the silicone oil reduced SNAP

leaching by 32.54%.

2.4.10 Evaluating the Antibacterial Efficacy of Insulin Cannula with 24 h Bacterial

Adhesion In Vitro

The numerous biological roles of NO, including the antibacterial and anti-inflammatory
properties, inspire the development of cannula with enhanced biocompatibility. Strategies to
reduce bacterial adhesion and proliferation have included either modifying the physical or
chemical characteristics of the material itself and/or incorporating of antibacterial agent. The SR-
SNAP-Si cannula utilizes the combinational method of two strategies: (i) modifying the surface by
infusion of silicone oil in the polymer and (ii) impregnating the NO donor for an active release of
antibacterial agent (NO). Infusion of silicone oil offers a slippery, hydrophobic surface for reducing
bacterial adhesion on the polymer surface to prevent the formation of biofilm, and NO as a free
gas radical which provides a bactericidal activity through DNA deamination and membranal
damage via lipid peroxidation and denaturation of enzymes.’' In order the evaluate the
antimicrobial properties of the SR-SNAP-Si cannula, the cannulas were exposed to S. aureus or
S. epidermidis for 24 h followed by determining the viable bacterial cells adhered on the cannula
surface to obtain viable CFU cm™ (Figure 2.10). S. aureus adhesion (Figure 2.10A) on the SR-
SNAP-Si exhibited a ca. 99.77% reduction compared to the SR control (p < 0.01). The SR-Si and
SR-SNAP were observed to have ca. 89.92% and 99.04% reduction of viable adhered cells,
respectively, (p < 0.01) due to the individual action of NO release and antifouling interface. The
viable cell count of S. epidermidis adhered on the SR-SNAP-Si exhibited a ca. 94.89% reduction
compared to SR control (p < 0.05), while the SR-Si and SR-SNAP cannula showed a ca. 35.34%
and an 80.45% reduction in viable bacterial cells, respectively (p > 0.05) (Figure 2.10B). The

integration of Si oil infusion with the bactericidal activity of NO exhibited a synergistic antimicrobial

96



action leading to the most significant reduction of viable bacteria on the SR-SNAP-Si cannula

surfaces.
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Figure 2.10 Antibacterial activity of insulin cannula calculated as a log of the colony
forming units (CFU) cm? of surface area against (A) Staphyloccocus aureus; data
represents mean * standard error of mean (n=3, * represents p < 0.01 SR vs. SR-Si, SR-
SNAP, SR-SNAP-Si; and (B) Staphylococcus epidermidis; data represents mean *
standard error of mean (n=3), * represents p < 0.05 SR-SNAP-Si.
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2.5 Discussion

Silicone rubber has been extensively utilized in developing medical devices such as
urinary catheters, shunts, and intravenous catheters. Silicone rubber polymer offers improved
elasticity and endurance to fracture and distortion that can help prevent surface cracking during
insertion or use. Regardless of the exceptional material characteristics, SR still suffers from
biofouling and biofilm formation. In this work, a liquid-infused slippery surface was combined with
NO-releasing capabilities through the infusion of Si oil and the impregnation of the NO donor
SNAP into commercial medical-grade SR cannula tubing. The surface properties of a medical
device play a key role in the adsorption of bacteria and proteins, which may lead to the
pathogenesis of disease and device failure.®> The SEM images showed no observable changes
in the surface morphology of the SR-SNAP-Si cannula (Figure 2.4) which is consistent with
previously reported SEM of SNAP-impregnated SR that showed no significant changes of the

surface compared to the original SR.3

In addition, surface properties such as wettability affect device performance by altering
biofouling.5® Slippery liquid-infused porous surfaces (SLIPs) are effective at reducing biofouling
by utilizing capillary forces to generate a low adhesion liquid layer between the device surface
and the external physiological environment.?® Characterization of antifouling interface durability
was evaluated via sliding angle measurements of the SR-SNAP-Si cannula surface. The sliding
angle of Si infused surface remained < 20 ° over 21 d (Figure 2.5). This result is supported by
Goudie et al. which demonstrated the initial sliding angle of LI-SR was 10.8 £ 2.4 ° and remained
< 20 ° after 7 d and also showed no significant difference between SNAP containing LINOrel-SR

versus LI-SR.?!

Protein adsorption is the first response of the host to the implanted biomaterials, where
adsorbed proteins act as an attractant to activate various phagocytic cells of the immune defense
system through ligand-receptor interactions.' Fibrinogen, a key protein molecule, has been
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recognized as an initiator of inflammatory pathways in many diseased conditions®* There has
been a persistent rise in scientific investigation to derive the conspicuous role of fibrinogen and
its degradation products in regulating the inflammatory response in various tissues.>* The
interaction of fibrinogen protein with the CD11b/CD18 integrin receptor has been recognized as
a critical regulator of innate immune cell activation upon implantation of biomaterials.
Fibrinogen signaling through CD11b/CD18 has been shown to activate proinflammatory
pathways, such as NF-kB, which results in a local production of cell signaling protein
(inflammatory cytokines), such as Tumor Necrosis Factor-alpha (TNFa) and Inter Leukin-1 (IL-
1).55%7 The immune cells activated by the protein molecules interact with proteins and other
macromolecules to phagocytose the implanted material. The process of foreign body response
activates the immune cells and can lead to the encapsulation of the cannula, which impairs the
effective delivery of insulin to the bloodstream. Although, NO-releasing materials exhibit
attenuation of inflammation, they have no mechanism to prevent the adsorption of proteins on the
surface.?'-*0 Protein adsorption initiates an inflammatory response to indwelling medical devices.
The series of reactions leading to a proinflammation state can be attenuated by modifying the
surface chemistry of the cannula to avert the adsorption proteins. The infusion of Si in the SR-
SNAP-Si cannulas significantly reduced fibrinogen adsorption by 66.40% as compared to the

controls (Figure 2.6).

The amount of SNAP impregnated in the SR-SNAP-Si was quantified via UV-vis
spectroscopy.®® The SNAP impregnation method lead to loading of 5.77 + 0.14 wt% SNAP in SR,
which is consistent with previously reported SNAP impregnation of SR that achieved ca. 5 wt%
when using a 125 mg mL" SNAP-impregnation-solvent.** Although in the previous report, the
wt% SNAP loading was quantified using chemiluminescent detection, the similarity of these
results demonstrated the THF extraction was a viable method for quantification of SNAP loading

in SR.#
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The SR-SNAP-Si cannulas released NO for > 14 d, with the initial and final release rates
of 3.08 + 0.50 x 107" mol cm™2min~"and 0.29 + 0.11 x 107" mol cm™min~’, respectively (Figure
2.7). The NO-releasing cannula was stable during storage at room temperature for up to 30 d
with and without Si incubation (Figure 2.8). Samples stored without Si during storage were
infused with Si prior to the NOA test. The difference in the NO release levels of the two sets of
samples could be due to the loss in the small amount of NO during the Si infusion process. After
day 0, the NO release gradually lowers due to the slow diffusion of water into the hydrophobic
polymeric matrix. Storage of the cannula had minimal effects on the NO release profile as
compared to freshly prepared cannula samples (Figure 2.7). The NO flux released from 5.7 wt%
SR-SNAP-SI reported in this study mimics the range of endogenous NO flux from endothelial
cells.?> Previous reports have demonstrated that the infusion of Si in the crosslinked SR
elastomer does not significantly alter the NO release profile.?? Comparable reports of SNAP
stability during storage were seen in the different polymeric matrices that showed the stability of
SNAP for up to 8 months.®> ° The excellent storage stability can be attributed to the
intramolecular hydrogen bonding between the SNAP crystals within the polymer-crystal
composite.®®> 37 Overall, the NO release in the shelf-life studies remained within physiological

levels throughout the 14 d period very similar to the freshly prepared cannula.

Leaching of SNAP from the SR matrix may reduce the NO release longevity of the device
and cause nonlocalized NO-mediated responses.®® Reports have shown that SNAP stability was
enhanced by hydrophobic polymers, which increased the lifetime of NO release due to
intramolecular hydrogen bonding among SNAP crystals and the low water uptake of hydrophobic
polymers, which slows SNAP dissolution and diffusion out of the polymer.3”:“® In addition, reports
have demonstrated that hemocompatibility and biocompatibility of medical devices can be
significantly improved by preventing fouling of proteins and bacteria on the surface via NO release

and liquid-infused surfaces.?* 2" 43 The overall leaching of NO donor SNAP in the soaking buffer
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was reduced by 32.54% with the Si infusion compared to the controls (Figure 2.9). This result
was consistent with previously reported LINORel-UC and LINORel-SR that found a ca. 38% and
45% reduction of SNAP leaching compared to samples without Si.2" 43 The higher levels of SNAP
leaching and higher initial NO flux levels during the first 24 h of incubation are a result of SNAP
within the water-rich layer of the polymer. Low amounts of SNAP near the polymer-liquid interface
may leach; however, the degradation products of SNAP are a non-toxic FDA-approved drug, N-
acetyl-D-penicillamine (NAP), and NAP-dimer.*> Previous reports have shown that low

concentrations of SNAP were benign during in vivo testing of SR-SNAP.*'

Chemical modification in the DNA by reactive nitrogen species is one of the leading
processes of NO-facilitated antibacterial action.?® Nitric oxide exhibits antimicrobial characteristics
resultant of a combination of nitrosative and oxidative mechanisms which results in the
deamination of DNA base pairs cytosine, adenine, and guanine.®?> The NO derivative molecules
such as peroxynitrite and nitrogen dioxide alter and destruct the base pairs leading to the
breakage of DNA strands and facilitating lipid peroxidation and membranal damage.?* 5 62 63
Over the evolutionary process, eukaryotic cells have developed ways to scavenge these reactive
oxygen and nitrogen species thereby placating their influence; however, bacterial cells remain
susceptible.®* The NO-releasing properties of the SR-SNAP-Si cannulas reduced the viable bacterial
cell adhesion of S. epidermidis and S. aureus after 24 h by 94.89% and 99.77%, respectively, as
compared to SR controls (Figure 2.10). These results are analogous to previous reports that
characterized silicone rubber, polyurethane, and SNAP-E2A polymers, polyvinyl chloride which

release similar levels of NO over a 24 h period.33 43 65

Surface modifications (physical surface properties) or chemical active release (nitric oxide)
have both been individually demonstrated to be efficient approaches that inhibit the development
of biofilm on medical devices. Liquid-infused porous surfaces generate a low-adhesion interface

between the base polymer and the contacting liquid. This interface is established by the infusion
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of the permeated liquid into the polymeric substrate where the fluid is influenced by the capillary
forces and the existent chemical affinity between the infused liquid and the core polymer. The
capability of the liquid-infused surface has been formerly validated with the infusion of
biocompatible silicone oil in preventing biofouling on urinary catheters and blood-contacting
devices.?" 4 Although, liquid-infused surfaces can passively prevent device infections by
inhibiting the attachment of microorganisms, there is still a concern regarding the capability of
microorganisms to violate the oil surface and inhabit the base polymeric surface. Similarly, NO
alone can kill the bacteria, but it does not prevent fouling of the surface and in fact, has been
shown to exhibit high protein adsorption on catheters. For insulin cannulas to be successfully
implanted long-term, both NO and antifouling properties are essential to address these issues.
Here, two methods were combined to generate an insulin infusion cannula with a dual-operational
surface that has significant benefits from a clinical translation perspective. The idea of utilizing
these two methods comes from the antifouling nature of Si-infused surfaces that can prevent the
attachment of protein and bacteria and the antimicrobial activity of NO. Unlike the current Teflon
and steel cannula that need to be replaced every 2-3 days, SR-SNAP-Si has shown antifouling
and NO-releasing properties that can help in increasing the lifetime of insulin cannula up to 21 d.
It was observed that the combined approach in the SR-SNAP-Si cannulas provides a synergistic
decline in the attachment of fibrinogen protein and S. aureus and S. epidermidis bacteria, implying
that the new combination surface can generate a noticeably improved antifouling and antibacterial
efficacy compared to either approach alone. The broad-spectrum antibacterial activity of NO can
be applied to other pathogenic microorganisms often involved in catheter-related infections. The
antibacterial activity of the SR-SNAP-Si can be enhanced by modulating the levels of NO release

to further reduce viable bacterial attachment.

This methodology of SNAP impregnation in the commercial medical grade silicone rubber

used in this study, not only addressed the problems associated with cannula-related infections
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and biofouling but also addressed the concerns of developing NO-releasing polymers by
conventional polymer engineering methods, that utilize high temperature possessing (i.e.,
polymer extrusion), which threatens the stability of SNAP and other NO donors. The novel insulin
cannula exhibited an impressive ability to reduce biofouling due to the antifouling Si oil-infused
surface and long-term NO release via SNAP impregnation for up to 3 weeks. These properties
are significantly advantageous over the current commercially available insulin cannulas and
demonstrate a promising method to fabricate insulin cannulas with enhanced long-term

biocompatibility.

2.6 Conclusions

In this work, a liquid-infused slippery surface was combined with NO-releasing capabilities
in commercial medical-grade silicone rubber tubing through the infusion of silicone oil and the
impregnation of the NO donor SNAP. The SR-SNAP-Si cannulas were impregnated with 5.77 +
0.14 wt% SNAP, which resulted in cannulas that release NO for > 14 d and also an antifouling
surface for at least 21 d. The NO-releasing cannulas were stable during storage at room
temperature both with and without Si oil for up to 30 d and showed NO flux values consistent with
the cannula that was immediately tested after fabrication. The overall leaching of NO donor SNAP
in the soaking buffer was reduced by 32.54% with the silicone oil infusion compared to the
controls. The SR-SNAP-Si insulin cannula exhibited enhanced biocompatibility by displaying
potent biocidal activity of NO (> 94 % reduction in viable S. aureus and S. epidermidis) as well as
reduced biofouling via silicone oil infusion. These studies demonstrate the efficacy of the novel
SR-SNAP-Si insulin cannula in reducing the challenges that impact the lifetime of the cannula
used by Type 1 Diabetes patients. The novel insulin cannula can be easily combined with the
continuous subcutaneous insulin infusion pump to expand the lifetime of the cannula from 3 days
to 3 weeks. This work will help to further define the significance of the synergistic antibacterial,

anti-inflammatory, and anti-fouling effects of NO and liquid-infused surfaces in the design of
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insulin delivery systems. These new biomaterial interfaces can be utilized to provide antimicrobial
and antifouling properties when applied to other indwelling medical devices, ultimately leading to

improved biocompatibility of medical device interfaces and patient care.
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CHAPTER 3:
PREVENTION OF MEDICAL DEVICE INFECTIONS VIA MULTI-ACTION NITRIC
OXIDE AND CHLORHEXIDINE DIACETATE RELEASING MEDICAL GRADE

SILICONE BIOINTERFACES

Chug, M. K., Massoumi, H., Wu, Y., & Brisbois, E. J. (2022). Prevention of Medical Device
Infections via Multi-Action Nitric Oxide and Chlorhexidine Diacetate Releasing Medical Grade
Silicone Biointerfaces. Journal of Biomedical Materials Research Part A, 110(6), 1263-1277.
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3.1 Abstract

The presence of bacteria and biofilm buildup on medical device surfaces has been linked to
serious infections, increased health care costs, and the failure of medical devices. Therefore,
antimicrobial devices that can thwart microbial attachment and subsequent biofilm development
have become an active research area, specifically for therapeutic applications. Both nitric oxide
(NO) and chlorhexidine diacetate (CHXD) are known to possess broad-spectrum antibacterial
properties. In the past, individual polymer release systems of CHXD and NO donor S-nitroso-N-
acetylpenicillamine (SNAP) incorporated polymer platforms have attracted considerable attention
for biomedical/therapeutic applications. However, the combination of the two surfaces has not
been explored yet. Herein, the synergy of NO and CHXD was evaluated to create an antimicrobial
medical-grade silicone rubber (SR) polymer. A 10 wt% SNAP incorporated films were fabricated
using a solvent-evaporation process with a topcoat of CHXD (1, 3, and 5 wt%) to generate a dual-
active antibacterial interface. Chemiluminescence studies confirmed the NO release from SNAP-
CHXD films at physiologically relevant levels (0.5 — 4 x 10-® mol min-' cm) of NO for at least 3
weeks and CHXD release for at least 7 d. Further characterization of the films via SEM-EDS
confirmed uniform distribution of SNAP and presence of CHXD within the polymer films without
substantial morphological changes, as confirmed by contact angle hysteresis. Moreover, the dual-
active SNAP-CHXD films were able to significantly reduce E. coli and S. aureus bacteria (> 3-log
reduction) compared to controls with no explicit toxicity towards mouse fibroblast cells. The
synergy between the two potent antimicrobial agents will help combat bacterial contamination on

biointerfaces and enhance the longevity of medical devices.

Keywords: Nitric oxide, Chlorhexidine, Antibacterial, Medical devices, Hospital-acquired

infections
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3.2 Introduction

Indwelling medical devices, like intravascular and urinary catheters, are the major source of
catheter-associated bloodstream infections. Biomedical devices provide a suitable surface for
bacterial adhesion which can eventually lead to biofilm formation. Devices that succumb to biofilm
buildup on the surfaces often tend to have compromised functionality with reduced durability that
can extend hospital stays and increase the financial burden on patients. In the US alone, a total
of 250,000 cases of device-associated infections are reported every year." When bacteria from
the surrounding environment encounter a medical device, the first step of the multifaceted process
is attachment to the surface. The attachment of bacteria is followed by uninhibited proliferation on
the surface which then leads to the production of extracellular polymeric substances (EPS)
comprising eDNA, genes, polysaccharides, lipids, enzymes, proteins, etc. The protective EPS
matrix not only provides nutrients to growing bacteria but also protects embedded bacteria from
the action of traditional antibiotics that fail to penetrate the defensive layer. Over time, bacteria
protected within the biofilm can shift from a sessile state to a planktonic and use these indwelling
medical devices as a port of entry into the body, leading to many chronic, nosocomial, and medical

device-related infections.?®

When it comes to bacterial pathogenesis, both Gram-positive and Gram-negative bacterial
species have been seen to form biofilms on medical device surfaces. Despite keeping the
surroundings clean and sterilization of medical devices, a lot of medical implants and prosthetic
devices can succumb to bacterial contamination in both short- and long-term applications. This
situation has become worse due to the emergence of antibiotic resistance in bacteria. It is
estimated that >1000 times the dosage of antibiotic is required to eradicate bacteria encapsulated
within the biofilm as opposed to free-floating bacteria.” @ Therefore, there is a dire need for broad-
spectrum antimicrobial approaches that can act upon the pathogenesis of microorganisms. Due

to the shift in efforts of managing cases, the COVID-19 emergency has diverted the focus of
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conventional infection control tactics which has resulted in a >50% increase in central line-

associated bloodstream infections (CLABSI) rates.® "°

Infections arising from medical devices can be modulated by developing infection-controlling
strategies that can inhibit catheter-related infections and radically lower the instances of morbidity,
mortality, and associated medical care costs. Previous studies have reported bactericidal or
bacteria-resistant approaches to reduce the microbial burden on medical devices. These
strategies include impregnation of antimicrobial agents such as silver, zinc ' "2 in silicone-based
polymers™ ' anti-fouling mechanisms (e.g., SLIPs, zwitterions) 17, antibiotic and antimicrobial
coated/impregnated catheters (chlorhexidine (CHXD), silver sulfadiazine, rifampicin, auranofin,

etc.)'®21 and nitric oxide (NO)-releasing therapeutic approaches.?* 23

Chlorhexidine is an extensively used antimicrobial agent in hospital-based settings for skin
disinfection and as well as prevention of bacterial contamination on common surfaces.?* The
positively charged CHXD binds to the negatively charged bacterial cell wall. The strong binding
of moieties leads to loss of membrane integrity and malfunctioning of proteins and enzymes that
causes cellular damage and cytoplasmic leakage resulting in microbial death. 2°2% The broad-
spectrum antibacterial properties of CHXD have been widely studied for long-term antibacterial
applications. Several researchers have reported sustained release from CHXD-impregnated,
incorporated, and coated surfaces for the use of medical devices such as dental implants,
vascular catheters, and antimicrobial dressings. 2°3* Some of these techniques have also made
it to pre-clinical stages and are currently being used to treat catheter-associated infections in
patients.' For example, CHXD and silver sulfadiazine-impregnated catheters are commercially
available. However, infections on medical devices persist and are continuing to rise.** One
solution to avoid using higher concentrations of CHXD that are toxic to mammalian cells is to
combine CHXD with other antibacterial agents that can augment antibacterial properties and as

well as enhance the biocompatibility of medical devices.
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NO is an endogenous gas molecule responsible for several regulatory functions such as
vasodilation and inhibition of platelet activation. Immune cells such as macrophages and
neutrophils utilize NO to fight the invading pathogen by exhibiting antimicrobial and anti-
inflammatory properties. 3 To exogenously mimic the innate functions of NO, several NO donors
have been synthesized and integrated with medical-grade polymers to develop antimicrobial,
hemocompatible, and biocompatible surfaces. Synthetic and endogenous S-nitrosothiols, such
as S-nitroso-N-acetyl-penicillamine (SNAP) and S-nitrosoglutathione (GSNO), NO donors have
demonstrated improved stability when incorporated within polymer matrices for the use of medical
device application.*® These polymers also have been shown to release NO at physiologically
relevant levels by the means of a catalyst (heat, light, or metal ion).3” Nitric oxide released from
the polymer systems can emulate NO release from endothelial cells at a surface flux of 0.5 - 4 x
10" mol cm? min™', to prevent platelet activation and adhesion.*® SNAP-incorporated polymers
utilizing medical-grade polyurethane-based silicone elastomers (CarboSil, ChronoSil, silicone
rubber) have been extensively studied to generate NO-releasing medical devices with prolonged
and regulated NO release.***? However, the levels of NO emitted from these matrices can
eventually drop as the NO payload is depleted, which might restrict their ability to fully eradicate
the bacteria in long-term applications. Therefore, combining NO-releasing materials with other
broad-spectrum antibacterial agents, such as CHXD, that can elevate long-term applications is

one possible solution to bacterial colonization on biomaterials.

