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ABSTRACT: A controllable and inexpensive electrochemical
nitric oxide (NO) release system is demonstrated to improve
hemocompatibility and reduce bacterial biofilm formation on
biomedical devices. Nitric oxide is produced from the electro-
chemical reduction of nitrite using a copper(Il)-tri(2-
pyridylmethyl)amine (Cu(II)TPMA) complex as a mediator,
and the temporal profile of NO release can be modulated readily
by applying different cathodic potentials. Single lumen and dual
lumen silicone rubber catheters are employed as initial model
biomedical devices incorporating this novel NO release approach.
The modified catheters can release a steady, physiologically-
relevant flux of NO for more than 7 days. Both single and dual lumen catheters with continuous NO release exhibit greatly
reduced thrombus formation on their surfaces after short-term 7-h intravascular placement in rabbit veins (p < 0.02, n = 6).
Three day in vitro antimicrobial experiments, in which the catheters are “turned on” for only 3 h of NO release each day, exhibit
more than a 100-fold decrease in the amount of surface attached live bacteria (n = S). These results suggest that this
electrochemical NO generation system could provide a robust and highly effective new approach to improving the
thromboresistance and antimicrobial properties of intravascular catheters and potentially other biomedical devices.
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B iomedical devices are central to everyday medical care, and

intravascular catheters in particular play an indispensable
role in monitoring patients by providing access to the blood
and enabling infusion of drugs and nutrients. However, there
are two major complications associated with the use of such
devices; microbial infections and thrombosis/clotting. An
estimated 80000 catheter-related bloodstream infections
(CR-BSIs) occur in patients within intensive care units
(ICUs) in the United States each year, causing as many as
28000 deaths and $2.3 billion in additional medical costs.'
Thrombosis (clotting) is another major issue associated with
catheter use, and this problem is only partly circumvented by
intermittent or continuous heparin infusion. Additionally, use
of heparin poses a risk of systemic anticoagulation as well as
heparin sensitivity in certain patients (including heparin
induced thrombocytopenia (HIT)). Further, use of heparin
does not prevent platelet activation and adhesion, the primary
events in a foreign body induced coagulation process.”

Nitric oxide is an endogenously produced molecule
(endothelial cells produce NO at a flux of 1.0—4.0 X 107*°
mol min~! cm™2)® that exhibits exceptional therapeutic
potential, including killing bacteria* and preventing thrombo-
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sis.> Its short lifetime in blood (seconds) is both beneficial and
challenging, as the short-lived radical NO will only have a
localized effect.® Thus, appropriate storage and delivery
methods must be carefully considered, as NO should be
released precisely to a given area where it is needed. Strategies
of doping NO donors such as diazeniumdiolates and S-
nitrosothiols within polymer matrices have created new
materials that exhibit improved biocompatibility in various in
vivo blood contacting device/applications.”® However, such
NO donors are fragile and can lose NO during storage as a
result of increased temperature or exposure to moisture or light.
This increases the cost required for shipping and storage,
limiting their utility in commercial biomedical products.
Nitric oxide generation via electrochemical reduction of
nitrite could provide a cheap and controllable alternative
method. However, direct nitrite reduction on metal electrodes
is complicated and the products can vary from NO, N,0, N,,
NH,OH, to NH;, depending on pH, nitrite concentration,
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potential applied, and nature of the metal electrode itself.”'® To
achieve high selectivity towards NO generation, catalysts are
necessary. Iron meso-tetrakis(4-N-methylpyridiniumyl) por-
phyrin has been shown to produce NO in a two-step
electrolysis method in a flow system.'' Recently, we
demonstrated that Cu® electrodes can be used to generate
NO from nitrite, via a pulsed applied potential sequence.'” The
sequence involved an anodic pulse to generate Cu(I) species
and a subsequent cathodic pulse to clean the electrode.

