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Abstract

Inexpensive nitric oxide (NO) release strategies to prevent thrombosis and bacterial infections are
desirable for implantable medical devices. Herein, we demonstrate the utility of electrochemically
modulated NO release from a catheter model using an inner copper wire working electrode and an
inorganic nitrite salt solution reservoir. These catheters generate NO surface fluxes of >1.0x10710
mol min~1 cm=2 for more than 60 h. Catheters with an NO flux of 1.1x1071% mol min~1 cm=2 are
shown to significantly reduce surface thrombus formation when implanted in rabbit veins for 7 h.
Further, the ability of these catheters to exhibit anti-biofilm properties against bacterial species
commonly causing bloodstream and urinary catheter infections is examined. Catheters releasing
NO continuously during the 2 d growth of S aureus exhibit a 6 log-unit reduction in viable
surface bacteria. We also demonstrate that catheters generating NO for only 3 h at a flux of
1.0x10710 mol min~1 cm~2 lower the live bacterial counts of both 2 d and 4 d pre-formed E. coli
biofilms by >99.9%. Overall, the new electrochemical NO-release devices could provide a cost-
effective strategy to greatly enhance the biocompatibility and antimicrobial properties of
intravascular and urinary catheters, as well as other implantable medical devices.
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1. Introduction

Catheters play an indispensable role in facilitating infusion, drug administration and
drainage for hospitalized patients every day. However, these biomedical devices also
provide a potential source of entry for microbes into the human body that can lead to severe
infection, the most common being catheter-related bloodstream infections (CRBSIs) and
catheter-associated urinary tract infections (CAUTIs).IX] It has been estimated that 250,000
cases of CRBSIs[2l and 500,000 incidences of CAUTISs[3] occur in hospitals annually in the
U.S., thus contributing considerably to increasing healthcare costs.[*] Some 80% of CRBSIs
and CAUT s are associated with biofilm formation, thus representing a significant challenge
to many clinical treatments, especially conventional antibiotic therapies.[5] Indeed, since the
extracellular polymeric matrices of biofilms protect bacterial cells, most antibiotic
treatments are ineffective.[8] Several strategies, such as modified surfacesl?], silver particle
doped materials8-91 and anti-quorum sensing drugs[1%-11] have been suggested over the last
decades to either prevent or exterminate biofilms. Yet, the problem of biofilm formation and
concomitant catheter induced infections persists, suggesting that other novel and more
effective strategies are needed.

In the case of intravascular catheters, another significant health risk factor is the activation
of the clotting cascade and formation of surface thrombus, which can occlude a lumen of the
catheter, potentially leading to complete dysfunction of the device and establishing risk for
life-threatening complications via thrombus dislodgment.[22-13] This problem is currently
managed by injecting intermittent heparin “lock” solutions into the catheters. Unfortunately,
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this approach increases the risk of systemic anticoagulation (mostly due to inadvertent
overdoses) and heparin allergic response (e.g., heparin induced thrombocytopenia).

Nitric oxide (NO) releasing catheters provide a promising solution to both the biofilm-
induced infection and thrombosis issues that plague current biomedical catheters.
Endothelial cells produce NO to attenuate platelet activation, adhesion, and aggregation.
Hence, the use of NO release agents can be useful in developing therapeutic strategies that
aim to avert arterial thrombotic disorders.[24] This free radical gas molecule is also a
principle component of the innate immune system and functions as a potent antimicrobial
agent. Indeed, macrophages release high levels of NO as cytotoxic agent to efficiently
neutralize bacteria, viruses and helminths.[®] Recent studies have also demonstrated that
NO, in small doses, can act as a signaling molecule to disperse biofilms.[26] Thus, with the
goal of preventing implant-associated infections, several approaches have been developed to
deliver NO by either doping or modifying polymeric materials with Snitrosothiols (RSNO)
or diazeniumdiolate-based NO donors. These NO releasing materials have been shown to
exhibit effective antibacterial properties.[}7-19] Nevertheless, the innate drawback of these
NO donor-based approaches is their instability, with RSNOs being sensitive to light and
heat[20] and diazeniumdiolates being very susceptible to decomposition by moisture and
potentially yielding toxic nitrosamines.[21-22] These issues have impeded their
commercialization within medical devices.