Previously, both SNAP and CHXD have been individually incorporated/impregnated within
polymer systems. However, the combination of these two compounds as an infection control
strategy has not been studied until now. This study aims to combine SNAP and CHXD in a single
polymer matrix to achieve amplified antibacterial properties for the use of potential biomedical
applications. This technique can also be applied to other polymer-based medical device interfaces

such as endotracheal tubes, insulin cannulas, and hemodialysis catheters that face the
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challenges of bacterial contamination. In this study, commercial-grade silicone rubber (SR)
polymer was used to fabricate SR films with dual antibacterial properties comprising of NO donor
SNAP and CHXD using the solvent evaporation and dip-coating method. Varying concentrations
of CHXD were optimized on the SNAP-incorporated SR and tested for cytocompatibility towards
NIH 3T3 mouse fibroblast films. Examination of the surface characteristics of films was carried
out via contact angle, scanning electron microscopy, and elemental mapping of modified and
unmodified films. NO release from the samples was tested over 4 weeks using a
chemiluminescence method and the leaching of NO donor and CHXD in the soaking buffer was
assessed using the UV-vis spectroscopy technique. Finally, the antibacterial potential of the films
was investigated in a 24 h bacterial adhesion assay against E. coli (Gram-negative) and S. aureus
(Gram-positive) bacteria, two major bacterial strains frequently linked to infections arising from

medical devices.

3.3 Materials and Methods

3.3.1 Materials

Ethylenediaminetetraacetic acid (EDTA), tetrahydrofuran (THF), and sterile phosphate buffer
saline powder with 0.01 M, pH 7.4, containing 0.138 M NaCl, 2.7 mM KCI, were purchased from
Sigma Aldrich (St. Louis, MQO).  S-nitroso-N-acetylpenicillamine was purchased from
PharmaBlock (Hatfield, PA). Chlorhexidine diacetate hydrate and glutaraldehyde solution
(50%/Certified/BioReagent) were obtained from Fisher Scientific (Hampton, NH). All aqueous
solutions were prepared using deionized water. Phosphate buffer saline (PBS) 0.01M with 100
MM EDTA was used for all material characterization and NO analyzer studies. Dulbecco’s
modified Eagle’s medium (DMEM) and trypsin-EDTA were purchased from Corning (Manassas,
VA20109). The Cell Counting Kit-8 (CCK-8) was purchased from Sigma-Aldrich (St. Louis, MO).
Antibiotics penicillin-streptomycin (Pen-Strep) and fetal bovine serum (FBS) were obtained from

Gibco-Life Technologies (Grand Island, NY). The bacterial strain S. aureus (ATCC 6538), E. coli
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(ATCC 25922), and 3T3 mouse fibroblast cells (ATCC 1658) for cytotoxicity studies were obtained
from American Type Culture Collection (ATCC). All the buffers and media used in microbial and
tissue culture were sterilized in an autoclave at 121 °C, 100 kPa (15 psi) for 30 minutes prior to

use.
3.3.2 Preparation of SR-SNAP-CHXD Polymer Films

DOWSIL™ 3-1944 RTV silicone rubber with or without 10 wt% of SNAP was prepared by a
solvent evaporation method. Films were prepared to fabricate four test groups (SR, SR-CHXD,
SR-SNAP, and SR-SNAP-CHXD) (Figure 3.1). To prepare the polymer solution for the base
films, 270 mg of SR was weighed out and dissolved in 1 mL of THF and 30 mg of SNAP was
added to achieve 10wt% (w/w) as the final concentration of SNAP. The solution was vortexed
until all the SNAP crystals were dissolved completely and then cast into the circular Teflon molds
of 2.5 cm diameter. The polymer films in the mold were cured overnight in a fume hood initially
and then for 24 h in the vacuum desiccator enabling the solvent to evaporate completely. For the
corresponding controls without SNAP, 300 mg of SR was dissolved in 1 mL of THF and cast
resulting in blank SR films. Once all the films were dried, smaller disks of diameter 0.65 cm were
cut from the parent base film. Table 3.1 describes all the sample types fabricated for this study
and highlights the methodology followed to fabricate films. All the base films (SR and SR-SNAP)
were first top-coated with 3 topcoats of a plain SR topcoat solution (1 mL SR-THF solution at 300
mg mL" concentration) at a 15 min interval. The films were allowed to dry for 2 h at room
temperature. To generate 1, 3, and 5 wt% CHXD coated films, the SR and SR-SNAP films were
top coated with 2 topcoats of the CHXD solution at 15 min intervals, resulting in SR-CHXD and
SR-SNAP-CHXD films. To prepare the polymer solution for the CHXD topcoat, 297, 291, and 285
mg of SR were weighed out and dissolved in 1 mL of THF with 3, 9, and 15 mg of CHXD to
achieve 1, 3, and 5 wt% (w/w) as the final CHXD concentration, respectively. For corresponding

SR and SR-SNAP controls without CHXD, films were top-coated with 1 mL of SR dissolved in
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THF (2 topcoats at 15 min intervals) at 300 mg mL"" concentration to result in SR and SR-SNAP
films. The small disks were dried overnight and then dried under vacuum for an additional 24
hours. This was done to remove any residual THF and ensure the polymers were cured. The
weights and thickness of the final films were recorded using a Mettler Toledo analytical balance
and a Mitutoyo micrometer. The prepared polymer samples were kept in the freezer (=20 °C) in

the dark to retain their NO-releasing properties before further analysis.

A)
Silicone rubber (SR) 10 wt% SNAP incorporated SR
o oo ~ Topcoat of CHXD
T t of plain SR Topcoat of CHXD T, t of plain SR
opcoat of plain SR ~ \ o rE 5 e opcoat of plain / \ 1.3,and 5 wt%
SR SR-CHXD SR-SNAP SR-SNAP-CHXD
B)

Chlorhexidine diacetate

’
~

o
‘ "
| S-nitroso-N-act’:etyIpeniciIIaming )

Figure 3.1 A) Methodology to fabricate SR, SR-SNAP, SR-CHXD and SR-SNAP-CHXD films.
B) Schematic representation of SR-SNAP-CHXD films to combat medical device infections.
SR-SNAP films are top coated with SR-CHXD to generate dual-active antimicrobial surfaces.

120



Table 3.1 Composition of SNAP-CHXD samples used in the study

Sample type Base film Topcoat

SR 300 mg mL"' SR 5 topcoats of 300 mg mL™' SR

SR-SNAP 300 mg mL" SR with 10 wt% SNAP | 5 topcoats of 300 mg mL™' SR

SR-CHXD 300 mg mL"' SR 3 topcoats of 300 mg mL"' SR, 2
topcoats of 300 mg mL-' SR with

1,3,5 wt% CHXD

SR-SNAP- 300 mg mL" SR with 10 wt% SNAP | 3 topcoats of 300 mg mL" SR, 2
CHXD topcoats of 300 mg/mL SR with

1,3,5 wt% CHXD

3.3.3 Characterization of SNAP-CHXD Films for Optimized NO-Releasing Polymers

3.3.3.1 NO-Release Measurements

NO release kinetics from the films was evaluated using Zysense chemiluminescence Nitric
Oxide Analyzer (NOA) 280i (Zysense, Frederick, CO). For this, samples were submerged in NOA
samples cell with Phosphate Buffer Saline (PBS) substituted with 100 uM EDTA (pH 7.4). EDTA
was added to the buffer to quench the metal ion activity from water that can non-specifically
catalyze NO from SNAP. The temperature of the system was maintained at 37 °C to emulate the
physiological conditions. The NO released from the polymer films in the NOA cell was constantly
carried into the reaction chamber via highly purified nitrogen gas at a continuous flow rate of 200
mL min™'. The cell pressure of the NOA cell ranged from 8.9 to 9.7 torr with a supply pressure

between 6.4-6.6 psi. All experiments were performed in triplicates protected from ambient light.

To quantitate the real-time NO release under physiological conditions, SR-SNAP and SR-
SNAP-CHXD films (n=3) were each placed in 2 mL of PBS-EDTA in an NOA sample cell. The

samples were tested until the steady state of NO release was attained. The films were incubated
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in PBS-EDTA at 37 °C and the NO release from the films was recorded at various time points.
The amount of NO released from the samples (ppb/ppm) was normalized with the surface areas
of the samples to obtain the NO flux levels with mol cm2 min™ units. For evaluating the effect on
the presence of CHXD, films were tested in a short-term experiment for up to 24 h with all different
CHXD concentrations (1, 3, and 5 wt% CHXD topcoat). To understand the full potential of films,
optimized concentrations of SR-SNAP-CHXD (5 wt%) were compared to SR-SNAP films in a
long-term NO release study for up to 4 weeks. For the long-term study, the soaking buffer was
replaced on each testing day during the incubation to prevent the saturation of SNAP leaching in

the soaking buffer.
3.3.3.2 Effect of Sterilization on NO Release

To test the sterilization compatibility of SR-SNAP-CHXD films, samples were exposed to the
EO sterilization process under AN 74i Anprolene EO gas sterilizer (Anderson Sterilizers). For this,
SR-SNAP-CHXD films were packaged in a peel pouch and sterilized under EO gas under 24 h
cycle followed by 2 h of air purging. To maintain a minimum of 35% humidity, a Humidichip was
added to the sterilization bag and the whole process was done at room temperature. To test the
influence of UV-light on the SNAP stability and corresponding NO release, SR-SNAP-CHXD films
were exposed to UV-light under a biosafety cabinet administered by REDISHIP Purifier® Logic®+
Class Il A2 Biosafety Cabinets, Labconco® for 30 min. NO release from the sterilized samples
was measured using the same methodology as Section 3.3.3.1. Samples were tested for their
NO release on day 0 and day 1 and compared to freshly prepared samples that were not exposed

to any sterilization process.
3.3.4 Evaluation of SNAP and CHXD Release from Polymer Films
The amount of SNAP and CHXD released from the polymer films into the soaking buffer

was measured by recording the absorbance of buffer solutions for up to 1 week. Three samples
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for each type of film were prepared and weighed before initiating the study. These films were then
soaked in PBS (with EDTA) at 37 °C. A UV-vis spectrophotometer (Cary 360, Agilent
Technologies) was used to measure the absorbance of the buffer solutions every day. The
absorbance of solutions was measured using a Quartz cuvette at 340 and 255 nm which is the
maxima in the UV-Vis absorbance spectra for SNAP and CHXD, respectively. 4> The calibration
graph of SNAP and CHXD in PBS with EDTA was used to interpolate the absorbance
measurements recorded from the study and convert them to concentrations of the compound in
the measured sample. Care was taken to make sure that the buffer solution amount for each
sample was maintained at the same amount throughout the experiment to avoid any inconsistent

readings and three replicates were used for each measurement.

3.3.5 Characterization of Films

3.3.5.1 Static Contact Angle Measurement

Polymer films that were compatible with the goniometer instrument were prepared by spin
coating enabling the reproducible evaluation of any effects of SNAP or CHXD on the surface
wettability of the samples. To measure the static water contact angle, thin films were prepared
by spin coating SR, SR-SNAP, and SR-CHXD solutions on 15 mm Deckglaser Cover Glasses
using a programmable MTI VTC-100A spin coater. The static contact angle measurement for the
SR, SR-SNAP, SR-CHXD and SR-SNAP-CHXD polymer matrixes were conducted using
Ossila Contact Angle Goniometer with sessile drop method with deionized water. A 10 uL of
deionized water was dropped on different locations on film and the droplet was allowed to sit for
10 seconds before recording the values. Four replicates were used for each measurement, and

the average of left and right contact angles was measured via the Ossila software.

3.3.5.2 Scanning Electron Microscopy Equipped with Elemental Mapping
Surface morphology and composition of SR, SR-SNAP, SR-CHXD, and SR-SNAP-CHXD
were evaluated using a scanning electron microscope and elemental mapping techniques,

123



respectively. All the films were sputter-coated with a 10 nm gold-palladium mixture using a sputter
coater (Leica Microsystems). Field emission scanning electron microscopy (FESEM) instrument
(FEI Teneo, FEI, Inc., Hillsboro, OR USA) with an accelerating voltage of 5 kV at a working
distance of 10 mm was utilized to obtain surface morphology images. Energy-dispersive X-ray
spectroscopy (EDS —Oxford instruments) with an accelerating voltage of 20 kV, was used to
evaluate the dispersion of chlorine (Cl) on the surface of CHXD-coated films and sulfur (S) in the

cross-section of SNAP-incorporated samples as the characteristic element of SNAP composition.

3.3.6 Antibacterial Efficacy of Dual-Active SNAP-CHXD Polymer Films

3.3.6.1 24 h Bacterial Adhesion Assay

To assess the antibacterial efficacy of the polymer films, a 24 h antibacterial adhesion
assay was used. All the samples SR, SR-SNAP, SR-CHXD, and SR-SNAP-CHXD were tested
against two strains of bacteria E. coli and S. aureus. Bacterial cultures were prepared by
inoculating single isolated colonies in LB media that were incubated and grown for 5 h at 120 rpm
at 37 °C. Bacteria from the stock were extracted at the mid-log phase and washed in PBS at 3500
rpm, for 7 min to remove the dead cells and debris. Samples were exposed to a bacterial solution
with adjusted optical density (O.D) of 0.5 measured at 600 nm wavelength corresponding to a
final concentration of bacteria ~ 10 colony forming units (CFU) mL™". Polymer films with bacteria
were incubated at physiological conditions (pH 7.4, 37 °C) for 24 h at 120 rpm. To evaluate the
viable colonies adhered on the surface of films, polymer films were transferred into fresh PBS
buffer, homogenized, and vortexed for 60 sec each. Diluted samples were then plated on the L.B
agar media using a bacteria Spiral Plater (Eddy Jet 2W, IUL Instruments) (Log mode 100 ul).
Results were recorded based on the growth of viable colonies on the agar plate after overnight
incubation at 37 °C utilizing an automated bacteria colony counter (Sphere Flash, IUL
Instruments). The results obtained from the study were normalized by the surface area of the films

and represented as the percent reduction in the adherence of viable bacteria on the test surface
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(SR-CHXD, SR-SNAP, and SR-SNAP-CHXD) with respect to the control surface (SR) determined

by Equation 3.1.

(SR control) —(Test ) x 100
(SR control)

% bacterial reduction = (Equation 3.1)
3.3.7 Bacteria Morphological Analysis

S. aureus and E. coli adhered on the surface were visualized using SEM to analyze the effect
of CHXD and SNAP on morphological changes of Gram—positive and —nhegative bacteria strains.
The SEM analysis was carried out using the previously reported method with slight
modifications.** Bacteria cultured in LB media overnight were diluted to 10” CFU mL"’
concentrations and samples cut into disks with 0.65 cm diameter were placed in 2 mL
microcentrifuge tubes. Each sample (SR, SR-CHXD, SR-SNAP, SR-SNAP-CHXD) was exposed
to 1 mL bacteria culture in a shaker incubator at 37 °C and 120 rpm. After 24 h of incubation,
samples were gently taken out and rinsed with fresh sterilized PBS to detach the loosely adhered
bacteria from the surface and immersed in 3% glutaraldehyde in 0.1 M PBS solution overnight to
fix the samples. Samples were dehydrated with an increasing amount of ethanol at 20 min
intervals (50, 60, 70, 80, 90, and 100% v/v in DI water). Finally, samples were left at ambient
temperature to dry completely in the fume hood, protected from light. Samples were mounted on
double-sided carbon tape on an SEM specimen mount and sputter-coated with a 10 nm thick
gold-palladium mixture using Leica EM ACEG00 coater (Leica Microsystems, Wetzlar Germany).
Microscope images of bacteria on the surface of different samples were obtained using a FESEM
instrument (FEI Teneo, FEI, Inc., Hillsboro, OR, USA) with an accelerating voltage of 5 kV at a

working distance of 10 mm.
3.3.8 In Vitro Cytocompatibility Study
The compatibility of flms with mammalian cells was assessed by following the 1SO

standards (1SO10993-5:2009 Test for evaluating the compatibility of medical devices in vitro).
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This was done as per the previously reported protocol with slight modifications.*> All test and
control group SR, SR-SNAP, SR-CHXD, and SR-SNAP-CHXD samples (n = 3) each were
cleansed with 70% ethanol and sterilized under UV-light in a biosafety cabinet for 15 mins on
each side. Each sample was submerged in complete DMEM media supplemented with 10% FBS
and 1% Penicillin-streptomycin mixture (2 mL) and incubated for 24 h at 37 °C, 5% CO.. The

leachate of the samples was then used for exposure to the cells and further analysis.

NIH 3T3 mouse fibroblast cell line was used to test the cytocompatibility of the films. Cells
at 5000 cells/ well were seeded into a cell-culture treated 96-well plate and incubated for 24 h at
37 °C, 5% CO- in humidified conditions. After 24 h, the old media from the wells was aspirated
out and substituted with an equivalent volume of leachates and exposed to the confluent cells for
each specific sample type. Cells exposed to leachates were then incubated for an additional 24
h to allow the leachates to act out on cells. All experiments were done in triplicates. After 24 h,
CCK-8 was added to the cells and incubated for 2 h (10 pL). The absorbance of the cells was
measured at 450 nm wavelength using a micro well-plate reader (Cytation 5 imaging multi-mode
reader, BioTek). Results from the study are represented as cell viability of the test group (SR, SR-
SNAP, SR-CHXD 1,3, and 5 wt%, and SR-SNAP-CHXD 1,3, and 5 wt%) relative to control 3T3

fibroblast cells in media alone that received no treatment (Equation 3.2).

absorbance treatment group

Relative cell viability (%) =

x 100 (Equation 3.2)

absorbance cells in media without treatment

3.3.9 Statistical Analysis

All experimentations in this study were conducted with a sample size n = 3. Data obtained
from the study are presented as mean + standard error of the mean (SEM). To ascertain the
statistical significance between the test (SR-SNAP-CHXD) and control group (SR, SR-SNAP, SR-
CHXD), an unpaired Student’s t-test was used with an assumption of unequal variance. p values

of < 0.05 were considered statistically significant.
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3.4 Results

3.4.1 NO Release Kinetics

The physical attributes of the sample weight and dimensions of the polymer films were
recorded using an analytical balance (Mettler Toledo™ XS105DU, Columbus, OH) and a
micrometer. The weights of the films before and after top coating were found to be 9.38 + 0.53
and 19.55 + 1.21 mg, respectively. All the films synthesized in the study (SR, SR-SNAP, SR-
CHXD, and SR-SNAP-CHXD) were of uniform weight and thickness. The addition of five topcoats
on the base films resulted in a corresponding increase in the thickness of the disks before and
after topcoats from 0.36 £ 0.01 to 0.85 £ 0.08 mm, respectively. To understand if the addition of
CHXD on the SNAP-loaded polymer affects the NO release, the SR-SNAP and SR-SNAP-CHXD
films were tested for the NO release kinetics using the chemiluminescence method under
physiological conditions (Figure 3.2A). While the SR-SNAP control films exhibited an initial flux
of 5.46 x 107" mol min"' cm?, SR-SNAP-CHXD with 1, 3, and 5 wt% CHXD exhibited 6.54, 6.06,
and 5.67 x 10" mol min' cm?, respectively (Figure 3.2B). NO release from the study
demonstrated no significant differences in the release kinetics with the presence of CHXD on the
surface irrespective of CHXD concentration. In a longer-term study, SR-SNAP and SR-SNAP-
CHXD with 5 wt% CHXD were tested over 4 weeks (Figure 3.2C). Results from the long-term
study demonstrated similar NO release levels for samples with and without CHXD present in the

topcoat. The initial and final NO release levels from samples are reported in Table 3.2.
3.4.2 Ethylene Oxide (EO) and Ultraviolet (UV) Light Sterilization

To determine the stability of SR-SNAP-CHXD (5 wt%) films to withstand clinically relevant
sterilization processes, in this study ethylene oxide and ultraviolet light sterilization were utilized
to determine the suitable sterilization method for the SNAP and CHXD-containing polymer films.
Samples were first synthesized using the dip-coating method followed by EO and UV light
sterilization for 24 h and 30 min, respectively. After exposure, the NO release from the samples
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was quantified and compared to the NO release from fresh samples (Figure 3.2D). While the
freshly prepared samples released NO at 5.67 + 0.31 x 107 mol min' cm2NO flux, both EO and
UV-light exposed samples exhibited 4.87 + 0.41 and 4.90 + 0.33 x 107" mol min™' cm?NO flux,
respectively on day 0. There was a slight reduction observed in the level of NO release from
sterilized samples compared to freshly prepared samples on day 0. However, the difference
between the NO release of fresh and sterilized samples was not statistically significant (p > 0.05)
and the levels of NO continued to be at physiologically relevant levels post-sterilization for at least

24 h following the same trend as freshly prepared samples.

3.4.3 In Vitro Analysis of SNAP and CHXD Release in Soaking Buffer

Diffusion of SNAP and CHXD from polymer films into the PBS buffer was analyzed over
a 7-d period using UV-vis spectroscopy. For this, SR-SNAP and SR-CHXD films were soaked in
PBS-EDTA at 37 °C. At each time point, the soaking buffer was collected and analyzed to examine
the amount of CHXD and SNAP that diffused out of the polymer films. To quantify the amount of
SNAP and CHXD leached into the solution, a standard curve of both SNAP and CHXD was

prepared in PBS-EDTA and plotted. The molar extinction coefficient of CHXD and SNAP in PBS-

Table 3.2 Initial and final NO release kinetics from SR-SNAP and SR-SNAP-CHXD

(5Wt%)

NO release (x 10-'° mol min-'cm)

Sample type Initial (Day 0) Final (Day 29)
SR-SNAP 5.46 £ 0.64 0.28 £ 0.03
SR-SNAP-CHXD (5 wt%) 5.67 £ 0.31 0.41+0.15
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EDTA at room temperature was determined to be 2670 M' cm™ and 999 M-' cm™ at 255 and 340

nm, respectively (Figure 3.3A-D).
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Figure 3.2 (A) Chemical structure of NO donor S-nitroso-N-acetylpenicillamine (SNAP).
RSNOs have the capacity to be triggered by heat, light, or metal ions to cleave the S-N
bond and release NO. (B) NO release levels from SR-SNAP and SR-SNAP-CHXD with 1,
3, and 5 wt% CHXD top coated films tested using Nitric oxide analyzer for up to 24 h. (C)
Long-term NO release quantification from SR-SNAP and SR-SNAP-CHXD 5wt%. (D)
Effect of ethylene oxide and UV-sterilization process on NO releasing SR-SNAP and SR-
SNAP-CHXD 5wt% films. All NO release studies were performed at physiological
conditions of pH 7.4 and 37 °C. Data represents mean + SEM (n = 3).