Herein, we demonstrate a simpler and much more attractive
method to generate NO from a reservoir of nitrite ions using
constant potential electrochemistry and apply the technique to
fabricate antithrombotic/antimicrobial catheters. In nature, Cu-
containing nitrite reductases (E.C. 1.7.99.3) found in bacteria
convert nitrite to NO via a 1 electron reduction.'? Many Cu(II)
complexes have been studied to mimic the active site of this
enzyme,M’15 as well as detect NO via ﬂuorescence,16 and
several Cu(I) model systems have been shown to mediate
nitrite reduction to NO.'”7' In addition, Cu(II)-tri(2-
pyridylmethyl)amine (Cu(I)TPMA) has been reported to
catalyze the electrochemlcal reduction of nitrite to produce
primarily N,0.*° In the present work, we demonstrate that
conditions can be tuned for this Cu(I)TPMA species to
electrochemically generate predominately NO.

Figure 1 shows the structure of Cu(II)TPMA (inset) and the
resulting cyclic voltammetry (CV) of Cu(II)TPMA on a gold

N
o
N

X = NO,™ or H,0 100 mM nitrite

N
D
1

-
N
n

10 mM nitrite

Current Density / mA cm?
o

8 CuTPMA
041 1 mM nitrite
0.0 0 mM nitrite
02 00 02 -04 06

Potential vs Ag/AgCI/V

Figure 1. Cyclic voltammogram of 1 mM Cu(II)TPMA in 0.1 M
MOPS buffer (pH 7.2) on a 0.0314 cm?® gold disc electrode with
different levels of nitrite in solution saturated with N,. Scan rate is 50
mV/s. Inset: structure of Cu(II)TPMA.

(Au) electrode in the presence of different levels of nitrite in
solution. The reversible peaks in the absence of nitrite
correspond to a one electron reduction from Cu(II) to Cu(I)
within the complex, and the characteristic catalytic peak in the
presence of nitrite indicates that the nitrite is reduced by the
Cu(I) species. The CVs observed are similar on platinum (Pt)
and glassy carbon electrodes (Figure S1 in the Supporting
Information). To detect the NO product, a bulk electrolysis
experiment was performed by applying cathodic potentials in a
cell that is connected to a chemiluminescence nitric oxide
analyzer (NOA) (see experimental details in Supporting
Information). We use pH 7.2 3-(N-morpholino)-
propanesulfonic acid (MOPS) buffer, because at a pH lower
than 6, nitrite disproportionation occurs, producing back-
ground NO and NO,. At pH higher than 8, we observed that
the activity of the catalyst decreases significantly, and nitric
oxide is not detected. Figure 2 demonstrates that a low,
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Figure 2. Modulation of NO generation in bulk solution by applying
—0.2, —0.3, and —0.4 V (vs. 3 M CI~ Ag/AgCl) on a 0.071 cm* GC
electrode. The solution contains 2 mM Cu(I1)TPMA, 100 mM nitrite,
and 0.1 M MOPS buffer (pH 7.2).

medium and high flux of NO release can be modulated by
applying —0.2, —0.3, and —0.4 V, respectively, to the working
electrode (vs. 3 M Ag/AgCl reference electrode).

To clarify the difference in product composition with an
earlier paper”® where N,O was found to be the dominant
product, bulk electrolysis experiments were performed. In these
experiments, different levels of nitrite were present while
applying a constant potential for 3 h, followed by careful
analysis of the N,O content by gas phase IR (see the
Supporting Information section). It was found that N,O is
produced (from the reaction of CuTPMA with NO) but can be
suppressed to a relatively low level (< 6%) when higher
concentrations of nitrite are employed (see Figure S2 and
Table S1 in the Supporting Information). Note this low
amount of N,O is quite safe because up to 70% N,O by volume
is used routinely as an inhalation anesthetic in dentistry.”'
Previous studies have shown that Cu(I) complexes can
disproportionate NO to generate N,O and NO,*** We
believe that the excess nitrite used in our experiments
competitively binds to the Cu(I/II) center of the TMPA
complex (after reduction of nitrite to NO), and prevents NO
binding to the Cu(I/II) center, thereby suppressing N,O
generation. Note that NO only weakly binds to Cu(I)
complexes.*®

