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Abstract

Blood-contacting devices, such as intravascular catheters, suffer from challenges related to
thrombus formation and infection. Nitric oxide (NO) is an endogenous antiplatelet and
antimicrobial agent. Exogenous release of NO from various polymer matrices has been shown to
reduce thrombosis and infection of/on implantable medical devices. However, the clinical
applications of such materials have been hindered due to factors such as NO donor leaching and
thermal instability. In this study, a novel approach is demonstrated in which one lumen of
commercial dual lumen catheters is dedicated to the NO release chemistry, allowing the other
lumen to be available for clinical vascular access. A composite consisting of poly(ethylene glycol)
(PEG) and S-nitroso-N-acetylpenicillamine (SNAP) is used to fill the NO-releasing lumen of
commercial 7 French silicone catheters. Physiological levels of NO are released from the SNAP-
PEG catheters for up to 14 d, as measured by chemiluminescence NO analyzer (in PBS buffer at
37 °C). PEG facilitates the NO release from SNAP within the lumen by increasing the water
absorption and slowly dissolving the solid SNAP-PEG composite. In a CDC biofilm bioreactor,
the SNAP-PEG catheters are found to reduce > 97% bacterial adhesion as compared to the PEG
controls for single bacterial species including £. coliand S. aureus. SNAP-PEG and PEG control
catheters were implanted in rabbit veins for 7 h (single lumen) and 11 d (dual lumen) to evaluate
their hemocompatibility properties. Significant reductions in thrombus formation on the SNAP-
PEG vs. PEG controls were observed, with ca. 85% reduction for 7 h single lumen catheters and
ca. 55% reduction for 11 d dual lumen catheters.
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1. Introduction

Two major challenges with blood-contacting medical devices (e.g., intravascular (1V)
catheters, extracorporeal circuits) are related to thrombus formation and infection.1=3 When
blood comes in contact with biomedical devices like IV catheters the coagulation cascade is
initiated, where plasma proteins adsorb (e.g., fibrinogen) to the surface, platelets become
activated and adhere, and ultimately a thrombus forms.3~* This thrombus formation can
prevent normal clinical use of the catheters (occlusion that prevents blood removal or drug/
nutrient infusion), and can also lead to other potentially life-threatening conditions such as
deep vein thrombosis or pulmonary embolism.> Catheter-related bloodstream infections are
another significant concern, where 11% of the 1.7 million hospital acquired infections that
occur in the United States are associated with catheters, and such catheter-related infections
lead to nearly 28,000 deaths each year.}: 8 Commercial heparin-coated catheters are
available, but fail to fully address the issues related to infection because these surfaces only
indirectly reduce infection by their reduction in clots (since bacteria can become trapped
within the clots).”® Catheters containing active antibacterial agents (e.g., silver) are
available, but have been reported to have similar rates of infection as standard catheters.19 In
clinical practice, anticoagulant (e.g., heparin, citrate) and antibiotic lock solutions are also
used.l 11-12 | ock solutions containing anticoagulants are employed to prevent local
thrombus formation, but have had similar rates of thrombosis and fail to address issues
related to microbial infection.11: 13 Catheter replacement is the only solution in many cases,
which can further increase chances of infection.14-15> Development of polymers that can
resist both thrombosis and infection is still a prominent area of research with the potential
for significant clinical benefits.

One promising approach to improving the hemocompatibility of medical devices has been
the development of polymers with localized nitric oxide (NO) delivery. Nitric oxide is a
biologically-active innate gas molecule with many important physiological roles. Healthy
endothelial cells that line blood vessels release NO with a surface flux of 0.5 — 4 x 10710
mol cm~2 min~! that prevents platelet activation.1® Macrophages and nasal epithelial cells
also produce NO that is a potent broad-spectrum antimicrobial agent.1”-18 Low levels of NO
release (nM concentrations) act as a signaling agent and have also been effective in
dispersing microbial biofilms.19-20 Nitric oxide is highly reactive and has a short half-life
under physiological conditions,2! so NO donor molecules such as A-diazeniumdiolates and
S-nitrosothiols (RSNOs) have been widely studied. RSNOs such as S-nitrosoglutathione
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(GNSO) and S-nitrosoalbumin are recognized as an endogenous reservoir of NO.22-24
Synthetic RSNOs such as S-nitroso-N-acetylpenicillamine (SNAP) and S-nitroso-N-
acetylcysteine (SNAC) have also been studied as NO release agents due to their stability.2>
Heat, light (340 and 590 nm), and metal ions (e.g., Cu*) are the major catalysts for initiating
NO release from RSNOs and forming a disulfide.24-27

Polymers with localized NO delivery have shown promising antithrombotic and
antimicrobial properties.28-42 To date, the most common approaches to incorporating
RSNOs, such as SNAP, within polymers for blood-contacting devices has been non-
covalently dispersal within the biomedical polymer3%-45 or synthetically binding the RSNO
functional group to the polymer backbone.2”: 4649 Recent reports have shown that SNAP
incorporated within silicone-polyurethane copolymers have long-term NO release, excellent
storage stability, and can significantly reduce thrombus formation and bacterial adhesion on
extracorporeal circuits3® and catheters.40-41 Despite the potential benefits of NO-releasing
polymers, clinical application of NO-releasing catheters has not occurred to date. Some of
the limitations have been related to the thermal sensitivity of NO donor molecules,
challenging synthesis procedures, or leaching of NO donors/byproducts.39: 4. 48-51 The
thermal sensitivity of NO donor molecules poses complications related to typical extrusion
used to fabricate catheters and medical tubing, where the temperatures of molten polymers
(> 150 °C) would be detrimental to maintaining the RSNO functionality.>2