After 24 h, 0.27 + 0.01 ug CHXD and 0.48 + 0.03 ug of SNAP mg™ of total film mass were
detected in the buffer. In both cases, CHXD and SNAP diffusion was observed to be higher on
the initial days due to the water-rich polymer layer that enables more rapid diffusion of these

species into the buffer. However, the diffusion of the compounds stabilized with each testing day
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(Figure 3.3E). The results indicated that a total of 0.47 + 0.02 yg CHXD mg-" and 2.06 + 0.08 ug

SNAP mg" polymer diffused out of the polymer films after 7 d of soaking.
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Figure 3.3. UV-vis calibration curve of (A) CHXD and (B) SNAP in PBS-EDTA buffer. The
characteristic peak of (C) CHXD was observed at 255 nm and (D) SNAP at 340 nm
wavelength. (E) Using the standard curve at 255 and 340 nm wavelength, the amount of
SNAP and CHXD released from the polymer films was assessed for 7d at physiological
conditions of pH 7.4 and 37 °C in PBS buffer. Data represents mean £ SEM (n = 3).

3.4.4 Surface Characterization

3.4.4.1 Characterization of Polymer Surface via Contact Angle

Static contact angle measurements provide insights into the surface wettability of the
polymers by determining the hydrophobicity or hydrophilicity of the surface, where materials at or
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above 90° are classified as hydrophobic. To analyze how the modification of the surface through
the incorporation of SNAP or top coating with CHXD altered the surface wettability, the static
contact angle of water on the surface of the films was evaluated (Figure 3.4). The unmodified
surface (SR) showed an initial water contact angle of 92.47 + 2.14°. Both SR-SNAP and SR-
CHXD exhibited a water contact angle of 96.16 + 2.69° and 90.66 + 1.80°, respectively, indicating
that the surface hydrophobicity was not significantly affected by the inclusion of the SNAP and

CHXD.
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Figure 3.4. Surface wettability of polymer surfaces determined by static water contact
angle. No significant difference was observed between the sample groups. Data
represents mean + SEM (n = 3).

Similarly, the results from SR-SNAP-CHXD films showed 94.59 + 4.09°. When comparing the
SR-CHXD film to the SR control, a slightly lower average contact angle was observed in SR-SR-
CHXD (90.67 % 1.80°). This result is expected as an increase in CHXD concentration will increase
the surface hydrophilicity.*¢ Overall, all the films exhibited hydrophobicity and remained
statistically insignificant after modification. In summary, film preparation through the incorporation

of CHXD and SNAP did not alter the surface hydrophobicity significantly compared to the
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unmodified SR surface and no statistical differences in wettability were observed between the

sample types.

3.4.4.2 Surface Morphology and Elemental Mapping

Surface morphology and elemental mapping analysis were carried out to evaluate the surface
of the samples and the dispersion of CHXD and SNAP in the structure (Figure 3.5). The surface
of each sample observed by SEM imaging exhibited a relatively smooth surface, and no
significant changes were observed on the surface compared to unmodified SR. The cross-
sectional view of films clearly showed the presence of SNAP crystals which was confirmed by the
EDS mapping of the sulfur element present in the S-NO bond of SNAP moiety (Figure 3.5A-B).
Furthermore, the SEM-EDS showed dispersed CHXD within the topcoat layer via mapping of the
Chlorine element in the CHXD structure confirming its presence on films (Figure 3.5C-D).

Cross-sectional view Sulfur

Chlorine

Figure 3.5 Surface SEM-EDS images of SR-SNAP-CHXD films. (A) SEM of cross-section
of SR-SNAP-CHXD films. (B) Elemental mapping of SNAP to evaluate distribution in
polymer films via mapping of sulfur group (depicted by red color) as the representative
element of SNAP. (C) SEM image of films (top view). (D) Elemental mapping of chlorine
(depicted with green color) dispersion on the surface of samples representing
characteristic element of CHXD. Scale bar represents 100 uM.

132



3.4.5 Antibacterial Efficacy of SR-SNAP-CHXD Films
3.4.5.1 In Vitro Antibacterial Adhesion Assay

The antibacterial activity of the multi-active films was evaluated using 24 h bacterial
adhesion assay against S. aureus and E. coli bacteria. Both SR-SNAP and SR-CHXD (5 wt%)
resulted in 0.74 and 2.75 log reductions in E. coli bacteria viability, respectively (p < 0.05).
However, the combinational effect of SNAP and CHXD into SR-SNAP-CHXD(5wt%) films resulted
in the highest E. coli bacterial inhibition with 3.41 log bacterial reduction compared to SR control
(p < 0.05) (Figure 3.6A). The synergy of SNAP and CHXD in SR-SNAP-CHXD also reduced the
viable CFU of S. aureus bacteria on the film surface by 3.79-log reduction compared to SR control
(p < 0.05), demonstrating the broad-spectrum antibacterial activity. While SR-SNAP and SR-
CHXD also individually reduced the S. aureus adhesion by 0.91 and 2.76 log reductions,
respectively (p < 0.05) (Figure 3.6B), the synergy of both SNAP-CHXD exhibited maximum

reduction.
3.4.5.2 Bacteria Morphological Analysis

FESEM analysis of bacteria on the surface of films revealed the effect of individual CHXD and
SNAP as well as their synergy through SR-SNAP-CHXD in bacterial eradication (Figure 3.7).
Bacterial clusters with intact membranes on the SR surface were evident in SEM images (Figure
3.7A and E) that showed smooth outer membranes confirming the viability of adhered bacteria
after 24 h. However, SR-SNAP, SR-CHXD, and SR-SNAP-CHXD (Figure 3.7B-D, and F-H),
exhibited a significant reduction in bacteria colonization due to their inherent antibacterial
properties. The bactericidal effect was enhanced with the synergy of SNAP-CHXD. SEM analysis
showed disrupted, wrinkled, and indented bacterial cell walls with blisters indicating the
antimicrobial action of CHXD.*’ Cellular debris from dead cells was also evident in samples with

bactericidal capacities.
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Figure 3.6 Antibacterial activity of polymer films calculated as a log of the colony forming
units (CFU) cm of surface area against (A) S. aureus (B) E. coli using a 24 h bacterial
adhesion assay. Data represents mean + standard error of mean (n=3), * represents p
< 0.05, ** p < 0.01 SR vs. SR-SNAP, SR-CHXD and SR-SNAP-CHXD.

3.4.6 Cytocompatibility of Films Towards Mammalian Cells

To assess the compatibility of SR-SNAP-CHXD films, mammalian NIH 3T3 fibroblast cells
were exposed to leachates obtained from films over 24 h and tested for viability using a CCK-8

cell viability kit. The results from this study demonstrated that all the samples SR, SR-SNAP, SR-

134



CHXD, and SR-SNAP-CHXD at 1, 3, and 5 wt% CHXD exhibited more than 70% cell viability
threshold (Figure 3.8). There was a slight variation in all the tested groups due to certain
experimental variations, however, none of the results were significantly different. Polymer
samples top-coated with concentrations greater than 5 wt% CHXD resulted in a reduction of cell
viability (data not shown). Therefore, 5 wt% CHXD top-coated samples were utilized in all

experiments.

Figure 3.7 Representative images of S. aureus (A-D), and E. coli (E-H) adhesion on SR (A
and E), SR-CHXD (B and F), SR-SNAP (C and G), and SR-SNAP-CHXD (D and H) samples
after 24 h of incubation at 37 °C. Bacteria cell morphology was depicted in magnified insets
within each image. Blisters appeared on bacteria cell walls on surface containing CHXD (B,
D, F, and H). Bacteria cell wall destruction was also observed on the surface of the NO
releasing samples (C, D, G, and H). The extended white scale bar represents 10 um and
the scale bar in the insets represent 2 um.

3.5 Discussion

Medical devices coated/impregnated with CHXD are currently clinically used to combat
catheter-related bloodstream infections. However, despite these efforts, the rate of infections is
continuing to rise. To overcome the challenges associated with bacterial contamination, various
surface strategies have been developed in the literature. SNAP-incorporated NO-releasing
materials have been widely studied for antimicrobial and blood-contacting biomedical device

applications.' 4% 4% These polymer systems provide excellent antimicrobial properties that can
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prolong the lifetime and augment the biocompatibility of medical devices. However, over time the
levels of NO may decrease due to the depletion of the NO reservoir within the material, which

limits the ability of these materials to eradicate all bacteria.
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Figure 3.8. Cytocompatibility of polymer films tested against NIH 3T3 mouse fibroblast
cells using a 24 h leachate exposure study. All samples exhibited >70% cell viability
threshold (indicated by dashed line). Results are calculated as relative cell viability
normalized to control cells that received no treatment. Data represents mean + SEM (n
> 3).

Although NO holds great potential in conquering bacteria and associated issues, NO-
releasing materials have not been commercialized yet. Therefore, combining NO-releasing
materials with other clinically available broad-spectrum antibacterial agents, such as CHXD, can
be one possible solution to bacterial colonization on biomaterials and provide multiple
mechanisms at the medical device interfaces to ensure microbial eradication. Since the initial
timepoint during the implantation or insertion of a medical device is considered extremely critical

in determining the fate of the device, the synergy of two antimicrobial interfaces is expected to
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lower the degree of bacterial adhesion at this potential early onslaught of infection. The
subsequent physiological levels of NO from the samples can then provide prolonged antibacterial

action against pathogens and continue to inhibit biofilm formation.

To combine NO-releasing SR polymer with CHXD, a facile and easy method is proposed in
this study. Medical grade SR polymer was incorporated with 10 wt% of SNAP and top-coated with
CHXD to combine two antibacterial strategies into one system for potential biomedical device
application. Previous studies using SNAP have shown that polymeric materials retain their
mechanical properties up to 10 wt% SNAP.*' Beyond 10 wt% materials tend to demonstrate a
sharp decline in ultimate tensile strength.*' Therefore, a 10 wt% SNAP was chosen for this study.
To optimize the concentration of CHXD, three different wt% of CHXD in SR-THF solution (1, 3,
and 5 wt%) were dip-coated on SNAP incorporated SR (Figure 3.1). NO release kinetics from
varying amounts of CHXD on SR-SNAP samples were measured using a nitric oxide analyzer.
The levels of NO released from polymer films were observed to be above physiologically relevant
levels (0.5 — 4 x 107" mol min™' cm™) up to 24 h (Figure 3.2B). Since results from the study
showed no significant difference between the release levels, the highest concentration of CHXD
top-coated films (5 wt%) was chosen for further evaluation to maximize the antimicrobial potential
of these materials. To analyze the long-term release levels of NO from SR-SNAP-CHXD as
compared to SR-SNAP samples, the films were tested over 4 weeks at physiological conditions
(Figure 3.2C). The data revealed similar levels of NO and duration from both SR-SNAP and SR-
SNAP-CHXD films with initial levels of NO 5.46 + 0.64 and 5.67 + 0.31 x 107" mol min"" cm2on
day 0. The final NO release values tested from films on day 29 were 0.28 £ 0.03 and 0.41 + 0.15
x 1071 mol min"' cm for SR-SNAP and SR-SNAP-CHXD films, respectively (Table 3.2). Values
obtained in this study align with previously reported NO flux from SNAP-incorporated RTV
polymer at the same initial SNAP loading (10 wt%) that showed 5.34 + 0.91 x 107" mol cm™ min™

of NO release on day 0.*°
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To evaluate the translational properties of these surfaces for medical device application, the
SR-SNAP-CHXD films were also tested for their compatibility with conventional ethylene oxide
and UV sterilization methods used in hospital settings. Bioactive materials that contain NO donor
compounds can lose their functions during sterilization due to their thermal and moisture
sensitivity. However, the results obtained in this study confirmed that the NO levels from the
sterilized samples continued to stay above physiological levels similar to that of freshly fabricated
films (Figure 3.2D). Similar results have been reported about both SNAP and CHXD compatibility
with various sterilization methods.*! % These studies have presented the ability of SNAP-
incorporated films (10 wt%) in retaining more than 90% of initial SNAP loaded into Elast-eon E2As
(a copolymer of combined soft portions of polydimethylsiloxane and poly(hexamethylene oxide))
polymer matrix after UV and EO sterilization.' Similarly, Sherertz et al. have reported the
compatibility of CHXD-coated triple-lumen polyurethane catheters with an EO sterilization method
which were also able to preserve their antibacterial efficacies against S. aureus pathogen in an in
vivo rabbit model.*® Overall, the results obtained from this study confirm that both ethylene oxide
and UV-light sterilization methods are viable options with the combinational films highlighting the

potential of this material for clinical translation.

The amount of SNAP and CHXD released from polymer films into the PBS buffer under
physiological conditions was also analyzed over 7-d using UV-vis spectroscopy. The data were
extrapolated using the standard curve and characteristic peak of SNAP and CHXD compounds
at 255 and 340 nm wavelength, respectively (Figure 3.3A-D). After 24 h, 0.27 £ 0.01 ug CHXD
and 0.48 = 0.03 ug of SNAP mg™ of total film mass was detected in the buffer which translates to
53.98 and 4.80% of the initial SNAP and CHXD loaded in the polymer, respectively. In both cases,
CHXD and SNAP diffusion was observed to be higher on the initial days. However, the diffusion
of the compounds stabilized with each testing day (Figure 3.3E). It was found that after 7 d of

testing, 95.04 and 20.63% of CHXD and SNAP leached into the soaking buffer, respectively. The
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higher amount of CHXD leaching from the polymer samples can be beneficial at the onset of
infection in the initial days. The corresponding slow NO release from polymer would then help in
the prevention of biofilm development on medical device surfaces over relatively long durations.
The cross-linked nature of silicone polymer with very low water uptake properties makes it a
suitable choice for long-term antibacterial applications since it slows the release of both SNAP

and CHXD from the polymer matrix.

This data is consistent with NO release flux from SNAP films that showed higher levels of
initial NO flux during the 24 h incubation (Figure 3.2B). The high levels of SNAP leaching and
NO flux can be attributed to the SNAP present in the water-rich layer of the polymer matrix.
Leaching of SNAP and its byproducts is not a concern as SNAP is synthesized from its parent
thiol, N-acetyl-D-penicillamine (NAP), which is an FDA-approved drug used to treat heavy metal
poisoning.5' In fact, several studies have been reported in the past using rabbit and sheep animal
models that confirmed the safety of SNAP-incorporated materials during in vivo testing of SR-
SNAP.%2:%3 Qverall, results obtained from NO release and CHXD diffusion confirm the longevity

of the polymer films.

The hydrophobicity of the drug and polymer both can dictate the drug release kinetics.
Therefore, the release behavior of drugs from polymers can be altered by changing the
parameters such as initial drug loading, polymer substrate (hydrophobic vs. hydrophilic), and
thickness of topcoat (diffusion) based on the type and duration of application. The surface
wettability of polymers can play a critical role in regulating the NO release from polymers by
prolonging or preventing moisture from reaching the embedded SNAP molecule in the polymer
matrix to stimulate NO release. Therefore, SNAP was integrated with silicone rubber polymer
which is known to exhibit hydrophobic characteristics. These properties of silicone rubber make
it an excellent choice for catheter-related applications. In order to analyze the effect of

modification on SR polymer, surface characterization of polymer films was carried out using

139



contact angle measurement (Figure 3.4). Contact angle measurements on the samples revealed
no significant difference between unmodified SR and modified surfaces (SR-SNAP, SR-CHXD,
and SR-SNAP-CHXD) and all the samples remained hydrophobic with contact angle > 90°
(Figure 3.4). Results from this study corroborate with previously published reports that showed
no significant difference in water contact angles of thermoplastic polyurethane polymers with and
without SNAP incorporation (10 wt%) assuming that the interface between blood proteins and film
surface will stay unaltered with the addition of SNAP.** 4 In addition, using scanning electron
microscopy and EDS mapping results confirmed the homogenous distribution of SNAP and CHXD
in the polymers (Figure 3.5). These results demonstrate that SNAP incorporation through solvent
evaporation and dip coating CHXD on the top of films is a facile and reliable technique to generate

these dual-active antimicrobial surfaces.

Bacterial colonization on biomedical devices leads to ca. 90% of all hospital-acquired
infections.® Bacteria like S. aureus and E. coli are a part of the group of ESKAPE pathogens that
are the leading cause of nosocomial infections around the globe. Overuse of antibiotics and their
abuse has triggered antimicrobial resistance in these opportunistic pathogens making them even
harder to eradicate. Moreover, the altered gene expression of bacteria encapsulated within biofilm
guards them against the host immune response. In these scenarios, it will be beneficial to have
strategies that can help potentially thwart the progression of bacterial colonization on medical
devices. Both NO and CHXD are known to exhibit broad-spectrum antimicrobial effects. Previous
studies have reported the use of NO and CHXD in medical device applications such as dental
implants, sutures, vascular catheters, antimicrobial dressings, antibiotic lock solutions, etc. to
combat bacterial infections 25 55-%8, However, to date, no study has been reported that combined
NO and CHXD within polymer materials for developing dual-active antibacterial interfaces. The
antibacterial activity of the films was analyzed against S. aureus (Gram-positive) and E. coli

(Gram-negative) bacteria using a 24 h antibacterial adhesion assay and imaged using FESEM.
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Results from the study showed the highest bacterial killing with SR-SNAP-CHXD against both S.
aureus and E. coli bacteria with >3-log reduction in just 24 h (Figure 3.6). Although individual SR-
SNAP and SR-CHXD films did exhibit antibacterial properties, the method of combining the two
seemed more potent. The results from SR-SNAP films are equivalent to previous studies that
utilized polyurethane-based polymers to incorporate or impregnate SNAP that released similar
NO levels over a 24 h period.?* %% ¢ NO can damage bacterial cell membranes by the means of
lipid peroxidation that disrupts the outer membrane of cells.®’®* Notably, the majority of
antibacterial effects were found to be through antiseptic CHXD as opposed to SNAP in both S.
aureus and E. coli 24 h antibacterial studies. It was also observed that SR-SNAP-CHXD was
more potent against S. aureus bacteria which is a Gram-positive strain as opposed to E. coli.
These results are analogous to previous reports that showed differential actions of CHXD on
Gram-positive vs. Gram-negative bacteria.5* This can be explained by the high binding efficiency
of CHXD to the Gram-positive bacteria cell wall. To visualize the morphology of bacteria on the
films scanning electron microscopy was utilized (Figure 3.7). The reduction of bacteria on the
bactericidal surface was very evident and it was observed that CHXD-coated surfaces caused
blisters on S. aureus (Figure 3.7B and D) and wrinkles on E. coli bacteria (Figure 3.7F and H)
which aligns with previously studied effects of CHXD on bacteria.5* ¢ The cationic nature of the
CHXD structure attracts the negatively charged bacteria membrane with strong adsorption to
phosphate-containing groups. This binding results in loss of integrity in the cell membrane and
malfunctioning of proteins and enzymes that lead to cell damage and intracellular compound
leakage. 252 Similar to the results from the plate counting method, SEM imaging validated the

highest reduction of bacteria on SR-SNAP-CHXD films.

While the films demonstrated excellent antibacterial properties, it was important to determine
the safety of films towards mammalian cells. NO-releasing materials have been observed to carry

enhanced biocompatibility in vitro due to the inherent endogenous regulatory functions of NO.
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The NO donor SNAP is easy to synthesize and a well-characterized NO donor with enhanced
biocompatibility. For this reason, SNAP-loaded materials are extensively studied both in vitro and
in vivo. Previous studies have shown polymeric medical devices with NO-releasing capacity for
the use of endotracheal tubes, insulin cannula, catheters, extracorporeal circulation, etc.'” 4% 52
Results obtained in this study align with previously published articles that emphasize the
compatibility of SNAP-loaded polymers for biomedical applications.®® ¢ Cell compatibility studies
confirmed >70% cell survival rate with all samples (Figure 3.8). Results from the cytotoxicity study
were in alignment with previously published reports where higher concentrations of CHXD were
seen to trend toward cytotoxicity (data not shown). For example, higher concentrations of CHXD
have previously been reported to damage skin cells.®”¢° Therefore, 5 wt% samples were selected
for this study which showed excellent compatibility towards mouse fibroblast cells. The approach
of combining both SNAP and CHXD can moderate CHXD-mediated toxicity and add potential
benefits of SNAP to medical devices. The combination of the two compounds can amplify the
antibacterial efficacy of medical devices without causing adverse effects on native cells and

tissues in the body.