As proof-of-concept, such electrochemical NO release
chemistry was applied to catheters as model biomedical devices
to assess the antithrombotic and antimicrobial efficacy of this
new NO release strategy. Nitric oxide releasing catheters (cross
sectional geometries shown in Figure S3a in the Supporting
Information) were fabricated by filling the lumen of silicone
tubing with a solution containing 2 mM Cu(II)TPMA, 0.4 M
nitrite, 0.2 M NaCl, and 0.5 M MOPS buffer (pH 7.2). Teflon
coated Pt and Ag/AgCl wires with 0.039 cm” (1 cm long) and
0.079 cm® (2 cm long) surface areas exposed, respectively, were
used as the electrodes to conduct electrochemistry within the
lumen (see Figure 3).

Finite element analysis modeling shows that NO flux out of
the catheter mostly concentrates around the silicone surface
near the working electrode. Hence, the flux is calculated based
on the area of the device within a 3 cm long region
encompassing the 1 cm exposed electrode, where >99.8%
NO resides (see Figure S4 in the Supporting Information).
Similarly, in the catheter configuration, the NO flux can be
modulated by applying different voltage, and the observed flux
can vary from 0.4 to 3.0 X 107" mol min™' cm™ (Figure 4).
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Figure 3. Schematics of (a) single and (b) dual lumen electrochemi-
cally modulated NO releasing catheter configurations examined in this
work.
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Figure 4. Modulation of NO flux from a single lumen catheter with
0.0798 cm? Pt wire. The solution contains 4 mM Cu(I)TPMA, 0.4 M
NaNO,, 0.2 M NaCl, and 0.5 M MOPS (pH 7.2). Flux calculated
based on the 3 cm silicone surface area near the Pt wire. Potentials are
vs. 02 M CI™ Ag/AgCL

Current efficiencies observed are up to 81% towards NO
production and decrease as the applied potential is made more
negative (see Table S2 in the Supporting Information). To test
the long-term stability of NO release, such devices were turned
“on” and NO release monitored by chemiluminescence for an
extended time period. We found that physiologically relevant
NO fluxes (> 1.0 X 107'° mol min™cm™) can be emitted from
the catheter for more than 7 days (see Figure SS in the
Supporting Information).

To test the efficacy of this new NO release concept, we
conducted 7 h in vivo testing by placing the two single lumen
catheters described above in jugular veins of anesthetized
rabbits with one of the catheters “turned on” (flux ~2.0 X 107
mol min~' cm™2) and the other “turned-off” (not linked to
potentiostat; control). The degree of surface thrombus
formation was assessed after removal using Image] 1.47
software*® to determine the amount of clot covering the
surface. The NO releasing catheters consistently exhibited
reduced thrombosis (p < 0.0S, n = 3), with an average of 88 +
14% reduction in thrombus area when compared with the
control catheters (Figure Sa and SL 1-3 in Figure Sc). This
reduction in thrombus is not due to any significant temperature
change for the active NO releasing catheters wired to the
potentiostats owing to current flow. Indeed, based on simple
calculations from Joule’s law, the temperature change within the
small volume of inner nitrite reservoir solution due to A levels
of current flow would be <1 °C over a 24 h period.

3781

a) ; o
— =4 control
e =
;m lease
rlol‘h
o g
q control
control S
-
,_’—‘»——‘t
NO relé‘:;e, NOrelease =
Ex =TT ——
C) 70+ 7] Control
NO
R 60- . 7
S
® 50
(]
g 404
@ 304
7}
é 204
sy |
E o 7

SL-1 SL-2 SL-3 DL-1 DL-2 DL-3

Figure 5. Antithrombotic effect of e-chem NO releasing catheters in
veins of six rabbits for 7 h. Representative pictures of (a) single and
(b) dual lumen catheters after removal from the vein; (c) thrombosis
coverage percentage on the catheters (single lumen, SL 1-3; dual
lumen, DL 1-3).

