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Abstract

Biomedical devices are essential for patient diagnosis and treatments; however, when
blood comes in contact with foreign surfaces or homeostasis is disrupted, complications
including thrombus formation and bacterial infections can interrupt device functionality,
causing false readings and/or shorten device lifetime. Here, we review some of the current
approaches for developing antithrombotic and antibacterial materials for biomedical
applications. Special emphasis is given to materials that release or generate low levels of
nitric oxide (NO). Nitric oxide is an endogenous gas molecule that can inhibit platelet
activation as well as bacterial proliferation and adhesion. Various NO delivery vehicles
have been developed to improve NO’s therapeutic potential. In this review, we provide a
summary of the NO releasing and NO generating polymeric materials developed to date,
with a focus on the chemistry of different NO donors, the polymer preparation processes,
and in vitro and in vivo applications of the two most promising types of NO donors studied

thus far, N-diazeniumdiolates (NONOates) and S-nitrosothiols (RSNOs).
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Blood-contacting biomaterials are an integral part of various biomedical devices, ranging
from simple catheters to intravascular grafts to extracorporeal circuits and membrane
oxygenators, that offer lifesaving treatments to thousands of patients every day. The
incorporation of these blood-contacting materials is usually complicated by foreign body

responses that is initiated by the coagulation cascade! (see Figure 1).
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Figure 1. Simplified schematic of the blood-coagulation cascade, where both intrinsic (surface
contact) and extrinsic (tissue factors) pathways converge and ultimately form thrombus (modified

from review by Sefton et al.2).

Exposure of blood to foreign materials will cause plasma proteins, such as Factor XII and
Factor XI, to be activated and adhere to the polymer surface. The activated protein will
interact with platelet surface membrane receptor GPIIb/IlIa, that can bind with fibrinogen,

von Willebrand Factors (vWF), fibronectin, and vitronectin, which ultimately leads to
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platelet conformational changes, subsequent release of intracellular agents, (e.g., Factor V,
VIII and Ca?*, etc.), and initiates platelet activation and aggregation (intrinsic pathway).23
Further, surgical procedures that utilize these devices have the potential to injure the
vessel wall, disrupt blood homeostasis and release tissue factor, also causing platelet
activation and concomitant conformational changes as well (extrinsic pathway).1-¢ Both
pathways converge and trigger the coagulation cascade as the activated platelets bind with
fibrinogen and other clotting factors. Fibrinogen forms insoluble fibrin, which traps red

blood cells and ultimately forms a thrombus within a matter of hours”8 (see Figure 2).
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Figure 2. Simplified representation of the processes that lead to thrombus formation on the

surfaces of blood contacting biomedical devices.

In addition to thrombus formation, bacterial infection is also often associated with the use

of many biomedical devices. The rise of hospital-acquired infections, also known as
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nosocomial infections, is a growing concern in healthcare industry. It was reported that an
estimated 1.7 million patients suffered from healthcare-associated infections (HAI) in the
U.S. hospitals in 2002 and the number of HAI deaths was 98,987 patients, including 30,665
resulting from bloodstream infections.?-1> Device-related infections are the result of
bacteria adhesion to the biomaterial surface. After planktonic bacteria initially colonize
onto the surfaces of polymeric devices, cells start to grow into colonies, and then hydrated
matrices of extracellular polymeric substances (EPS) are formed, also known as biofilms,

16-18 (see Figure 3).

Attachment Colonization Mature Detachment

Figure 3. Representative processes involved in biofilm formation and bacteria dispersion.

The EPS holds the bacterial cells together in a mass and firmly attaches the cells to the
underlying surface. Ultimately, a mature biofilm will periodically release bacteria cells
from the biofilm colony into the surrounding medium. Of note, the EPS is both a physical
and a chemical barrier to antibiotics and significantly retards their rate of penetration that

makes conventional antibiotic treatment for such infections ineffective. Further, the EPS
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can possibly foster antibiotic-resistant bacterial gene mutations.l? Ideally, all biomedical
devices should be able to prevent bacterial colonization on their surfaces, especially within
the first 6 h of blood exposure, which is identified to be the most susceptible and most
“decisive period” for the success of a long-term implant.2® Thrombus and bacteria biofilm
formation cause device failure, which in many cases can only be solved by device removal
and replacement. Besides patients suffering, the increased healthcare costs associated with

these infections has also created a significant economic burden.20

The clinical problems of thrombus and infection described above have triggered
substantial interest among scientists to develop new and more effective ways to create
antithrombotic and antibacterial polymeric surfaces for biomedical devices, especially

those in direct contact with blood (e.g., intravascular catheters, vascular grafts, etc.).

Current strategies for prevention of thrombosis:

1) Actively releasing anticoagulants to block the innate coagulation cascade

In a clinical setting, in order to prevent surface-induced thrombosis during
cardiopulmonary bypass, hemodialysis, and angioplasty, anticoagulants are routinely
administered, the most commonly used one being heparin.221 However, systemic heparin
administration can lead to hemorrhage and thrombocytopenia. Localized release of
heparin with concentrations that are not tolerable at the systemic level may be applied
with minimal side-effects.2223 To date, several approaches have been pursued to achieve
localized heparin activity at the surface of implanted devices including the creation of

heparin-releasing polymer surfaces via ionic bonding,2224-26 physical dispersion27-30 and
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solution swelling,223132 as well as heparin-immobilized polymer surfaces.33-3¢  For
example, Gutowska et al.22 described a novel thermosensitive heparin-releasing poly(N-
isopropylacrylamide) (poly(NiPAAm)) coating for prevention of surface-induced
thrombosis on polyurethane catheters. Poly(NiPAAm) has a lower critical solution
temperature (LCST) in aqueous solution, around 32 °C, which enables it to swell when
immersed in a heparin solution at low temperature (e.g., room temperature, RT) and
uptake this polyanionic drug. When the temperature is higher than LCST, the swollen
coating will collapse dramatically and release heparin. Both the heparin impregnated and
control PU catheters were inserted into saphenous veins in a canine model for 1.5 h, and
the heparin-releasing PU catheter surfaces demonstrated a significant reduction of
thrombus formation after contact with the venous blood. This was demonstrated by SEM
images of the explanted catheters when compared to the appropriate controls. Heparin
typically has low solubility in organic solvents, but this swelling method introduced the
possibility of solution absorption in water and loading of relatively large amount of the
drug into the swollen polymer chains. This method also offers flexibility for the amount
and type of anticoagulant drugs that can be loaded into various thermosensitive coatings.22
However, the heparin release kinetics for this system are relatively fast, with the release
rates of 1 pg/cm? per h for up to 6 h. Therefore, the potential application of this material is
limited to preventing thrombosis formation in short-term applications, such as for

angiography catheters, etc.

Heparin has also been covalently linked to the surface of vascular grafts via end-point

immobilization and this approach has been commercialized for expanded
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polytetrafluoroethylene (ePTFE) and Dacron grafts.37-3% The key to the success of heparin-
immobilized polymers depends on the covalently bound heparin remaining flexible enough
to bind antithrombin III in order to prevent fibrin formation and the ultimate blood clot.3
The literature on immobilization of heparin is vast and has been reviewed extensively
elsewhere.3740 However, due to their very short half-life,41 heparinized polymer surfaces
still suffer a great challenge when it comes to long-term in vivo applications. Other
anticoagulants such as thrombomodulin,3¢ direct thrombin inhibitors (e.g., hirudin*? and
argatroban#3), or antiplatelet drugs (e.g.: prostacyclin (PGIz))364142 have also been
immobilized onto polymer surfaces to increase their hemocompatibility, with varying

degrees of success.

2) Chemical modification of the polymer surface to reduce protein adsorption

It is widely known that the first step that initiates activation of the coagulation cascade is
protein adsorption (especially fibrinogen and von Willebrand factor; see Figure 2) to the
surface of a blood contacting medical device. This knowledge has led to many years of
research in developing approaches to modify polymer surfaces that focus on reducing such
non-specific protein adsorption. Some examples include immobilizing a layer of blood-
compatible hydrogels on the device surfaces, such as poly(vinyl alcohol) (PVA),
polyacrylamide (PAAm), poly(N-vinyl pyrrolidone) (PNVP), poly(hydroxyethyl
methacrylate) (PHEMA), poly(ethylnen oxide) (PEO), poly(ethylene glycol) (PEG),
poly(ethylene glycol) monomethyl ether (PEGME), and Cellulose.32244 Hydrogels are
water-swollen polymeric networks containing chemical or physical cross-links and were

first used initially as soft contact lenses in the late 1950s.4> Due to their hydrophilicity and
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excellent water retention properties, they have the natural tendency to prevent cell and
protein adhesion and are considered to be very biocompatible and desirable in biomedical
applications. For example, immobilization of PEG (-CH2CH20-) is a widely used method to
modify traditional polymer surfaces employed in the medical field, such as plasticized
poly(vinyl chloride) (PVC) and polyethylene (PE), etc.4#6-4° PEG is a non-toxic water-soluble
polymer approved by the U.S. Food and Drug Administration (FDA) for internal
consumption.’? Lakshmi et al.#¢ were among the first to graft PEG 4000 onto medical grade
PVC sheets and conducted thrombogenicity studies to evaluate platelet adhesion using
platelet rich plasma (PRP) and whole blood clotting time with fresh rabbit blood. The
scanning electron microscope (SEM) images clearly indicated more platelet adhesion to the
bare PVC sheet than the PEG-grafted ones. The PEG grafting also extended the whole blood
clotting time from 20 min to more than 70 min as determined by the hemolysis assay.
Balakrishnan et al.#” later demonstrated success using bulk modification of PVC resin with
PEG 600 that yielded greatly reduced solid/water interfacial free energy and platelet
adhesion in in vitro PRP studies. This study expanded the anti-fouling chemistry from
surface modification on a finished product to bulk synthesis. However, studies conducted
by Sefton and coworkers who used PEG immobilized PVA hydrogel coated PE tubing in an
ex vivo canine arteriovenous (AV) shunt reported that neither the PEG grafted or control
PVA tubing could maintain circulating platelet levels after 4 d.#° Heparin and hydrogel
modified surfaces are the most commonly studied approaches for achieving
thromboresistant surfaces. For further breadth, readers are guided to reviews that

highlight additional approaches developed thus far, such as endothelial cell coated-
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surfaces, albumin-coated surfaces, pyrolytic carbon-coated surface, phosphorylcholine

surfaces, elastin-inspired surfaces, etc.34251-53

Current strategies for creating antibacterial surfaces:

1) Surfaces that resist bacteria and reduce initial attachment

Bacteria attachment to device surfaces is the first step required for biofilm formation.
Therefore, using biomaterial surfaces that resist bacteria attachment is an intuitive
solution to this problem.5* Super-hydrophobic polymer surfaces, such as very smooth
silicone, polyurethane, polytetrafluoroethylene (PTFE), poly(vinyl chloride) (PVC), and
polyethylene (PE), that have water contact angles larger than 150°, low surface energy,>>56
as well as unique water repellent>?” and self-cleaning abilities,’¢ are known to have
resistance to microbial cell adhesion during short-term applications.>8 Hydrophilic surface
modifications, such as the PEG modified surfaces discussed above, have also been widely
characterized in the literature and have demonstrated excellent anti-adhesive properties
for bacteria cells and proteins.#4 However, the susceptibility of PEG to oxidative damage,
especially in the presence of O, transition metal ions or certain enzymes in vivo, has
limited its long-term application in complex media.>?6% Some studies have demonstrated
that polymer surfaces with segmented block co-polymers (hard and soft domains) that
result in phase-separated structures also exhibit less bacterial adhesion and cell
attachment.61-63 Qverall, however, passive surfaces without functional active agents may
not be ideal for long-term applications because these surfaces may eventually become
contaminated due to defects during preparation or deterioration of the coating when in

contact with physiological fluids.3464
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2) Surfaces that disperse or detach biofilms

Biofilm dispersal is a promising area of research that focuses on how to inhibit biofilm
formation using dispersal agents, which induce biofilm bacteria to detach and return to
their planktonic form. Several studies have found that bacteria naturally produce biofilm
dispersal agents when the community senses a quorum, signaling the detachment
process.>* These agents include D-amino acids,®> cis-2-decenoic acid (C2DA),16.1854
peptides and various enzymes (e.g., dispersin B), etc.>#6¢ However, most mechanisms of
action of these compounds are still unclear, which hinders further development and
application in this field. Many researchers have studied the effects of these dispersal
agents in vitro, by adding the agents directly to pre-formed biofilm in petri dishes or
bioreactors.6” Jennings et al. attempted to load C2DA into chitosan sponges for localized
delivery by initially immersing the sponges into 1 mL of 100 mg/mL C2DA in 10 %
enthanol.®” The release of C2DA was determined by HPLC and its release lasted 5 d (200-
1000 pg/mL) with a burst of C2DA release on day 1. The anti-biofilm efficiency of the
C2DA loaded chitosan sponge was tested against clinical isolates of methicillin-resistant
Staphylococcus aureus (MRSA) and the results showed that C2DA at a concentration (in the
sponge) at or above 500 pug/mL can inhibit bacterial growth. Current research in this field
is aimed at developing vehicles for the controlled and sustained release of such biofilm

dispersal agents.>*

3) Surfaces that have bactericidal functionalities
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The most common mechanism of creating functional antibacterial surfaces is through a
bactericidal effect, which includes employing a vast collection of approaches involving
quaternary ammonium compounds (QACs)¢468-70 and other polycations (e.g.,
organometallic dendrimers’! and chlorhexidine’?), metal ions (e.g., silver,’374 copper,’>
titanium,’¢ etc.), locally released antibiotics (e.g., gentamicin®®77.78) or bactericidal agents
(e.g., bacteriophages,>+7980 protein synthesis inhibitors,®¢ antibacterial enzymes such as
lysozyme,6481 antibacterial peptides,82-8¢ natural biomolecules such as chitosan8>-87 and
herbal extract (e.g., flavanones and chalcones),®8 etc.), and inducing oxidative stress.”189 In
general, the mechanisms of bactericidal surfaces are: 1) contact-based bactericidal activity
(e.g., QAC, etc.) which affects the ion-exchange processes and cause general perturbations
that destabilize the cytoplasmic membranes of bacteria, resulting in leakage of the
intracellular fluid; and 2) release-based bactericidal (e.g., metal ions, antibiotics, etc.),
which damage the bacterial cell membrane as well as disrupt the function of bacterial
enzymes, DNA, proteins and cell membranes.®* A problem, however, with many
bactericidal surfaces is the attachment of dead microorganisms remaining on the
antibacterial coatings, which can trigger immune response and inflammation, as well as

block a given coating’s active functional group.

In recent years, in order to achieve improved antibacterial and anti-fouling efficacy, many
researchers have developed polymeric surfaces that combine more than one of the
antibacterial functionalities mentioned above; for example, creating a surface that not only
can attach and kill bacteria but also be able to release any adhered dead bacteria debris.

Toward this goal, many pH,5%8190 thermo,’! or electrical voltage®2-responsive polymers,
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that can be controllably extended or collapsed or altered in their charge carrying
properties have been developed. They are often termed “stimuli-responsive smart
antibacterial surfaces”. Jiang and coworkers developed a cationic poly(N,N-dimethyl-N-
(ethoxycarbonylmethyl)-N-[2’-(methacryloyloxy)ethyl]-ammonium bromide) that has a
quaternary ammonium group and was grafted onto a gold surface by surface-initiated atom
transfer radical polymerization.5® The cationic surface can kill 99.9% of E. coli bacteria
when exposed to a suspension of 1010 cells/mL for 1 h, and then it hydrolyzes into a
nonfouling zwitterionic surface and releases 98 % of the bacterial residue after 8 d at 37 °C
and pH 10.0. This is only a one-time transition between cationic and zwitterionic surface;
therefore, in order to achieve a fully reversible “kill and release” functional surface, a
surface with morpholinone derivatives that can be switched repeatedly between two
equilibrium states was developed by the same authors.?? In neutral or basic aqueous phase,
the surface will release dead bacteria and at the same time resist bacteria adhesion.
However, under acidic conditions (e.g., in acetic acid for 20 h), the surface will regenerate

bacteria-killing function by reforming the quaternary ammonium functional group.

Of note, there are some limitations of this method of using pH change to alter antimicrobial
properties of a surface. These include: 1) this surface can Kkill bacteria attached on the
surface while it is dry, since a wet version of this surface is generally resistant to bacterial
attachment, suggesting this method mainly works for applications that prevent airborne
bacteria; and 2) the requirement of changing environmental pH to achieve surface
functionality may be difficult in situ with certain biomedical applications (e.g., blood

contacting devices). Most recently, Chen and coworker developed an on-demand
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switchable and repeatable antibacterial surface. They used a silicone nanowire grafted pH-
responsive poly(methacrylic acid) (SiN-PMAA) for loading a natural antibacterial agent
(i.e., lysozyme enzyme), enabling killing of bacteria and releasing dead bacteria debris
when alternating the environmental pH between 4, 7 or 10, respectively. The SiN-PMAA
surface exhibits a high capacity for binding lysozyme at acidic pH, but can release the
majority of the adsorbed lysozyme that serves as biocide to Kkill bacteria attached to the
surface or suspended in solution at neutral pH, and then release the dead bacteria to
provide a self-cleaning process when the environment pH is increased to a basic value.
This dynamic reservoir concept may serve as the foundation for engineering
multifunctional surfaces that may find many practical applications (such as biocatalysis
and biosensing) in both biomedical and biotechnology fields. However, achieving the
needed changes in pH within blood, which is relatively strongly buffered, will be more

challenging.

Lastly, bacterial interference is a different concept that uses active bacteria (either
probiotic bacteria>49394 or bacteria with less virulence?5-97) to inhibit the targeted bacteria
by competing for common resources in the same environment. This approach can be
leveraged to prevent infections from exogenous sources. Trautner et al. reported a
prospective clinical trial of using nonpathogenic bacteria colonized on urinary catheters in
patients who require indwelling catheter drainage, to examine their effect in preventing
bacteriuria commonly present in patients with indwelling urinary tract catheters.?”
Commercial urinary catheters were incubated in broth of Escherichia coli (E. coli) HU2117,

a genetic strain that can cause persistent colonization without symptomatic infection,?8 for
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48 h before insertion into patients for 28 d. The patients’ urine samples were collected at
various time points until E. coli HU2117 was no longer detected. Ten (83 %) out of 12
subjects were successfully colonized with E. coli HU2117 for 14 d or more (range, 15-165 d)
after inoculation by insertion of the catheter. One patient had urinary tract infection (UTI)
symptoms caused by Pseudomonas but none of the patients experienced UTI attributable to
the colonization of E. coli HU2117. The overall rate of symptomatic UTI for this study was
0.15 cases per 100 patient-days of colonization, compared to the reported rate of 2.72
cases per 100 patient-days, which suggested that this organism may have a protective
function in patients who used the E. coli colonized catheters.?® However, a larger study
group is needed to test the safety and efficacy of E. coli HU2117 coated catheters in highly

problematic populations.

Creating Dual-Functionality Hemocompatible Surfaces:

The ultimate truly hemocompatible polymer for blood-contacting biomedical devices
should have both antithrombotic and antibacterial functionalities. Many dual-functional
materials have been investigated, including zwitterion-based surfaces, submicron-

patterned surfaces, and surfaces with multiple functional moieties, etc.

Zwitterionic polymers are polymers with equimolar number of homogeneously distributed
anionic and cationic groups on their polymer chains, that form a hydration layer on the
surface of the material through electrostatic interaction and therefore resists plasma
protein and bacterial cell adhesion.64#100.101 ~ An alternative strategy towards creating

hemocompatible surfaces is to change the polymer’s surface topography, thereby
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mediating subsequent biological responses. Creating a submicron-textured surface can
dramatically reduce the accessible contact area for platelets or bacteria to interact with the
surface, thereby minimizing the opportunities for bacteria and platelet adsorption.102-104
Polymers that combine multiple functional groups on one surface have also been tested,
such as combining synthetic heparin-mimetic polymer or hydrophilic polymer brushes

(e.g., PEG) with antibacterial quaternary compounds (QAC) or Ag nanoparticles.105-107

Despite some successes in the research laboratory with the methods reported above,
newer approaches to reduce the possibility of thrombus and/or infection on indwelling
device surfaces are still in great demand within the medical community. Therefore, the
main focus of the remaining content of this review is the utilization of polymer-based NO
delivery to prepare dual functioning antithrombotic and antibacterial surfaces for

biomedical applications.