The results from the bacteria studies highlight the success of combining the two bioactive
approaches. Both SNAP and CHXD have previously been used individually to incorporate the
bactericidal properties into various other polymeric medical devices such as polyurethane, E2As,
PVC, etc. 1% 172256 To reduce the cytotoxicity induced by higher concentrations of CHXD, CHXD
materials can be combined with NO (second antibacterial agent). Because NO possess several
other regulatory functions such as wound healing, anti-inflammatory, and anti-thrombotic
properties, the combination of a dual-functional surface can be one collective solution to several
medical device-related issues.”® Moreover, due to the short half-life of NO, there have been no
reported cases of resistance in microorganisms which makes it a superior therapeutic as opposed

to conventional antibiotic therapy for overcoming antimicrobial resistance.” 7> Together the
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results from cytocompatibility and antibacterial studies underscore the necessity for bringing two
antimicrobial surface strategies into one polymer system to effectively tackle bacteria and device-

associated infections.
3.6 Conclusions

To utilize the antibacterial effects of both NO and CHXD, a CHXD salt and NO donor SNAP
were incorporated in medical-grade silicone rubber (SR) polymer for biomedical/therapeutic
applications. The 10 wt% SNAP incorporated films were fabricated using a solvent-evaporation
process with a topcoat of CHXD (1, 3, and 5 wt%) to generate a dual-active antibacterial interface.
Chemiluminescence studies confirmed the NO release from SR-SNAP-CHXD fiims at
physiologically relevant levels (0.5 — 4 x 107" mol min™' cm) of NO for at least 4 weeks with a
minimal amount of leaching. Further characterization of the films via SEM-EDS confirmed uniform
distribution of SNAP and the presence of CHXD within the polymer films without substantial
morphological changes confirmed by contact angle hysteresis. Moreover, the dual-active SNAP-
CHXD films were able to significantly reduce E. coli and S. aureus bacteria (> 3-log reduction)
compared to plain SR and individual SNAP and CHXD controls with no explicit toxicity towards
NIH 3T3 mouse fibroblast cells. The synergy between the two systems can reduce bacterial
contamination on the surface and enhance the durability of medical devices with a potential
application for a wide range of biointerfaces (e.g., urinary catheters, blood catheters, insulin

cannulas).
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4.1 Abstract

Current use of implantable and indwelling medical devices have restricted life due to potential
microbial colonization leading to severe ailments. The aim of this work is to develop bioactive
polymers that can be customized based on patient needs and help prevent bacterial infection.
Potential benefits of additive manufacturing technology are integrated with the antimicrobial
properties of nitric oxide (NO) to develop NO-releasing biocompatible polymer interfaces for
treating bacterial infections. Using filament-based additive manufacturing,
polycarbonateurethane-Silicone (PCU-Sil) a range of films possessing unique porosities (Disk-
60, Disk-40, Solid, Capped) were fabricated. The films were impregnated with S-nitroso-N-acetyl-
penicillamine (SNAP) using a solvent-swelling process. The Disk-60 porous films had the
greatest amount of SNAP (19.59 wt%) as measured by UV-vis spectroscopy. Scanning electron
microscopy and energy-dispersive X-ray spectroscopy confirmed an even distribution of SNAP
throughout the polymer. The films exhibited a structure-based tunable NO-release at
physiological levels ranging from 7-14 days for solid and porous films, as measured by
chemiluminescence. The antibacterial efficacy of the films was studied against Staphylococcus
aureus using a 24 h in vitro bacterial adhesion assay. The results demonstrated a >99% reduction
of viable bacteria on the surface of all the NO-releasing films compared to unmodified PCU-SIl
controls. The combination of 3D-printing technology with NO-releasing properties represents a
promising technique to developing customized medical devices, such as 3D scaffolds, catheters,
etc. with distinct NO-release levels, providing antimicrobial properties and enhanced

biocompatibility.

Keywords: Nitric oxide, Additive manufacturing, Antibacterial, Impregnation, Medical device
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4.2 Introduction

In recent years, additive manufacturing has emerged as a powerful and useful method for
polymer fabrication. Major advantages of additive manufacturing include capabilities for rapid
iteration and fabrication of the geometrically complex object.” In turn, this allows tuning the
structures of an object to modulate specific properties, such as mechanical behavior ? and drug
release.® Applications of 3D-printing have a wide range of applications including
stereolithography, fused deposition modeling (FDM), direct ink writing, and inkjet printing. The
FDM printing utilized in this study is a 3D-printing technique wherein filaments of thermoplastic
polymer are melted and extruded through a nozzle to build 3-D objects one horizontal layer at a
time. Although FDM printing has some limitations in terms of geometrical complexity, it can print
a large variety of biocompatible materials at a low-cost and in relatively simple manner.* With the
modern developments in both degradable and non-degradable materials, the application of
additive manufacturing in therapeutic and pharmacological disciplines has surged.®*® Three-
dimensional printing has the potential to transform the healthcare system by personalizing
implantable and insertable medical devices with porous and non-porous morphology for the use
of catheters, drug delivery vehicles, tissue engineering scaffolds, and bioprinted organs.’
Additionally, 3-D printing has also been employed for high-tech applications like structuring

biomedical prototypes and anatomical surgical aids customized to the patient.® °

The biomedical field has made advances in medical device technology and materials, but a
significant number of nosocomial infections originating from medical devices still exist. In 2002,
the Centers for Disease Control and Prevention (CDC) reported 99,000 deaths occurred from
hospital-acquired infections among 1.7 million hospitalized patients in the United States alone.™
Infections transpiring from catheter-associated urinary tract infection (CAUTI), central line-
associated bloodstream infections (CLABSI), and ventilator-associated pneumonia (VAP) are

primarily associated with indwelling medical devices.'"® The lifetime of medical devices is limited
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by infections related to such medical devices which are a result of microbial colonization and
biofilm formation leading to delayed recovery and a large therapeutic and financial burden among
infected patients.' Bacterial cells protected under the extracellular polymeric substances (EPS)
matrix or ‘slime’ grow highly resistant to most effective antibiotics and as well as host immune
response.’ Moreover, these bacteria can withstand the action of bactericidal agents and can
disintegrate the polymer material that the device is made of."® "7 The pathogenesis of device-
related infections involves a multidimensional interface between the pathogen, the device, and
the host. Medical device-related infections have spurred the development of new effective
biocompatible and antimicrobial materials. Common strategies to inhibit biofilm colonization
consist of physical and chemical alteration of the biomaterial surface to generate anti-adhesive
surfaces (e.g. slippery liquid infused porous surfaces to reduce the fouling of the surface) 8,
incorporation of bactericidal agents (e.g. silver) '°, or release of one or more types of antibacterial
agents.?® These strategies have been widely employed to prevent bacterial contamination of
medical device surfaces. Nonetheless, the success of these options has been fairly limited in

clinical applications.?" 22

In the last few decades, nitric oxide (NO) based materials have surfaced as a prospective
biocidal and antithrombotic alternative to current strategies for medical device interfaces. Nitric
oxide is an endogenous free radical gas molecule that is synthesized in mammalians via NO
synthase (NOS) enzymes that converts L-arginine into citrulline and NO.%2* NO is also a crucial
antimicrobial and antioxidant agent. Immune cells, such as macrophages, utilize NO produced
via inducible nitric oxide synthase (iNOS) at > 1 yM NO concentration during phagocytosis that
functions as a bactericidal agent and promotes biofilm dispersion.?® Furthermore, endothelial
cells exhibit NO release in the range of 0.5 - 4 x 10" mol cm min-'.26 Multiple classes of NO
donors have been synthesized and used in polymers to mimic the endogenous properties of NO

and enhance biocompatibility.?”- 2 Polymers that mimic this NO release level have also
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demonstrated potent antimicrobial activity.?*3? S-Nitroso-N-acetylpenicillamine (SNAP) is a well-
characterized S-nitrosothiol (RSNO) NO donor with high stability, low cost, and long-term NO
release under physiological conditions (37 °C, pH 7.4). It has been incorporated in a variety of
medical-grade polymers to create NO-releasing materials for hemocompatibility and antimicrobial

applications.33

(c) Nitric oxide releasing
films with
antibacterial activity

(@) Y (b)

Polymer film fabrication
using additive
manufacturing

S 4 SNAP impregnation in NG & Nitric oxide releasing /‘
3D-printed PCU-Sil 3D-printed PCU-Sil
films films .

Figure 4.1. Schematic representation of methodology to develop 3D-printed NO-releasing
PCU-Sil films. (a) Films are printed using an FFF 3D printer (Lulzbot Taz 6, Aleph Objects). (b)
Post-fabrication, NO donor SNAP (S-nitroso-N-acetylpenicillamine) is impregnated in the
polymer via a solvent-impregnation process. (c) The SNAP impregnated films can release NO
at physiological conditions or in the presence of heat, light, and metal ions to exhibit broad-
spectrum antimicrobial properties.

Previous studies have utilized 3D printing for fabricating antimicrobial thermoplastic polymers
doped with antibiotics, silver nanoparticles, and antimicrobial drugs to overcome medical device
infections.®* 3° However, antibiotic and silver-based therapies possess several disadvantages
because of their inability to penetrate the EPS matrix of the biofiim.*® Furthermore, high
concentrations of these compounds can be toxic to mammalian cells.*” Nitric oxide-releasing
materials are advantageous because NO is a potent gasotransmitter with the ability to penetrate

and disperse the biofilm kill the planktonic cells that carry the threat to re-colonize surfaces, and
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has a short half-life (seconds) preventing the emergence of resistance in the microbes, thereby

thwarting the reoccurrence of biofilm.38 3°

Herein, for the first time, 3-D printing of polycarbonate-based silicone elastomer (PCU-SIl,
ChronosSil) with various geometries is impregnated with NO donor chemistry (Figure 4.1). This
study presents a new additively manufactured PCU-SIil strategy to create tunable NO release for
biomedical applications. Four different porosity designs of the PCU-Sil were additively
manufactured and then impregnated with the NO donor SNAP. The NO-releasing properties and
leaching of SNAP from the polymer matrix were quantified and correlated to the various geometric
porosities. Scanning electron microscopy with energy-dispersive X-ray spectroscopy was utilized
to perform morphological and elemental analysis of the SNAP in the polymer to evaluate the
impregnation process, stability, and duration of NO release kinetics. Finally, the SNAP-based
PCU-Sil polymers were evaluated for their efficacy in reducing microbial adhesion after 24 h of

exposure to S. aureus, a common bacterial strain often associated with medical device infections.

4.3 Materials and Methods
4.3.1 Materials

N-Acetyl-D-penicillamine (NAP), sodium nitrite, L-cysteine, sodium chloride, potassium
chloride, sodium phosphate dibasic, potassium phosphate monobasic, copper (Il) chloride,
ethylenediaminetetraacetic acid (EDTA), N, N-Dimethylacetamide (DMAc), methyl ethyl ketone
(MEK), and sterile phosphate buffer saline powder with 0.01 M, pH 7.4, containing 0.138 M NaCl,
2.7 mM KCI, were purchased from Sigma Aldrich (St. Louis, MO). Methanol, hydrochloric acid,
and sulfuric acid were obtained from Fisher Scientific (Hampton, NH).  All aqueous solutions
were prepared using deionized water. Phosphate buffer saline (PBS) 0.01 M with 100 uM EDTA
was used for all material characterization and NO analyzer studies. The bacterial strain
Staphylococcus aureus (ATCC 6538) was obtained from American Type Culture Collection

(ATCC). All the buffers and media were sterilized in an autoclave at 121 °C, 100 kPa (15 psi)
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above atmospheric pressure for 20 minutes prior to the biocompatibility experiments.
Polycarbonate-urethane-silicone (PCU-Sil) copolymer with 10% silicone content and 85A Shore
hardness was obtained from Advansource Biomaterials in pellet form. The PCU-Sil pellet was

processed as received without any further modifications.

4.3.2 Fabrication of PCU-Sil Disks

The PCU-SIl pellets were dried at 85 °C over 24 h and then extruded through a 1.75 mm
nozzle with a single-stage single-screw extruder (Filabot EX2, Triex LLC.) at 210 °C. The resulting
filament diameter was measured at 10 different locations and determined to be 1.63 +- 0.11 mm
(mean % standard deviation). The filaments were stored in a desiccator box after processing and
dried at 80 °C for 24 h before characterization and 3D printing to prevent moisture absorption and
the creation of undesired porosity in 3D printed samples. PCU-Sil filaments were printed using an
FFF 3D printer (Lulzbot Taz 6, Aleph Objects) equipped with a custom flexible filament extruder
(Flexion, Diabase Engineering) and a 0.40 mm nozzle. The nozzle temperature was set at 260
°C, the printing speed at 3 mm/s, and the layer height at 0.30 mm. Further details on the printing

parameters for 3D printed films used in the study are provided in (Table 4.1). Four disk varieties

N\ = =
(a) / \\ (b) , \
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\ / C
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Figure 4.2 Schematic representation of 3D-printed PCU-SIl films. (a) Disk-60 (b) Disk-40 (c)
Solid (d) Capped (e). Internal structure of capped films showing solid on top and bottom with
40% porous structure in the interior.
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were printed with different porosity: Disk-60 (60% porosity), Disk-40 (40% porosity), Solid (0%
porosity), and a Capped (solid on top and bottom with 40% porous structure in the interior) (Figure

4.2). Infills were printed with a 45°/45° crosshatch pattern.

Table 4.1 Printing parameters used for fabricating PCU-Sil disks

3D Printing Parameters Values
Nozzle Size 0.40 mm
Printing Speed 480 mm/min
Nozzle Temperature 260 °C
Bed Temperature 70 °C
Extrusion Multiplier 0.55
Layer Height 0.30 mm
Layer Width 0.30 mm
Raster Angle 45°/-45°
Infill (Dependent upon desired porosity)
Perimeter Overlap 70%
Shell 0.3mm x 1

4.3.3 S-nitroso-N-acetylpenicillamine Synthesis

S-nitroso-N-acetylpenicillamine was synthesized using an altered version of a previously

reported protocol.*® N-Acetyl-D-penicillamine and sodium nitrite were dissolved in an equimolar
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proportion in 2:3 parts of water and methanol. Next, concentrated H.SO. and HCI were added to
the above reaction such that the final concentration of acids in the mixture was 0.7 and 1.6 M,
respectively. The reaction solution was stirred for 10 min, blown with gentle air, and placed on
ice until crystals formed (6-8 h). The precipitated SNAP crystals were collected into a Buchner
funnel using suction filtration, rinsed with ice-cold DI water, and dried overnight in a vacuum
desiccator protected from light. The purity of synthesized SNAP crystals (> 90%) was verified

using the chemiluminescence NO analyzer and a standard UV-vis calibration curve.

4.3.4 Preparation of NO-releasing PCU-Sil Films

To establish the solvent impregnation time for optimal SNAP impregnation into PCU-Sil,
wt % of SNAP in the films was determined by the solvent impregnation method based on a
previously reported protocol #'. Briefly, methyl ethyl ketone (MEK) and methanol (MeOH) in a
40:60 ratio were optimized to impregnate the films. All four types of blank films (Disk-60, Disk-
40, Solid, and Capped; n = 3) were soaked in SNAP solution (100 mg mL ') dissolved in MEK-
MeOH mixture at three different time points (0.5, 1, 2 h). The resultant SNAP-impregnated films
were air dried first in the dark overnight and then dried in the desiccator for 24 h under ambient
conditions. Finally, films were rinsed with water and methanol to wash away the surface crystals

of SNAP and used for further analysis.

4.3.5 Scanning Electron Microscopy and Energy-dispersive X-ray Spectroscopy

Scanning electron microscopy images of the 3D printed PCU-Sil films were obtained using
an Apreo S (ThermoFisher Scientific) in OptiPlan mode using a 2.00 kV accelerating voltage, 25
pA current, and 10.7 mm working distance. Images were taken at magnification ranges of 46x-
500x. Two images were acquired for each disk sample: a top surface view and a transverse
cross-sectional view. Transverse cross-section images of the disks were obtained by cutting the
disk along the diameter of the circular face of the disk gently with a razor blade. Prior to SEM
observation, the samples were sputtered with a thin Au layer (~8 nm) using a Denton Desk IV
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vacuum sputter coater. Elemental composition analysis and mapping of the materials were done
using Oxford Instruments X-Max-N 150 SDD (Oxford Instruments) and AZtec analysis software
(Oxford Instruments). Data acquisition was done at 350x magnification and an accelerating

voltage of 20kV.

4.3.6 Micro-CT Imaging of PCU-Sil Films

Micro-computed tomography (micro-CT) was done to evaluate the internal structure of the
PCU-Sil 3D-printed films before and after SNAP impregnation. Micro-CT analysis was carried out
on a Nikon XTH 225 ST at 108 kV/88 pA. Exposure time was set at 708 ms and 2 frames are
averaged for each image. Voxel sizes are maintained at 14.9 ym. CT data was processed into
cross-sections using CT Agent. 3D rendering and porosity analysis of micro-CT scans was carried

out using Avizo (FEI Visualization Sciences Group).

4.3.7 Characterization of SNAP-Impregnated 3D-PCU-Sil Films for NO-Releasing
Properties

4.3.7.1 Characterization of SNAP Impregnation

The amount of SNAP (wt%) in the final films was analyzed to obtain the time needed to
achieve maximum SNAP impregnation into the polymer films. To do this, the weights of the
samples were recorded using an analytical balance (Mettler Toledo™ XS105DU, Columbus, OH).
To quantify the impregnated SNAP, the samples were dissolved in DMAc for 1 h on a magnetic
stirrer at room temperature and protected from light. The solution was analyzed by UV-vis
spectroscopy (Cary 60, Agilent Technologies) at 340 nm to measure the milligrams of SNAP
loaded in the films. The molar absorptivity of SNAP in DMAc at 22 °C was determined to be 1008
M cm™ at 340 nm. The weight percentage (wt%) of SNAP loaded was determined using

Equation 4.1.
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milligrams of SNAP

wt % SNAP = x 100 (Equation 4.1)

milligrams of film
4.3.7.2 Real-time Nitric Oxide Release Kinetics

The real-time NO release from the films was quantified by a gold standard
chemiluminescence method using a Zysense chemiluminescence Nitric Oxide Analyzer (NOA)
280i (Frederick, CO). The cell pressure of the NOA cell was at 9.8 Torr with an oxygen pressure
of 6.7 psi. The nitric oxide analyzer was calibrated for baseline using zero NO gas (baseline) and
then with the calibration standard NO gas (46.6 ppm). To quantify the NO release, each disk was
placed in 2 mL of PBS buffer with EDTA pH 7.4 in the NOA sample cell at 37 °C. Samples were
tested in the NOA until the release reached the steady state using a nitrogen sweep gas #°. The
ppm/ppb of NO release levels measured by the NOA were normalized with the polymer volume
of films (excluding any air spaces) to obtain the NO flux levels with units of mol cm™ min™".
Samples were incubated in PBS at 37 °C and the NO release from the samples was quantified at
different time points during the 14 d of the experiment. Fresh PBS was replaced daily during the

incubation of the samples to avoid the inundation of leached SNAP in the buffer.

4.3.8 Characterization of SNAP Leaching

The amount of SNAP leached from Disk-60, Disk-40, Solid, and Capped films was
determined by a UV-vis spectrophotometer. The mass of films was recorded to normalize the
SNAP leaching of each sample. Each sample was incubated in 10 mM PBS, pH 7.4, with 100
MM EDTA at 37 °C for 14 d. The amount of SNAP leached per mg of samples was determined
by evaluating the amount of SNAP present in the soaking buffer over a 14-d period. The molar
absorptivity of SNAP in 10 mM PBS, pH 7.4, with 100 uM EDTA at 37 °C was verified as 1072 M-
"ecm™ at 340 nm and was used to calculate the SNAP leaching. The soaking buffer was
replenished with fresh buffer after each measurement and samples were continually incubated at

37 °C.
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4.3.9 Evaluating the Antibacterial Efficacy of PCU-Sil with an In Vitro 24 h Bacterial
Adhesion Assay

4.3.9.1 Preparation of Bacterial Suspension

All the protocols pertaining to the usage of bacterial strains were used in a Biosafety level
(BSL-2) protocol following the university guidelines. The antibacterial activity of films was
examined in terms of viable bacterial adhesion on the surface of the films using a 24 h bacterial
adhesion assay. A single isolated colony of the bacterial strain Staphylococcus aureus (ATCC
6538) was inoculated in LB medium for 5 h at 120 rpm (revolutions per minute) at 37 °C in a
shaking incubator. The optical density (OD) was measured at 600nm (ODsggo) using a UV-vis
spectrophotometer. All samples (Disk-60, Disk-40, Solid, and Capped; n = 3 each) both NO-
releasing and controls were first soaked in PBS for 5 h at 37 °C to remove any remaining surface
SNAP crystals from NO-releasing films. Samples were cleaned with 70% ethanol and then
sterilized with UV irradiation under a Biosafety Cabinet (BSC) for 15 min. Each film was exposed
to the bacterial solution, with the final ODseoo Of bacteria ranging between 108 — 108 CFU mL™", 24

h at 120 rpm in the shaking incubator at 37 °C to maintain chronic infection conditions.
4.3.9.2 Quantitating the Viable Bacteria Adhered on NO-releasing 3D-PCU-Sil Films

After 24 h of bacterial exposure, samples were gently rinsed with PBS to eliminate any
lightly attached bacterial cells. Films were then transferred to a fresh tube with sterile PBS and
homogenized for 60 s using an OmniTip THb tissue homogenizer (Omni International, Inc.), and
vortexed for 60 s to isolate the attached bacterial cells from the film into the PBS solution. The
bacterial cells collected in the PBS buffer were serially diluted (107" to 10™*) and 30 L of bacterial
culture was spread onto an LB agar plate using a sterile L-shape spreader. The plates were
incubated overnight at 37 °C and viable colonies were enumerated to determine the antibacterial
activity of the NO-releasing PCU-Sil films (Crest) compared to the blank PCU-Sil films (Cagiank) using

Equation 4.2 and presented as CFU cm™.
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% Bacterial reduction = CB‘“Z"# X 100 (Equation 4.2)
Blank

4.4. Statistical Analysis

All the experiments were performed with a sample size n =2 3. Data are all reported as mean
+ standard error of the mean (SEM). Student’s t-test was used to determine the statistical
significance between SNAP-impregnated films and blank PCU-SIl films with an assumption of
unequal variance. To demonstrate the significance of the results, a=0.05 was used for

comparison between the test and control samples.