In this study, a novel method of fabricating catheters with NO release is investigated. One
lumen of commercial single and dual lumen silicone catheters is filled with a composite
mixture of poly(ethylene glycol) (PEG) and SNAP (Fig. 1). PEG is a polymer matrix used
for various pharmaceutical purposes, such as drug release applications and as a suppository
base, due to its water solubility, low toxicity, stability, and non-volatility.53-5% PEG polymers
are available in a range of various molecular weights which at room temperature are viscous
liquids (low M) to hard waxy solids (high M7).56 GSNO and SNAC have previously been
incorporated in liquid poly(ethylene glycol) (PEG) with a low molecular weight (average

M 7200 and 400) for potential topical applications.®!: 57 The PEG matrix creates a
stabilization effect where the geminate recombination reaction of the two radicals (RS® and
NO") within the PEG cage is favored due to the microviscosity of the PEG solvent, leading
to slower NO release rates in comparison to the RSNOs in water. However, due to the use of
low molecular weight PEGs employed in these prior studies the RSNO-PEG matrix still
required low temperature storage in the freezer to maintain the RSNO stability.

Here, SNAP and high molecular weight PEGs (M#2,000 to 35,000) form a composite that is
used to fill catheter lumens. The hydrophilic PEGs provide a matrix for filling catheter
lumens with SNAP and facilitates the NO release under physiological conditions. Initial /n
vitro feasibility studies evaluated the water uptake and NO release properties were
conducted using single lumen catheter tubing filled with the SNAP-PEG composite material.
The SNAP-PEG composite was further used to fill one lumen of a 7 French commercial dual
lumen silicone catheters, allowing the other lumen to provide for vascular access. These
clinically relevant catheters were further evaluated for their antimicrobial activity using a
CDC biofilm reactor and their hemocompatibility in a rabbit model.
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N-Acetyl-D-penicillamine (NAP), sodium chloride, potassium chloride, sodium phosphate
dibasic, potassium phosphate monobasic, ethylenediaminetetraacetic acid (EDTA),
tetrahydrofuran (THF), Chelex® 100 resin, and sulfuric acid were purchased from Sigma-
Aldrich (St. Louis, MO). BioUltra grade poly(ethylene glycol) (PEG) with the following
molecular weights (M) were also purchased from Sigma Aldrich: 2,000; 4,000; 10,000; and
35,000. Methanol, hydrochloric acid, sulfuric acid, and Saint-Gobain Tygon® Formula 3350
Silicone Tubing (1.D. =0.79 mm, O.D. = 2.38 mm) were obtained from Fisher Scientific
(Pittsburgh, PA). Dual lumen silicone rubber catheters were a gift from Cook Medical Inc.
(Bloomington, IN). Dow Corning RTV 3140 silicone rubber sealant was purchased from
Ellsworth Adhesives (Germantown, WI). All aqueous solutions were prepared with 18.2 MQ
deionized water using a Milli-Q filter (Millipore Corp., Billerica, MA). Phosphate buffered
saline (PBS), pH 7.4, containing 10 mM sodium phosphate, 138 mM NaCl, 2.7 mM KCl,
and 100 uM EDTA was used for all /n vitro experiments. SNAP was synthesized following
previously described methods,3% 58 where an equimolar ratio of sodium nitrite and NAP
were dissolved in a 1:1 mixture of water and methanol containing 2 M HCl and 2 M H,SOy,
followed by precipitation over an ice bath. The green SNAP crystals were collected by
filtration, rinsed with water, and dried.

2.2 Catheter Preparation

Initial studies were conducted using single lumen silicone catheter tubing (Tygon® 3350)
with approximate length of 4 cm and an 1.D. of 0.79 mm and O.D. of 2.38 mm. Cook dual
lumen silicone catheters have an overall O.D. 2.34 mm and lumen dimensions of (maximum
width x height): NO-releasing lumen (1.27 x 0.64 mm) and vascular access lumen (1.14 x
0.48 mm). Catheter lumens were filled with a solid SNAP-PEG composite containing 20, 30,
or 40 wt% SNAP. To fill the catheter lumens, various solutions of SNAP and PEG were
prepared by dissolving in 1 mL methanol. For example, the 40 wt% SNAP-PEG solution
consisted of 200 mg SNAP and 300 mg PEG in 1 mL methanol. Catheter lumens were filled
with the SNAP-PEG solution using a 1 mL syringe, and the methanol was allowed to
evaporate under ambient conditions in order to form a solid SNAP-PEG composite within
the catheter lumen. Catheters were filled with the SNAP-PEG solution and dried until a
constant weight was obtained in order to completely fill the lumen. Both ends of the SNAP-
PEG lumen were sealed with the RTV silicone rubber and dried in the dark under ambient
conditions. Chelex® pretreatment was based on a previously reported method,3> PEG was
dissolved in methanol and allowed to react with Chelex® 100 resin (5 g/100mL) overnight.
The resulting supernatant solution was transferred to a new vial and used to prepare the
SNAP-PEG solutions described above for filling the catheter lumen. The SNAP control
catheters (without PEG) were prepared by dissolving 200 mg/mL SNAP in methanol, and
repeating the process described above to a constant weight. The PEG control catheters for
bacteria and rabbit studies were filled with only PEG using the same filling procedure
described above.
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2.3 NO release measurements