Nitric Oxide (NO) to the rescue

Nitric oxide (NO), a diatomic free radical, was identified as the endothelium-derived
relaxation factor (EDRF) in the Nobel Prize-winning discovery by Ignarro, Furchgott, and
Murad in 1987.20108-113 Many researchers have later unveiled NO’s various physiological
functions in the human body, including preventing platelet activation and adhesion,
inhibiting bacterial proliferation and biofilm formation, enhancing endothelization,
signaling in the immune system’s response, and promoting angiogenesis and the wound

healing process.112114-117
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The human body synthesizes a large quantity of bio-regulatory NO from the substrate L-
arginine via three distinct isoforms of nitric oxide synthase (NOS), including endothelial
NOS (eNOS), neuronal NOS (nNOS) and inducible NOS (iNOS).118-120 The NO produced by
eNOS contributes to the thromboresistant properties of the endothelial lining of blood
vessels by inhibiting platelet activation. The activation of platelets is mediated by NO
through the soluble guanylate cyclase (sGC) pathway. NO binds to the heme iron moiety of
sGC and subsequently increases intracellular concentrations of cyclic guanosine
monophosphate (cGMP).121.122  [n addition, the cGMP increases cyclic adenosine
monophosphate (cAMP) levels indirectly through phosphodiesterase III, which will also
decrease the intracellular calcium concentration. The NO activated sGC ultimately results
in reduced intracellular calcium, inhibition of platelet phosphoinositide 3-kinase (PI13), and
reduced affinity as well as number of surface membrane fibrinogen binding sites on
platelets (GPIIb/IIla).117.121-126 [t has also been suggested that many NO-related species are
essential for NO’s potent antimicrobial effects. First, NO can react with superoxide (027)127
and form peroxynitrite (OONO-), which is a lethal oxidizing agent and can induce oxidative
stress, nitrosate amino acids and thereby alter protein functionality, oxidize and break DNA
strands, and cause cell membrane damage to the bacteria it comes in contact with via lipid
peroxidation.20127-129 A second possible route reported for NO mediated cytotoxicity relies
upon the formation of S-nitrosothiols (RSNO) in which after oxidation of NO to N203 the
N203 can react with sulfhydryl groups on cysteine residues of membrane proteins to create
RSNO structures that alter protein functionality, leading to cell stasis or cell death.108
Indeed, NO released or generated from polymer matrices has been shown to have similar

antiplatelet and antimicrobial effects, as further described in detail below.
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Some surgery interventions or trauma that destroys the endothelial lining, as well as
certain vascular diseases, will lead to an increased level of superoxide anions and that react
with NO and reduce its bioavailablity.119130 Reduced NO levels are associated with many
health complications and/or diseases, such as high blood pressure, deep vein thrombosis,
intimal hypertension, restenosis, endothelial dysfunction, and prolonged wound healing
times in diabetic patients, etc.1131132 There are three main strategies for increasing NO
bioavailability: 1) by participating in physical exercise and controlling certain dietary
components (e.g., nitrate-rich diet);132133 2) by administrating drugs that alter the
enzymatic production of NO through nitric oxide synthases (NOSs) and increase the
biosynthesis of NO endogenously;117 and 3) by using modified polymeric materials that
can actively deliver NO exogenously to the sites of interest.3109110 Various NO-related
drugs have been used in the clinical settings for many years: nitroglycerin (converted to NO
by enzymes) for chest pain, sodium nitroprusside for controlling blood pressure, and
molsidomine for pulmonary hypertension.131 This has triggered substantial interest in
developing polymers that can be functionalized as an artificial endothelium-like surface to

therapeutically deliver NO locally at the polymer/blood interface.

Since NO is highly active in vivo (with a short-half life on the order of seconds due to its
rapid reaction with oxyhemoglobin, oxygen, and thiols, etc.), many NO donors have been
synthesized and used for achieving the goal of prolonged and controlled NO delivery. Some
examples include organic nitrates or nitrate esters (e.g., nitroglycerin or glyceryl trinitrate

(GTN) and pentaerythrityl tetranitrate (PETN)), metal-NO complexes (e.g., sodium

Page 18 of 66



Page 19 of 66 Biomaterials Science

nitroprusside), nitrite, N-diazeniumdialates (NONOate), and S-nitrosothiols (RSNQ),134-140
see Figure 4). Nitroglycerin, the most commonly used organic nitrate for clinically treating
hypertension and angina pain, is known to release 1 mole equivalent of NO upon
bioactivation by mitochondrial aldehyde dehydrogenase (mtALDH).111 However, patients
often develop nitrate tolerance (tachyphylaxis) after prolonged use because the reactive
oxygen species generated by nitroglycerin can oxidize the thiol group of the mtALDH and
result in enzyme dysfunction.111.141-143 This low bioavailability limits nitroglycerin’s use as

an efficient NO donor and complicates clinical treatments.

0 2-
o _
a7 b) .
N =
e, | wZ . cl | al *
chr\c 2Na //""F o 2K
N L Ny a F‘CI
I d
N o)
I
c) i Y T
N
- o
~F o -
_0\+/O\)\/0\+/0_ ” 0. +_0
N N l
|| I
O\ﬁ/o
o) _ f) o
9 |
0. + N 0 +_N
\N4 \Né

0 h
9) 7 ) o o
0
o o
H\)J\ o )J\
HO N OH N N
H H
NH 0

Figure 4. Structures of commonly studied NO donors in biomedical applications, a) sodium

nitroprusside; b) potassium nitrosylpentachlororuthenate; c¢) nitroglycerin: d) pentaerythrityl
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tetranitrate; e) diazeniumdiolated N-(6-aminohexyl)aminopropane; f) N,N'-

dibutylhexamethylenediamine; g) S-nitrosoglutathione; h) S-nitroso-N-acetylpenicillamine.

Metal NO complexes (metal nitrosyls) represent another class of NO donors used in
biological testing. Many different metal NO complexes have been reported, including
manganese,108136 jron144 and ruthenium-NQ108111136 complexes, with sodium nitroprusside
(Naz[Fe(CN)sNO], SNP) being the most common. SNP is often used as a potent vasodilator
in hypertensive emergencies,144 which releases NO in the presence of reducing agents (e.g.,
thiol-containing compounds such as cysteine or glutathione) or by illumination with near-
infrared or visible light.111.120.144 However, cellular toxicity concerns due to the release of
cyanide and cytotoxic peroxynitrite as byproducts have made metal nitrosyl complexes less

attractive as medicinally used NO donors.111,140

Reduction of nitrite can generate NO via both enzymatic (nitrite reductase, xanthine
oxidoreductase, etc.) and non-enzymatic (gastrointestinal acid, ascorbate, myoglobin, etc.)
pathways.132 Recently, it was demonstrated that nitrite can also be used to generate NO via
electrochemical reduction at an electrode surface with either Cu(I) ion generated from
oxidation of Cu? 145146 or via the use of Cu(Il)-ligand complexes that mimic the active site of

nitrite reductase (e.g., Cu(II)-tri(2-pyridylmethyl)amine, Cu(II)TPMA).147

Many researchers over the past two decades have focused on using N-diazeniumdiolates
(NONOates) and S-nitrosothiols (RSNOs) as leading candidates for controlled NO delivery

due to their relatively high stability, their ability to spontaneously release NO under
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physiological conditions (e.g., no enzyme required) in a predictable manner, and their
higher bioavailability in vivo.3120.135 Furthermore, the tissue and metabolite independent
release also avoids the build-up of tolerance over time, which makes these agents more

suitable for biomedical applications.

N-Diazeniumdiolates (1-amino-substituted diazen-1-ium-1,2-diolate) are a class of NO
donor molecules formed by reactions between primary or secondary amines with NO
under high pressure (e.g., 5 atm) in the presence of base (either an unreacted amine
substrate or an added metal alkoxide base) at low temperatures.1136 These species are
able to generate two mole equivalents of NO per mole of donor, via a proton-driven
reaction (hydrolysis), in the physiological environment such as when the compound is
exposed to blood or tissue fluids (see Figure 5). NONOates can also release NO via thermal,

photochemical or enzymatically (e.g., esterase) reactions.136.148
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Figure 5. N-Diazeniumdiolates (NONOates) formation and decomposition.