4.5 Results and Discussion

4.5.1 Characterization of SNAP Impregnation in 3D-PCU-Sil Films

The optimum soaking time to achieve maximum SNAP impregnation into 4 types of PCU-
Sil films (Disk-60, Disk-40, Solid, and Capped) was verified by confirming the wt% of SNAP in the
films by solvent impregnation method. Two important aspects were considered for this process:
(1) optimal solvent ratio for solubility of SNAP in the solvent mix, and (2) maximum capacity to
impregnate the SNAP in the PCU-Sil matrix without causing physical distortion to the structure of
the films. The solvent mixture utilized in these studies consists of methyl ethyl ketone (MEK) to
facilitate easier impregnation of SNAP and methanol (MeOH) to achieve greater SNAP solubility

(MeOH) based on previously reported studies.*’

The SNAP impregnation kinetics as a function of polymer structure was studied by first
impregnating the film with SNAP, and then dissolving the films in DMAc to quantify the amount of
SNAP impregnated via UV-vis. Further analysis of the SNAP-impregnation duration revealed an
increased SNAP amount upon extending the duration of swelling from 0.5 to 2 h (Figure 4.3).
The maximum amount of SNAP was seen at a 2 h timepoint. At the end of 2 h, Disk-60 and Disk-
40 films had ca. 19.59 and 13.95 wt% SNAP loaded, respectively, and Solid and Capped films
had ca. 8.76 and 11.90 wt% SNAP loaded, respectively. The higher amount of SNAP in the porous

films (Disk-60 and Disk-40) is due to their porous structure.
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Figure 4.3 SNAP impregnated (wt%) in 3D-printed PCU-SIl films. Kinetics of SNAP
impregnation in PCU-SIl films using 100 mg mL™" SNAP in swelling solution (40% MEK
and 60% MeOH), with respect to swelling time and different structures of films. The results
indicate that maximum SNAP incorporation is achieved at 2 h of swelling in all types of
films without significant changes.

Porous films have SNAP quantified from the residual SNAP crystals remaining in the pores
of the polymer films in addition to the SNAP impregnated in the polymer matrix, contributing to
higher overall SNAP content as characterized in the later sections. Moreover, porous films had
a larger surface area exposed to MEK-MeOH solution thus facilitating higher SNAP loading. A
swelling timepoint of 2 h was chosen for all the films due to the largest amount of SNAP loading
without distortion to the structure of the films. It was important for the films to retain their shape

after the SNAP impregnation process. Therefore, any further timepoint or different ratio of solvents

were not selected due to the distortion of porous films at elevated time points.

The results obtained are consistent with previously reported SNAP-impregnated
polyurethane CarboSil (2.5-15.7 wt% loaded with 5.5-120 mg mL"" SNAP), that controlled the

SNAP impregnation by altering the impregnation time in the solvent.*’ Previous studies have
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verified up to 8 months of shelf-life stability of SNAP in post-fabricated elastomers and
polyurethane medical devices with the solvent-impregnation process.3* 41: 43 44 Solvent-swelling-
impregnation of SNAP provides an advantage over previous methods of casting the SNAP and
polymer as a blend, especially in already fabricated devices. This process of impregnation will
utilize solvents that can penetrate deep into the polymer matrix, thus allowing SNAP molecules
to diffuse into the bulk polymer and crystallize to attain better stability in crystal form after solvent

evaporation.

4.5.2 Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray Spectroscopy

(EDS)

SEM and EDS were used to investigate the morphology and elemental composition of the
films before and after SNAP impregnation (Figure 4.4). To detect SNAP, the presence of sulfur
located in the S-NO bond of the SNAP molecules were mapped via EDS. All impregnated
samples were observed to contain detectable sulfur content, whereas the pristine samples were
Sulphur free, indicating a successful SNAP impregnation. The top surface of the Solid and
Capped films were observed to be smooth with an even distribution of sulfur throughout, whereas
crystal aggregates were observed on the surface the of porous films (Disk-60 and Disk-40). The
transverse cross-section of the solid films exhibited a smooth surface as well, whereas the porous
films showed crystal aggregates of about 5 um in size and capped films showed larger, but fewer
crystal aggregates of about 25 pm in size. This can perhaps be attributed to the slower solvent
evaporation that results in relatively larger SNAP crystals in the capped films as compared to
porous and solid films. Past studies have shown that above a solubility limit, SNAP crystals start
to form in the polymer matrix beyond its solubility limit in the polymer.#® This correlates with data
shown in (Figure 3), where the porous films were found to be of higher SNAP wt% compared to

the capped and solid films.4®
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Figure 4.4 SEM and EDS analysis of PCU-SIil films before and after SNAP impregnation.
Scale bar represents 100 um. SNAP was identified by the presence of sulfur (S) located in
the S—-NO bond.

4.5.3 Micro-CT image of 3D-printed PCU-Sil Films

Micro-CT images were acquired to ascertain dimensional changes caused by the
impregnation process. Images of the films before and after impregnation are shown in (Figure
4.5). The films were found to be composed of circular struts with a 330 ym diameter forming a
crosshatch pattern. The originally designed porosities for printing and the final true porosities are
listed in (Table 4.2). The true porosities of both porous films were measured to be 51.68% for

Disk-60 and 23.67% for Disk-40. Capped disks were found to possess a true porosity of 11.72%
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and solid disks were found to be slightly porous with a true porosity of 1.65%. After the

impregnation process, slight deformations of the struts are observed for the more porous films.

Before After Before After
(a) impregnation impregnation (b) impregnation impregnation

4 D
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Figure 4.5 (a) Rendering of CT images of 3D-printed PCU-SIl films before (left) and after
(right) SNAP impregnation. (b) Optical images of 3D-printed PCU-Sil films before (left) and
after (right) SNAP impregnation.

Table 4.2 Original designed porosities and true porosities of PCU-Sil films.

Film Porosity
Designed porosity True porosity
Disk-60 60% 51.69%
Disk-40 40% 23.67%
Solid 0% 1.65%
Capped 0% top and bottom, 11.72%
40% in centre
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4.5.4 Quantification of NO Release

The NO release was measured from the Disk-60, Disk-40, Solid, and Capped films under
physiological conditions using the chemiluminescence method (Figure 4.6a). The initial and final
release from the samples recorded on day 0O and day 14 are reported in (Table 4.3). All the
samples exhibited higher release at the initial time points which can be attributed to the presence
of SNAP on the water-contacting surfaces and in the water-rich region of the polymer matrix which
can more quickly solubilize and release its NO payload. After exhaustion of the SNAP reservoir
in the outmost layer, the NO release rate gradually drops over the duration of the 14-d experiment.
On day 14, > 85% of the SNAP in the bulk of the polymer is decomposed in Disk-60 and Disk-40
films. As studied in SEM studies and also reported previously, the majority of the SNAP molecules
impregnated in the PCU-SIl films are in their crystallized form and it takes time for the crystalline
SNAP impregnated in the bulk of the polymer matrix to solubilize and release its NO.*> The
gradual dissolution of the crystalline SNAP leads to the long-lasting release of NO from the 3D-

printed PCU-Sil films.

Table 4.3 The NO release levels obtained on Day 0 and Day 14 of the study from 3D-printed
PCU-Sil films. Data represents mean + standard error of mean, n23.

- -10 -1 -3
Film Type NO Flux (x 10 mol min cm )
Day 0 Day 14
Disk-60 4.095 % 0.305 0.107 £ 0.024
Disk-40 4331%0013 0.198 % 0.080
Solid 3.625 % 0.482 0.005 £ 0.002
Capped 2.634 £ 0.242 0.022 £ 0.004
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Figure 4.6 (a) Measurement of real-time NO release using a Chemiluminescence Nitric Oxide
Analyzer. The NO flux levels were measured at physiological conditions in PBS with 100 uM
EDTA for 14 d. Data represents mean * standard error of mean, n=3. (b) The wt% SNAP
remaining in the films after 14 d of incubation at 37 °C is determined and normalized with the
initial level of SNAP loading. Data are represented as mean * standard error of mean (n = 3).

Nitric oxide release kinetics demonstrated porous samples with continued NO release at

a relatively longer duration and higher levels than solid and capped films. The difference in the
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levels of NO release between the sample types can be attributed to the variance in the amount of
SNAP impregnated into the polymer and could also be likely due to the structure of the films that
restricts the penetration of water to the deep-embedded SNAP into the polymer matrix. This
information is supported by the wt% of SNAP determined in the samples in UV-vis studies which
demonstrated a lower wt% of SNAP present in solid and capped samples as opposed to the
porous samples (Figure 4.3). Although the NO release levels began to decrease by day 14, the
films still appeared slightly green indicating the presence of SNAP crystals impregnated in the
polymer. To confirm this, the films were dissolved in DMAc at the end of day 14 to analyze the
wt% of SNAP remaining in the films compared to the wt% SNAP obtained in freshly impregnated
samples (Figure 4.6b). It was found at the end of day 14, Disk-60 and Disk-40 had 8.66% and
15.11% SNAP remaining, respectively. On the contrary, Solid and Capped samples had 33.35%
and 25.83% SNAP still present in the films, respectively. While there was a significant amount of
SNAP present in these types of films, the NO release from these films was observed to be at the
lowest level. The closed design and low water-contacting surface area of the films limit the rate
of crystallized SNAP to dissolve and release NO. On the other hand, porous samples have a
higher water-contacting surface area, which helps maintain higher NO levels on days 5-14 which
leads to more complete depletion of the SNAP reservoir in the material. Wo et al. have shown the
ability of CarbosSil films impregnated with SNAP to release NO at physiological levels for 14 d.*’
The difference in the wt% SNAP impregnated and NO release can be due to the polymer source,
the thickness of the films, varying percentage of silicone in the polymer structure, and the
difference of water-contacting polymer surface area exposed to buffer (in this case increased
porosity).*" 46 Moreover, these films had an extra layer of topcoat that prevented the leaching of
SNAP and helped in prolonging the NO release for a longer duration of time. However, the
process of topcoat is not a viable option for all the 3D-printed PCU-Sil films reported here due to
the presence of porous structures. The longevity of the NO release can be modulated by altering
the film thickness, structure of the films, and SNAP concentration in the impregnating solution.
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4.5.5 SNAP Leaching

A SNAP leaching study was performed to determine the ability of PCU-Sil films to retain
a significant amount of SNAP in them after soaking in PBS. High-level SNAP preservation in the
polymer is ideal since it translates to prolong NO release from the polymer system and reduction
of possible risks (if any) linked to SNAP leaching. After 24 h, 21.82 £ 0.59, 25.35 + 2.80, 5.10 £
0.45, and 5.30 + 0.76 pg/mg of SNAP leached from Disk-60, Disk-40, Solid and Capped films,

respectively (Figure 4.7).
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Figure 4.7 Quantitation of amount of SNAP leached into 2 mL of PBS (soaking buffer) from

3D-printed SNAP-impregnated PCU-SIl films over a period of 14 days, at 37 °C in the dark.
Data represented as mean * standard error of mean (n = 3).

Of all the four types of films tested, Disk-60 and Disk-40 porous samples had the highest
amount of SNAP leaching. Solid and Capped samples were observed to have similar amounts of
leaching throughout the duration of the experiment. Due to the residual surface crystals and
larger water-contacting polymer surface area exposed to the test solution, the rate of SNAP
leaching is higher in the porous films for the first few days, and then significantly lower amounts
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of SNAP continue to diffuse into the PBS over sequential days. With this initial high rate of
leaching from the polymer, it was expected that the samples would leach a significant amount of
SNAP within 24 h. The results indicated that at the end of 14 days a cumulative total of ~ 18%,
35%, 22%, and 19% of the initial SNAP diffuses out of the Disk-60, Disk-40, Solid and Capped
films into the incubation buffer, respectively. While the largest amount of leaching was at 24 h
timepoint, prolonged incubation of the films showed a diminishing amount of SNAP leaching with
each successive day.

This characteristic of a hydrophobic polymer such as PCU-Sil makes it suitable for
integrating with NO donors to sustain a regulated release of NO for an extended period.
Quantifying the levels of SNAP leaching is critical to understanding the antimicrobial effects
observed as SNAP possesses the capability to release its antimicrobial payload, which its
degradation products of NAP and NAP disulfide do not. Prior literature has quantified the leaching
of SNAP, NAP, and NAP dimers from a similar silicone-based polyurethane, CarboSil via mass
spectrometry.*’ At the end of 2- a week period, a total of ca. 12% SNAP, ca. 2% NAP, and ca.
14% NAP disulfide were measured in the buffer.#' Leaching of SNAP, or its parent molecule NAP
and its dimers, eventually leave penicillamine as a degraded product. Penicillamine is an FDA-
approved drug and is broadly employed for treating heavy metal poising in humans, as per the
FDA recommendation.*”*® Thus, NAP and NAP disulfide leaching from the SNAP films into the
soaking buffer or physiological environment are deemed safe at these levels and unlikely to

instigate any sort of adverse consequence in potential clinical applications.

4.5.6 Antibacterial Activity of NO-releasing PCU-Sil Films

There is an urgent need for efficacious and harmless approaches that can not only handle
the emergence but also the propagation of pathogenic microorganisms. Due to the antibacterial
properties of NO, the active release of NO from the donor molecule incorporated in the

hydrophobic polymer films can reduce the chances of biomedical device-related infections or
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hospital-associated infections. NO as a free gas radical offers bactericidal properties by means
of DNA deamination and membranal damage via lipid peroxidation and denaturation of enzymes
in bacterial cells.®" In order to evaluate the antimicrobial properties, the 3D printed PCU-Sil films
were exposed to S. aureus, for 24 h followed by quantitating the viable bacterial cells adhered

onto the films’ surface to obtain viable CFU cm(Figure 4.8).
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Figure 4.8 Antibacterial activity of SNAP impregnated 3D-printed PCU-Sil films calculated as
a log of the colony forming unit (CFU) cm™ of surface area against Staphylococcus aureus;
data represents mean * standard error of mean (n=3, ** = p <0.01, *** = p <0.001, calculated
for SNAP impregnated PCU-Sil films against individual blank PCU-Sil control films.

S. aureus adhesion on the Disk-60 exhibited a ca. 99.99% reduction compared to the
blank control (p < 0.001), while the Disk-40 exhibited a ca. 99.16% reduction (p < 0.01). The solid
and capped were observed to have ca. 99.13% and 99.04% reduction of viable adhered cells,
respectively (p < 0.001). The results obtained from the bacterial adhesion test correlate with the
higher amount of SNAP impregnated (Figure 4.3), higher SNAP leaching levels (Figure 4.7), and

higher NO release profiles (Figure 4.6a) for the porous Disk-60 and Disk-40 films as compared

175



to the Solid and Capped samples. This helps explain the difference in the biocidal activity of each
sample type, where the killing efficiency is proportional to the SNAP impregnation and leaching,
and NO release levels determined by the UV-vis and NOA studies. Overall, all 4 types of porous
and non-porous films with NO-releasing properties exhibited statistically fewer bacteria than
controls (> 99% reduction). The difference in the bacteria on the surface of control films is due to
the variance in the design of struts of polymer structure and the slight variance in the starting
concentration of bacteria (10° — 108 CFU mL""). These results are analogous to previous reports
that characterized polyurethane CarboSil, with equivalent levels of NO over a 24 h period “6. The
ability to design and 3D-print the PCU-Sil films with the bactericidal activity of NO demonstrated
an enhanced antimicrobial action leading to the most significant reduction of viable bacteria on
the films.

PCU-Sil polymers are an attractive choice for developing medical devices due to the
benefits of polycarbonate-based urethanes, including high-pressure resistance, and tensile
strength combined with silicone’s biostability and superior elongation. Until now PCU-Sil-based
polymers such as CarboSil, ChronoSil, etc. have been used in implants/devices fabricated
through traditional polymer processing methods. Unlike thermoplastic aliphatic polyesters such
as Poly Lactic Acid (PLA), NO-releasing PCU-SIil can inhibit bacterial adhesion without being
susceptible to degradation in vivo. Design and fabrication of user bioimplants with tuned internal
and external porosity are possible with 3D-printing technology. For this reason, Kabirian et. al has
recently reported SNAP-coated 3D-printed vascular grafts made from polylactic acid (PLA) with
a polycaprolactone topcoat.’> % The PLA composites are, however, degradable which can alter
their physicochemical traits and their performance in vivo (NO release profile, interface with
neighboring tissues, etc.) and require an application where degradation is desired. In addition,
the lower fracture resistance can restrict their usage for catheter-like applications.®* Nitric oxide
can effectively inhibit platelet activation and aggregation at the blood-biomaterial interface.*'- 55-57
It is well-understood that the characteristic hemocompatibility of the polymer that contacts blood
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can greatly influence its ultimate efficacy in preventing thrombus formation. ChronoSil, belongs
to a family of polycarbonate-based silicone elastomers very similar to the Elast-eon E2As and
CarbosSil. Incorporation of RSNOs and NO release from these polymers in non-printed form have
been previously reported to reduce the platelet activation and thrombus formation in an in vivo

rabbit model.*"- 58

In the current study, we demonstrate a proof-of-concept for combining additively
manufactured surfaces with NO-releasing chemistry. The 3D-printing method has the advantage
over typical polymer device fabrication methods (e.g., high-temperature extrusion) due to its cost-
effectiveness, fast processing time, and capacity to customize geometries with high accuracy.
This study demonstrates the ability to fabricate 3D-printed PCU-Sil-based polymers and
incorporate NO donor chemistry, resulting in materials with potent antimicrobial properties. The
3D printing fabrication enabled a study comparing the tunability of NO release properties to
various material geometries. Integrating the benefits of additive manufacturing with the SNAP
impregnation method opens an array of opportunities to further customize and optimize NO-
release polymers for a wider range of medical devices and scaffold applications. The results of
this study present a promising biomaterial specifically designed to integrate properties of both
additive manufacturing and NO release to achieve localized NO at polymer interfaces to
overcome both acute and chronic biocompatibility and microbial challenges associated with
indwelling medical devices. Further evaluation using in vivo models for long-term clinical

application is underway.

4.6 Conclusions

Polycarbonate-based silicone elastomer (PCU-Sil) polymers are well-characterized as
biocompatible and biostable. This work illustrates the ability to 3D-print custom-designed
scaffolds made of PCU-Sil and impregnate them with a NO donor for potentially preventing

device-related infections. Generation of NO from these 3D-printed medical devices can be
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extremely powerful in thwarting the biofilm establishment and thrombus formation on a device
surface. In this study, four different 3D-printed PCU-Sil film structures (Disk-60, Disk-40, Solid,
and Capped) were impregnated with the NO donor SNAP and tested for their NO-releasing
properties. Scanning electron microscopy accompanied by an energy-dispersive X-ray
spectroscopy system revealed an even distribution of SNAP in the polymer composite,
demonstrating the presence of SNAP embedded within the polymer. The studies showed tunable
properties of NO release from the four types of films with minimal amounts of leaching. Owing to
their designs, films with more porosity (Disk-60 and Disk-40) were capable of enhanced storage
of SNAP in the polymer matrix and releasing NO for a longer duration as compared to Solid and
Capped designs. All the NO-releasing PCU-SIl films exhibited substantial efficacy in reducing
microbial adhesion on the films after 24 h of exposure to S. aureus (>99% reduction) as compared
to blank PCU-SIl films. The antibacterial activity of SNAP-doped PCU-SIl films is expected to
reduce the incidences of infections occurring from medical devices in a hospital-based setting.
This method holds the potential to impart enhanced biocompatibility and antimicrobial properties

to 3-D printed biomedical surfaces and devices to improve their efficacy in the patient care setting.
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CHAPTER 5:
SMARTPHONE COMPATIBLE NITRIC OXIDE RELEASING INSERT TO PREVENT

CATHETER-ASSOCIATED INFECTIONS

Chug, M. K., & Brisbois, E. J. (2022). Smartphone Compatible Nitric Oxide Releasing Insert to
Prevent Catheter-Associated Infections. Journal of Controlled Release, 349, 227-240.

Reprinted here with permission of the publisher. Further permission related to the material
excerpted should be directed to the Journal of Controlled Release.
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5.1 Abstract

A large fraction of nosocomial infections is associated with medical devices that are deemed
life-threatening in immunocompromised patients. Medical device-related infections are a result of
bacterial colonization and biofilm formation on the device surface that affects > 1 million people
anually in the US alone. Over the past few years, light-based antimicrobial therapy has made
substantial advances in tackling microbial colonization. Taking the advantage of light and
antibacterial properties of nitric oxide (NO), for the first time, a robust, biocompatible, anti-infective
approach to design a universal disposable catheter disinfection insert (DCDI) that can both
prevent bacterial adhesion and disinfect indwelling catheters in situ is reported. The DCDI is
engineered using a photo-initiated NO donor molecule, incorporated in polymer tubing that is
mounted on side glow fiber optic connected to an LED light source. Using a smartphone
application, the NO release from DCDI is photoactivated via white light resulting in tunable
physiological levels of NO for up to 24 h. When challenged with microorganisms S. aureus and
E. coli, the NO-releasing DCDI statistically reduced microbial attachment by >99% versus the
controls with just 4 h of exposure. The DCDI also eradicated ~97% of pre-colonized bacteria on
the CVC catheter model demonstrating the ability to exterminate an established catheter infection.
The smart, mobile-operated novel universal antibacterial device can be used to both prevent
catheter infections or inserted within an infected catheter to eradicate the bacteria without
complex surgical interventions. The therapeutic levels of NO generated via illuminating fiber optic

can be the next generation biocompatible solution for catheter-related blood-stream infections.