The real-time NO release from catheters was measured by a chemiluminescence Nitric
Oxide Analyzer (NOA), model 280i (Sievers, Boulder, CO). The NOA had a cell pressure of
7.2 Torr and an oxygen pressure of 7.1 psi. The NOA was calibrated prior to sample analysis
using a 2-point calibration (0 and 45 ppm NO calibration gas). To measure the NO release, a
catheter sample was placed in 4 mL of PBS buffer with EDTA in the NOA sample cell and
incubated at 37 °C. Nitric oxide liberated from the sample was continuously swept from the
solution and headspace of the sample cell by purging the buffer with a nitrogen sweep gas
(200 mL/min), and then this stream flowed into the chemiluminescence detection chamber.
Catheters were incubated in PBS at 37 °C and the NO release was measured at various time
points during a 14 d period. After the rabbit experiments, some of the SNAP-PEG catheters
were tested for NO release post-blood exposure.

2.4 Water uptake experiments

Catheter samples weighed and photographed after preparation and incubated in PBS at

37 °C. Each day the catheters were weighed and pictures of the whole catheter were taken.
The % water uptake was calculated using the initial weight (W) and the weight at each time
point (W) as follows: water uptake (wt%) = (W;— W /Wy x 100. The approximate rate of
SNAP-PEG dissolution within the catheter lumen was determined from the photos using
ImageJ software, where the green pixels (solid SNAP-PEG) were used to quantitate a 2-D
representation of the solid SNAP-PEG remaining at each time during a 2-week period.

2.5 Mass Spectrometry Detection of SNAP in PBS

In order to assess any leaching of SNAP and its degradation products, catheters (4 cm
lengths, n=6) filled with 40 wt% SNAP-PEG composite were soaked in 4 mL PBS at 37 °C
for 14 d. Prior to the experiment catheters were rinsed several times in PBS (which was
discarded) in order to wash away any residual SNAP-PEG on the catheter surface. After 14
days, the PBS soaking solutions were analyzed by liquid chromatography-tandem mass
spectrometry (6520 Accurate-Mass Q-TOF LC/MS, Agilent Technologies, CA) for
quantification of any SNAP, NAP, and NAP disulfide products present. Using a previously
reported method,4C the experiments were conducted using a reversed-phase column
(ZORBAX RRHD Eclipse Plus C18, 2.1 x 50 mm). The gradient was obtained with eluent
A (water with 0.1% formic acid) and eluent B (95% acetonitrile, 0.1% formic acid). After a
15 uL sample injection a linear change of eluent mixtures from 100% A to 0% A over 10
min was carried out with a flow rate of 0.4 mL/min. The mass spectrometer used
electrospray ionization in the negative ion mode, and the detected species were [M - H]".

2.6 In vitro antimicrobial testing

E. coli ATCC 25922 and S. aureus ATCC 25923 were purchased from American Type
Culture Collection (ATCC, USA). Lyophilized bacteria were reconstituted in LB broth and
grown overnight at 37 °C at 100 rpm. The overnight grown bacteria cultures were washed
with PBS buffer 3 times and re-suspended in PBS to a concentration of ~108 CFU/mL.
Catheters (4 cm in length) were mounted aseptically on the coupon holders of the CDC
biofilm bioreactor (Biosurface Technologies, Bozeman, MT). The bioreactor was inoculated
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with ~ 1 x 108 CFU/mL for 1 h. The bioreactor was supplemented with 10% LB media by a
peristaltic pump with continuous flow rate of 100 mL/h. The CDC bioreactor was incubated
at 37 °C and shear force was generated by magnetic stirring. After 3 d of biofilm growth, the
catheters were removed and rinsed in sterile PBS. In order to disperse any bacteria attached
to the surface for plate counting, each catheter was homogenized in PBS to form a
homogeneous cell suspension.

In order to compare the extent of biofilm formation on the filled lumen vs. vascular access
lumen of the dual lumen catheters, the outer wall of each lumen was swabbed with dry
sterile cotton swabs. The bacteria pellet was collected from the swab by centrifugation at
using the Swab Extraction Tube System (Fisher Scientific) and re-suspended in PBS. To
assess cell viability, all bacteria solutions were 10-fold serially diluted in sterile PBS and
plated on LB agar plates. Plates were incubated overnight at 37 °C followed by CFU
counting.