Instead of S-nitrosothiols and diazeniumdiolates, inorganic nitrite is a much more attractive
NO source because of its low cost and high stability. Recently, we reported the first
electrochemical NO release approaches from a reservoir of inorganic nitrite by generating
copper(l) species, from either a copper wire electrode or a water soluble copper
complex.[23-24] |n the copper wire electrode-based system, the electrode material is cost-
effective but it suffered from low NO flux and large fluctuations in the NO release profile.
The soluble copper complex sysytem releases a more steady and tunable NO flux, but
platinum or gold wires were used as electrode materials, which is too expensive for
widespread commercial use. Herein, we describe an electrochemical pulse sequence applied
to a Cu® wire working electrode within a single lumen catheter model that achieves a more
stable, higher flux and longer-term NO generation. The NO can be easily released on
demand by turning “on” electrochemical pulse sequence, and the flux of NO can be
modulated by applying different voltage pulses to the copper working electrode, which
cannot be achieved by traditional chemical release. By employing this method to fabricate
catheters, the NO flux from the catheter surface is increased by 100% compared with the
earlier electrochemical system[23] and this enables successful in vivo demonstration of the
thromboresistance of catheters with the Cu® wire electrode-based catheter system. Further,
we clearly show that by using different electrochemically modulated NO release profiles
(compared to that reported inl23l), the model catheters are able to prevent biofilm formation
by CRBSIs-inducing bacterial species. It is also demonstrated, for the first time, that only 3
h of electrochemically generated NO from the catheter surfaces can significantly disperse 2-
d and 4-d old pre-formed biofilms by an E. coli bacterial strain that is well known to be
associated with CAUTIs.
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2. Experimental Details

2.1 Materials

Sodium nitrite, sodium chloride, ethylenediaminetetraacetic acid (EDTA) disodium salt,
sodium phosphate dibasic heptahydrate, and sodium phosphate monobasic monohydrate
were purchased from Sigma-Aldrich (St. Louis, MO) and used as received. Luria Bertani
(LB) broth and LB agar were obtained from Fisher Scientific Inc. (Pittsburgh, PA). All
aqueous solutions were prepared with deionized water from a Milli-Q system (18MQ cm™1;
Millipore Corp., Billerica, MA).

Polytetrafluoroethylene (PTFE)-coated silver wire (bare wire 0.125 mm O.D.; PTFE coated
wire 0.176 mm O.D.) was purchased from Sigmund Cohn Corp. (Mount Vernon, NY).
PTFE-coated Cu® wire (bare wire 0.127 mm O.D.; PTFE coated wire 0.152 mm O.D.) was a
product of Phoenix Wire Inc. (South Hero, VT). Single-lumen standard silicone tubing (0.51
mm 1.D.; 0.94 mm O.D.) was purchased from Helix Medical (Carpinteria, CA). Silicone
rubber sealant was obtained from Dow Corning (Midland, MI).

E. coli K-12 MG16653 and S. aureus ATCC 45330 were from the American Type Culture
Collection.

2.2 Catheters Fabrication

The model catheter configuration consisted of a single-lumen, silicone rubber tubing
(length: 3 cm), that was sealed at one end with silicone rubber sealant. A PTFE coated
silver/silver chloride wire was utilized as the reference electrode (with 0.235 cm? surface
area exposed) and a PTFE-coated Cu® wire (with ~0.012 cm? surface area exposed) served
as the working electrode within the lumen. The reservoir solution within the tubing was 1 M
NaNO,, 0.30 M NaCl, 0.02 M EDTA, 1 M phosphate buffer (pH 7.05). The PTFE was
removed from the ends of both Ag® and Cu® wires to expose a length of 60 mm and 3 mm,
respectively. Both wires were coiled and inserted in the lumen in a manner that prevents
direct metallic contact with each other. Finally, the other end of the silicone rubber tubing
was sealed with silicone rubber sealant, and left to cure in water for approximately 12 h.

