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Abstract

Two major problems with implanted catheters are clotting and infection. Nitric oxide (NO) is an 

endogenous vasodilator as well as natural inhibitor of platelet adhesion/activation and an 

antimicrobial agent, and NO-releasing polymers are expected to have similar properties. Here, 

NO-releasing central venous catheters (CVCs) are fabricated using Elast-eon™ E2As polymer 

with both diazeniumdiolated dibutylhexanediamine (DBHD/NONO) and poly(lactic-co-glycolic 

acid) (PLGA) additives, where the NO release can be modulated and optimized via the hydrolysis 

rate of the PLGA. It is observed that using a 10 % w/w additive of a PLGA with ester end group 

provides the most controlled NO release from the CVCs over a 14 d period. The optimized 

DBHD/NONO based catheters are non-hemolytic (hemolytic index of 0%) and noncytotoxic 

(grade 0). After 9 d of catheter implantation in the jugular veins of rabbits, the NO-releasing CVCs 

have a significantly reduced thrombus area (7 times smaller) and a 95% reduction in bacterial 

adhesion. These results show the promise of DBHD/NONO-based NO releasing materials as a 

solution to achieve extended NO release for longer term prevention of clotting and infection 

associated with intravascular catheters.
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Diazeniumdiolated dibutylhexanediamine (DBHD/N2O2) based nitric oxide (NO) releasing 

catheters were fabricated and optimized using PLGA additive for sustained NO release for 14 d 

period. These nonhemolytic and noncytotoxic NO-releasing (NOrel) catheters were able to 

significantly reduce clotting and bacterial infection in a long-term rabbit model.
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1. Introduction

Infection and thrombus formation are the leading complications for blood-contacting devices 

in clinical settings today, and can result in extended hospital stays, increased healthcare 

costs, and even patient death [1, 2]. Thrombus formation is currently treated through the 

systemic administration of heparin, increasing the risk for hemorrhage, thrombocytopenia, 

and thrombosis in patients [3]. Even with the use of heparin, venous thrombosis has been 

detected via Doppler imaging in 33% of intensive care unit patients [4]. Intravascular 

catheters are used in a variety of different settings, and range greatly in the length of use. 

Acute catheters used in operating rooms, emergency rooms, and intensive care units (ICUs) 

are typically used for up to 7 days, while more permanent catheters for cases such as long-

term nutrition or dialysis can be used from months to years [2]. Preventing thrombus 

formation over these time periods is critical to maintain the functionality of the catheter. 

Long-term systemic administration of anticoagulants increase the patients risk for the 

complications stated above. Local administration of the anticoagulant, such as heparin lock 

solutions, are currently used clinically to prevent this local thrombus formation, but fail to 

address issues related to microbial infection [5].

Catheter associated infections are prevalent in clinical settings, where 1.7 million healthcare 

associated infections result in 99,000 deaths per year in the United States alone [6]. 

Infections associated with indwelling catheters are particularly common, where up to 40% of 

all indwelling catheters become infected [7]. The majority of serious catheter-related 

infections are associated with central venous catheters (CVCs), where more than 250,000 

CVC-associated infections occur annually in the United States which results in $25,000 

additional costs and a mortality rate of 12–25% per infection[8, 9]. The treatment of these 

infections is typically done through the use of antibiotics, and has led to the development of 

antibiotic resistant strains of bacteria, such as methicillin resistant Staphyloccus aureus 
(MRSA) and Acinetobacter baumannii [10, 11]. Once adhered to a surface, bacteria also 
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have the ability to form biofilms, where an extracellular carbohydrate matrix encases 

communities of bacteria to protect the bacteria from bactericidal and bacteriostatic agents. 

This biofilm formation makes it difficult for antibiotics to penetrate, and has been shown to 

require up to 1000 times higher dose [12]. Bacteria that have adhered to a intravascular 

catheter can also detach from the surface and lead to bloodstream infections (80,000/year) 

and possibly death (28,000/year) [8].