Biofilm structure was also imaged by using a Live/Dead BacLight Bacterial Viability Kit
(Invitrogen, Carsbad, CA) with a fluorescent microscope. Catheter samples were stained
with the fluorescent dye and the surface was visualized using an inverted fluorescent
microscope (Olympus 1 x 17, Center Valley, PA) equipped with Fluorescence Illumination
System (X-Cite 120, EXFO) and filters for SYTO-9 (excitation = 488 nm/emission = 520
nm) and Propidium lodide (excitation = 535 nm/emission = 617 nm). Images were obtained
at random locations on the catheter surface using an oil immersed 60x objective lens.

2.7 Rabbit Model

All animals were cared for by the standards of the Institutional Animal Care and Use
Committee (IACUC) at the University of Michigan. The surgical area was sanitized and
dedicated to the purpose of performing surgery. The rabbit protocols employed in this study
were similar to those used in previous studies.33 40 59 A total of 16 New Zealand white
rabbits (Myrtle’s Rabbitry, Thompson’s Station, TN) were studied. All rabbits (2.5-3.5 kg)
were initially anesthetized with intramuscular injections of 5 mg/kg xylazine injectable
(AnaSed® Lloyd Laboratories Shenandoah, lowa) and 30 mg/kg ketamine hydrochloride
(Hospira, Inc. Lake Forest, IL). No systemic anticoagulation was administered to the rabbits.

Acute studies (7 h)—Maintenance anesthesia was administered via isoflurane gas
inhalation at a rate of 1.5-3% via mechanical ventilation which was done via a tracheotomy
and using an A.D.S. 2000 Ventilator (Engler Engineering Corp. Hialeah, FL). Peek
inspiratory pressure was set to 15 cm of H,O and the ventilator flow rate was 8 L/min. To
facilitate the maintenance of blood pressure stability, 1V fluids of Lactated Ringer’s were
given at a rate of 10 mL/kg/h. In order to monitor blood pressure and to collect intermittent
blood samples for analysis during the experiment, each rabbit’s right carotid artery was
cannulated using a 16-gauge 1V angiocatheter (Jelco®, Johnson & Johnson, Cincinnati, OH).
The blood pressure and derived heart rate were monitored by a Series 7000 monitor
(Marquette Electronics Milwaukee, WI) while the animal body temperature was monitored
with a rectal probe and maintained at 38 °C using a water-jacketed heating blanket. Blood
samples were collected each hour in 1 mL syringes containing 40 U/mL of sodium heparin
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(APP Pharmaceuticals, LLC, Schamberg, IL) for blood-gas analysis using an ABL 825
blood-gas analyzer. One SNAP-PEG and 1 PEG control (5 cm length) were inserted into the
external jugular veins for 7 h.

Chronic studies (11 d)—All surgical instruments were sterilized using steam sterilization
and sterile drapes were employed to create a sterile field around the dorsal and ventral sides
of rabbit neck. Maintenance anesthesia was administered via isoflurane gas inhalation at a
rate of 1.5-3% via a face mask and using an A.D.S. 2000 Ventilator (Engler Engineering
Corp. Hialeah, FL). The rabbits” neck areas were cleaned with iodine and ethanol prior to
incision. A modified rabbit venous model, originally developed by Klement et al,%9 was used
where the internal right and left jugular veins provided an access point to the common
jugular veins and the tip of the catheter was placed at the entrance to the right atrium. By
using the internal jugular veins, the common jugular vein blood flows were maintained over
the catheter which enabled both thrombosis and microbial biofilm assessments. Under sterile
conditions, a small skin incision (2 cm) was made over the right and left external jugular
veins, and the internal jugular vein branches were isolated for the catheter insertion. Briefly,
the internal jugular veins were ligated proximally and under distal occlusion, a small
venotomy was made through which the catheters were introduced into the internal jugular
veins and then advanced into the cranial vena cava. About 7 cm of the catheter length was
inserted and then fixed to the vein at its entrance by two sterile silk sutures. A second skin
incision (1 cm) was made on the dorsum of the neck. The remaining external portion (~6 cm
long) of the catheters were then tunneled under the skin from the jugular vein, connected to
vascular access ports, and sutured in place under the dorsal skin incision. Skin incisions
were closed using absorbable sutures in a routine manner using uninterrupted stitches for the
ventral incision and interrupted stitches for the dorsal incision. The incision sites were
treated with Neosporin ointment. After removal from anesthesia, animals were placed in an
oxygenated and 37 °C incubator for post-operative recovery. Animals were checked during
1-2 h recovery until they were able to maintain sternal recumbency before moving to the
animal facility.

After surgery and recovery from anesthesia, the rabbits were housed individually with a
respective cage card identifying the animal in the animal facility. Animal health was
monitored during routine daily check-ups and weighing, and the skin incisions were
examined for inflammation (redness). Four mg/kg Rimadyl (analgesic) was given for 2 days
after surgery and 5mg/kg Baytril (antibiotic) was given for 4 days post-surgery. The vascular
access lumen was filled with a saline lock solution, and each day it was aseptically flushed
with 2 mL sterile saline.