2.3 Electrochemical Generation of Nitric Oxide

The NO releasing profile from each catheter was measured via a chemiluminescence NO
analyzer (NOA) (Seivers 280, Boulder CO). The catheter was placed inside a glass cell,
containing DI water; the solution was constantly purged with a stream of N, gas, and the
electrochemically generated NO emitted from the outer surface of the catheter tubing was
carried to the NOA. The Cu® and AgP® wires coming out of the catheters were connected to a
portable potentiostat (CH Instruments 1206B, Austin TX). To generate NO, a pulse
sequence was applied to the Cu® wire working electrode. One cycle of the pulse sequence
included a period of a cathodic pulse (-1.1, -1.2, -1.3 or -1.4 V vs. Ag/AgCl wire), and
another period involved an anodic pulse (+0.2 V vs. Ag/AgCl wire). Unless otherwise noted
(for the studies aimed at undertanding how oxygen levels influence the observed NO release
levels), the NO flux values indicated througout this manuscript are those obtained using the
conditions outlineed above, in the presence of N as the purge gas.
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2.4 In Vivo Anti-thrombotic Experiment in Rabbits

Briefly, one group of NO releasing catheters (low flux group, n=3) was tested using pulse
sequence of 15 sat -1.25 V and 15 s at +0.20 V and the other group (high flux group, n=3)
was tested using pulse sequence of 15 s at —1.3 V and 15 s at +0.20 V. Two or three
catheters were implanted into the jugular or femoral veins of each rabbit (~ 3 kg). One of the
catheters was turned “on” by applying a pulse sequence described above and the other was
turned “off” with open circuit. After 7 h, the catheters were explanted, a digital picture was
taken, and the red pixels were counted using Image J software to represent the clot area.
Animal handling and surgical procedures were approved by the University Committee on
the Use and Care of Animals in accordance with university and federal regulations and a
detailed protocol was reported elsewhere.[24]

2.5 Biofilm Growth Conditions and Plate Counting

S. aureus biofilms—Saphylococcus aureus ATCC 25923 was used for the test. Catheters
were mounted aseptically in the middle of a drip flow biofilm reactor (DFR 1110-4,
BioSurface Technologies, Bozeman, MO) chambers. Each reactor chamber including the
catheter was initially inoculated with 10 mL of a 100 fold-diluted bacterial culture that had
been grown overnight with shaking at 37 °C. After one hour incubation, fresh 10% strength
of LB broth was dripped into the flow chamber at a flow rate of 100 mL/h. Biofilms were
grown for 48 h at 37 °C, by utilizing the drip flow biofilm reactor. The channels of the
reactor were constantly flushed with 10% LB broth for the entire time of the biofilm growth.
Nitric oxide release was turned “on” during the 48 h experiment by applying cycles of 15 s
at-1.3Vand 15 s at +0.2 V. At the end of the 48 h, each catheter was removed from the
drip flow biofilm reactor and placed separately into a centrifuge tube containing 2 mL of 10
mM phosphate buffer saline, pH 7.4 (PBS). Each catheter was then homogenized in order to
disintegrate the biofilm clumps and form a homogenous cell suspension. Finally, each
sample was 10-fold serially diluted and plated using the spread plating technique to assess
cell viability.

E. coli biofilms—Escherichia coli K-12 was used or this test. The bacterial strain was
grown or either 48 or 96 h at 22 °C with catheters in the channel of the reactor but not turned
“on” with the applied voltage pulse sequence. This specific temperature was chosen as it
allowed E. cali biofilms to develop that had greater thickness and biomass. At the end of the
48 or 96 h, NO release was turned “on” for 3 h by applying cycles of 15sat -1.3V and 15s
at +0.2 V. The other growth conditions were the same as those used for S. aureus biofilms.
Procedures to assess cell viability were also performed exactly as described above.