The half-lives of the synthesized NONOates strongly depend on the structure of the amine
precursors and hydrogen bonding stabilization from additional amines within the
molecule. It has also been reported that hydroxyl groups within the donor molecule, or the
matrix it is within, can also contribute to the hydrogen bonding with the

diazeniumdiolates.149150 For example, half-lives can range from the shortest reported ti/2
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of 1.8 s for the diazeniumdiolated amino acid proline (PROLI/NO) to ti2 of 20 h for
diethylenetriamine (DETA/NQ).135136 One drawback of the diazeniumdiolate compounds
is that they may potentially form carcinogenic nitrosamines.!>1152  Batchelor et al.
synthesized more lipophilic NONOates for use in reducing the NO donor leaching into blood
from polymers that had been doped with such NO donors.153 Since the NO release process
produces a lipophilic amine byproduct that increases the pH of organic phase, many
additive compounds (such as tetraphenylborate or other borate derivatives!>3) have been
included within the organic polymeric phase to serve as counter ions for organic
ammonium cations (when amines form after NO release and proton is extracted into the
polymer to create the ammonium species) and thereby partly prevent a pH increase within
the organic polymer phase. This can greatly prolong the NO release lifetime from such NO
donors when incorporated into biomedical polymers. Unfortunately, the borate additives
are not ideal because of their inability to extend the NO release to more than a few days and
their cytotoxicity toward endothelial cells.154155 Therefore, Handa et al.154155 as well as Cai
et al.15¢ studied various poly(lactic-co-glycolic acid) (PLGA) additives with different
hydrolysis rates as a means to slowly produce protons within the organic polymer phase
that can continue to drive NO release reaction from NONOates. PLGA is a biocompatible
and biodegradable polymer, with tunable mechanical properties and wide range of erosion
times. Further, it is already approved for use by the FDA for the development of devices for
controlled delivery of small molecule drugs, proteins and other macromolecules.157 These
studies demonstrated that the presence of PLGAs in the base polymer containing
diazeniumdiolate species can extend NO release under physiological conditions for up to at

least 2 weeks.
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S-Nitrosothiols (RSNO) represent an endogenous class of NO donors and natural
transporters of NO within tissues and blood.120158  Such molecules include S-
nitrosoalbumin (SNO-Alb), S-nitrosohemoglobin (SNO-Hb), S-nitrosocysteine (SNO-Cys)
and S-nitrosoglutathione (GSNO).15° RSNOs can be synthesized via the thiol nitrosation
reaction (such as nitrous acid and alkyl nitrite, etc. in the acidic environment).140 Owing to
the natural occurrence of RSNOs in vivo, these molecules pose a relatively low risk of
toxicity to cells/tissues in comparison to NONOates. The transnitrosation reaction
transfers the NO* functional group from an RSNO species to another existing free thiol, thus

achieving a circulating unlimited supply of NO in vivo.160

RSNOs have characteristic UV-Vis spectra. In general, they appear green for tertiary RSNOs
(such as S-nitroso-N-acetylpenicillamine, SNAP) or pink for primary and secondary RSNOs
(such as SNO-Cys, S-nitroso-N-acetylcysteine (SNAC) and GSNO). There are two primary
bands in the UV-Vis spectra. The strong band in the UV region is between 330 and 350 nm
(e~103 M1 cm1), which is attributed by the no = " transition.140.161-163 A weak band in
the visible region is between 550 to 600 nm (e~20 M-1 cm1), which is attributed to the ny
= 1" transition.’40 It is known that RSNOs can release NO via multiple pathways.163-168
Thermal or photo-initiated decomposition will lead to homolytic cleavage of the S-N bond,
and form thiyl and NO radicals, where thiyl radical (RSe) will react with another RSNO and
generate disulfide (RSSR) and another NO radical. Metal ions (such as copper or ferrous
ions)169.170 or organoselenium compounds can catalyze RSNO decomposition.114171-173 [t jg

reported that Cu* (generated from reduction of Cu?* by trace amounts of thiol) can react
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with RSNO and form the corresponding thiolate and Cu?+, which then react to regenerate
Cu* and a disulfide to continue the catalytic cascade. RSNOs can also react with ascorbate
to generate NO via two pathways. In one, ascorbate (at low concentration) acts as a
reducing agent to generate Cu* from trace copper ion impurities in solution, or at high
concentration ascorbate can act as a nucleophile, attacking the nitroso group to generate
NO, a thiolate and dehydroascorbate.8174175 Further, certain enzymes such as copper-
containing superoxide dismutase (CuZn-SOD)140.176 or the selenium-containing enzyme
glutathione peroxidase (GPx)140.171173 can also convert RSNO to NO in the presence of a

reducing agent, such as glutathione (GSH) (see Figure 6).

A, hv, metal ions,
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Figure 6. S-Nitrosothiol (RSNO) formation and decomposition.

GSNO and SNAP are two commonly used RSNOs that have been intensively studied in a
variety of biomedical applications. GSNO is present in blood endogenously, which makes it
innately more biocompatible and attractive for many applications, such as promoting
wound healing process in mice or rats.177-180 The precursor for SNAP synthesis is N-
acetylpenicillamine (NAP), whose ultimate hydrolysis product, penicillamine, is already a
FDA approved chelator for treating heavy metal poisoning, such as Wilson’s disease.181-184
SNAP is reportedly one of the most stable NO donors available, due to its intermolecular
hydrogen bonding,162.185 and has already been shown to be a very promising candidate for

fabricating long-term NO releasing polymeric materials.161.162186 [jipophilic analogs of
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SNAP (such as N-substituted derivatives of SNAPs) have also been developed by addition of
bulky side-chains to N-acetylpenicillamine and preventing Cu* catalysis through steric
hindrance.187.188 Qther lipophilic RSNOs (S-nitroso-tert-dodecyl mercaptan (SNTDM), log P
= 5.3)189 (note: P = partition coefficient of a molecule between octanol and water) with a
higher Log P value than SNAP (log P = 0.4)162 have been synthesized for reducing the NO

donor leaching from the hydrophobic polymer phase.

Polymer-Based Strategies for NO Delivery

For the past two decades, many research groups have focused on developing techniques to
deliver NO locally, continuously and efficiently from polymeric devices where blood
clotting and/or bacteria infection are major complications. To improve the NO payload and
stability, achieve targeted NO delivery through multi-functionalization and elongate NO
releasing lifetime, many different scaffolds have been used as NO-releasing or NO-
generating vehicles. These include micelles,138190.191 microbubbles,192 proteins,193-197
liposomes,126198  jnorganic  nanoparticles (such as silica,70.199-203  gold,204205
microparticles,198206  zeolites,207.208),  metal-organic = frameworks  (MOFs),209-212
dendrimers,”1213.214  xerogels,215-217  electrospun fibers,88100218  patural polymers
(chitosan,8>-87.219-221 ge]atin,222 etc.), and other organic polymers (polymethacrylate,223
polyester,224225 polydimethylsiloxane (PDMS),226 polysaccharides,?27.228
hydrogel,178179.229,230 PV A 49,231,232 polyurethanes,161,162.233234 agnd PVC154). The approaches
and benefits of different NO-delivery materials have been highlighted in numerous
reviews.1,111,120,131,135-138235  Here, an overview of the most promising polymer-based NO

delivery strategies are discussed, including covalently bound NO donors within/on a
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polymer matrix, physically dispersed NO donors within a polymer matrix, and catalytically
generated NO from various RSNO reservoirs in the body (see Figure 7), and their

representative examples in antithrombotic and antibacterial applications are described.
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Figure 7. Three different strategies to fabricate of polymer surfaces that release or generate NO,
including physical dispersion of NO donor into polymeric matrix, covalently bound NO donor
functionalities onto polymer backbone, or NO generation from endogenous RSNO species in blood

by metal catalysts embedded in or covalently bound to the surface of the polymer.

Covalently Bound NO Releasing Polymers
N-Diazeniumdiolates are the most studied NO donors, and many polymers with secondary
amine groups have been chemically modified to create the NONOate moiety.109.110,136

Meyerhoff and coworkers were among the first to link these NO donors to particle fillers
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(such as fumed silica particles23¢) or to the polymer backbone of polymers such as
PV(,34237 polyurethane (PU),34110.233 and silicone rubber (SR).238 Zhang et al. synthesized
NO-releasing fumed silica particles (0.2-0.3 um) by tethering alkylamines onto the surface
of the FS particles using amine-containing silylation reagents (coupling efficiency 50-70 %),
and then converted them to corresponding NONOate groups with final NO loading of ca. 0.6
umol/mg of particle.236 The half-lives of the particles are significantly longer than the
solution phase NO donor analogs, owing to the fact that a large quantity of amines present
at the particle surface can increase the local pH, which then reduces the NO release rate. Of
note, when local pH decreases significantly, it results in partial release of the stored NO due
to the proton-driven NO release mechanism. Therefore, some methods utilize additional

acid-generating compounds to facilitate continual release of the entire NO payload.

Keefer and coworkers were one of the earliest groups to covalently attach a
diazeniumdiolate species to the backbone of poly(ethylenimine) (PEI) to form
PEI/NONOate, which later was used to provide a flexible NO release coating for PTFE
vascular grafts.239 The NO release from the sample was at a relatively constant rate (0.5
pmol min -1 mg -1) for 5 weeks in PBS buffer at 37 °C. In subsequent studies, Saavedra et al.
prepared methoxymethyl-protected diazeniumdiolated piperazine PVC;237 however, the
NO release rate was slow due to the fact that the NO could only be released from the
NONOate group after the hydrolysis of the methoxymethyl protecting group.3* In addition,
this PVC film can concurrently release toxic methanol and formaldehyde as byproducts of
the methoxymethyl-protecting group, which is undesirable for use as materials in

biomedical applications. Zhang et al. later incorporated diazeniumdiolated functionalities
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into more biocompatible silicone rubber.238 Briefly, the diaminoalkyltrimethoxysilane
(DACA) was reacted with the terminal hydroxyl groups of the PDMS, and then the aminated
PDMS macromolecules were cross-linked to each other (condensation-curing) in the
presence of ambient moisture before forming the NONOates species at the amine sites (via
reaction of the polymer with NO(g) at high pressure). Likewise, N-diazeniumdiolated NO
donors have been covalently linked to polyester,240 polymethacrylate,223 polyurethane
(PU),35110233,234 PYA232 and other hydrogels?*l as well. The synthetic methods are
somewhat similar to that described above, with the exception of one type of PU containing
a diamine chain extender, where sodium salts (NaX, where X is an anion) are incorporated
into the reaction mixture during the NO addition process to facilitate the formation of

anionic diazeniumdiolates.110

Dendrimers are another class of popular NO delivery vehicles due to their ability to store a
large reservoir of NO, have tunable sizes, and to be multi-functionalized for targeted
delivery.214242 Stasko et al. were the first to modify generation 3 and 5 polypropylenimine
dendrimers at their exterior with different amine functionalities that were then converted
to diazeniumdiolated dendrimers via reaction with NO(g) at high pressure. The secondary
amine/NONOates yield the highest storage capacity for NO, with up to 5.6 pmol NO/mg of

polymer, and a NO release duration of >16 h under physiological conditions.z42

Frost et al. was the first to modify fumed silica (FS) particles (7-10 nm in diameter) with an
RSNO functionality,199200 such as S-nitrosocysteine-FS (SNO-Cys-FS), S-nitroso-N-