2.8 Catheter explant and evaluation of hemocompatibility

Rabbits were given 400 1U/kg sodium heparin just prior to euthanasia to prevent necrotic
thrombosis. The animals were euthanized using a dose of Fatal Plus (130 mg/kg sodium
pentobarbital) (Vortech Pharmaceuticals Dearborn, MI). After 7 h or 11 d in rabbit veins the
catheters were explanted and rinsed in sterile PBS. Pictures were taken of the exterior of the
whole catheter and the interior of the vessel wall using a Nikon L24 digital camera. ImageJ
software was used to quantitate the 2-D representation of clot formation for each catheter.
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After the 11 d chronic implantation, catheters were also assessed for viable bacteria on the
surface of the catheters. The explanted chronic catheters were placed in 10 mL of sterile
PBS and homogenized. The resulting homogenate was 10-fold serially diluted in sterile
PBS. Triplicate aliquots of each dilution (50 pL) of each dilution were plated on agar plates.
The agar plates were incubated at 37 °C for 24 h followed by calculation of colony forming
units per catheter surface area (CFU/cm?). The remaining SNAP within the NO-releasing
lumen was determined by UV-Vis spectrophotometer (Lambda 35, Perkin—ElImer, MA)
after dilution in PBS and compared to the initial SNAP amount within fresh catheters, where
the presence of S-NO group provides a characteristic absorbance maxima at 340 nm
(SSNAp:lOZQ M_l cm'l).27’ 61

2.9 Statistical Analysis

Data are expressed as mean + standard error of the mean (SEM). A Student’s #test was used
to compare results between the SNAP-PEG and control catheters, where values of p < 0.05
were considered statistically significant for all tests.

3. Results and Discussion

3.1 In Vitro NO release from SNAP-PEG catheters

Commercial catheter tubing was used in these studies to evaluate the potential benefits of
dedicating one lumen of multi-lumen catheter to NO release chemistry and the other lumen
for vascular access. Catheters were filled with SNAP-PEG dissolved in methanol and dried
until obtaining a constant weight (approximately 8 mg of the solid SNAP-PEG per cm
length of catheter) to ensure that the entire lumen was filled. The high molecular weight
PEGs used are solids at room temperature and allow for the formation of a SNAP-PEG
composite that fills the catheter lumen after the methanol evaporates. During the filling and
drying process (several days) the SNAP-PEG formed a solid crystalline composite that fills
the lumen. The crystalline form of SNAP within a polymeric matrix has been shown
previously to have enhanced stability due to the formation of intermolecular hydrogen
bonding.4? Indeed, in this prior work, CarboSil catheters doped with SNAP that formed
crystals after solvent evaporation, had > 88% of the SNAP remaining after stored dry at

37 °C for 8 months.*0 In the present work, the higher the viscosity of the SNAP-PEG
solution in methanol allowed for more rapid filling the lumen to a constant weight. Any
SNAP-PEG solutions with greater than 40 wt% SNAP could have the benefit of higher
amounts of SNAP in the catheter lumen. However, increasing the wt% of SNAP would
decrease the overall viscosity of the filling solution (when both SNAP and PEG are
completely dissolved), owing to the limited solubility of SNAP in methanol of ~200 mg/mL,
and would significantly extend the duration of time needed to fill the lumen completely.

Initial studies were conducted using single lumen silicone catheter tubing (Tygon® 3350)
filled with 20 wt% SNAP in PEG. The water uptake of single lumen catheter tubing filled
with PEGs of various molecular weights was recorded and compared to SNAP control (no
PEG) catheters (Fig. 2). All of the SNAP-PEG catheters had a significantly higher
absorption of water than the SNAP control catheters. PEG is a very hydrophilic polymer that
draws water into the lumen of the catheter through the walls of the devices and gradually
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dissolves the SNAP-PEG composite. No significant differences in the rate of water uptake
when using PEGs with different molecular weights was observed. Any loss in weight due to
the NO released was considered insignificant in comparison to the increased weight due to
the water uptake observed during these experiments. The NO release was also measured
from these catheters under physiological conditions (incubated in PBS buffer at 37 °C) using
chemiluminescence over 2 weeks. The catheters filled with SNAP-PEG composite had
higher NO release levels than the corresponding SNAP control catheters due to the water
absorption that dissolves the SNAP crystals and initiates NO release (Fig. 3A). The catheters
prepared with PEG 4,000 consistently exhibited a greater NO flux than the other PEGs;
therefore, further studies were conducted using the PEG 4,000 species.

The NO release was measured from catheters prepared with 20, 30, or 40 wt% SNAP in
PEG 4,000 with SNAP loadings of approximately 7, 10, and 14 pmol SNAP/cm length,
respectively (Fig. 3B). All of the catheters release physiologically relevant levels of NO (0.5
-4 x 10710 mol cm™2 min~1) and released their entire NO payload during the 14 d testing
period. The catheters filled with higher wt% SNAP had higher NO fluxes on day 0 and days
10-14. Therefore, dual lumen catheters for bacteria and rabbit studies were prepared using
40 wt% SNAP in PEG 4,000, and the NO release levels were similar to that observed from
the single lumen catheters. In order to monitor any leaching of SNAP and its degradation
products (NAP and NAP disulfide), catheters filled with 40 wt% SNAP-PEG composite
were incubated for 14 d in PBS at 37 °C. After the total of 14 days of soaking the total
leaching of SNAP, NAP and NAP disulfide within the PBS was found to be 135 + 55, 50