The ability of bacteria or proteins (e.g., fibrinogen and von Willebrand Factor that stimulates 

activation of platelets to cause clotting) to adhere to the surface of catheter materials is 

influenced by a number of characteristics, including surface roughness and surface charge 

(hydrophobicity). Many approaches have been used to increase the biocompatibility of 

materials through limiting protein adsorption by decreasing surface roughness, varying 

hydrophobicity, zwitterionic surfaces, or grafting of hydrophilic polymers such as poly-

ethelyne glycol [13–19]. While these approaches can aid in limiting protein adsorption and 

bacteria adhesion, they do not address complications associated with platelet activation and 

adhesion, or respond to any bacteria that have adhered to the surface. Polymers with heparin 

immobilized to their surface, have been shown to be effective at reducing thrombosis, and 

have reached the marketplace and clinical use [20–24]. However, these products still lack an 

active approach to prevent infection. Active catheter coatings containing antibacterial agents 

such as silver or antibiotics are available, but have nearly the same rate of infection as 

standard catheters [25]. In addition, both the silver and antibiotic containing catheters also 

do not address issues associated with platelet activation.

An alternative approach to improving the biocompatibility of materials is to mimic the 

natural endothelium. It has been shown that nitric oxide (NO) is the primary regulator in 

inhibiting platelet activation and adhesion, and is naturally released form vasculature at an 

estimated surface flux of 0.5 – 4 ×10−10 mol cm−2 min−1 [26, 27]. Along with inhibiting 

platelet adhesion, NO has also been shown to have broad-spectrum antimicrobial properties, 

killing both gram-positive and gram-negative bacteria [28–32]. Many NO donors such as S-

nitrosothiols [33, 34] and N-diazeniumdiolates [35, 36] have been developed and studied for 

their potential to locally release NO from polymer surfaces. The addition of NO donors into 

polymeric materials has been shown to be non-cytotoxic and non-hemolytic, while 

maintaining the mechanical properties of the base polymer [37].

A major requirement for long-term applications is the ability extend the NO release lifetime 

to match the intended usage lifetime of the biomedical device. Methods for controlling the 

release of NO from materials have been the applications of additional polymer top coats in 

order to prevent leaching of the NO donor molecules, the use of polymers with low water 

uptake, as well as chemical additives. Prior work has shown diazeniumdiolated 

dibutylhexanediamine (DBHD/NONO) (Figure 1.A.) releases physiological levels of NO 

when incorporated into hydrophobic polymer films [38–41]. However, the proton driven 

release mechanism of NO from this molecule creates free lipophilic amine species, 

increasing the pH within the material which stops the NO release before the total available 

NO was released [42]. Initially Batchelor et al utilized lipophilic anionic species (e.g., 

tetraphenyborate derivatives) as additives that slightly extended the NO release from films 

by buffering the proton activity within the polymer [38, 42]; however, there were concerns 
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related to its cytoxicity towards endothelial and smooth muscle cells [43]. The addition of 

poly(lactide-co-glycolide) (PLGA) has been one of the most promising methods reported to 

date of extending NO release from diazeniumdiolate-based materials. The NO release from 

DBHD/NONO-based materials can be modulated using PLGA additives, which hydrolyzes 

to produce lactic/glycolic acid species that can balance the production of the lipophilic 

DBHD amine byproduct of the NO release reaction and continue to promote NO release 

(Fig. 1. B.) [40, 41, 44]. The specific properties (i.e., acid or ester end groups) of the PLGA 

additives were previously studied in terms of their initial NO burst release effects, where 

PLGAs with acid end groups were found to produce an unwanted burst release from DBHD/

NONO [40, 41]. In these prior studies films prepared with PLGAs with ester end groups 

avoided this burst release and had extended NO release profiles.

Herein, we report the use of PLGA and DBHD/NONO as additives with in Elast-eon E2As 

polyurethane to fabricate NO-releasing central venous catheters (CVCs) in order to combat 

issues of both thrombosis and infection. The release rates of NO were measured from the 

formulations utilizing PLGAs with ester end groups in order to avoid any burst release and 

optimize the NO release profile over a 14 day period. The optimized NO-releasing CVCs 

were evaluated in long-term (9 d catheter) intravascular rabbit studies to observe the NO 

effects on prevention of clotting and bacterial adhesion, in comparison to E2As control 

catheters.