Keywords: Antibacterial, In situ disinfection, Fiber optic, Nitric oxide, Catheter infections
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5.2 Introduction

Intravascular (IV) catheters are fundamental to contemporary hospital practices and are
frequently implanted in critically ill patients for the administration of drugs, fluids, blood
transfusion, dietary solutions, and for hemodynamic monitoring. Approximately, 90% of all the
patients admitted to the hospital encounter some sort of intravenous therapy during their hospital
stay.! The typical duration of a catheter used in clinical settings like emergency rooms, operating
theaters, and intensive care units (ICUs) ranges from minutes to months. While the acute
catheters are used for shorter periods (weeks), longer insertion periods of a catheter, like those
used in hemodialysis, may be used from several months to years.? Among all the medical devices
used in a hospital setting, IV catheters account for an increased risk of device-related infections
compared to any other medical device categories. The infection causing bacteria can adhere to
the catheter surface and colonize to develop biofilms. The primary contact of the bacterial cells
on the surface of the catheter can emanate from the patient’s own skin flora which can colonize
the catheter lumen triggering the bacteria to travel from the catheter insertion site into the
vascular.® *Furthermore, hematogenous seeding from a different contaminated site can become
a source of infection in catheters. In rare occasions, catheter lumen contamination occurs when
the infusate is contaminated.® These are the predominant source of morbidity and mortality in
patients contributing to conditions like catheter-related bloodstream infections (CRBSIs) (e.g.,
bacteremia and sepsis). Each year the occurrence of CRBSIs in the United States alone is
estimated to be more than 250,000 incidences with a mortality rate of approximately 35%, and an

annual medical care outlay of approximately $2.3 billion.5 7

Catheter-related infections have escalated especially due to the formation of biofilms.® As
per the reports, over 1 million cases of hospital-acquired infections are reported every year.®
About 60-70% of these infections are identified to arise from bacterial contamination and biofilm

formation on the surface of the medical device which severely compromises the durability of the
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medical devices.'® The steps to address a catheter infection typically include irrigation of infection
site with antibiotics, removal of catheter and initiation of antibiotic lock therapy.! Bacteria
protected within biofilms require up to 1,000 times more dosage of antibiotics than their free-
floating (planktonic) counterparts.’ This high dosage can increase the possibility of antibiotic
resistance across the bacterial species, engender a great deal of economic burden, and is a threat
to native beneficial bacteria and other healthy organs of the body."™ ™ Therefore, there is an
urgent need for the efficacious and harmless approaches that can not only handle the emergence
but also the propagation of pathogenic microorganisms. To overcome this issue and enhance
the bactericidal effect of medical devices, several antimicrobial strategies including silver doping
catheters, incorporation of antibiotics, or antimicrobial peptide coatings are employed to thwart
the replication of bacteria or increase the susceptibility of antibiotics.'>'® Likewise, IV line devices
with potent antibacterial activity against various bacterial and fungal strains via alcohol
impregnation have been reported in the literature.?>?®> Of these approaches that have been
extensively tested and evaluated in vivo have reached clinical stages and are commercially
available; however, while many of these approaches are effective against planktonic bacteria,
they remain ineffective in reducing biofilms.?* Similarly, even the most robust antibiotics are
growing ineffective against biofilm-forming microorganisms. Current clinical guidelines oppose the
idea of prolonged use of antibiotic impregnated catheters mainly due to the problem of
uncontrolled leaching of antibiotic species from implanted devices, related toxicity, and
emergence of antibiotic resistance.?® Despite all these efforts, CRBSIs still remain one of the
most significant concerns pertaining to biomedical devices as there is no definite solution for

resisting biofilm that meets the prerequisite of clinically suitable catheter sizes.

Nitric oxide (NO) based therapy is emerging as a potential antibacterial treatment due to
its bacteria-killing and biofilm dispersing abilities.?® 2’ Nitric oxide (NO) is an innate signaling

diatomic molecule utilized by the body’s defense system for fighting the infection-causing
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microorganisms, preventing platelet activation, reducing localized and chronic inflammations, and
enhancing wound healing.?® The endogenous synthesis of NO in the body happens via NO
synthase (NOS) enzymes which convert the amino acid L-arginine into citrulline and NO.2® 3°
Macrophages and neutrophils utilize NO synthesized via the inducible nitric oxide synthase
(iINOS) to eradicate the invading pathogens in the body by promoting biofilm dispersal and
preventing the adherence of planktonic bacteria. Nitric oxide donor molecules, like S-nitrosothiols
(RSNO), incorporated into a polymer substrate can mimic endogenous NO release levels, such
as endothelial cells that release NO at a surface flux of 0.5 - 4 x 10" mol cm? min™' to prevent
platelet activation and adhesion and exhibit broad-spectrum antimicrobial properties.3! 32
Considering the potential benefits of endogenous NO, various studies have been designed that
can utilize these benefits synthetically by either incorporating or impregnating the NO donors in
the polymer matrix that will release their NO payload *3*3° or using a generation mechanism to

stimulate the release of endogenous NO in blood.3®

The release of NO from polymeric substrate has been tremendously explored in the past
two decades demonstrating its wide range of tunable properties for achieving controlled NO
release depending on the trigger mechanism. Therefore, to enhance the NO payload and extend
the lifetime of NO release, several distinct frameworks have been designed with NO-releasing
mechanisms at the polymer interface. Such engineered polymer surfaces that can release NO
have been comprised of physical dispersal of NO donors into the polymer substrate, or covalent
conjugation of NO donor onto polymer backbone.®*® The RSNO donors, like S-nitroso-N-
acetylpenicillamine (SNAP) have been recognized to have extended storage capacity in
crystallized form and can emit NO either photochemically, thermally by heat, light, or metal ions
(Cu?*, Se, Zn, etc.). Photocatalytic release of NO from RSNOs and RSNO-based polymers has

been extensively explored.*! 42
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The characteristic absorption maxima for the RSNOs occurs at wavelengths 340 nm and
520-590 nm with corresponding to n — 1* electronic transition of the S-NO functional group that

has been primarily associated with their decomposition.*?
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Figure 5.1 Design and functional use of the NO-releasing Disposable Catheter Disinfection
Insert (DCDI). (A) NO-releasing SR is mounted on a side glow fiber optic and connected to a
LED light source to develop the DCDI device. (B) The DCDI device can then easily be
integrated with indwelling catheter (intravascular, urinary, etc.) for decontamination in between
clinical uses. (C) The DCDI is engineered using a light-sensitive NO donor molecule, S-nitroso-
N-acetylpenicillamine (SNAP), incorporated in polymer tubing mounted on side glow fiber
optic. The photosensitivity of SNAP can be exploited using an LED light source that can
illuminate the side glow fiber optic using a simple mobile phone application which activates
and enables real-time control of the NO release levels. (D) The DCDI can both eradicate
catheter infections and prevent Catheter-related bloodstream infections (CRBSIs) thereby
extending the usage lifetime of medical devices and drastically reducing associated treatment
cost.

191



Encouraged by the promising capabilities of NO and light-mediated microbe killing, a novel
smartphone-based Disposable Catheter Disinfection Insert (DCDI) is engineered in this study
which, for the first time, combines NO-releasing polymer and side glowing fiber optic. The NO-
release polymer tubing was prepared by impregnating commercial silicone tubing with a light
activated NO donor molecule.? The NO-releasing polymer tubing is mounted on a side glowing
fiber optic to illuminate the full length of the NO-releasing tubing and is connected to a light source
(Figure 5.1A). To activate the NO release and eradicate the viable pathogenic bacteria, the
antimicrobial DCDI can be inserted within the lumen of IV catheters (Figure 5.1B) that can be the
Bluetooth using a smartphone application. When the DCDI is powered by Bluetooth connected
light source, the side glow fiber optic will illuminate, and the degradation of SNAP can be triggered
under irradiation by LED with a wavelength of 450 — 650 nm to generate NO (Figure 5.1C). Taking
this into consideration, NO release kinetics from the DCDI using LED source in dark and with
different nominal lights and intensities was evaluated using the chemiluminescence detection
method. Using the UV-vis spectroscopy method, the amount of NO donor impregnated in the SR
polymer, leaching from the device with and without light, and stability with various sterilization
methods was investigated. The antibacterial efficacy of DCDI was studied using a 4 h bacterial
adhesion assay against two prominent bacterial strains associated with CRBSIs, Gram-positive
(S. aureus) and Gram-negative (E. coli). The DCDI was also evaluated in a more challenging in
vitro infection model to evaluate its ability to disinfect an S. aureus infected catheter, which closely
mimics the end-use clinical application of the DCDI device. The small DCDI is envisioned to be a
part of the catheter lumen cap and inserted within the lumen of IV catheters between clinical use
of the IV catheters (when not in use by clinicians for blood draws, infusion, and other fluid
administration). Once the NO release is depleted, a new DCDI can easily be replaced which
extends the NO release capability at the catheter interface to the entire indwelling lifetime of the

IV catheter. It is expected that light as a catalyst from the fiber optic combined with the NO-
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releasing SR will enhance the antimicrobial activity of NO released from the catheter by both

disinfecting the catheter in situ and preventing the impending infections (Figure 5.1D).

5.3 Experimental Section

5.3.1 Materials

N-Acetyl-D-penicillamine (NAP), sodium nitrite, L-cysteine, sodium chloride, potassium
chloride, sodium phosphate dibasic, potassium phosphate monobasic, copper (Il) chloride,
ethylenediaminetetraacetic acid (EDTA), tetrahydrofuran (THF), and sterile phosphate buffer
saline powder with 0.01 M, pH 7.4, containing 0.138 M NaCl, 2.7 mM KCI, were purchased from
Sigma Aldrich (St. Louis, MO). Methanol, hydrochloric acid, and sulfuric acid were obtained from
Fisher Scientific (Hampton, NH). Helixmark® silicone tubing (60-011-06 and 60—011-09) was
purchased from VWR (Radnor, PA). PMMA side glow optical fiber (Huaxi, Amazon.com), 12V
1.5W LED light source (Rayauto, Amazon.com), and LED BLE Bluetooth 4.0 software were used
for the light studies. All aqueous solutions were prepared using deionized water. Phosphate buffer
saline (PBS) 0.01M with 100 uM EDTA was used for all material characterization and NO analyzer
studies. Dulbecco’s modified Eagle’s medium (DMEM) and trypsin-EDTA were purchased from
Corning (Manassas, VA20109). The Cell Counting Kit-8 (CCK-8) was purchased from Sigma-
Aldrich (St. Louis, MO). Penicillin-Streptomycin (Pen-Strep) and fetal bovine serum (FBS) were
obtained from Gibco-Life Technologies (Grand Island, NY). The bacterial strain S. aureus (ATCC
6538), E. coli (ATCC 25922), and 3T3 mouse fibroblast cells (ATCC 1658) for cell compatibility
experiments were obtained from American Type Culture Collection (ATCC). All the buffers and

media were sterilized in an autoclave at 121 °C, 100 kPa (15 psi) for 30 minutes.
5.3.2 S-nitroso-N-acetylpenicillamine Synthesis
S-nitroso-N-acetylpenicillamine (SNAP) synthesis procedure was adapted from a

previously published report with a slight modification.*® Briefly, NAP was dissolved in a 2:3 ratio
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of water and methanol. To this mixture, 0.7 and 1.6 M of H.SO. and HCI were added, respectively
followed by dropwise addition of sodium nitrite dissolved in water and stirring for 10 min at room
temperature. The beaker was shielded from ambient light and incubated in an ice bucket with
continuous nitrogen purging for 8 h. After incubation, the filter paper was used to collect the SNAP
crystals into a Buchner funnel using suction filtration. SNAP was then rinsed with ice-cold DI water
and placed in a vacuum desiccator overnight allowing the product to dry. Care was taken
throughout the process to shield the samples from light. Each batch of synthesized SNAP was
tested for its purity using the chemiluminescence NOA and UV-vis calibration curve with a
characteristic spectrum of SNAP molecule at 340 nm. All batches used in the study had recorded

purity levels of >90%.
5.3.3 Preparation of NO-Releasing Polymer

The NO-releasing polymer was prepared by impregnating the silicone rubber (SR) tubing
with SNAP, a stock solution of SNAP and THF (125 mg mL™") was prepared based on previously
reported methods.? A 3 cm long Helix Silastic SR tubing with an inner diameter of 0.058” was
incubated in SNAP-THF solution for 24 h in dark at room temperature. After 24 h, the SNAP
impregnated NO-releasing SR (SR-NO) was removed from the solution and dried overnight in a
vacuum desiccator protected from light. All samples were rinsed with PBS to remove excess
SNAP crystals from the outer surface and lumen of the impregnated tubing before conducting any

further experiments.
5.3.4 Determining wt% SNAP using UV-vis Spectroscopy

The amount of SNAP impregnated in the SR-NO tubing was quantified using a UV-vis
spectrophotometer (Cary 60, Agilent Technologies). For this, first, the mass of each SR-NO
sample was recorded using an analytical balance (Mettler Toledo™ XS105DU, Columbus, OH).

Each SR-NO sample was soaked in THF for 30 min to extract all the impregnated SNAP from the
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SR tubing. The tubing appeared clear after incubation in the THF, indicating all SNAP had been
extracted into the THF. The SNAP extracted solution was evaluated by UV-vis spectroscopy at
340 nm wavelength. The molar absorptivity of SNAP in THF at 340 nm was determined to be 909
M-" cm™'. The weight percentage (Wt%) of SNAP loaded is reported as milligrams of SNAP loaded

per milligram of tubing.

5.3.5 Fabrication of Disposable Catheter Disinfection Insert (DCDI)

The Disposable Catheter Disinfection Insert (DCDI) was produced using a 2.9 cm SR-NO
tubing mounted on a 7 cm segment of 1.5 mm diameter PMMA side glow optical fiber (Huaxi,
Amazon.com). The SR-NO-Light DCDI samples were connected to a 12V 1.5W LED light source
and controlled via Bluetooth using a smartphone application. For controls, either unmodified SR
or SR-NO were mounted on the fiber optic and operated with or without light, resulting in the SR,

SR-Light, and SR-NO control groups.

5.3.6 Light Emission Spectroscopy Measurements

To determine the wavelength of light emitted by the LED light source, a wireless
spectrophotometer (PS-2600, PASCO Scientific) with a detection range of 380-950 nm was
utilized. The light detecting fiber optic cable was held in place with a clamp and the DCDI samples
were exposed to the detector and the wavelength of light was recorded with four different colors
(red, blue, green, and white). Studies with light were done in the absence of ambient light to

ensure only desired lights were being characterized.

5.3.7 Photoinitiated NO Release

The NO release from samples with light (SR-NO-Light) and without light (SR-NO) was
quantified using the gold standard Zysense chemiluminescence Nitric Oxide Analyzer (NOA) 280i
(Frederick, CO) under nitrogen atmosphere under physiological conditions. The NO release from

the samples is normalized to the surface area of the DCDI and is presented as moles min-' cm™.
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5.3.8 NO Release vs. Light Color

In order to optimize the light from DCDI, samples were placed in an NOA sample cell at
37 °C connected to the LED light source (SR-NO-Light). To avoid the interference of leached
SNAP in buffer conditions, a dry state at physiological conditions was used to study the influence
of white light on DCDI at different light intensities. Using the mobile phone application, the LED
light source was set to emit light at 100% intensity, and the NO flux was recorded as the light
color was adjusted. Four different light colors (white, blue, green, and red) were tested for their

NO release.

5.3.9 Tunable Photoinitiated NO Release

The SR-NO-Light samples were placed in an NOA sample cell under a dry state at 37 °C
protected from ambient light. The LED light source was set to emit white light from the connected
fiber optic and the NO flux from samples was recorded as the light intensity was adjusted using
the smartphone application. Starting without light (in dark), the intensity of light was increased in
25% increments until 100% intensity was reached. The light intensity was then decreased by 25%

to 0% to demonstrate control over NO levels.

5.3.10 24 Hour NO Release

The samples were immersed in PBS with EDTA (7.4 pH) at the physiological temperature
of 37 °C in an amber NOA sample cell. For the SR-NO-light samples, the LED light source was
set to emit white light at 100% intensity. The 24 h NO release profiles for the DCDI samples were
recorded using 0% (light off) and 100% white light intensity from SR-NO and SR-NO-Light

samples, respectively.

5.3.11 Determination of SNAP Diffusion

The amount of SNAP leached from samples in the presence (100% light intensity) and
absence of light (0% light intensity) was determined by a UV-vis spectrophotometric method.
Each sample SR-NO and SR-NO-Light was incubated in 10 mM PBS, pH 7.4, with 100 uM EDTA
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at 37 °C for 24 h. The soaking buffer was evaluated for SNAP concentration at 2, 4, 6, 8, and 24
h timepoints. The molar absorptivity of SNAP in 10 mM PBS, pH 7.4, with 100 yM EDTA at 37
°C was determined to be 1072 M' cm™ at 340 nm. Samples were incubated at 37 °C in PBS
throughout the duration of the experiment. Results were analyzed by calculating SNAP

concentration from each sample, normalized by the surface area of DCDI.

5.3.12 Sterilization of NO-Releasing Tubing

Sterilization of medical devices is an important process for decontaminating the surfaces
before in vivo application. Therefore, it is very critical for medical devices to withstand the
sterilization process without compromising the desired properties. In this study, two common
sterilization methods ethylene oxide (EO) and ultraviolet (UV) light were compared to identify the
most compatible method with the NO-releasing polymer. For EO sterilization, the NO-releasing
DCDI inserts were packaged into the sterilization pouch and exposed to EO under AN 74i
Anprolene EO gas sterilizer (Anderson Sterilizers). The sterilizer was operated at room
temperature (between 68 - 91 °F) with a Humidichip to ensure at least 35% humidity was
achieved. Samples were sterilized for 12 h with 2 h of purging with ambient air. Similarly, for UV
sterilization, SR-NO samples were sterilized with UV-light under biosafety cabinet administered
by REDISHIP Purifier® Logic®+ Class Il A2 Biosafety Cabinets, Labconco® for 30 min. Upon
sterilization, all the samples (n =4) were weighed and then suspended in THF (30 min) to fully

extract the SNAP from the polymer.

The amount of SNAP remaining in the SR-NO tubing after the sterilization process was
compared to fresh samples using UV-vis spectroscopy by measuring the absorbance of SNAP
extracted in THF at 340 nm wavelength. The results of the study are reported as normalized
values to initial wt% of SNAP (weight of SNAP/weight of polymer). The confirm the activity of
SNAP in the SR-NO samples, the samples were also tested for their NO release levels using the

same methodology as Section 5.3.10 before and after sterilization.
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5.3.13 Shelf-life Storage of DCDI

To evaluate the long-term stability of DCDI at various storage conditions, SNAP-
impregnated SR were stored at -20 °C, 4 °C and RT for 30 d in a tighly closed vial in dark with
desiccant to protect the insert from moisture. After 30 d, the SNAP-SR tubing was mounted on
fiber optic, connected to light-source and NO release from the samples before and after storage
was evaluated using chemiluminescence NOA at 37 °C. The NO release from samples was

recorded in the absence (0%) and presence of light (100% white light) at physiological conditions.

5.3.14 In Vitro Antibacterial Evaluation
5.3.14.1 Antibacterial Activity of DCDI using 4 h Bacterial Adhesion Assay

Studies were conducted to determine the efficacy of DCDI to prevent bacterial adhesion
on the surface. The antibacterial activity of DCDI was examined against S. aureus (ATCC 6538)
and E. coli (ATCC 25922) in terms of viable bacterial adhesion on the catheter surface. Individual
colonies of S. aureus and E. coli were inoculated in LB media and grown until mid-log phase on
a shaking incubator at 120 rpm, at 37 °C for 5 h. All DCDI samples (SR, SR-Light, SR-NO, and
SR-NO-Light; n = 3 each) were exposed to the bacterial solution with the final ODego of bacteria
ranging between 10° — 108 CFU mL™" for 4 h at 150 rpm at 37 °C to maintain the chronic infection
conditions. After 4 h incubation, bacteria adhered on the DCDI surface were homogenized to
detach, diluted, and plated using a spiral plater (Eddy Jet 2, IUL Instruments). Viable colony
forming units (CFU) were determined after 24 h of incubation at 37 °C using an automated
bacteria colony counter (Sphere Flash, I[UL Instruments). The CFUs on the samples and individual
controls were normalized by the surface area of the samples and the percentage of reduction in
bacterial viability was determined by the following equation 5.1 with respect to SR control. C

represents the concentration of viable bacteria in CFU cm 2.

% Bacterial reduction = ~5® _((iTes)t) x199  (Equation 5.1)
SR
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5.3.15 In Situ Catheter Disinfection using Catheter Infection Model

To evaluate the efficacy of DCDI in disinfecting an infected model medical catheter
(Helixmark® silicone tubing 60-011-09) with an ID of 0.078” and OD of 0.125” was used to develop
an in vitro assay using S. aureus bacteria (ATCC 6538). S. aureus was grown overnight in an LB
media following the same procedure as 5.3.14.1 Then, 3 mL of bacterial suspension (0.1 optical
density) was added to the model CVC catheter (Helix-09 tubing; 3 cm long) such that both inner
lumen and external surface were exposed to bacteria. Samples were incubated for 24 h in LB
medium under stagnant conditions at 37 °C. Nutrient media in the tubes was changed periodically
to keep the supply of nutrients stable. After 24 h, catheter samples were taken out from media
containing bacteria and briefly rinsed to remove any unadhered cells on the catheter tubing. Then
the DCDI (SR-NO-Light) and control (SR) devices were inserted into the infected catheter tubing
and incubated in PBS for 4 h at 37 °C under static conditions. The control samples contained no
NO-releasing DCDI, just an unmodified SR tubing mounted on fiber optic inserted into the
bacteria-infected catheter. Samples were taken out after incubation and bacteria remaining on
the catheter tubing (both insider and outside) were enumerated using the same CFU counting

protocol described in Section 5.3.14.1.

5.3.16 In Vitro Cytocompatibility Study
5.3.16.1 Leachate Preparation

All test and control groups (SR, SR-NO, SR-Light, and SR-NO-Light samples; n = 3) each
were first cleaned with ethanol and UV-sterilized for 30 mins. Next, DCDI samples were incubated
in complete DMEM media (1 mL) to collect the leachates in the solution by following the 1SO
standards (ISO10993-5:2009 Test for in vitro cytotoxicity assessment of biomedical devices). All
the vials were covered in aluminum foil to prevent the effect of ambient light and incubated for 24
h at 37 °C. After 24 h, the samples were removed, and the leachates were used for further

analysis.
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5.3.16.2 Cytocompatibility of DCDI

A cell culture treated 96-well plate was used to seed 3T3 mouse fibroblast cells (10,000
cells/mL) in each well and incubated in a humidified incubator at 37 °C, 5% CO- for 24 h. Later,
leachate samples were exposed to the cells (100 pL) and incubated for another 24 h to let the
leachates act on the cells. The cytocompatibility of samples was analyzed using a CCK-8 cell
viability kit following the manufacturer’s instructions (Sigma Aldrich). To each of the wells, CCK-
8 solution was added (10 pL) and incubated for 1 h. The absorbance (abs) of the samples was
recorded at 450 nm wavelength using a microplate reader (Cytation 5 imaging multi-mode reader,
BioTek). Results from the experiment are reported as relative cell viability of test group normalized

to control (cells in media) using the equation 5.2:

absorbance test group

Relative cell viability = (Equation 5.2)

absorbance cells control

5.4 Statistical Analysis

All results in the study are presented with a sample size n = 3. Data are all reported as mean
+ standard error of the mean (SEM). Statistical significance between the sample types was
determined using a student’s f-test. To ascertain the significance of the results, a value of p <0.05
was used to evaluate statistical differences between the test (SR-Light, SR-NO, SR-NO-Light)

and control groups (SR).