acetylcysteine-FS (SNAC-FS) and S-nitroso-N-acetylpenicillamine-FS (SNAP-FS). This was
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accomplished, by tethering the thiol containing amino acids or N-acetylpenicillamine
thiolactone onto aminopropyl-FS. In these efforts, a total NO loading of up to 1.38 + 0.29 x
107 mol NO/mg particles was achieved. The SNAC-FS and SNAP-FS particles can be
blended into polyurethane (PU) or trilayer silicone rubber (SR) matrixes to create films
that release NO at different rates by tuning the chemical identity, water uptake, or
thickness of the PU polymer.200¢ However, the SR films containing SNAC-FS or SNAP-FS in
the middle layer do not release NO upon exposure to copper ions or ascorbate in PBS
solution because the very high hydrophobicity of the SR blocks the contact between the
buffer and the RSNOs.1%° However, such films are able to release NO at levels proportional
to the intensity of visible light that is allowed to shine on the polymer, providing the first
hydrophobic materials that have an external on/off trigger that precisely controls the rate
of NO release via a photodecomposition reaction. The authors determined that 590 nm
light is primarily responsible for the release of NO from the SNAP-FS-SR films. Evidence
suggested that 67 % of the photoinitiated NO was accounted for by the longer wavelength
(590 nm) and 33 % by shorter wavelengths (centered around 340 nm). SNAP has also
been covalently attached to PDMS,226 gelatin?22 and a macrocycle (e.g., cyclam).243 The
ability to generate programmable sequences of NO flux from these light-sensitive materials
can offer precise spatial and temporal control of the NO release and potentially provides a
platform to systematically study, at a fundamental level, the in vivo physiological response
to implanted devices.226 Of note, SNAP-cyclam is capable of releasing physiological
relevant levels of NO for up to 3 months in vitro when blended into poly(L-lactic acid) thin
films, and this represents the longest NO release from SNAP-based polymer films reported

to date.243
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RSNOs have also been used to form functionalized dendrimers?13 or hyperbranched
polymers (e.g, hyperbranched polyamidoamine (HPAMAM) or hyperbranched
polyethers?49) to achieve a high NO payload. Stasko et al. functionalized generation 4
polyamidoamine (PAMAM) dendrimers with N-acetylpenicillamine or N-acetylcysteine and
both macromolecular scaffolds have an NO storage of ca. 2 pumol NO/mg polymer after the

required nitrosation raction.213

Another category of NO delivering materials with large NO storage capabilities are xerogel
films. Riccio et al. designed thiol-modified xerogels derived from 3-
mercaptopropyltrimethoxysilane (MPTMS) and methyltrimethoxysilane (MTMS).216 The
subsequent thiol nitrosation generates xerogels with NO loadings up to 1.31 * 0.07 umol
NO/mg, and films of these materials are capable of releasing NO for up to 2 weeks under
physiological conditions. Similar to N-diazeniumdiolates, many other polymer
modification studies have been conducted using S-nitrosothiols (RSNOs) as well, including
those utilizing PDMS,226 PVA hydrogel,17? polyester and poly(methylmethacrylate),224 as

the base polymer materials.

Lastly, several biodegradable polymers, such as citrate-based??> or saccharide-based
polymers (e.g., dextran?27.244 and chitosan®8687.220) provide very attractive scaffolds for NO
delivery because of their natural occurrence, biodegradability, tolerability to mammalian
cells and accessibility for NO donor functionalization reactions.220.244245 Reynolds and

coworkers synthesized two S-nitrosated dextran thiomers (dextran-cystamine and
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dextran-cysteine), with up to 0.205 * 0.003 pmol/mg NO loading and the capability to
release NO for 6 h in PBS buffer at 37 °C. It has been further demonstrated that these
dextran-based materials are susceptible to enzymatic degradation by dextranase, and the
degradation of dextran derivatives is slower and partial when compared to the unmodified

dextran because of the chemical modification of the dextran backbone.244

Physical Encapsulation-based NO Releasing Polymers

Physical encapsulation methods for preparing NO releasing polymers are based on
embedding the NO donor within a polymer matrix physically without chemical bonding.
This provides a much less complicated method to prepare NO release polymers than
covalent attaching NO donors to particle fillers or the polymer backbones. This approach is
a more attractive strategy for future commercialization if stable long-term NO release can
be achieved by dispersing the NO donor within a polymer matrix. Toward this goal,
polymer192 or phospholipid246 shelled microbubbles have been developed in recent years
to create a hydrophobic microenvironment for NO transportation and therapeutic delivery.
Paradossi and co-workers prepared NO-loaded PVA-shelled microbubbles (4.6 um * 0.4
um diameter and 0.4 um shell thickness) for treating acute vascular disease, such as
thrombosis.192 The microbubbles were loaded with NO by exposing to gas phase NO at 1.5
bar for 2 h. The NO encapsulation is about 1% of the NO present in the reaction vessel
during the loading procedure, with the final content being 3.6 umol/mg microbubbles. The
NO release measured by the Griess assay showed that ca. 90% of the NO is released during
a 50 min period in phosphate buffer saline solution. Ideally, the NO delivery should be

controlled and selective bursts at a specific time and place, but the release can also be
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spontaneous and nonspecific.1%2 Unfortunately, the in vitro stability of such NO-loaded

microbubbles is relatively low.246

Gas storage in porous materials, such as zeolites, is also another attractive method for
medicinal applications. Wheatley et al. have used cobalt-exchanged zeolite-A to absorb and
store NO (1.2-1.3 pumol NO/mg zeolite). The NO release was triggered by contacting with
water at physiological temperature and pH, replacing the gaseous NO with cobalt-water
interactions. These NO-zeolite samples were also blended with powdered PTFE or PDMS
to increase their mechanical stability and then pressed as disks for in vitro testing. The t%
values of NO release from zeolite polymer disks was significantly increased (from 340 s for
zeolite powder to 509 s for PTFE disk and 3076 s for PDMS disk).207 The results obtained
in a platelet aggregometry assay also suggested that the NO-zeolites greatly inhibits

platelet aggregation in vitro.

Liposomes are also a popular choice to protect and deliver gaseous NO. Mcpherson and
coworkers prepared liposomes encapsulated with NO and argon gas (NO/Ar-ELIP) by a
pressured-freeze and thawing method. They used these capsules for attenuating intimal
hyperplasia and reducing arterial wall thickness.198 Other researchers have conducted
further studies to encapsulate NO donors within pH126 or thermo-sensitive247 liposomes to
achieve controlled release. In short, when N-diazeniumdiolates are encapsulated within
liposomes, pH or temperature fluctuations change the proton influx through the biolayer

membrane and subsequently induce a significant NO release. Koehler et al. have also
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encapsulated SNAP within liposome vesicles and then doped the resulting vesicles within

xerogels for photosensitive NO release.z48

Biodegradable poly(ethylene oxide-co-lactic acid) (PELA)24° and poly(lactic-co-glycolic
acid) (PLGA)206.219.249 have also been shown to be suitable vehicles for encapsulating NO
donors to prolong the NO release. Yoo and coworkers developed PLGA (5050DLG5E)
nanoparticles (NO/PPNPs) with diazeniumdiolated polyethylenimine (PEI) for long term
NO release for antimicrobial applications.21° The average size of the NO/PPNPs was 162 *
19 nm as confirmed by scanning electron microscopy (SEM), with a NO release capacity of
1.4 pmol NO/mg polymer. The incorporation of PEI/NONOate into hydrophobic PLGA
nanoparticle matrix successfully restricts the spontaneous degradation of the NONOate
group and extends the NO release lifetime from 12 h to over 6 d.21° More recently, Lautner
et al. demonstrated the encapsulation of SNAP into PLGA (RG 503H and RG 504)
microspheres (20-125 um in diameter) using a solid-oil-in water (S/0/W) method?5° and
achieved up to 4 weeks of controlled release of SNAP from PLGA RG 504, which then

generates localized NO in the presence of copper (II) and ascorbate.206

Mowery et al.34 prepared diazeniumdiolated N,N-dimethyl-1,6-hexanediamine (DMHD) or
linear PEI and dispersed them into plasticized PVC or PU. Unfortunately, NO donor
leaching was observed by HPLC and this raises potential concerns regarding toxicity if
nitrosamine formation occurs, and such nitrosamines are also leached into the surrounding
aqueous environment. Bachelor et al. 133  synthesized more lipophilic

dialkylhexamethylenediamine-based NONOates with different alkyl groups (from methyl to
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didodecyl) which can enhance the retention of potential byproducts within the

hydrophobic PVC films and thereby reduce their toxicity threat to biological systems.

Seabra et al. incorporated GSNO and SNAC into Synperonic F-127 gel using a ‘cold
method’251 and formed a hydrogel that contained 0.3 mol of GSNO or 0.6 mol of SNAC per
gram of hydrogel.2>1 Kinetic studies showed that SNAC releases NO thermally 3.6 times
faster than GSNO (11 = 0.4 min -1 vs. 3.1 + 0.8 min -1); however, approximately 50% of both
NO donors had decomposed after only 3 h.231 Kim et al. developed NO-releasing films by
dispersing GSNO into biopolymer chitosan, where 75% GSNO remains after storing at room
temperature for 4 weeks. The 20 wt% GSNO/chitosan film released NO over 48 h in PBS
buffer at 37 °C.221 Recently, Brisbois et al. discovered that SNAP is exceptionally stable
when doped within several low water uptake biomedical grade polymers, such as Elast-eon
E2As and CarboSil, and can release NO for up to 3 weeks at physiological conditions.155161
Wo et al. later demonstrated that the SNAP in CarboSil mainly exists in crystalline form
when the SNAP concentration exceeds its solubility in the polymer. Ultimately, a slow
crystal dissolution process leads to its long-term NO release under physiological
conditions.162 Additionally, this crystal-polymer composite is very stable during storage for
at least 8 months, not only because of the hydrophobicity of the CarboSil polymer that
limits water diffusion primarily to only the polymer surface, but also because the

crystalline SNAP is stabilized by intermolecular hydrogen bonds.162.252

In order to apply NO release to any pre-made or off the shelf biomedical devices, Colletta et