2. Materials and Methods

2.1. Materials

Anhydrous tetrahydrofuran (THF), anhydrous acetonitrile, sodium chloride, potassium 

chloride, sodium phosphate dibasic, and potassium phosphate monobasic were purchased 

from Sigma-Aldrich Chemical Company (St. Louis, MO). Poly(D,L-lactide-co-glycolide) 

materials with ester end groups (product numbers 50:50-DLG-7E and 65:35-DLG-7E) were 

obtained from SurModics Pharmaceuticals Inc. (Birmingham, AL). N,N′-Dibutyl-1,6-

hexanediamine (DBHD) was purchased from Alfa Aesar (Ward Hill, MA). DBHD/NONO 

was synthesized by treating DBHD with 80 psi NO gas purchased from Cryogenic Gases 

(Detroit, MI) at room temperature for 48 h, as previously described [45]. Elast-eon™ E2As 

was obtained from AorTech International, plc (Scoresby, Victoria, Australia).

2.2. Preparation of NO-releasing Central Venous Catheters

Catheters were prepared by dip coating polymer solutions on 18 cm long stainless steel 

mandrels of 1.2 mm diameter (purchased from McMaster Carr). Catheters were prepared 

using a slightly modified method as previously described [2]. For NO release measurements, 

small sections of catheters were made with the various PLGAs, and at various 

concentrations, to determine the optimum formulation for in vivo studies.

Control CVCs—The polymer solution consisted of E2As dissolved in THF (150 mg/mL). 

Thirty-five coats of the E2As solution was applied on the mandrel by dip coating.
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NO-releasing CVCs—Two different solutions, namely top/base coat and active, were 

prepared to make the trilayer catheters (Figure 2). The top/base coat solution consisted of 

E2As dissolved in THF (150mg/mL). The active solution was made up of 25 weight% 

DBHD/NONO with various corresponding ratios of PLGA and E2As (e.g., 10 weight% 

PLGA and 65 weight% E2As) dissolved in THF with overall concentration of 150 mg/mL. 

Trilayer catheters were prepared by dip coating 5 base coats of E2As solution, 25 coats of 

active solution, and 5 top coats of E2As solution.

All catheters were allowed to dry overnight under ambient conditions. Cured catheters were 

removed from the mandrels and dried under vacuum for additional 48 h. Catheters had an 

i.d. of 1.20 ± 0.07 mm and o.d. of 2.20 ± 0.11 mm, as measured with a Mitutoyo digital 

micrometer.

2.3. Nitric Oxide Release Measurements

A Sievers chemiluminescence Nitric Oxide Analyzer (NOA), model 280 (Boulder, CO) was 

used to measure the real-time release of NO from the catheters in vitro. A small sample of a 

catheter (1 cm in length) was placed in 4 mL PBS buffer at 37 °C, where nitrogen gas is 

bubbled into the PBS buffer to free NO from solution and a sweep gas of nitrogen carries the 

NO rich gas to the chemiluminescence detection chamber. Catheters were incubated in 4 mL 

of PBS buffer at 37 °C between measurements, where the incubating buffer was replaced 

daily. After the 9 d chronic rabbit study, a section of the catheter was tested for NO release 

post-blood exposure.

2.4 Cytotoxicity Study Using the ISO Elution Method

The cytotoxicity of the 25 weight% DBHD/NONO + 10 weight% 50:50 PLGA catheters 

was determined using ISO 10993-5 Elution Method by NAMSA®. Leachable extracted from 

the 25 weight% DBHD/NONO catheters was introduced to mammalian cells to determine if 

there were any toxic effects. A single preparation of the 25 weight% DBHD/NONO catheter 

was extracted into single strength Minimum Essential Medium (1X MEM) supplemented 

with 5% fetal bovine serum, 2% antibiotics (100 units/mL penicillin, 100 μg/mL 

streptomycin and 2.5 μg/mL amphotericin B) and 1% (2 mM) L-glutamine (1X MEM) at 

37 °C for 24 hours. Negative and positive controls (high density polyethylene (HDPE) and 