2.6 Biofilm Imaging

After either 2 or 4 d of biofilm growth, the NO releasing and control catheters (same
assembly as NO release but electrodes in the catheters were not connected to potentiostat)
used for fluorescent imaging were removed from the drip flow biofilm reactor and gently
rinsed with 10 mM PBS. Unlike catheters utilized for plate-counting, these catheters were
not homogenized; instead, they were stained with fluorescent dyes by using Live/Dead
BacLight Bacterial Vaiability kit (Invitrogen, Carlsbad, CA) for 20 min in the dark, exactly
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per the kit’s instructions. Finally, each catheter was singly placed onto a cover-slip and its
outer surface was visualized using an inverted fluorescent microscope (Olympus 1x71,
Center Valley, PA), equipped with the appropriate filter sets.

3. Results and Discussions

3.1 Electrochemical Generation of Nitric Oxide

The model catheter configuration consists of a single-lumen, silicone rubber tubing that
contains a nitrite resvior and Cu® and Ag/AgCl wire electrodes (Scheme 1). A pulse
sequence of applied voltages to the Cu® wire electrode is used to generate NO continuously
from the nitrite ion reservoir within the catheter. The anodic pulse provides a transient level
of Cu(l) ions that are capable of reducing nitrite to NO in accordance with the following
reaction:.

Cu(l) + NOy™ + 2 H* — Cu(ll) + NO + H,0

However, oxidation of the copper electrode surface forms oxides of copper that passivate the
surface, requiring applied cathodic voltages to regenerate a clean Cu® surface that can create
more Cu(l) ions upon re-oxidation.[23] Therefore, the pulse sequence of applied voltages
must include repeated cycles of a cathodic voltage pulse followed by an anodic pulse (Fig.
1a). In earlier work,[23] a pulse sequence containing cycles of 3 min at —0.92 V and 3 min at
0V (vs. Ag/AgCl) was used to generate an average NO flux of 0.5x10710 mol min~t cm=2,
which flucates periodically from 0.25 — 0.75%x10710 mol min~1 cm™2 (see Fig. 1b). This NO
flux is not sufficient to prevent clotting in vivo and the fluctuation complicates interpreting
the relationship between NO flux and in vivo results. In order to obtain higher and more
stable NO fluxes, in this work we compared the effect of different pulse sequences on the
NO release profile. By using the pulse sequence of +0.2 V and —-1.3 V, the average
measured NO flux is now consistently >1.0x1071% mol min~ cm=2 (in absence of
significant levels of oxygen, see below). As shown in Fig. 1c, it is evident that fluctuations
on the NO release profile are much larger if the pulse cycle time is every 6 min as compared
with every 30 s. Note that for pulse cycles of every 6 min for 2 h, 20 spikes can be identified
from the NO release profile detected by the NOA. This is because NO is only generated on
the electrode during the anodic pulse—which is half of the cycle.

In another experiment, it was found that by further increasing the cathodic voltages from
-1.0Vto -1.4V (vs. Ag/AgCl wire), increased NO fluxes from the surface of the catheter
tubing could be obtained (Fig. 2). This is likely due to the fact that the more negative voltage
can better regenerate a clean Cu® surface. However, we noticed that when cathodic pulses
above —1.35 V are used, the baseline NO level (hen the sequence is turned “o ) also
increases, probably due to the fact that the surface regenerated at more negative voltage is
too active. When cathodic pulses < -1.35 V are used, the NO baseline level is consitently
low (<0.2x10719 mol min~1 cm=2) when the system is turned “off”. Therefore, for the
remainder of the studies reported here, a pulse sequence with 15 s at +0.2 V and 15sat-1.3
V is used and with this sequence the catheters can release NO continuously for > 60 h (Fig.
3).
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The effect of O, level in the test solution in which the catheters were placed was also
studied. In the presence of 10% and 21% O, the detected NO flux is reduced by 39% and
53%, respectively (Fig. 4). This decrease in measured NO can result from two processes.
First, the generated NO can react with O, directly, within the catheter and within the gas
phase that is purging the NO into the chemiluminescence instrument. Second, it is known
that some Cu(l) species can reduce O, to the superoxide radical, which can scanvage NO to
form peroxynitrite.[2°] To clarify the contribution of these two processes, we also tested
chemical donor based NO releasing devices under similar conditions and found 18% and
21% decrease in measured NO under 10% and 21% O», respectively compared to when only
N is the purge gas (data not shown). The NO release for these materials is based on
decomposition of dizeniumdiolate NO donors which involes no copper. Therefore, this
result means that ~40% of the observed total reduction in NO flux observed from the
electrochemical NO releasing catheter in the presence of O, results from the effect of O, on
the NO detection method, and the other ~60% is likely from the reaction of oxygen with
Cu(l) as well as the faster rate of oxygen reaction with the higher NO level near the surface
of the Cu electrode as this reaction is second order in NO. Of note, the venous O, content is
typically is much less than 10%, and arterial O is fairly close to this level (e.g.,
corresponding to 80-120 mm Hg). Hence, for the proposed catheters described here, it is
likely that in vivo, the NO fluxes at the surface of the catheters should typically be >
0.8x10719 mol min~1 cm=2, whether the catheters are implanted in veins or arteries.