5.5 Results and Discussion
5.5.1 Fabrication of the DCDI

To generate the NO-releasing DCDI insert, segments of SR tubing were soaked in the
SNAP-THF impregnation solution for 24 h (125 mg mL™") (Figure 5.2A). The solvent impregnation
process is one of the simple and effective ways to incorporate NO donors in the polymer matrix.
It has been previously reported that SNAP incorporation/impregnation into various polymers, like

polyurethanes and silicone elastomers, and studied for their clinical applications for devices
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including intravascular catheters, urinary catheters, insulin cannulas, extracorporeal circuit
tubing.?* 4446 These polymers have exhibited uniform SNAP impregnation* 4 long-lasting and
controlled NO release,*"*® with enhanced shelf-life*®5" and sterilization3? 4° stability, ability to
withstand low rates of SNAP leaching, and photosensitivity.5? This impregnation approach helps
conquer challenges with the typical style of polymer manufacturing procedures that use elevated
temperature possessing (i.e., polymer extrusion), which could negatively influence the thermally
sensitive NO donors, like SNAP. In this study, the amount of SNAP impregnated into SR was
confirmed by the UV-vis spectroscopy method which revealed 4.66 £ 0.16 wt% of SNAP
impregnated into the SR-NO samples (Figure 5.2B). The values obtained in this study are
consistent with the previously reported values for SNAP impregnation of SR that accomplished

ca. 5 wt% with the same concentration of SNAP-impregnation-solvent (125 mg mL1).45 46

5.5.2 Quantification and Control of Real-time NO Release
5.5.21 NO release vs. Light Wavelength

To confirm the wavelength of light emitted by the LED source, a PASCO wireless
spectrometer optical probe was utilized. The wavelength of light was determined at four different
colors of light (Figure 5.2C). Results confirmed that the red, green, and blue light had emissions
ranging from 570 — 650 nm, 475 — 575 nm, 450 — 500 nm, respectively (Figure 5.2 D-F).
Furthermore, the study confirmed the white light provided by the light source is comprised of red,

blue, and green wavelengths of light (Figure 5.2G).

The NO donor SNAP can catalytically release NO upon exposure to heat, light, or metal
ions (Figure 5.3A). The small side glow fiber optic used in this study enable compatible
application with the IV catheter. Fiber optics are used in clinical applications such as sterilization
of medical device surfaces. The illuminating light has been shown to be compatible with
endoscopes, respiratory devices, catheters (endotracheal tube, urinary catheters), and bandages

for wound healing.5® The thin, flexible nature and a tubular scattering factor make the light from
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fiber optic cable of uniform light dissemination. Therefore, a side glow fiber optic is utilized in the
DCDI due to its significant advantages over end glow fiber optics in order to illuminate the full
length of SNAP tubing for catheter applications. The DCDI can be inserted within the vascular

catheters to disinfect the entire length of the catheter tubing (Figure 5.3B).
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Figure 5.2 (A) NO-releasing tubing is fabricated by soaking the SR tubing in SNAP-THF
solution (125 mg mL™) for 24 h followed by drying in vacuum desiccator for 24 h. (B)
Quantification of SNAP impregnation in SR-NO samples is determined by UV-vis
spectroscopy. Data represents mean + SEM for n 2 3. (C) To develop nitric oxide releasing
Disposable Catheter Disinfection Insert (DCDI), SR-NO tubing is mounted on a side glow fiber
optic and connected to a LED Light source. DCDI with different nominal lights from left to right:
light off, red, green, blue, and white light. Verification of wavelength of light emitted by LED
light source (D) red (621 nm) (E) green (512 nm), (F) blue (447 nm), and (G) white (mixture of
red, green, and blue) set at 100% light intensity.
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To optimize the light color for the study, NO release from the DCDI was tested against
various colors of light red (620 nm), green (530 nm), blue (450 nm), and white (mixture of red,
green, and blue) at 100% light intensity (n=3). DCDI samples were inserted in the amber NOA
sample cell to protect the samples from ambient light. First, the NO release from the samples was
recorded in the absence of light (dark) and then the color of the light was changed, and the
intensity was adjusted using the mobile phone application. The NO release in dark was 0.09 x
107"mol cm™min~"flux, and the red, green, blue, and white light at 100% light intensity triggered
0.14, 0.17, 1.23, and 1.69 x 107" mol cm™2 min~" of NO from DCDI, respectively (Figure 5.3C).
The hemolytic cleavage of S-N bond of S-nitrosothiols has been well-established in the visible
light spectrum. Once the results were confirmed with white light resulting in the maximum levels
of NO, all the further studies were conducted with white light. These results are consistent with
previously published reports that utilized white light to maximize the NO release from NO donating

compound.5* %%
5.5.2.2 Real-Time Control of NO Release

NO-releasing materials hold a huge potential in clinical applications. However, it is crucial
to gain the ability to dynamically control the NO levels depending on the biomedical application.
For instance, at the time of implantation, the catheter may require a higher level of NO to prevent
bacterial colonization on the device surface. However, over time the same device may need lower
levels of NO to maintain the biofilm-free state of the device. Similarly, a significantly contaminated
device surface may require very high levels of NO to disinfect and eradicate the pre-established
biofilm on the catheter surface. This modulatory capacity of NO release can be achieved by
exploiting the photosensitivity of NO donating compounds that can tune the NO release in
response to the intensity and wavelength of light. Based on this, other RSNOs like GSNO, N-
nitrosoamine-based NO donors with a combination of antibiotics, or even modified RSNOs have

been studied for their light-sensitive properties.®6-5°
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Figure 5.3 (A) Chemical structure of the NO donor S-nitroso-N-acetylpenicillamine (SNAP).
RSNOs like SNAP can be triggered by the stimulus of heat, light, or metal ions to cleave the
S-N bond and release NO. (B) Cross-section of the Disposable Catheter Disinfection Insert
(DCDI) device comprised of SNAP impregnated SR tubing mounted on a side glow fiber
optic. (C) Comparison of steady-state NO release from DCDI at physiological temperature
(37 °C) in dark and photoinitiated at 100% light intensity of red (620 nm), green (530 nm),
blue (450 nm), and white (mixture of red, green, and blue) light. (D) Representative example
of tunable NO release via increasing and decreasing intensities of light (between 0% and
100%). (E) Quantification of NO release using chemiluminescence measured with the trigger
of different light intensities at 37 °C (n 2 3). (F) Determination of real-time NO release from
NO (dark) and SR-NO-Light (100% light intensity) using a chemiluminescence NO analyzer.
The NO flux levels were measured at physiological conditions in PBS with 100 uM EDTA up
to 24 h. (G) Quantitation of amount of SNAP present in the PBS (soaking buffer) from SR-
NO and SR-NO-light samples at 37 °C in dark and 100% white light intensity conditions,
respectively. Data normalized to surface area of the polymer. All data are reported as mean
+ standard error of mean (n = 3). (H) DCDI soaked in PBS-EDTA from left to right: DCDI
without light on day 0, DCDI with 100% white light on day 0 and day 1 (24 h).
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The ability to control the release of NO by changing the light intensity was assessed by
increasing and decreasing the white light intensity in 25% intervals (Figure 5.3D). These results
demonstrate that each degree of light intensity can modulate the NO release levels from the DCDI
in real-time (Figure 5.3E). The NO release levels at each light intensity are tabulated in Table
5.1. The advantage of the DCDI design is that the NO release levels can be controlled via
adjusting the intensity of the light source connected to the fiber optic. This data demonstrates that
using light as a trigger to potentiate the NO release enables accurate modulation of the NO levels
as required to achieve antibacterial properties.

Table 5.1 NO release levels measured from SR-NO-Light DCDI at different intensities of white
light at 37 °C using chemiluminescence nitric oxide analyzer. Data represents mean + SEM (n
= 3).

Light intensity NO flux
(x 10-10 mol min-1 cm-z)

0% 0.06 £ 0.01
25% 0.46 £ 0.03
50% 0.85%0.05
75% 1.25£0.08
100% 1.66 £ 0.14
75% 1.31£0.13
50% 0.92 £ 0.09
25% 0.50 £ 0.05

0% 0.08 £ 0.02

5.5.2.3 Real-Time NO Release

The NO release from the DCDI was measured under physiological conditions (37°C in
PBS buffer) using chemiluminescence for 24 h at 0% (dark), and 100% white light intensity. NO
release from the samples was investigated over 24 h with the idea that the DCDI device could be
replaced daily during clinical catheter applications. The average initial NO flux for 0% and 100%
light intensity was found to be 3.92 x 107" mol cm™ min™" and 9.01 x 107" mol cm™ min™",
respectively, demonstrating that the light intensity is directly proportional to the level of NO

205



released from DCDI on day 0 (Figure 5.3F). However, all samples ultimately reach an equivalent
NO release level at 24 h timepoint as the SNAP payload becomes depleted. The SR-NO-Light
DCDI samples have a fixed amount of NO and will exhaust over time as NO is constantly
discharged. The 100% light intensity significantly increases the rate at which NO is depleted from
the samples early in the experiment which explains the decrease in the NO flux level at the 24 h
time point. Overall, the DCDI with and without light are able to closely mimic the levels of NO
released by endothelium (0.5-4 x 107" mol cm™ min~") even after 24 h. These levels of NO are
known to exhibit important biological functions such as reducing inflammation and fibrosis, killing
various microbial species (bacteria, fungus, viruses), inhibiting disrupting and dispersing microbial
biofilm formation, preventing platelet activation, reducing clotting and thrombosis.3' Once the NO
flux is below physiological levels, a new DCDI could be easily replaced within the catheter

periodically (e.g. daily).

5.5.3 Quantification of SNAP in Soaking Buffer

To quantify the amount of SNAP leached from NO-releasing samples, both SR-NO (0%
light) and SR-NO-Light (100% white light) DCDI samples were incubated in PBS-EDTA at 37 °C
for 24 h. The soaking buffer was collected at various timepoints, and the absorbance was
recorded using UV-vis spectroscopy. After 24 h, 84.61 + 5.32 and 35.83 + 2.04 ug cm of SNAP
were detected from SR-NO and SR-NO-light samples, respectively (Figure 5.3G). The
introduction of light to the SR-NO-Light significantly enhanced the catalysis rate to release NO,
resulting in a lower concentration of SNAP in the soaking buffer as compared to the SR-NO
samples. Overall, the low SNAP leaching results observed in this experiment demonstrate that
the NO released is localized at the DCDI polymer interface. The fiber optic also showed the ability

to be illuminated in buffer even after a day of soaking (Figure 5.3H).

Impregnating the NO donor SNAP into hydrophobic polymers like SR has been reported

to significantly reduce leaching which consequently prolongs the NO release from the polymer.4”
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8 Due to the intramolecular hydrogen bonding between SNAP molecules and the low water
uptake of hydrophobic polymers, SNAP dissolution and dissemination out of the polymer is
significantly contained.? ®' The SNAP leaches out of the polymer and eventually degrade into N-
acetyl-D-penicillamine (NAP), and NAP-dimer. It is anticipated that the levels of SNAP detected
in the buffer are observed to be lower when the fiber optic is illuminated due to the relatively faster
light-mediated conversion of SNAP to NAP disulfide.®* These degradation products of SNAP are

non-toxic and an FDA approved drug utilized to treat heavy metal poisoning.®': 62
5.5.4 Sterilization of SNAP Impregnated SR

Infection-causing pathogens can easily adhere to the polymer surfaces in a hospital-based
setting. If left untreated, these pathogens can migrate into the patient’s body and can lead to
blood-stream infections in severe scenarios, increase healthcare costs and prolong the patient
treatment time. Therefore, sterilization of medical devices is an important process for
decontaminating the surfaces before clinical application.®® It is extremely critical for medical
devices to withstand the sterilization process without compromising the desired properties. NO
donating compounds, such as RSNOs, are known to degrade due to their sensitivity to
temperature and thermal degradation.’* To investigate their stability during the sterilization
process, samples were exposed to clinically relevant UV-light and EO sterilization methods
commonly used in thermally sensitive medical devices.® % The SR-NO DCDI retained 99.06 +
2.26% and 99.33 + 1.08% SNAP after UV and EO sterilization, respectively, compared to the
initial wt% of SNAP in freshly prepared DCDI samples (Figure 5.4A). In order to evaluate and
confirm the activity of insert in terms of NO-releasing characteristics, NO release from samples
was measured in the absence (0% light) and presence of light (100%) before and after sterilization
(ethylene oxide and UV-light), respectively. The results from the study revealed no significant
difference between NO-release kinetics from freshly prepared samples vs. sterilized samples.

Data suggests that while the freshly prepared samples had 1.740 £ 0.092 x 107 mol min"' cm2
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of NO flux, EO and UV sterilized samples showed 1.707 + 0.083 x 107" mol min"' cm2and 1.689

+0.078 x 10" mol min"' cm™, respectively with 100% white light stimulation (Figure 5.4B). These

results indicate that both sterilization methods are compatible with the SR-NO polymeric device

without significant losses in the amount of NO payload in the device, critical for clinical translation.
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Figure 5.4. Impact of storage and sterilization on NO-releasing SR. (A) The retention of SNAP
in the polymer after sterilization process was analyzed by extracting the SNAP remaining in
the polymer in THF solvent and measuring the absorbance of SNAP at 340 nm using UV-vis.
Data represents mean £ SEM normalized to initial wt% of SNAP in freshly prepared samples
(n = 3). Measurement of NO release from SR-NO samples after (B) sterilization with ethylene
oxide and UV-light, and (C) 30 d of storage at room temperature (RT), -20 °C and 4 °C. Data
represents mean £ SEM normalized to initial wt% of SNAP in freshly prepared samples (n =

3).
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5.5.5 Shelf-life Storage of DCDI

The success of biomedical devices is highly dependent on their ability to retain their
function for a prolonged period. To evaluate the potential of DCDI to be stored at various storage
conditions, SR-NO samples were stored for 30 d at clinically relevant storage conditions ie., -20
°C, 4 °C and RT for 30 d in a tighly closed vial in dark with desiccant to protect the insert from
moisture. After 30 d, the SNAP-SR tubing was mounted on fiber optic, connected to light-source
and NO release from the samples was recorded with and without light before and after storage
using chemiluminescence NOA at 37 °C. Results from the storage stability experiment confirmed
the stability of samples at different storage conditions for at least 30 d with no significant difference
in the NO release levels (Figure 5.4C). These results are in agreement with previously reported

studies that confirm the stability of SNAP loaded polymer for upto 8 months.*°: %1

5.5.6 Antibacterial Activity of DCDI using 4 h Bacterial Adhesion Assay

5.5.6.1 Evaluating the Antibacterial Efficacy of DCDI

Various nosocomial infections in hospitalized patients are frequently linked with
biomedical devices. While these devices are expected to offer life-saving protection, they are
reported to be a primary source of device-associated infections in many instances.®” A recent
study reported an upsurge in the rate of hospital-acquired infections in COVID-19 patients due to
longer lengths of hospital stay.®® In times like these when conventional antimicrobial therapies are
failing to contain the infection rates, alternative strategies are critically needed. For this reason,
novel antimicrobial approaches have been proposed as an alternative to traditional methods.
Light-based antimicrobial therapy is one such strategy heavily being employed for combating
biofilms on medical implants.®® Clinical pathogens such as S. aureus and E. coli have been proven
to be vulnerable to photodynamic inactivation by the wavelengths of the visible spectrum of light
(400-800 nm).”®72  Similarly, photoactivation of silver and gold nanoparticles has also been
explored for bactericidal efficacy; however, the metal-dependent killing is distinct for Gram-
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positive than for Gram-negative bacteria and often exhibits cytotoxicity towards mammalian
cells.” 7 For this reason, a broad-spectrum, biocompatible disinfecting device was developed in

this study for eradicating both Gram-positive and Gram-negative bacteria.

The bactericidal efficiency of the DCDI device was evaluated against S. aureus (ATCC
6538) and E. coli (ATCC 25922) bacteria using a 4 h bacterial adhesion assay. The bacterial cells
adhered to the DCDI were enumerated and normalized to the surface area of the DCDI to obtain
viable CFU cm™. Results from S. aureus adhesion on the synergy of SR-NO-Light unveiled a
99.45% reduction compared to the SR control (p < 0.05). The SR-Light and SR-NO samples also
had a significant reduction in viable adhered cells as compared to SR control (p < 0.05) due to
the action of the NO release (93.05% reduction) and light-mediated interface (41.30% reduction),
respectively (Figure 5.5A). A similar trend was observed after exposure to E. coli, where the SR-
Light and SR-NO controls resulted in an 85.01% and 92.89% reduction in viable cells,
respectively. The highest reduction in viable E. coli adhesion on the surface occurred with the
SR-NO-light DCDI resulting in a 99.36% reduction compared to SR control (p < 0.05) (Figure
5.5B). These results align with the NO release levels obtained from SR-NO and SR-NO-Light
samples, where both samples exhibit physiological levels of NO that are increased via the
photoinitiated catalysis with the white light (Figure 5.3F). Overall, the synergistic effect of NO and
light resulted in broad-spectrum antimicrobial activity on the DCDI surface and significant
inhibition of both S. aureus and E. coli bacteria. Mutations in the DNA sequence via reactive
nitrogen species (RNS) is one of the major mechanism by which NO exhibits antimicrobial
activity.?® NO’s reaction with oxygen and peroxides leads to the formation of a range of free radical
antimicrobial species such as peroxynitrite and nitrogen dioxide that can modify and destroy the
DNA base pairs using oxidative and nitrosative mechanisms. The damage of DNA strands
facilitates lipid peroxidation, constrains enzyme functions, and results in eventual membrane loss

in microorganisms.® 7577
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5.5.6.2 In Situ Surface Disinfection using Catheter Infection Model

The ability of DCDI to disinfect the catheter surface was characterized against S. aureus,
one of the most common bacteria associated with biofilm-related infections. The S. aureus
bacteria were grown in LB media until the mid-log phase and exposed to model CVC catheters
for 24 h at 37 °C in order to develop a pre-established infection/biofilm on the CVC catheter
surface. After 24 h, the DCDI and the corresponding SR control were then inserted into the
infected catheter to investigate the disinfecting ability (Figure 5.5C). After 4 h exposure to the
DCDI device, the viable bacteria remaining on the surface of the catheter were enumerated using
the plate counting method (Figure 5.5D). The study demonstrates the ability of the SR-NO-Light
DCDI to eradicate a pre-established S. aureus infection on the CVC catheter surfaces by ca.
96.99% compared to the unmodified SR control (p < 0.05) (Figure 5.5E). Nitric oxide is known to
induce biofilm dispersal across many bacterial strains, which led to its importance in emerging as
a therapeutic for biofilm-related infections. NO is a reactive gas with a very short half-life with the
ability to diffuse through the cell membranes spontaneously. Previous reports have shown that
NO at lower concentrations can trigger the switch of sessile cells to free-floating planktonic
phenotype in bacterial cells enclosed within the biofilm.”® It is understood that the control of
intracellular secondary messenger such as cyclic di-GMP by NO imitates the effectors which can
hamper the biofilm buildup and disperse the mature biofilm. " The reactive nitrogen species from
NO and the superoxide ions lower the extracellular polysaccharide production which is an
important intermediary component for bacterial attachment on a substratum. The role of NO in
facilitating biofilm dispersion is maintained across a wide range of bacterial species. 8 Activation
of NO release from SNAP and other photo-responsive NO-releasing composite materials have
been previously reported using visible and near-infrared LED lights.?'- 852 The advantage of
RSNO'’s sensitivity to light can be exploited to control the amounts of NO released by modifying

irradiation time and intensity of light from NO-releasing biocompatible polymer.
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Figure 5.5. Antibacterial activity of the DCDI device calculated as a log of the colony forming
units (CFU) cm of surface area against: (A) S. aureus; ** represents p < 0.01, calculated for
SR-NO, SR-NO-Light vs. SR, ## represents p < 0.01, calculated for SR-NO vs. SR-Light,
### represents p < 0.001, calculated for SR-NO-Light vs. Light, $ represents p < 0.05
calculated for SR-NO-Light vs. SR-NO; and (B) E. coli; * represents p < 0.05, calculated for
SR-NO, SR-NO-light vs. SR, # represents p < 0.05, calculated for SR-NO-light vs. light, $$
represents p < 0.01 calculated for SR-NO-Light vs. SR-NO. (C) Design of in situ catheter
disinfection experimental model. A model catheter is exposed to S. aureus bacteria for 24 h
allowing the bacteria to adhere and proliferate, creating the pre-infected catheter surface.
The DCDI is inserted within the catheter lumen and the adhered bacteria are dispersed via
the photoinitiated NO release. (D) Representative images of LB agar plates with viable S.
aureus bacteria CFU after 4 h of exposure to SR control and SR-NO-Light DCDI in the in situ
catheter disinfection model. (E) In situ disinfection of a contaminated model catheter with
DCDI calculated as a log of CFU cm™” of catheter length against S. aureus. (F)
Cytocompatibility of DCDI evaluated against 3T3 mouse fibroblast cell line relative to cell
control in a 24 h cell viability assay using CCK-8 cell viability kit. All data are represented as
mean £ SEM (n=3).