powder-free latex gloves respectively), and reagent control (1X MEM) were similarly 

prepared using MEM medium. The 25 weight% DBHD/NONO catheters were prepared as 

described in Section 2.2 and returned to the freezer until testing. The extracts were 

continuously agitated during extraction, and not centrifuged, filtered, or otherwise altered 

prior to dosing. The 1X MEM extraction was performed using serum to optimize extraction 

of both polar and non-polar components. Mouse fibroblast cells (L-929) were propagated 

and maintained in flasks containing 1X MEM at 37 °C with 5% carbon dioxide (CO2), and 

seeded in 10 cm2 cell culture wells and incubated at 37°C in the presence of 5% CO2 to 

obtain subconfluent monolayers of cells. Subconfluent cell monolayers were then used for 

leachate exposure and performed in triplicate. The growth medium contained in the triplicate 

cultures was replaced with 2.0 mL of the test extract, reagent control, negative control, or 

positive control extract depending on the experiment and incubated at 37°C in 5% CO2 for 

48 hours. The color of the test medium was observed to determine any change in pH, where 
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a color shift toward yellow indicates an acidic pH range, and a color shift toward purple 

indicates an alkaline pH range.

2.5 Hemolysis Testing

The hemolytic activity of 25 weight% DBHD/NONO + 10 weight% 50:50 PLGA catheters 

was measured in vitro using ASTM F756, Standard Practice for Assessment of Hemolytic 

Properties of Materials and ISO 10993-4 by NAMSA®. Whole blood from 4 New Zealand 

White rabbits was collected into 7 mL vacuum tubes containing 12 mg 

ethylenediaminetetraacetic acid (EDTA) as the anticoagulant. The drawn blood was 

maintained at room temperature and used within four hours of collection. Anticoagulated 

whole rabbit blood was pooled, diluted, and added to tubes with the test sample in calcium 

and magnesium-free phosphate buffered saline (CMF-PBS). The pooled blood was diluted 

with CMF-PBS to a total hemoglobin concentration of 10 ± 1.0 mg/mL. In a ratio of 1.0 mL 

diluted blood to 7.0 mL CMF-PBS, samples were prepared in triplicate both for direct 

contact as well as extraction. The samples were capped, inverted gently to mix the contents, 

and then maintained for at least 3 h at 37°C with periodic inversions at approximately 30-

min intervals. Following incubation, the blood-CMF-PBS mixtures were transferred to 

separate disposable centrifuge tubes. These tubes were centrifuged for 15 min at 700–800 x 

g. Negative controls (HDPE), positive controls (sterile water for injection), and blanks 

(CMF-PBS) were prepared in the same manner. The condition of the supernatant was 

recorded and a 1.0 mL aliquot was added to individual 1.0 mL portions of Drabkin’s reagent 

(hemoglobin reagent) and allowed to stand for 15 min at room temperature for all samples 

(DBHD/NONO, negative control, positive control, and blank). The conditions of the test 

article supernatants were recorded a second time. The absorbance of each test article, 

negative control, positive control, and blank solution was measured at 540 nm using a 

spectrophotometer. The condition of the test article supernatants was then recorded a third, 

and the final time.

The hemoglobin concentration for each test was then calculated from the standard curve. 

The blank corrected percent hemolysis was calculated for 25 weight% DBHD/NONO and 

the negative and positive controls as follows (where ABS = absorbance):

For the sample to be considered valid, negative controls must have had a blank corrected % 

hemolysis value <2%, while positive control must have had a blank corrected % hemolysis 

value of >5%. If either of these values were not within the acceptable range, the test was 

repeated with fresh blood.