3.2 Anti-thrombotic Properties of NO Releasing Catheters In Vivo

To assess the antithrombotic activity of the electrochemical NO releasing catheters, the
devices (both active and control catheters) were implanted into rabbit veins for 7 h.
Catheters in the low flux group exhibit an NO flux of ~0.7x10710 mol min~1 cm=2 and those
in the high flux group exhibit fluxes of ~1.1x10710 mol min~1 cm=2. As shown in Fig. 5a,
less thrombus formation is observed on the surface of the NO releasing catheters as
compared with control catheters. However, the NO flux plays a critical role in this
experiment, with a higher flux (~1.1x1071% mol min~1 cm2) reducing the overall thrombus
coverage by 62% (n=3, p<0.001), while a lower flux (~0.7x10719 mol min~1 cm=2) reduces
thrombus area by only 17% (Fig. 5b; n=3, p<0.05) (reductions are relative to average of
control catheters without NO release). This agrees well with the fact that the endothelium
layer of cells on the inner walls of blood vessels produces NO at the flux of 0.5-4x10710
mol min~1 cm~2 to prevent clotting, and dysfunction of NO producing the enzyme, eNOS,
increases susceptibility to thrombophilia.[28] Note that NO released from the surface of the
catheter has a short lifetime in blood (<1 s) due to reaction with oxyhemoglobin and, thus,
will only induce a very localized antithrombotic effect, as compared with heparin, which
usually induces a systemic effect.[27]

3.3. Biofilm Prevention Study

Since bacterial infections pose major clinical problems[?8], in our prior work with the Cu-
wire based NO release catheters, we studied the effect of continous e-chem NO release on
the adhesion of E. coli and A. baumannii bacteria to catheter surfaces within a CDC
bioreactor. In this study, a drip flow bioreactor is used to allow growth of high biomass-
biofilms close to the air liquid interface, which provides a standardized model that better
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represents in vivo conditions.[2%] We first investigated the effect of NO on bacterial biofilm
formation from a microbial species that is more prelevant with CRBSI, S aureus. We also
examined whether effective dispersal of pre-formed, mature biofilms can be achieved with
only 3 h of NO release turned “on” after the catheters were placed in the drip flow bioreactor
to allow E. coli biofilm formation of over 2 and 4 d periods.

Since intravascular catheters necessitate continuous NO release to prevent clotting formation
on their surfaces, biofilm dispersal was first studied by employing catheters that release NO
continuously during the time exposed to S. aureus and media within the drip flow
bioreactor. The S. aureus biofilms were grown for 48 h at 37 °C, and NO was constantly
generated electrochemically for the active catheters using pulse sequence of 15sat -1.3V
and 15 s at +0.2 V. Corresponding controls containing the same nitrite reservoir as well as
the Cu® and Ag/AgCl wires but not connected to the potentiostat were also examined. Plate
counts of viable bacteria present on the surface of the catheters demonstrate a 6 log-unit
difference between control and NO releasing catheters (Fig. 6; n=3, p<0.01).