al.19 developed a simple solvent impregnation method to load SNAP into commercially
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available silicone Foley urinary tract catheters at room temperature. This impregnation
process takes place under very mild conditions, which is beneficial because, like many NO
donors, SNAP or its analogs are sensitive to high temperatures used during industrial
catheter extrusion processes. In this approach, SNAP or a SNAP analog is dissolved in an
organic solvent that can swell the polymer to a great extent without dissolving it, and as the
polymer uptakes the solvent, the NO donors are loaded into the polymers. After drying to
remove the solvent, the resulting polymer contains a stabilized form of the SNAP or analog
of SNAP. As an initial example, commercial silicone Foley catheters (i.d. of 0.30 cm and o.d.
of 0.59 cm) were swelled in a SNAP solution prepared in tetrahydrofuran (THF) (125
mg/mL) for 24 h, resulting in SNAP impregnation of 5.43 + 0.15 wt% SNAP in the final
dried catheter. This level of SNAP loading enabled the catheters to achieve stable NO

release above physiological levels for > 4 weeks.19

Catalysis-Based NO Generating Polymers

Instead of incorporating NO donors or NO functionalities into polymers, many efforts have
been devoted to generate NO from endogenous RNSOs or infusion of RSNO solutions
through thiol transnitrosations,160.253 and subsequent catalytic reactions using immobilized
copper or selenium-based species (e.g., copper nanoparticles,?5¢ copper(Il)-cyclen,170.255
copper-complexes,256.257 copper-containing metal-organic frameworks (MOFs),209-212 and
organoselenium species!14171-173) Meyerhoff and coworkers were the first to covalently
attach copper(Il)-cyclen onto commercial biomedical grade polyurethane, which can
generate physiological levels of NO (1-2 x 101 mol cm2 minl) when in contact with

endogenous RSNO and RSH species, such as 10 uM GSNO/GSH in PBS buffer containing
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3 uM EDTA.170 This polymer has also been used as an outer coating at the distal end of an
amperometric NO sensor that can generate electrochemical response toward the RSNO
species in whole blood.170 However, it was reported that 50 % of copper(II) ion leached
out after soaking in GSNO/GSH containing PBS buffer at RT for 7 d, which may limit the use

of such polymers for long-term applications and generate cytotoxicity concerns.

Reynolds and coworkers are developing many MOF-NO generating catalysts with
accessible catalytic sites and that have resistance to degradation, including Cusz(BTC):
(BTC: 1,3,5-benzenetricarboxylate), Cu(II)1,3,5-benzene-tris-triazole (CuBTTri) and
Cu(II)1,3,5-tricarboxylate (CuBT(C).210-212 It has been reported that CuBTC can be extruded
within Tecoflex SGBOA polyurethane into single lumen tubing while maintaining the
catalyst structure and functionality. The in vitro NO release generated from endogenous
RSNO species ranges from 1 h to 16 h with tunable dosage, depending on the specific RSNO

levels present in the soaking solution.210

As previously mentioned, Meyerhoff and coworkers have also demonstrated an
electrochemical NO generation through a Cu* ion mediated reduction reaction of inorganic
nitrite. The Cu* ion is generated from oxidation of a copper wirel4>146 or the reduction of
copper(II)-tri(2-pyridylmethyl)amine (Cu(II)TPMA) complex.14” The electrochemically
generated NO can be modulated by changing the potentials applied to the electrodes and
can achieve between 0.5 and 3.5 x 1010 mol cm? min, which is in the range of
physiological relevant levels of NO released by the endothelial cells. This approach has

been utilized to develop a new generation of multi-lumen catheters in which one lumen is
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dedicated to generating NO electrochemically to reduce thrombus and microbial biofilm

formation on the surface of the catheters.147.258

Applications of NO Releasing/Generating Polymers for Preparing Antithrombotic
and Antibacterial Biomedical Devices

Inhibition of Thrombosis Formation

In a healthy vasculature, endothelial NOS (eNOS) in the endothelial cells that line the inner
wall of blood vessels produce NO with a surface flux of 0.5 - 4.0 x 10-1° mol cm2 min-! to
prevent platelet activation and thereby control the balance between thrombosis and
hemorrhage.ll® However, many procedures (such as placing stents, grafts, catheters, or
other biomedical devices) disrupt the endothelial cells lining and destroy the delicate
balance of vascular homeostasis.132 The tissue factor release and protein absorption
trigger the coagulation cascade and the lack of NO production leads to platelet activation,
aggregation, and ultimately thrombus formation. Therefore, NO and its unique
antiplatelet/antithrombotic activity represents a very promising approach to prevent

thrombus associated complications in many biomedical applications.

Mowery et al. reported that PVC- or PU-based polymer films, prepared with NO releasing
diazeniumdiolate functionality via either dispersion or covalent bonding of NO donors, can
exhibit significant improvements in biocompatibility during in vitro platelet adhesion tests
using platelet-rich plasma (PRP).3% Wu et al. prepared PVC films (with borate additives and
di(2-ethylhexyl) ester (DOS)) mixed with 0.5, 1.0, 2.0, 4.0 wt% of diazeniumdiolated N,N’-

dibutyl-1,6-hexanediamine (DBHD/N202) to determine the effect on platelet adhesion at
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the surface of polymeric films with various NO flux levels.2>? A lactate dehydrogenase (LDH)
assay was used to determine the amount of platelets adhered onto the polymer surface.
LDH, which is normally stored within intact platelet, is released into the bulk solution when
the platelets are lysed by surfactant and is a very useful for indication of the amount of cells
adhered.2>? Fewer platelets adhered on the polymer surfaces with higher NO flux levels,
and NO successfully reduced the amount of platelets adhered on the polymer surfaces from
14.0 £ 2.1 x 105 cells/cm? on the controls to 2.96 + 0.18 x 10> cells/cm? on the surfaces with

highest NO release of 7.05 x 10 ‘19 mol cm2 min-1.

Thrombosis is also an important risk factor in any blood exposure to synthetic materials,
such as grafts, stents, intravascular sensors, catheters, extracorporeal circuits (ECC) or
hemodialysis membranes.119.120.260.261  Efforts to use NO release polymers for these

applications are summarized below based on the type of biomedical device.

a) Intravascular Grafts

Keefer and coworkers were the first to test the antithrombotic and antiplatelet activity of
NO released from a polymer matrix in animal models.23° Diazeniumdiolated cross-linked
PEI coated PTFE vascular grafts were inserted into silicone rubber shunts that were placed
between baboons’ femoral and artery veins for 1 h. The autologous baboon platelets were
labeled with indium-111-oxine before the start of experiment. The number of platelets
adhered on the graft surface at the end of experiment was accessed by measuring the
radioactivity intensity using a gamma scintillation camera. The NO-releasing grafts were

found to be substantially less thrombogenic than the controls, suggesting considerable
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promise for this approach to improve the performance of vascular graft after
implantation.239 The West!!> and Wang!l* groups both reported that NO
releasing/generating grafts encourage endothelialization/endothelial cell proliferation,
which can alleviate the complications of thrombosis and intimal hyperplasia (IH) that cause

the failure of small diameter vascular grafts without the use of systemic anticoagulants.

b) Intravascular Sensors

Monitoring the levels of chemical species in blood (such as blood gases (PO, pH, and PCOz2),
electrolytes (K*, Na* Ca2+), glucose, lactate, etc.) can provide invaluable information for
diagnosis and treatment of hospitalized patients.262 Currently, however, measurements are
done in vitro with point-of-care devices intermittently, leaving large gaps of information
between blood draws.258263 Therefore, developing intravascular sensors that can monitor
key chemical species in real time in critically ill patients is an important avenue of
research.26¢¢  However, adhesion of platelets, and eventual thrombus formation on the
surface of the sensors can occur within a few hours after blood contact, and such processes
can not only isolate the chemical sensing area from the bulk of the blood and lead to false
analytical results but also increase the risk of emboli or stroke.826> Many researchers have
attempted to address this problem by incorporating continuous NO release/generation
into the sensor design to prevent adhesion of metabolically active platelets from adhering
to the sensor surface. To increase the biocompatibility of intravascular oxygen sensors,
Marxer et al. developed an amperometric sol-gel derived oxygen sensor that consists of a
platinum electrode coated with a diazeniumdiolate and polyurethane containing xerogel

film.266 The coating released NO at a flux up to 4.32 x 10-10 mol cm-2 min-! for the first 12 h



Biomaterials Science

and effectively reduced platelet adhesion in the in vitro biocompatibility testing when
immersed in platelet rich plasma for 1 h at 37 °C. Instead of directly coating the electrodes
with NO release polymers, many catheter-style intravascular oxygen sensors have been
developed for testing in vivo with NO released or generated through the polymeric material
of the catheters. So far, several different NO delivery approaches have been reported for
such intravascular oxygen sensors, including coating catheter surface with NONOates,267.268
covalently attaching NONOates to catheter polymer surface,26? catalytically generating NO
in situ from endogenous RSNOs using embedded copper particles®270 and electrochemically
modulating NO generation from nitrite.2>8 For example, Schoenfisch et al. coated outer
surfaces of SR catheters with 2 wt% (Z2)-1-[N-methyl-N-[6-(N-
methylammoniohexyl)amino]] diazeniumdiolate (MAHMA/N;02) and demonstrated that
the NO release from the catheter lasted more than 20 h in PBS at 37 °C. One control (coated
only with MAHMA) and one NO release catheter (coated with MAHMA/N:02) were
implanted within the carotid or left femoral arteries in a canine model for 12-23 h. The
electrochemical response of the NO-releasing Oz sensor more closely represented the real
arterial blood gas value measured by a benchtop blood-gas analyzer than the control
sensor, which had a significant discrepancy starting from the first few hours after the
implantation. SEM images also confirmed that a much greater number of platelets adhered
and aggregated on the surfaces of the control sensors compared to the NO releasing
sensors. In a separate study, Ren et al. recently demonstrated the use of a dual lumen
catheter configuration to combine an amperometric oxygen sensor (in one lumen) with the
electrochemical NO generation in the other lumen using Cu(I[)TPMA as the mediator for

reduction of nitrite ions to NO258 (see Figure 8).
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Figure 8. Simplified schematic of dual-lumen catheter-type oxygen sensor with electrochemical NO

generation from nitrite solution via Cu(II)TPMA (figure not drawn to scale).