+ 16, and 416 + 25 nmol per cm catheter length, respectively. These small amounts of
SNAP, NAP, and NAP disulfide account for < 3% of the total SNAP initially incorporated
within the lumen. This level of leaching is significantly lower than previous reports of
SNAP-doped biomedical polymers (up to 47% of initial SNAP)39-40 because in this study
the SNAP is entrapped within the catheter lumen. Indeed, the presence of these compounds
within the soaking buffer are probably more likely attributed to residual SNAP on the
catheter surface after fabrication where the catheter surface can easily be contaminated with
the SNAP-PEG solution during the lumen filling process, or minor imperfections in the
silicone seals placed on the ends of the catheter lumens after filling with the SNAP-PEG
composite. Previous studies with SNAP-based polymers where SNAP is incorporated within
the walls by a solvent impregnation method have exhibited much more significant true
leaching of SNAP and its byproducts.39-49 In general, low levels of SNAP leaching is not a
major concern since NAP has been clinically used to treat heavy metal poisoning and
cystinuria for many years.52-63 These results further demonstrate that this catheter design
localizes the NO release only from the catheter surface, without significant levels of
precursor or product leaching.

The single lumen catheters with 20, 30, and 40 wt% SNAP in PEG 4,000 were also
photographed over the 14 d testing period. Initially the lumen is completely filled with
SNAP-PEG (dark green from SNAP), which gradually dissolves and becomes clear/
transparent as PEG absorbs water (Fig. 4A). The rate of SNAP-PEG dissolution was
approximated by using ImageJ software to calculate the 2-D area of dark green solid
(SNAP-PEG) remaining at each time point. All of the SNAP-PEG filling was dissolved and
the SNAP reservoir was nearly depleted by day 14, as indicated by the low NO flux levels
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observed (see Fig. 3). No significant differences in the rate of dissolution with different PEG
amounts was observed (Fig 4B). PEG polymers also have been reported to have trace metal
ions present,®3 which could potentially catalyze the NO release from the SNAP-PEG
catheters vs. SNAP control (without PEG). In order to assess the role of any potential trace
metal ions in initiating NO release from these catheters, the PEG solutions were pre-treated
with Chelex® resin in order to remove any trace divalent metal ions. Polymers have been
purified previously with the Chelex® resin, which replaces the divalent metal ions with
sodium ions.84 Catheters were filled with the SNAP-PEG composite with and without the
Chelex® pretreatment and no significant differences in their NO release was observed (data
not shown). This demonstrates that the water uptake and resulting dissolution of the SNAP-
PEG filling has a greater role in initiating the NO release from SNAP than any trace metal
ions present in the PEG polymer. When SNAP is in its solid/crystal form within the polymer
it is quite stable due to crystal formation and intramolecular hydrogen bonding, while
soluble SNAP within polymer matrices is less stable and can more rapidly release its
NO.40.65 As the PEG draws water into the catheter lumen and becomes hydrated, SNAP
dissolves and can more rapidly release it’s NO payload resulting in the higher NO fluxes
observed.

3.2 In Vitro Bacteria Testing

An in vitro CDC bioreactor was used to assess the antimicrobial activity of the NO released
from SNAP-PEG catheters because it provides shear forces and a renewable nutrient source
that mimics an 7 vivo environment.56 The SNAP-PEG and PEG control catheters were
placed in the CDC bioreactor with gram-negative strain £. coli or gram-positive strain S.
aureus cultures for 3 d. Catheters were removed from the bioreactor and homogenized in
sterile PBS. The homogenate solution was serially diluted and plate counting was used to
determine the viable bacteria on catheter surfaces. It was found that there was > 98%
reduction in viable bacteria on the surfaces of the SNAP-PEG catheters for both bacteria
strains when compared to the corresponding control catheters (Fig. 5A,B). In order to assess
any potential asymmetrical effects of NO release from the dual lumen catheters (filled lumen
vs. blood access lumen), additional experiments were conducted where the outer surfaces of
the NO-releasing and blood access lumens were cultured separately using sterile swabs and
a Swab Extraction Tube System. The viable bacteria on the blood access lumen were slightly
higher than the NO-releasing lumen; however, the difference was not significant (Fig. 5C).
This demonstrates minimal asymmetry in the NO release around the catheter due to the high
solubility and rapid diffusion of NO in silicone, as previously reported.6” Bacteria on the
catheters’ surfaces were also fluorescently imaged with a fluorescence microscope after
being stained with the Bacterial Live/Dead dye (Fig. 5D). The PEG control catheter surfaces
are fully colonized by mostly viable £. colior S. aureus cells (green). In contrast, the
surfaces of the SNAP-PEG catheters are covered with significantly fewer live bacteria cells,
and further many of the adhered bacteria are dead or membrane damaged cells (red) (Fig.
5D). This data corresponds well with previous reports that NO release from polymers can
act as a signaling agent to disperse biofilms, prevent bacterial adhesion, and has significant
broad-spectrum antimicrobial activity.20: 33. 35, 40-41, 68 The NO release from the SNAP-
PEG catheters results in ca. 2 log reduction in bacteria on the surface, which correlates well
with previously reported short-term /n vitro studies with 2-3 log reduction in bacterial
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adhesion.33 Methods to achieve higher levels of therapeutic NO delivery from the catheters
could further improve the antimicrobial properties and will have significant benefit for
potential clinical applications. Further, a key element of using NO release is also to reduce
and/or disrupt microbial biofilms that would make use of systemic antibiotic treatment much
more effective. Indeed, in recent work from this group demonstrating that low NO release
from the surface of catheters in conjunction with use antibiotics has a significant synergistic
effect, with the antibiotic (gentamicin in that study).89 The antibiotic alone had no effect on
the biofilm bacteria on the surface of the catheters, and NO release alone had 2-3 log unit
reduction. However, when the two were combined, nearly 5 log unit reduction was achieved.
Hence, in a clinical setting, where antibiotic use would be common, the effectiveness of NO
release would be greatly enhanced.