It should be noted that S aureus is an opportunistic pathogen capable of forming biofilms
and causing chronic infections with high morbidity and mortality.[30-311 Furthermore,
because S. aureus biofilms are purported to promote horizontal transfer of antibiotic
determinants, they present an even greater challenge to successfully eradicate.[32] Thus,
since the NO releasing catheter devices significantly lower the viable cell count of S. aureus
biofilms, this approach may represent an efficacious and relatively simple strategy to reduce
this current serious complication in hospitalized patients.

It is also interesting to note that some bacterial infections can cause concomitant thrombosis.
Indeed, invasive staphylococcal and streptococcal bacterial infections can promote
hemostatic system malfunctions, which also lead to thrombosis.[33-34] Colonization by S
aureus, in addition to causing the majority of intravascular catheters-related infections[3°],
can also induce platelet aggregation in vitro and induce the development of deep vein
thrombosis in vivo.[36-37]

Because the plate count data for S. aureus biofilms showed a dramatic difference between
continuous NO releasing and the control catheters, this result prompted us to investigate
whether releasing NO only at the end of the biofilm growth period may still be sufficient to
reduce bacterial viability on the surface of the catheter. Moreover, this strategy would
conserve the nitrite reservoir thus significantly increasing the operational NO release
lifetime of any medical catheters developed based on this chemistry. This approach could be
more viable for urinary catheters rather than intravascular devices, since thrombosis would
not be an issue with such catheters and hence continuous NO release would not likely be
required.

Since E. coli is the cause of 80% of urinary tract infections (UTIs) in humans[38] and can
easily adhere onto abiotic surfaces and mediate strong biofilm growth[39-401 this bacterium
was chosen to assess whether the catheters that are only turned “on” to generate NO at the
end of the biofilm maturation process, can still abate cell viability significantly. Remarkably,
as shown in Fig. 7a, the electrochemical NO-release catheters can efficiently disperse 48 h
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E. coli biofilms by generating NO for only 3 h at relevant biological fluxes (1.0x1071% mol
min~1 cm™2). Indeed, the bacterial count on the surface of the NO producing catheters is 3
log units lower than that found on the control catheters (n=4, p<0.01). This finding is further
validated by the fluorescent imaging data that bacterial surface coverage of the NO releasing
catheters is noticeably less than the control catheters (Fig. 8).

The matrix of extracellular polymeric substances, by increasing over colonization time,
contributes to the adhesion properties of bacteria and enhances biofilm stability.[41-43]
Because of this, both dispersal and eradication of biofilm structures are typically more
problematic at later stages of biofilm development. Nonetheless, as demonstrated here, the
electrochemical method of NO production from the surface of a catheter is efficient at
inducing dispersal of 96 h old E. coli biofilms (Fig. 7b). In fact, it is shown that the bacterial
counts on the surfaces of catheters releasing NO for 3 h after a 4 d growth of biofilms is
almost 3 log units lower than those on the control catheters (n=4, p<0.01). Consequently,
these results demonstrate how the electromodulated NO releasing approach may also
provide a novel strategy to reduce biofilm-induced UTIs over an extended time period of
catheter placement, via a periodic generation of NO.

Because the proposed electrochemical NO generating system has considerable anti-biofilm
properties, in future studies, it would be interesting to investigate whether local NO delivery
at these low, non-toxic fluxes can also be efficient against antibiotic resistant, biofilm-
forming microbial isolates. It has already been shown that NO can have an antimicrobial
effect against multidrug-resistant uropathogenic E. coli.l44l In addition, a manganese
nitrosyl, entrapped in the mesoporous material MCM-41 has been discovered to strongly
inhibit the growth of drug-resistant A. baumannii.[45] Nevertheless, most of these studies to
date have focused on the bactericidal properties of NO on planktonic cells. Because cells
within biofilms are much more resistant than planktonic cells to antimicrobial agents(61[46],
it will be necessary to investigate whether NO released from the catheter configuration
described in this work can also eradicate antibiotic-resistant isolates that have been grown to
a mature biofilm stage on the surface of such devices.