Applying different potentials on the electrodes can modulate the rate of NO generation,
which offers a steady, controllable, and physiologically relevant flux of NO, compared to the
chemically-based NO generation. The performance of the sensor was evaluated in rabbit
veins and pig arteries for 7 and 21 h, respectively. The sensors in the arteries were
challenged with a wider range of oxygen levels by changing the pig’s fraction of inspired
oxygen between 100 % and 21 %.258 In both cases, the sensors with electrochemical NO

generation provided very accurate oxygen responses, while control sensors deviated from
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the real values by 30-40 % after 5 h of implantation because the local oxygen was
consumed by the activated platelets and other cells trapped in the thrombus formed on the
surface of the control sensors. Similar to oxygen sensors, NO releasing intravascular
glucose,?71-275 pH,275276 and C0227>277 sensors using diazeniumdiolated NO donors have
also been tested, demonstrating much improved electrochemical responses over the

corresponding control sensors.

c) Extracorporeal Circulations (ECCs)

Extracorporeal circuits are used for several different types of medical procedures, such as
hemodialysis, cardiac bypass surgery, and extracorporeal membrane oxygenation (ECMO).
The latter is employed to keep newborn babies alive for weeks at a time, if their lungs are
not fully developed. The need for systemic anticoagulation in each of these extracorporeal
procedures can be problematic, particularly in patients that have heparin induced
thrombocytopenia (HIT). Due to the large surfaces area that is in contact with blood in
extracorporeal circulation (ECC), the loss of platelet count and platelet functionality are
significant,6! and many researchers have developed NO releasing#3:154155,161,236,238,278,279 or
NO generating?>* polymeric ECC tubing to prevent platelet activation and consumption

during this process (see Table 1).
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Table 1. Summary of NO releasing and NO generating coatings reported to increase the hemocompatibility of extracorporeal

circuits (ECC).

properties

PVC/DOS coating

vs. 46 + 3 % (PVC/DOS)

NO donor, NO level (x 10 "* Platelet count after4 h
Summary ECC coating material additives, etc. mol min™ cm?) (% of initial) Ref
Tygon tubings with N-diazeniumdiolated 41 ca. 85+ 15 % (NO) 236
covalent Carbonthane 3573A coating FS fillers ) vs. 58 +5 % (PU)
attachment Sil bber tubi N-diazeniumdiolated >4.0 at 23 °C; 86 + 24 % (NO) )38
llicone rubber tubings PDMS >10.0 at 37 °C vs. 65 + 10 % (SR)
Tygon tubings with DBHD/NONOate, 79+7 % (NO)
. 12.5 278
PVC/DOS coating borate vs. 58 + 7 % (PVC/DQS)
NO Tygon tubings with DBHD/NONOate, 79+ 11 % (NO)
release PVC/DOS coating PLGA >20 vs. 54 + 6 % (PVC/DOS) 154
physical Tygon tubings with DBHD/NONOate, 6 97 + 10 % (NO) 155
dispersion Elasteon-E2As coating PLGA vs. 58 + 3 % (E2As)
Tygon tubings with DBHD/NONOate, 6.5 ca. 90 % (NO/argatroban) 43
Elasteon-E2As coating PLGA, argatroban ' vs. 58 + 3 % (E2As)
Tygon tubings with 100+ 7 % (NO)
Elasteon-E2As coating SNAP 2 vs. 60 £ 6 % (E2As) 161
Tygon tubings with Tecophilic >10 (in presence of ca. 90% (10 wt% Cu” and SNAP)
. ) - endogenous RSNO 0
NO generation SP-60D-60 coating containing ) 1 uM GSNO, 30 uM GSH, vs. 75 % (10 wt% Cu’ only) 254
10 wt% Cul nanoparticle | 2ne/or infused SNAP 5 uM EDTA) vs. 50 % (SNAP only)
Tygon tubings with Tecoflex 44 + 4 % (SG 80A)
Inherent polymer | sG 80A, Tecophilic SP-60D-60, N/A N/A vs. 41 + 5 % (SP-60D-60) 155
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Zhang et al. prepared PVC tubing with PU coating containing 20 wt% diazeniumdiolated FS
particle fillers236 and SR tubing with covalently attached to DACA/N202238 as NO releasing
polymer tubing circuits for 4 h ECC experiments in a rabbit model. Both types of NO
release tubing exhibited less overall platelet adhesion and thrombus surface coverage
compared to the controls. However, it still remains a challenge to achieve long-term NO
release at physiologically relevant conditions, stable storage capability at room
temperatures and high NO donor loading. Handa et al. recently prepared ECC tubing
composed of 25 wt% DBHD/N:02 and 10 wt% PLGA (5050DLG7E) additives in 2:1
PVC/DOS polymer matrix and achieved up to 14 d of NO release between 7-18 x 10-1° mol
cm2 min-1 at 37 °C.134 This circuit tubing successfully preserved the platelet count during
4 h of experiments, with 79 + 11 % vs. 54 + 6 % for the NO release circuits compared to
PVC/DOS controls. In a subsequent study by the same authors, four different biomedical
grade polymers were evaluated for their inherent hemocompatibility in 4 h ECC
experiments in rabbits.155 The type of polymer material can ultimately influence their
efficiency as NO releasing coatings. E2As polymer was found to be the most biocompatible
material amongst the four tested. E2As coated ECC tubing can preserve 56% of baseline
platelet after 4 h versus 48, 40 and 47 % for PVC/DOS, Tecophilic SP-60D-60 and Tecoflex
SG 80A, respectively. Major et al. later used E2As polyurethane with DBHD/N;02 and a
direct thrombin inhibitor argatroban (AG) as an ECC coating to better mimic the vascular
endothelium. The results showed that the combined AG/DBHD polymer coatings can
better prevent thrombus formation after 4 h of blood exposure compared to control ECCs

or ECCs with coatings containing only DBHD/N20; or AG alone.*3
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In addition to diazeniumdiolates, RSNOs has also been used to create NO releasing coatings
for ECC applications. Brisbois et al.161 were the first to discover that SNAP-doped E2As
polymer films exhibit unprecedented shelf-life stability, with 82 % of the initial SNAP
remaining after 2 months storage at 37 °C. The 10 wt% SNAP/E2As films can release NO
for up to 20 d at levels above the physiological NO flux range. In the ECC experiments with
rabbits, the inner walls of PVC ECC circuits were coated with the SNAP/E2As polymer.
Such coated tubing successfully preserved the platelet count during the 4 h of experiments
(at 100 £ 7% % vs. 60 £ 6 % for controls), with 33 % less thrombus formation on the

tubings’ inner surfaces.

Another related approach to increase the biocompatibility of ECC tubing is to generate NO
catalytically using infused RSNOs.2>¢ Hydrophilic SP-60D-60 polyurethane polymer
containing 10 wt% Cu® nanoparticles (NP) (80 nm) coated on the inner walls of ECC circuit
tubing were tested in the rabbit thrombogenicity model. Experiments were conducted
with and without intravenous SNAP infusion (0.1182 umol/kg/min) over a 4 h period. The
Cu% NP embedded ECC circuit with SNAP infusion yields considerably less thrombus (0.4
0.2 pixel/cm?2) on the surface of the chamber after 4 h, as compared to the Cu® NP circuit
without SNAP infusion (3.2 *+ 0.2 pixel/cm?2) or the control circuit without Cu® NP (4.9 + 0.5
pixel/cm2). Of note, since the endogenous RSNO levels are low (e.g., 1-10 umol/L for SNO-
albumin),280 this approach requires consistent supply of infused RSNOs to provide

continuous catalytic generation of NO at the flowing blood/polymer tubing interface.254

Prevention Bacterial Infection or Biofilm Formation
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Nitric oxide (NO) has antimicrobial activity against a growing list of microorganisms,
including bacteria, fungi, parasites, viruses, and yeast.20.111,120,127,177,281,282  However, for
medical device applications, the focus has thus far been on its antibacterial/antibiofilm
properties, especially for the bacteria that most commonly cause CRBSIs (catheter related
bloodstream infections), such as Staphylococcus epidermidis (S. epidermidis),
Staphylococcus aureus (S. aureus), and Pseudomonas aeruginosa (P. aeruginosa).6¢193 It has
been clearly demonstrated that NO releasing/generating polymers can have strong
bactericidal effects,19.146,147,162,201,227,283,284 eyen for bacteria that are able to metabolize and
deactivate NO, such as P. aeruginosa, that possesses NO reductase enzyme that converts NO
to nitrous oxide (N20) and ultimately nitrogen (N32).86201.219 QOf note, NO possesses broad-
spectrum antibacterial activity against both gram-positive and gram-negative bacteria,
including methicillin-resistant Staphylococcus aureus (MRSA).219281 Moreover, the dose of
NO required to Kkill bacteria (e.g.,, 200 ppm of gaseous NO) 281282285 does not show any
cytotoxic effects in human dermal fibroblasts when exposed for 48 h.216220 [n addition to
its bactericidal activity at high dosage, low levels of NO (picomolar to nanomolar range in
solution phase)?8¢6 also serve as a key mediator that minimize planktonic bacteria adhesion
and colonization, as well as disperse mature biofilm and release the bacteria trapped in the
EPS film back to their planktonic state.286-288 [t has been proposed that exposure to low
doses of NO restore the sensitivity of biofilm and dispersed bacteria towards several types
of antibiotics, greatly increasing their efficacy.28¢ Overcoming bacteria colonization on the
surfaces of biomedical devices through continuous NO release represents an innovative

and highly desirable approach to reduce risk of infections, which can ultimately increase
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device functionality and success rates, reduce morbidity and mortality, and improve

patient outcomes..