3.3 Rabbit Model

Initial hemocompatibility testing of the single lumen SNAP-PEG catheters was conducted in
an acute rabbit model where catheters (7 cm long) were inserted in the jugular veins of
rabbits for 7 h. At the end of the experiment the catheters were removed by longitudinally
cutting open the veins in order to prevent disruption of any formed thrombus on the catheter
surfaces. The catheters were briefly rinsed and photographed. The 2-D representation of clot
area was quantitated using NIH ImageJ software. The 40 wt% SNAP catheters had ca. 85%
less clot area than the PEG control catheters, with clot areas of 0.11 + 0.02 cm? and 0.77
+0.13 cm? respectively (Fig. 6).

In order to evaluate the catheters in a more clinically relevant model, chronic 11 d rabbit
studies were conducted. For these experiments the dual lumen catheters were used (13 cm
long), with one lumen dedicated to the either the 40 wt% SNAP-PEG or PEG control filling
allowing the second lumen to be used as the vascular access lumen. As described in the
Methods Section, 7 cm of the catheters was inserted in the jugular veins of rabbits under
sterile operating conditions with one SNAP-PEG and one PEG control catheter in each
rabbit. The remaining length of catheter (ca. 6 cm) was tunneled under the skin and
connected to an implantable vascular access port (connected to the vascular access lumen of
the catheter). Each day the blood access lumen was aseptically flushed with sterile saline.
After 11 d, the catheters were removed from the rabbits under sterile conditions. As
measured by UV-Vis, the NO-releasing lumen had 34 £+ 5 % of the initial SNAP content
remaining after the 11 d in rabbit veins. This remaining SNAP is expected to release NO for
an additional 3 d as the /n vitro NO release from the catheters lasts 14 d (see Fig. 3). The
clot formation on the catheters and within the vessel was photographed and quantitated
using ImageJ software (Fig. 7). The thrombus formation (dark red clots within the blood
vessels shown below the catheters) around the PEG control catheters was significantly more
than observed for the SNAP-PEG catheters. After 11 d implantation, the SNAP-PEG
catheters had ca. 55% less clot than the controls (0.77 + 0.14 cm? and 1.70 + 0.17 cm?,
respectively). The entire catheter length was also cultured for viable bacteria using the plate
counting method described above, and a ca. 90% reduction was observed for the SNAP-PEG
catheters when compared to controls (an average of 6 + 2 and 37 + 16 CFU/cm?,
respectively). The sterile operating conditions and administration of post-surgery antibiotics
was effective in preventing any chance of adverse bacterial effects, such as severe illness or
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mortality of the rabbits, during the study. These results correlate well with previous chronic
catheter studies using SNAP or diazeniumdiolated dibutylhexanediamine (DBHD/NONO)
as NO donor molecules doped within Elasteon E2As polyurethane, where ca. 70 and 82%
reduction in thrombus formation as well as ca. 90 and 95% reduction in bacterial adhesion
were observed, respectively.41: 70