4. Conclusions

In summary, we have demonstrated that electrochemical release of NO from model
catheters, which employ a copper wire electrode to generate Cu(l) ions to reduce nitrite to
NO, can produce a relatively steady flux of NO from their surfaces for an extended time
period by using the proper applied voltage pulse sequence. Such catheters were further
shown to exhibit significant thromboresistance in vivo as well as anti-biofilm properties
against bacteria that are known to be associated with high rates of hospital infections for
both intravascular and urinary catheters. It should be noted that the single-lumen
configuration used in this work is not practical for preparing operational catheters that could
be employed clinically to infuse fluids or withdraw blood. However, we have already
demonstrated that electrochemical NO generation from multi-lumen catheters is possible,
using the alternate Cu(ll)-ligand mediated electrochemical reduction of nitrite within one
lumen of the multi-lumen device.[24] Hence, efforts will now focus on using either of the
two methods (Cu® wire-based or Cu(ll)-complex based) within full sized multi-lumen
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catheter configurations to demonstrate the anti-clotting and antimicrobial capability of this

ne
in

w approach with both intravascular and urinary cathters that could ultimately be employed
human studies.
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Fig. 1.

Effect of pulse cycle on NO release profile from surface of the silicone catheter from a
copper wire electrode: (a) Schematic of applied voltage pulse sequence; (b) NO release
profile from 6 min cyles using old pulse sequence (as in[23]); with an anodic pulse of 3 min
at 0 V and a cathodic pulse of 3 min at —0.92 V (vs. Ag/AgCl wire); (c) NO release profile
of 6 min cycles and 30 s cycles, with an anodic pulse of +0.2 V and a cathodic pulse of -1.3
V (vs. Ag/AgCl wire).
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Fig. 2.
Effect of cathodic pulse voltage on NO release from a single-lumen catheter at 25 °C. Each

pulse cycle includes a 15 s cathodic voltage pulse and a 15 s anodic voltage pulse. The
potentials are vs. Ag/AgCI wire
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Fig. 3.

Ng release from a single-lumen silicone catheter using repeated pulse cycles of 15sat -1.3
V and 15 s at +0.2 V at 37 °C. The dotted line indicates a surface NO flux of 1.0x10710 mol
min~1 cm~2. Note that the catheter is intentionally turned “off” periodically to demonstrate
the NO release can be modulated. The potentials are vs. Ag/AgCI wire
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Fig. 4.
Effect of solution phase O, concentration on NO release from a single-lumen silicone

catheter (37 °C). Repeated pulse cycles of 15sat -1.3 V and 15 s at +0.2 V are applied.
Note that NO release is turned “o ” when changing the purging gas.
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Fig. 5.
Antithrombotic effect of NO releasing catheters (NRC) in 7 h rabbit experiment: a)

representative photos of high flux (NRC (High) ~1.1x10720 mol min~1 cm=2), low flux
(NRC (Low) ~0.7x10710 mol min~! cm~2) and control (Control, <0.1x1071% mol min~1
cm™2) catheters after explantation; b) thrombus surface coverage quantified by counting the
red pixels on the catheters from the photos (Low flux catheters: n=3 rabbits, * p<0.05; High
flux catheters: n=3 rabbits, **p<0.01).
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Fig. 6.
S. aureus biofilms developed on single-lumen catheters in a drip flow biofilm reactor for 48

h with the electrochemical NO release turned “on” continuously (only for NO release
catheters) throughout the entire period of the biofilm growth. Plate counts of viable bacteria
attached to the catheter surface after this period. (n=3, **p<0.01)
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Fig. 7.
E. coli biofilm developed on single-lumen catheters in a drip flow biofilm reactor for a) 48 h

and b) 96 h and NO release was then turned “on” only at the end of these periods for 3 h.

Plate counts of viable bacteria attached to the catheter surface.. (n=4 for both experiments,

**1<0.01).
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Fig. 8.

Representative fluorescent micrographs of surfaces of a) control and b) NO releasing
catheters with live/dead staining. E. coli biofilms was grown for 48 h and NO is turned “on”
for the NO releasing catheter for 3 h at the end of the growth before the imaging.
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Scheme 1.
Schematic of a single-lumen electrochemically modulated NO releasing catheter.
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