The mean blank corrected % hemolysis (BCH) was calculated by averaging the blank 

corrected % hemolysis values of the triplicate test samples. In the event the BCH resulted in 

a value less than zero, the value was reported as 0.00. The standard deviation for the 

replicates was determined. An average hemolytic index of the triplicate test samples was 

also calculated as follows:
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2.6. Long-term Catheter Implantation in Rabbit Model

Rabbit catheter implantation protocol—All animals were cared for by the standards 

of the University Committee on Use and Care of Animals (UCUCA) at the University of 

Michigan. The surgical area was sanitized and dedicated to the purpose of performing 

surgery. All surgical instruments were sterilized using steam sterilization and sterile drapes 

were used to create a sterile field around the dorsal and ventral sides of rabbit neck. A total 

of 6 New Zealand white rabbits (Myrtle’s Rabbitry, Thompson’s Station, TN) were used in 

this study. All rabbits (2.5–3.5 kg) were initially anesthetized with intramuscular injections 

of 5 mg/kg xylazine injectable (AnaSed® Lloyd Laboratories Shenandoah, Iowa) and 30 

mg/kg ketamine hydrochloride (Hospira, Inc. Lake Forest, IL). 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). Rabbit neck area was cleaned with iodine and ethanol prior to incision. 

A modified rabbit venous model, originally developed by Klement et al, was used where the 

facial vein was used as an access point to the external jugular vein and the tip of the catheter 

was placed at the entrance to the right atrium [46]. By using the facial vein, the external 

jugular vein blood flow was maintained over the catheter which provided both thrombosis 

and biofilm assessments. Under sterile conditions, a small skin incision (2 cm) was made 

over the right external jugular vein and the internal jugular vein branch isolated for the 

catheter insertion. Briefly, the internal jugular vein was ligated proximally and under distal 

occlusion, a small venotomy was made through which the catheter was introduced into the 

jugular vein through the facial vein and then advanced into the cranial vena cava, as shown 

in Figure 3. About 7 cm of a 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 (8 cm in length) of the catheter was then 

tunneled under the skin from the jugular vein entrance and was exteriorized through the 

dorsal skin incision. Skin incisions were closed in a routine manner using uninterrupted 

stitches (absorbable suture) for the ventral incision and interrupted stitches (absorbable 

suture) for the dorsal incision. The open end of the catheter was closed by a subcutaneous 

vascular access port. Thereafter, the incision sites were treated with Neosporin ointment. 

Animals were given prophylactically Enrofloxacin (5 mg/kg SC daily for 4 days) as a broad-

spectrum antibiotic postoperatively. 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.

Post-operative recovery protocol—The rabbits that recovered from anesthesia after the 

catheter placements 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, the implanted venous catheters exit site and the skin incision was examined 

for inflammation (redness). Four mg/kg Rimadyl (analgesic) was given for 2 days after 
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surgery and 5mg/kg Baytril (antibiotic) was given for 4 days post-surgery. The catheter was 

flushed with 2 mL of sterile saline every day. After 9 d, rabbits were given 400 IU/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).

Catheter evaluation—After explanting, the catheters were rinsed in PBS. Pictures were 

taken of the exterior of the whole catheter and the interior of a 1 cm piece cut longitudinally 

using a Nikon L24 digital camera. Starting at the distal tip of the catheter, 1 cm sections 

were cut for SEM, bacterial adhesion, and NO release testing. To quantitate the viable 

bacteria, a 1 cm piece was cut longitudinally and was placed in 1 mL PBS buffer. Bacteria 

were detached from the catheter by vigorous shaking using a OMNI TH homogenizer 

(Kennesaw, GA), to provide a uniform bacterial suspension. The resulting homogenate was 

serially diluted in sterile PBS. The optimal homogenizing speed was found using a separate 

experiment where different homogenizing speeds and times were compared to provide the 

highest viable bacteria count. Triplicate aliquots of each dilution (10μL) 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/cm2).

2.7. Scanning Electron Microscopy

After explantation from rabbit veins, 1 cm catheter pieces were immersed in 2.5% 

glutaraldehyde solution for 2 h followed by 3 washes with phosphate buffer. Catheter pieces 

were treated with 1% Osmium tetroxide in 0.1M Cacodylate, pH 7.4 for 1 hour followed by 

3 washes with phosphate buffer. The catheter samples were dehydrated in ascending series 

of ethyl alcohols (30%–100%), mounted on SEM stubs, and subsequently sputtered with 

gold. The specimens were examined in a scanning electron microscope AMRAY FE 1900 

(FEI Company, Philips, Eindhoven, Netherlands) operating at 20 kV.