In potential clinical practice, any e-chem NO releasing
catheter would require at least one open lumen to sample blood
or infuse agents and a second, closed-off lumen dedicated to
NO release. Therefore, it is important to demonstrate that the
new e-chem NO release methods could be adapted to such a
configuration. This was accomplished using a dual lumen
catheter (cross sectional geometry shown in Figure S3b in the
Supporting Information). Although such a catheter’s asymme-
try could cause an uneven distribution of NO at the outer and
inner surfaces of the lumens, the silicone rubber catheter
material has a very high solubility and mobility for lipophilic
NO,>?° that provides a reservoir for the e-chem generated NO
and improves the distribution of the gas. Indeed, such effect is
confirmed by finite element analysis simulations, as similar NO
concentrations are found near the surfaces of the two respective
lumens after 2 h of NO generation (see Figure S6 in the
Supporting Information). In vivo thrombosis experiments with
the dual lumen configuration also showed significant reduction
of thrombosis on NO releasing catheters (p < 0.05, n = 3) with
a 83 + 12% reduction of the thrombosis area compared with
corresponding controls in the same animals (Figure Sb and DL
1-3 in Figure 5¢).

To assess the antimicrobial/antibiofilm activity of the new e-
chem NO releasing catheters, the total adhered viable bacteria
on their surfaces after exposure to a flowing stream of medium
containing the bacteria for 3 d was determined. The dual lumen
catheters were tested in a drip flow bioreactor system, which
mimics the catheter environment in vivo. The catheter and its
peripheral environment (channel surface) were first inoculated
with high number of bacteria (~1 X 10°® CFU/channel) and
then flushed continuously with fresh high nutrient medium (1/
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Figure 6. E. coli biofilm developed on dual lumen catheters in a drip flow reactor for 3 days with NO turned on for 3 h each day. (a, b) Plate count of
the number of viable bacteria attached to the catheter surface and channel surface. (c) Picture shows the dramatic reduction of biofilm (indicated by

arrow) formed on the channel with NO releasing catheter.

10 Lauria Broth) to remove any unattached cells and allow
biofilm development on surfaces. Then, E. coli biofilms were
grown on the catheter with continuous medium flowing (100
mL/h) for 3 days, and the NO release was “turned on” for only
3 h each day (at flux of 0.6 X 107*° mol min™" cm™2). Even with
this low flux of NO release and with this release turned on only
periodically, bacterial plate counts showed a >1000-fold
decrease of viable bacteria on the channel surfaces in which
the NO releasing catheters (n = S) were placed and a >100-fold
decrease in viable bacteria on the catheter surfaces (Figures 6a,
b) when compared to controls. The reduction of biofilm
formation on the channel walls was so significant that it could
easily be observed visually (Figure 6¢). It should be noted that
the biofilm data presented here are viable bacterial counts on
the entire surface of the channel.

One potential concern is the competing reaction of oxygen
with reduced Cu(I)TPMA. However, the CV of 1 mM
Cu(II)TPMA with nitrite looks similar in air and in N, (see
Figure S7 in the Supporting Information), suggesting oxygen
reduction has little effect under such conditions. The rabbit and
biofilm experiments described above all were conducted in the
presence of oxygen, and the data obtained in these experiments
suggest that physiological levels of oxygen do not significantly
suppress NO production by competing for the Cu(I)TPMA
sites.

In the long term, the potential leaching of Cu is also
important to consider. Literature suggests that Cu(II) ions
cannot transport through silicone rubber to any significant
degree”” and this was confirmed by conducting a 7-d Cu
leaching test (see experimental details in the Supporting
Information). The soaking solution contains no Cu above the
trace background levels found initially within the PBS buffer
(see Table S4 in the Supporting Information).

In summary, electrochemically controlled NO releasing
catheters have been developed using Cu(II)TPMA mediated
nitrite reduction, and these devices exhibit significant
thromboresistance and antiseptic activity. Longer term (..,
3—7 days) in vivo experiments to test thromboresistance in
freely moving animals are now being planned with such
catheters using miniaturized battery powered potentiostats to
control the NO release fluxes of the devices. The NO flux
control in real-time via such chemistry should also enable
development of excellent NO(g) sources with different
temporal release pattern for other biomedical applications,
including a new generation of infection-resistant urinary
catheters and wound healing patches, as well as NO inhalation
therapy equipment for critically ill patients.
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