4. Conclusions

The approach used in this study demonstrates a simple and feasible method to incorporate
therapeutic NO delivery from commercial/existing multi-lumen catheters by dedicating one
lumen to house the SNAP-PEG composite. This method has major advantages of
overcoming the need of extruding catheters with the thermally unstable SNAP within the
walls, as well as significantly reducing concerns of the NO donor and/or product leaching. In
this study commercial silicone catheters were used, but the method of filling one lumen with
the SNAP-PEG composite could also be applied to commercial multi-lumen catheters made
of other polymers (e.g., polyurethanes) in order to improve their hemocompatibility. The
proposed catheters can release physiological levels of NO for up to 14 d when soaked in
PBC at 37 °C. The presence of PEG with SNAP in the NO-releasing lumen plays a critical
role in facilitating the water absorption and subsequent dissolution of the SNAP-PEG
composite within the NO-releasing lumen. This new NO release catheter design also has an
advantage of essentially eliminating any substantive leaching of SNAP and/or its byproducts
as they are completely sealed within the catheter lumen. The SNAP-PEG catheters exhibit
significant antimicrobial activity, as tested in the CDC bioreactor, with > 97% reduction of
viable £. Coliand S. aureus. The catheters prepared with the SNAP-PEG lumen also
significantly decrease clotting in both the 7 h and 11 d rabbit models, as compared to the
PEG controls. This new approach of employing a dedicated NO-releasing lumen within
multi-lumen catheters has significant potential to improve the biocompatibility/antimicrobial
properties of existing commercial catheters. Methods to increase the NO flux from these
catheters (e.g., using optical fiber within the SNAP-PEG lumen to photo-release NO from
the SNAP) could potentially further increase the NO release rates and thereby enhance the
antimicrobial and hemocompatibility properties of the proposed devices. Future studies will
also evaluate the shelf-life and sterilization stability of the SNAP-PEG composite which are
critical for potential future clinical applications.
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Configuration of single and dual lumen catheters with 1 lumen filled with the mixture of &
nitroso- AV-acetyl-D-penicillamine (SNAP) and poly(ethylene glycol) (PEG). Single lumen
catheter tubing was Tygon 3350 with 1.D. 0.79 mm and O.D. 2.38 mm. Cook dual lumen
silicone catheters have an O.D. 2.34 mm and lumen dimensions of (maximum width x
height): NO-releasing lumen (1.27 x 0.64 mm) and vascular access lumen (1.14 x 0.48 mm).
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Fig. 2.

Water uptake (wt%) of single lumen silicone catheters filled with 20 wt% SNAP and 80 wt%
of PEG with various molecular weights (2,000; 4,000; 10,000; or 35,000) during 10 d
incubation in PBS buffer at 37 °C. The SNAP Control catheter was filled completely with
SNAP without any PEG. Data represents the mean + SEM (n=3).
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Fig. 3.

Ng release single lumen catheters filled with 20 wt% SNAP and 80 wt% PEG with various
molecular weights and SNAP control (completely filled with only SNAP) (A). NO release
from single and dual lumen catheters filled with 20, 30, and 40 wt% SNAP in PEG 4,000
(B). NO release from catheters under physiological conditions (in PBS buffer at 37 °C) as
measured by chemiluminescence. Data represents the mean £ SEM (n=3).
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Fig. 4.

Representative images of the gradual dissolution of 40 wt% SNAP and PEG 4,000 within
single lumen catheters (A). Approximate rate of SNAP-PEG dissolution in single lumen
catheters (filled with 20, 30, and 40 wt% SNAP and PEG 4,000), where the undissolved
SNAP-PEG was quantitated with ImageJ software (B). Data is the mean £ SEM (n=3).
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Fig. 5.

Control and 40 wt% SNAP-PEG catheters (4 cm lengths) were incubated at 37 °C ina CDC
bioreactor for 3 d with £. colior S. aureus. Viable bacteria counts of £. coli (A) and S.
aureus (B) on control and SNAP-PEG catheters after as determined by plate counting.
Viable bacteria counts on the filled lumen (filled with PEG control or 40 wt% SNAP-PEG)
vs. the vascular access lumen of dual lumen catheters as determined with the swab extraction
system and plate counting (C). Representative fluorescent micrographs comparing the
bacteria on control and SNAP-PEG catheters after incubation at 37 °C in a CDC bioreactor
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containing E. colior S. aureus, where bacterial LIVE/DEAD staining shows viable cells as
green and dead or membrane damaged cells as red (D). Data represents the mean + SEM
(n=4). * p< 0.05, SNAP-PEG vs. Control.
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Fig. 6.

Representative images of single lumen catheters filled with PEG control (A) or 40 wt%
SNAP-PEG (B) after implantation in rabbit veins for 7 h. Two-dimensional representation of
thrombus formation on the catheters was quantitated using ImageJ software (C). Data
represents the mean £ SEM (n=4). * p< 0.05, SNAP-PEG vs. Control.
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Fig. 7.

Rgpresentative images of thrombus formation (dark red clots in veins) on dual lumen
catheters and vein interior after 11 d implantation in rabbit veins, where catheter left of
yellow dashed lines was in the vein. The dark reddish-black areas are thrombus formed, and
the red tissue is the explanted vein that the catheter was inserted within. The vascular access
lumen was locked with saline, and the other lumen was filled with PEG control (A) or 40 wt
% SNAP-PEG (B). Two-dimensional representation of thrombus formation was quantitated
using ImageJ software (C). Data is the mean + SEM (n=4). * p< 0.05, SNAP-PEG vs.
Control.

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2017 May 08.



	Abstract
	Table of Contents/Abstract Graphic
	1. Introduction
	2. Materials and Methods
	2.1 Materials
	2.2 Catheter Preparation
	2.3 NO release measurements
	2.4 Water uptake experiments
	2.5 Mass Spectrometry Detection of SNAP in PBS
	2.6 In vitro antimicrobial testing
	2.7 Rabbit Model
	Acute studies (7 h)
	Chronic studies (11 d)

	2.8 Catheter explant and evaluation of hemocompatibility
	2.9 Statistical Analysis

	3. Results and Discussion
	3.1 In Vitro NO release from SNAP-PEG catheters
	3.2 In Vitro Bacteria Testing
	3.3 Rabbit Model

	4. Conclusions
	References
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4
	Fig. 5
	Fig. 6
	Fig. 7