Frost et al. successfully develop a S-nitroso-N-acetyl-D-penicillamine functionalized
polymer matrix (e.g., PDMS,226 cyclam?43 and gelatin222) that can release NO via light-
initiated SNAP decomposition. SNAP modified purified gelatin can release NO up to 1 x 10-8
umol mg1 s’ under a 527 nm wavelength light-emitting diode (LED,) and it also shows
continuous and light intensity-responsive NO release over 24 h, with a total payload of 0.06
umol NO mg1.222 The antibacterial activity of SNAP/gelatin was tested against S. aureus (3
x 105 CFU/mL) and it demonstrated the ability to create a zone of inhibition of 1.2 + 0.7 mm
and 0.75 + 0.3 mm, when exposed to the 4.5 V and 3 V LED light, respectively, over 24 h.
Schoenfisch and coworkers have evaluated the antibacterial characteristics of NO releasing
sol-gel coatings?8? and xerogel films216 which are capable of releasing NO for 5 and 14 d,
respectively, against a 108 colony forming units (CFU)/mL saline suspension of P.
aeruginosa for up to 4 h. NO successfully reduced bacterial cell coverage on these surfaces
by up to 40 %. Recently, Reynolds and coworkers developed a water-soluble NO-releasing
polysaccharide derivative that can release 100 % of its NO storage capacity (49.5 * 5.0
umol/g) over 24 h.227 The bactericidal activity of this species was evaluated against E. coli,
Acinetobacter baumannii (A. baumannii) and S. aureus and the reported data demonstrated
an 8-log unit reduction in viable bacteria cell counts for all three types of bacteria after 24 h
of incubation. The absence of CFU counts after 72 h corroborated that there was no
bacterial growth recovery after exposure to NO. This is the first time a water-soluble

antibacterial agent has reached an industrially relevant level of antimicrobial activity.227
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Further, it is also well known that bacteria in mature biofilms are much harder to eradicate
than when they are in planktonic stage. Meyerhoff and coworkers have conducted many
experiments where the antibacterial properties of NO releasing polymer were evaluated
against mature biofilm, developed in CDC bioreactors prior to contacting with NO.145147
Electrochemical NO generating catheters using inner copper wire working electrode and
inorganic nitrite salt solution can generate NO through the walls of the catheters with a flux
> 1.0 x 1019 mol cm2 min? for more than 60 h.146 First, the catheters were mounted in a
drip-flow bioreactor, which is a standardized model that allows growth of high biomass-
biofilm of E. coli at the air liquid interface when incubated with in LB (Luria Bertani) broth
for 2 d and 4 d without the NO turned on. After allowing biofilm to form on catheter
surfaces, the electrochemical NO release was “turned on” for only 3 h at the end of the
experiments. The short period of NO release was effective at dispersing and Kkilling the E.
coli biofilm, and could lower the number of live bacteria adhered on the catheter surfaces
by > 99.9%. In a separate study, Backlund et al.21# synthesized diazeniumdiolated PAMAM
dendrimers with different alkyl chain modifications and examined their antibacterial
properties against 24 h old Streptococcus mutans biofilm (S. mutans) at pH 7.4 and 6.4. The
bactericidal action of the NO releasing dendrimers was reported to increase with alkyl
chain length of the dendrimer and lower pH. In another experiment conducted by
Schoenfisch and coworkers, a Center for Disease Control (CDC) bioreactor, that mimics
bacterial growth under different sheer force conditions, was used to grow P. aeruginosa
biofilms over a 48 h period. The biofilms were then exposed to a water-soluble NO

releasing chitosan oligosaccharide (0.17-0.46 pmol NO/mL) for 24 h. The presence of the
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NO release elicited a 5-log unit reduction in viable bacterial counts with a minimal

bactericidal concentration (MBC) of the dendrimer preparation as low as 400 pg/mL.220

Continuous NO release during bacterial proliferation has also been proven to prevent
biofilm formation. Cai et al. fabricated NO releasing silicone rubber films containing
DBHD/N;0; along with PLGA (RG 502H) additives that can release NO for 10 d at
physiological conditions. pH sensitive dyes were incorporated in the films to help visualize
the pH change within the polymeric matrix due to slow hydrolysis of the PLGA that
promotes the extended NO release.l>¢ Both the NO release and control films were
incubated in a CDC bioreactor for 7 d at 37 °C and the number of live bacteria on the
surfaces of the silicone rubber was assessed. The NO release films exhibited substantial
antibiofilm properties against both gram-positive S. aureus (98.4 % reduction) and gram-
negative E. coli (99.9% reduction) when compared to controls.1>¢ In subsequent studies,
Colletta et al.1° and Ketchum et al.18% used the solvent impregnation method previously
described above (see section Physical Encapsulation-based NO Releasing Polymers) to load
silicone-based tubing with NO donors (SNAP and lipophilic SNAP derivatives, respectively)
and demonstrated that they have antibacterial effects toward several microorganisms (e.g.,
Staphylococcus epidermis, Proteus mirabilis or S. aureus). These results offer a new strategy
to reduce bacterial infections associated with not only intravascular catheters but also

urinary catheters.

In addition to in vitro experiments, NO releasing polymers (e.g., catheters) have also

exhibited both antithrombotic and antibacterial properties in vivo. Brisbois et al.
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conducted experiments where both SNAP-doped E2As catheter and control E2As catheters
were implanted in sheep jugular veins for 7 d.18¢ At the end of the 7 d period, the catheters
were carefully explanted and both the clot area as well as the number of live bacteria
adhered on the catheter surfaces were assessed. The 10 wt% SNAP/E2As catheters
exhibited enhanced hemocompatibility (70% less thrombus formation) and bactericidal

activity (90% reduction of bacteria adhesion) when compared to the controls.

Nitric oxide releasing polymers have also provided a potential strategy for use as active
wound healing dressings, capable of reducing bacterial infections at wound sites and
accelerating the wound healing process for incisional and excisional wounds,179.219.221 burn
wounds,??0 and diabetic wounds.232 While normal fibroblasts do not synthesize NO, it has
been demonstrated that fibroblasts isolated from the regular wound can release NO.2°1
The iNOS is synthesized in the early phase of wound healing by inflammatory cells, such as
macrophages, monocytes, and other immune lineage cells.119120292  The NO released
through iNOS enhances angiogenesis, regulates collagen formation, cell proliferation and
wound contractions.111292  Studies using induced NOS (iNOS) knock out mice showed
diminished collagen deposition, with the restoration of normal collagen deposits upon
exposure to SNAP, indicating the important relationship between NO production and
wound healing.293 Therefore, elevating the local NO concentration at a wound site by an
exogenous NO supply represents a promising strategy to facilitate the wound healing

process.
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Yoo and coworkers developed PEI/NONOate nanoparticles (NPs) capable of prolonged NO
release, which were then used to treat MRSA-infected excisional wounds (5 mm diameter,
full thickness) in mice.21® MRSA was inoculated in the wound for 1 d to develop infection
and then the wounds were treated with the NO releasing NPs or control NPs over 6 d. The
photographs of the wounds taken at day 0, 1, 4 and 7 clearly showed an accelerated wound
healing process for mice treated with NPs, with wound area reduced to 25% at the end of 7
d. The untreated wounds showed a thicker scab with no reduction in the wound area. In a
subsequent study, GSNO-doped chitosan films, which exert strong antimicrobial activity
against a broad spectrum of bacteria, were evaluated as a wound healing dressing on full
thickness excisional wounds (1.5 m x 1.5 cm) in a rat model for 15 d.221 Comparing the NO-
treated and untreated wounds, those treated with the GSNO/Chitosan dressing were
almost completely healed at the end of the 15 d, with less bacterial burden and decreased
inflammatory cell infiltration, but enhanced re-epithelialization.120.221 Brisbois et al. tested
the antibacterial efficacy of DBHD/N202 and PLGA (5050DLG1A) doped biomedical grade
PU films as a dressing for burn wounds (10 cm? and partial thickness) in a mouse model.2%0
Burn wounds are quite common, but difficult to treat and often lead to infections.111 The
burn wounds in mice were inoculated by A. baumannii for 24 h prior to application of the
NO and control wound dressings. After 24 h of treatment, the wound area skin tissue was
harvested and assessed for number of viable bacteria adhered at the wound sites. A 4-log
unit bacterial reduction was observed for the NO treated wounds when compared to the

control would sites.

Conclusions



Biomaterials Science

As detailed above, there are many approaches that have been examined to improve the
biocompatibility and antimicrobial activity of biomedical polymers/devices. Most of the
conventional approaches, (e.g., creating heparin-releasing surfaces, bacteria-resistant or
biocide-releasing surfaces, etc.), can only improve either the hemocompatibility or the
antibacterial properties of the devices. However, NO release or generating polymers have
demonstrated very positive effects in terms of preventing both platelet activation and
thrombus formation as well as exhibiting significant antimicrobial activity toward
infection/biofilm formation without bacterial resistance. Although this review mainly
focused on the use of NO release polymers for antithrombotic and antibacterial
applications, these polymers also have many other potential applications for use on skin,
bones, connective tissue, gastroenterology, or studying NO-induced cellular

responses.111,177,294.295

Recently, considerable effort has been devoted to develop combination therapy and hybrid
drugs that combine NO release functionality with other active agents for increased
efficacies, including anticoagulants,3512¢ direct thrombin inhibitors,3¢43 antimicrobial metal
ions,21> quaternary ammonium compounds,’? PEG,11> antibiotics,2%¢ and non-steroidal anti-
inflammatory drugs (NSAIDs), such as ibuprofen.l4® The remaining challenge for NO
delivery polymers in order to be used in clinical settings lies in the development of more
stable NO donors and polymer scaffolds and delivering the desired amount NO in a
controlled spatial and temporal manner. In many cases, long-term NO release is desired,
especially for using NO-releasing, blood compatible polymeric materials for preparing

intravascular grafts, stents, catheters, and other vascular access devices. Further research
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should focus on the dose-dependent biological responses to different NO concentrations
and aim towards developing clinically relevant NO delivery materials for that purpose, that
can ultimately expedite the translation of these materials from the laboratory to clinical
use. Overall, both in vitro and in vivo (animals) studies of some of the NO
releasing/generating polymers developed to date have clearly demonstrated the immense
potential of this approach to improve the hemocompatibility/antimicrobial activity of a
variety of biomedical devices that are required to improve patient care. Hopefully, the first
commercial devices that employ this strategy will soon become available for routine use

within hospitals.
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