The influence of light instantly releases NO from the polymer matrix proving the sensitivity
of RSNOs to the photolytic feedback. Although, previous studies demonstrated the advantages

of having strong control over the NO release levels,?® 8 this work on development of the DCDI
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device validates a practical and functional method to take advantage of the tunable photo-release
properties of RSNOs for clinical catheter infection applications. The significant results from both
the prevention of bacterial adhesion and in situ disinfection of pre-infected catheter surfaces
support the significance of DCDI in reducing bacterial contamination on medical devices in clinical
settings. The photoinitiated NO release from the DCDI is a potent and locally acting antimicrobial
device that is biocompatible, low cost, shelf-stable, and easy to apply. These characteristics make
it an ideal choice for integrating with medical devices such as catheters, where the disposable
nature of the DCDI device will enable long-term applications of NO to the catheter surfaces both
to prevent viable microbial adhesion on catheter surfaces and eradicate biofilms on catheter
surfaces to reduce instances of CRBSIs. Therefore, the development of DCDI is expected to be
a significant step towards preventing microbial contamination in both short- and long-term
indwelling catheters that are regularly at a higher risk of contracting an infection (intravenous
catheters, urinary catheters, insulin cannulas, peritoneal dialysis catheters, hemodialysis

catheter, etc.), resulting in reduced morbidity, mortality, and associated healthcare costs.8-8"
5.5.7 Cytocompatibility of DCDI

Over the years, eukaryotic cells have established mechanisms for scavenging the reactive
oxygen and nitrogen species-mediated by NO which enables them to negate their influence;
however, various microorganisms (bacteria and virus) remain vulnerable.®® The combination of
SNAP and light emitted from the DCDI provides broad-spectrum antimicrobial activity as
described above. Nonetheless, it was crucial to determine the compatibility of engineered
disinfection devices towards mammalian cells for effective in vivo application. To investigate this,
the leachates collected over 24 h in DMEM media from the SR, SR-NO, SR-Light, and SR-NO-
Light DCDI samples were added and incubated with NIH 3T3 mouse fibroblast cells for 24 h at
37 °C. The cell cytotoxicity assay was quantified using the CCK-8 cell viability kit. All the samples

exhibited > 90% viability in the cells over 24 h (Figure 5.5F). Experimental designs based on the
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ISO standards have been previously used to demonstrate the biocompatibility of medical devices.
8 This data is consistent with prior studies that confirmed the biocompatibility of SNAP-based
NO-releasing polymer both in vitro and in vivo.®® °' Together the results from these
cytocompatibility studies offers encouraging evidence toward the potential biocompatibility of the

light-induced DCDI.
5.6 Conclusions

To address the challenges associated with catheter-related bloodstream infections (CRBSIs),
a simple, effective, smartphone-compatible universal Disposable Catheter Disinfection Insert
(DCDI) was fabricated in this study that can both prevent and disinfect indwelling catheters
(intravascular, urinary, etc.). The novel DCDI is comprised of a light-sensitive NO donor molecule,
SNAP, impregnated in medical-grade silicone rubber tubing that is mounted on side glow fiber
optic. In clinical practice, the DCDI would be attached to the catheter lumen cap and inserted
within the lumen of the indwelling catheter. Once the DCDI is inserted, a light source would
illuminate the side glow fiber optic by using a simple mobile phone application, providing tunable
photoactivated NO release levels in real-time via modulation of light intensity. The modulation of
light-activated NO release from the DCDI device can then be used to prevent catheter infections
or inserted within an infected catheter to eradicate the colonized bacteria. Among the wavelengths
and intensity of light emitted from the side glow fiber optics, the maximum photocatalytic activity
of the DCDI releasing physiological NO levels from the SR-NO polymer occurred with the white
light (mixture of red (620 nm), green (530 nm), blue (450 nm)) at 100% intensity as measured
using a chemiluminescence NO analyzer. The antibacterial activity and biocompatibility of the
DCDI with real-time control of NO release at physiological levels were also evaluated in vitro. The
SR-NO-Light DCDI demonstrated broad-spectrum antibacterial activity eradicating >99% viable
S. aureus (Gram-positive) and E. coli (Gram-negative) on the DCDI surface with just 4 h of

exposure. Additionally, the insertion of DCDI in an infected model catheter resulted in 97%
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eradication of S. aureus bacteria in situ exhibiting the potential to eradicate an established
catheter infection. The insert presented in this study offers widespread compatibility with broad
class of catheters used for biomedical applications. In some cases, this can also be applied for
other industrial applications that use polymer tubings and require bacteria-free state for efficient
function. The capacity of DCDI to be tuned for its NO release, ease of synthesis, antibacterial
efficacy, biocompatibility, smartphone compatibility, and ability to sustain conventional hospital
sterilization processes and long-term shelf-life stability at various storage conditions makes the
DCDI device a promising new solution for the prevention and eradication of catheter-related

infections without the need of complicated surgical interventions.
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CHAPTER 6:

CONCLUSIONS AND FUTURE DIRECTIONS

6.1 Conclusions

Despite the promising physiological roles of nitric oxide (NO) in combating bacteria and
biofilm, NO-releasing materials have not reached the stage of commercialization yet. This
challenge of clinical translation can be linked to a lack of control over NO release, premature loss
of NO donors during the high-temperature polymer extrusion process, restricted shelf-life stability,
and inability to thwart fouling on surfaces. To overcome these challenges associated with NO-
releasing materials, two important strategies have been presented in this dissertation that can
control the NO release from biomedical materials and prevent biofouling on the biomedical device
surface. The work done in this dissertation is the proof-of-concept that validates the principles of
enhancing the potential of NO-releasing materials for clinical translation that can be further
investigated with animal studies. The portions of introduction chapter are published as a review

article in ACS Materials Au journal and featured as a cover.'

The presence of dead bacteria debris and protein accumulation on the surfaces have been
linked to reduced device functionality and eventual biofilm formation. In Chapter 2, the
methodology to prevent biofouling on NO-releasing biomedical materials was investigated. To
reduce biofouling on medical device surfaces, NO-releasing silicone rubber polymer was
combined with a passive antifouling strategy involving slippery surface technology via slippery
silicone oil infusion. This material was applied and studied for insulin cannula applications, where
it provided continuous NO release and an antifouling interface for > 14 d which also exhibited a
significant reduction in protein and bacterial adhesion. This method of developing dual-function
NO-releasing and antifouling surfaces for subcutaneous insulin infusion cannulas holds immense
potential to reduce infection and inflammation associated with insulin pump delivery systems. This

work has been published in the journal ACS Applied Bio Materials.?
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Chapter 3 in the dissertation presents a unique strategy for generating dual-active
antimicrobial medical device interfaces using NO and a broad-spectrum antiseptic called
chlorhexidine diacetate (CHXD). Through a series of optimization, the most potent CHXD
concentration on NO-releasing SR was finalized that posed no toxicity to mammalian cells. The
dual-active NO-CHXD films were able to significantly reduce E. coli and S. aureus bacteria (> 3-
log reduction) compared to controls with no explicit toxicity towards mouse fibroblast cells. As the
initial time during the insertion of a medical implant is considered very crucial in defining the fate
of the device, and the combination of two antimicrobial agents delivered from the materials
interface is anticipated to greatly reduce the attachment of bacteria on surfaces and inhibit the
initiation of infection. In longer-term medical devices, the corresponding physiologically relevant
levels of NO from the device surface can then offer persistent antimicrobial action against
microorganisms and maintain a biofilm-free state. This work has been published in the Journal of

Biomedical Materials Research Part A and featured as a cover for the journal.?

In Chapter 4, a method to tune NO release via additive manufacturing has been presented.
Additive manufacturing offers flexibility to custom-fabricate polymeric devices. This chapter
studied the effect of tuning surface porosities in tunable NO donor loading and NO release. To
overcome the challenge of premature loss of NO donors in the additive manufacturing process, a
strategy to incorporate NO donors into 3D printed films was introduced via the solvent evaporation
method. With the help of various characterization techniques, the NO donor loading, NO release,
leaching, and change in porosity after NO donor impregnation was studied. Porous films had
higher amounts of SNAP loading and correspondingly higher NO release over relatively longer
durations. On the other hand, solid and capped films exhibited lower amounts of SNAP loading
and relatively lower NO release levels. This difference can be attributed to the structure of the
films where porous films had higher surface area and more surface exposure to soaking solution.

However, due to the closed structure of solid and capped films, these films had lower exposure
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to soaking buffer and less surface porosity which restricted the impregnated SNAP in coming in
contact with the solution. The antibacterial studies resulted in >99% reduction in viable S. aureus
bacteria on the surface of all the NO-releasing films as compared to unmodified control films
demonstrating the potential for generating customized additively manufactured medical devices
such as 3D-scaffolds, catheters, etc. This work has been published in the journal Biomaterials

Science.*

Chapter 5 focuses on regulating NO release from the polymer in real-time via light activation
using side glow fiber optic. This chapter demonstrated that light can be used as a catalytic agent
to modulate NO release levels from the polymer using a simple Bluetooth-operated mobile phone
application. The catalytic property of light to release NO from NO donor was used to design a
disposable catheter disinfection insert (DCDI) that can prevent >99% viable bacterial adhesion
and exterminate 97% of existing bacteria on catheter surfaces. To demonstrate the potential of
clinical translation, the DCDI was examined for its compatibility with various clinically relevant
sterilization techniques such as ethylene oxide and UV-light. The catheter insert developed in this
study can be considered a universal antimicrobial solution for both short- and long-term catheter
applications which costs < $5 in material and supply costs and demonstrates enhanced
biocompatibility compared to current clinical regimens. This work has been published in the

Journal of Controlled Release and featured as a cover for the journal.®

6.2 Future Directions

6.2.1 Screening of Slippery Surfaces for Long-term Storage and Antifungal Studies

In this dissertation, the antibacterial efficacy of NO-releasing biomedical devices was
augmented by integrating NO-releasing surfaces with other active and passive antimicrobial
strategies. In addition, the methodology to generate 3D-printed NO-releasing materials was
demonstrated via solvent impregnation technique and the use of fiber optics to design a universal
catheter disinfection insert. Results obtained from these studies underscore the potential of NO-
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releasing materials for antibacterial applications. The combination of antifouling and NO-releasing
surfaces has the benefit of preventing bacterial fouling aided with continuous antimicrobial action
from passive and active interfaces, respectively. This approach can be critical in maintaining long-
term medical devices that are prone to getting seriously infected (e.g., heart valves) or in
extending the usage time of medical devices (e.g., insulin cannula). Moreover, the liquid-infused
surface strategy can be extended to the application of urinary catheters or extracorporeal circuits
where the presence of proteins, electrolytes, and platelet adhesion and subsequent activation on
the surface may occlude the efficient operation of the device. Great attention has been centered
on assessing the function of liquid-infused NO-releasing surfaces against the attachment of
Gram-positive and Gram-negative bacteria. However, in practical scenarios, the biofilm formation
process may comprise microbial cells including algal, fungal, and bacterial species. Previous
studies have shown that NO-releasing surfaces are relatively less effective against fungi (C.
albicans) with = 65% reduction in viability on PDMS surfaces as opposed to > 80% reduction in
bacterial (S. aureus and E. coli) viability.® Therefore, it is noteworthy to evaluate the compatibility
of liquid-infused NO-releasing surfaces with various fungal and clinically isolated antibiotic-
resistant species to successfully translate these materials for clinical use in patients. Additionally,
these materials are yet to be investigated for their long-term storage (6-12 months) at various
temperatures and compatibility with different hospital-based sterilization methods before they

could be used in patients.
6.2.2 Exploration of Long-term Dual-Active Antimicrobial Surfaces

Similarly, CHXD in combination with silver sulfadiazine is currently clinically used in indwelling
catheters to eradicate bacterial infections originating from biomedical devices.” However, these
commercial surfaces lack mechanisms to address other clinical challenges associated with
medical devices, such as thrombosis and inflammation. Moreover, elevated concentrations of

silver-based technologies can prove cytotoxic to local mammalian tissue and may fail to
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exterminate bacteria encapsulated within the biofilm.® ® The combination of CHXD and NO is a
promising combinational approach not just pertaining to stronger antibacterial action and biofilm
prevention on medical devices, but also to other biocompatibility challenges, including clotting
and foreign body response (inflammation). Although, these types of approaches can prove highly
beneficial to prevent an early onslaught of infection, the reservoir of both antimicrobials (NO and
CHXD) is bound to deplete over time. Future studies focusing on dual-active surfaces should
incorporate mechanisms of long-term NO-releasing/generating surfaces that deals with longevity
limitations for prolonged usage. This can involve increasing the payload of CHXD/NO donor in
the polymer matrix, conjugating antimicrobials to the polymer backbone that can reduce the
untimely leaching and provide sustained release or incorporation of NO generating compounds
(e.g., Cu, Se) that can generate NO from endogenous S-nitrosothiols (RSNO) present in the blood
such as S-Nitrosoglutathione (GSNO). More importantly, this work can also be extended to
fabricating dual-active medical devices involving various broad-spectrum antibiotics and

antifungal agents that can eliminate the infection-causing bacterial and fungal species.

6.2.3 Development of Hemocompatible and Clinically Relevant Size 3D-Printed Medical

Devices

In addition, the 3D-printing method can be used to tune surface porosities to fabricate
customized medical devices with NO-releasing and antibacterial traits. RSNO-incorporated
materials may face difficulties in potential clinical applications because of their thermal instability
at elevated temperatures used during the polymer extrusion process. The solvent swelling
technique used here provides a solution to incorporate NO donor into the device post-fabrication
such that the donor is protected from premature loss upon exposure to higher temperatures during
3D printing. As a follow-up project to current work, polymer films with varying porosities presented
in the study can be studied for their specific applications. For instance, more porous films can be

used for stent, drug delivery or even 3D-scaffold applications. Future studies intending to use the
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additively manufactured NO-releasing devices should investigate properties specific to the
application of the device e.g., blood-compatibility, hemolysis, platelet adhesion and activation etc.,
for blood contacting materials. For solid and capped films involving catheter-like applications it is
essential to investigate the mechanical properties of the material after NO donor incorporation,
viability of adhered bacteria on the inside vs. outside the catheter surface under flow conditions
for longer incubation hours that closely mimic the end-use application of the device and optimize
the interior porous structures in capped films to increase the NO reservoir in the polymer. For
effective clinical translation, catheters with clinically applicable length should be manufactured
and evaluated for their efficacy in vivo. This work can be extended to utilizing other type of NO
donors impregnated or immobilized on the variety of polymer surfaces or can also be studied with
catalyzing agents and antifouling strategies. For the current study, ChronoSil was selected as a
model polymer that demonstrated proof-of-concept, nevertheless, other polymer types commonly
used in medical device fabrication can be studied for their compatibility with 3D-printing process

and NO donor incorporation.
6.2.4 Optimization of DCDI for Portability and Controlled Leaching

Nitric oxide release from SNAP-incorporated materials can be enhanced using photocatalysis.
Chapter 5 of the dissertation successfully demonstrates how light wavelength and intensity can
be used to alter the NO release from SNAP-impregnated polymer. Results obtained from the UV-
Vis characterization showed that the introduction of light to SNAP polymer enhances the rate of
NO release from the donor in the soaking buffer (Figure 5.4). The DCDI presented in Chapter 5
is a first-generation antibacterial catheter insert that releases NO on-demand using a Bluetooth-
operated device. This insert is, however, restricted in terms of the amount of SNAP impregnated
into the polymer matrix, as well as the leaching of SNAP from polymer over time which directly
impacts the duration of NO release. Blue light between 400—450 nm wavelength is widely known

to cause irreversible damage to bacterial proteins and DNA."° A Versalume wearable module with
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blue light can emit light in 450 nm wavelength spectra.'" Therefore, future studies with DCDI can
involve the use of covalently conjugated SNAP to PDMS polymer (Figure 6.1) as a coating for
fiber optics connected to the commercial Versalume light module for generating battery-operated
disposable catheter disinfection insert."” While the conjugated SNAP can provide control over
leaching and higher initial SNAP content (as opposed to the impregnation process studied in this
dissertation), the battery-operated module will enable the portability of disinfection insert in
patients with short-and long-term catheter applications. Conjugating the NO donor SNAP with
hydrophobic polymers like PDMS and PVC has been reported to significantly reduce leaching
which consequently prolongs the NO release from the polymer.'? '3 This covalent immobilization
of SNAP on PDMS polymer can be achieved via conjugation to the aminosilane cross-linker in
the PDMS polymer. Previous studies have shown the enhancement in the NO release levels in
vitro longevity with a stable and exceptional NO release for 125 d under physiological
conditions.' Due to the intramolecular hydrogen bonding between SNAP molecules, covalent
conjugation of SNAP to polymer, and the low water uptake of hydrophobic polymers, SNAP

dissolution and dissemination out of the PDMS polymer is significantly contained.™

The NO-releasing light insert proposed in this study can be used as a universally applicable

catheter disinfection insert that can be employed across various catheters with varying lengths,
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Figure 6.1 Structure of S-nitroso-N-acetyl-penicillamine covalently conjugated to hydroxy-
terminated Polydimethylsiloxane (PDMS) polymer resulting in SNAP-PDMS molecule.
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diameters, and/or materials. Chapter 5 confirmed the compatibility of the insert with the CVC
catheter model where the insert can be a part of the catheter between the clinical administration
of fluids and drugs. In this study, silicone rubber/PDMS was chosen as the platform to
demonstrate the excellent capacity of the insert due to the inherent permeation of NO through
silicone rubber catheter. Catheters come in varied sizes, with distinct diameters, wall lengths, and
materials, future studies must assess the effect of materials (e.g., silicone rubber vs. other
polyurethanes), diameters of commercial catheters vs. the size of DCDI in terms of NO transport
to the interior and exterior of catheter surfaces, and optimization of the effective length of DCDI
within the catheter lumen for clinical translation of this technology. Previous studies have shown
the compatibility of NO chemistry with various polymers such as polyurethanes, E2As, polyvinyl
chloride that release NO over extended period of time.'®"” The diffusion of NO through extensive
range of polymers inspires these studies to determine the broad effectiveness of DCDI on different
catheters. Notably, Meyerhoff group has recently demonstrated even a short GSNO-based insert
attached onto the hub region cap of catheters with localized NO release can dramatically reduce
the bacteria on the full length of the catheter in a 14-d sheep model.' The versatility of the NO-
releasing antibacterial DCDI is expected to lower the burden of catheter-related infections on
biomedical devices that can also be applied to other industrial uses that involve polymer tubing

and need clean surfaces for efficient operation.
6.2.5 Additional Fundamental Biocompatibility Studies

The role of NO in eradication of bacteria has been well understood with both in vitro and in
vivo studies conducted over the past years. However, the challenge of determining the precise
amounts of NO levels required to exterminate bacteria while maintaining therapeutic efficacy and
biocompatibility is yet to be answered. The human body utilizes NO at > 1 yM concentration to
tackle the invading pathogen via generating reactive oxygen and nitrogen species that destroy

the DNA, thwart protein functions and lead to lipid peroxidation of membranes in bacteria.'® Since
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nitric oxide is a hydrophobic gas, it tends to be more attractive toward the lipid membranes and
hydrophobic regions of membrane proteins.?° Polymer surfaces with NO-releasing capacity have
been shown to emulate NO levels similar to endothelial cells that release NO at a surface flux of
0.5 -4 x 10" mol cm min-!, which can inhibit platelet adhesion and activation.?' While materials
at or above physiological levels of NO release have shown to exhibit broad-spectrum antibacterial
properties (> 80% reduction in viability), materials with NO release levels below physiological
levels (~0.1 x 107" mol cm? min") have also been demonstrated to lower the viability of S. aureus
adhesion on the surface by ~60%.'> Moreover, bacterial biofilms when exposed to low amounts
of NO can transition from biofilm to planktonic state which makes them significantly more
susceptible to the action of antimicrobial agents.?? Although many studies have focused on
designing materials with physiologically-relevant levels of NO, not much has been researched on
the influence of NO at higher flux levels. Moreover, the correlation of NO release levels on
mammalian cell viability and antimicrobial action considerably above physiological levels is not
fully understood. Nitric oxide can prove cytotoxic to the body at extremely high concentrations
which makes it a critical component of designing NO releasing surfaces in the biomaterials field.
Since, introduction of light to SNAP-PDMS is anticipated to elevate the levels of NO flux from
insert, it is crucial to determine the threshold of NO needed for efficacy vs. toxicity which is
essential for enhancing clinical value such that material exhibits potent antimicrobial properties
while retaining its biocompatibility. Prior literature has demonstrated the success of NO-releasing
biomedical materials in both short- and long-term animal models,? 2* however, the studies
reported in this dissertation are yet to be evaluated for their in vivo performance. Furthermore, to
efficiently translate these strategies for clinical use in patients, it is crucial to create scalable
methods for clinically applicable size medical devices, which are commercially viable, easy to

produce, well-prepared for the regulatory process, and solve microbial challenges.
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To overcome the challenge of pathogen propagation on medical device surfaces and improve
the antibacterial efficacy of medical devices, various antimicrobial approaches including silver-
doped catheters, incorporation of antibiotics, or antimicrobial peptide coatings to inhibit the
invasion of bacterial cells on materials have been explored in the literature.?>2° Similarly, IV line
devices with antimicrobial activity against broad strains of bacterial and fungal species via alcohol
infusion have been reported in the literature.3°-33 Despite their progress to clinical translation and
commercialization, many of these strategies are limited to acting against free-floating bacteria
and tend to fail against mature biofilms. NO-based antibacterial therapy is considered superior
and envisioned to eradicate bacteria present in both the planktonic phase and as well as biofilm
phase, as the gaseous nature of NO allows deeper penetration of NO into the EPS matrix where

many broad-spectrum antibiotics and metal ions fail to infiltrate.
Summary

In summary, this dissertation work demonstrates that having another active and passive
mechanism to either prevent fouling (passive) or increase antimicrobial efficacy using other
antimicrobial strategies (active) can synergistically enhance the antimicrobial properties of NO-
releasing surfaces. While NO with other active strategies can prove a superior and well-suited
solution for short-term medical device applications as the antimicrobial moieties will be exhausted
over time, the presence of passive technology with NO can prevent the accumulation of biological
debris and provide an antifouling and antibacterial interface for medical devices over longer
durations. Alternatively, using additive manufacturing and light active NO release can help in
modulating NO release from materials for improving biocompatibility and antimicrobial properties.
The data presented in this dissertation suggest the promising potential of NO-releasing surfaces
for the production of antibacterial and antifouling medical devices. For effective clinical translation,

it is imperative to design commercially viable and scalable methods that can be applied to clinically
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relevant size biomedical devices, avoid complexity, are relatively easy to manufacture, and most

importantly should be able to satisfy the regulatory guidelines.
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