2.8 Statistical Analysis

Data are expressed as mean ± SEM (standard error of the mean). Comparisons between the 

control and NO-releasing CVCs were conducted using a two tailed Student’s t-test, where p 

< 0.05 was considered statistically significant for all tests.

3. Results and Discussion

3.1 In vitro NO release from Central Venous Catheters containing DBHD/NONO in E2As 
with various PLGA additives

The Elast-eon™ E2As polyurethane has been shown previously to have excellent intrinsic 

biocompatibility and stability properties, exhibiting low levels of blood protein adhesion, 

and providing excellent biocompatibility when combined with NO releasing materials in 
vivo [39, 47–49]. In a rabbit model of extracorporeal circulation, Elast-eon E2As was found 

to have significantly better intrinsic hemocompabitility properties that other common 

polymers (e.g., PVC/DOS), in terms of platelet preservation and thrombus formation [39, 

40]. We have previously demonstrated that acid capped PLGA gives an initial burst of NO 

on day 1 which quickly depletes the NO reservoir, and ultimately limits the NO release to 1 
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week above physiological levels [40]. In this study, two PLGA additives with ester end 

groups were used as a proton donor source for the DBHD/NONO-based central venous 

catheters in order to modulate the NO release profile and maintain a better balance between 

the DBHD amine production rate (the byproduct of the NO release mechanism) and acid 

monomer production from PLGA hydrolysis, thereby prolonging the release for a 2 week 

period. PLGA hydrolysis is initiated in the presence of water, where the ester bonds in 

PLGA hydrolyze to yield lactic and glycolic acids, which enables control of the pH within 

the polymer matrix [40, 41, 50].

The NO-releasing CVCs used in this study had middle NO-releasing layer that was 

topcoated with the E2As base polymer, as described in Section 2.2 (Figure 2). The NO-

releasing layer consisted of E2As with 25 weight% DBHD/NONO and 5, 10, or 25 weight% 

PLGA additives. Twenty-five weight% DBHD/NONO has been found to be optimum in 

terms of providing sufficient NO for extended release lifetimes [39, 40, 44]. The E2As top 

coat is used to prevent/reduce leaching of DBHD/NONO, neutralize the surface charge, and 

yield a smoother finish to the surface [40]. In this study, PLGA additives with ester end 

groups, an approximate inherent viscosity of 0.7 dL/g, and either a 50:50 or 65:35 acid 

monomer ratio were compared. PLGAs with a 50:50 lactide to glycolide monomer ratio 

have faster hydrolysis, and increasing the lactide amount will decrease the PLGA hydrolysis 

rate. All the NO-releasing CVCs were tested and incubated at 37 °C in PBS buffer, which 

was changed every day, in order to mimic physiological conditions throughout the NO 

release testing.

The NO release was tested over a 2 week period for CVCs prepared with 25 weight% 

DBHD/NONO with 5, 10, and 25 weight% of 50:50 or 65:35 PLGA additives in E2As 

polyurethane (Figure 4). Catheters with 5 weight% 50:50 and 65:35 catheters release NO for 

14 d; however, on the later days of testing the NO surface fluxes were quite low. These lower 

NO release levels indicate that the 5 weight% PLGA is not adequate to compensate for the 

pH increase due to production of free DBHD amines within the polymer. Increasing the 

PLGA additive to 25 weight% yield catheters that exhibit high fluxes on days 1–3 due to the 

increased amount of acid monomers being produced, resulting in complete depletion of the 

NO reservoir by day 14 with lower fluxes (<1×10−10 mol cm−2 min−1) on days 9–14. No 

significant difference between the NO release levels observed from catheters containing the 

same weight% of either 50:50 and 65:35 PLGA additives was observed. This similarity can 

be attributed to the fact that we only test the catheters for the initial 2-week period, whereas 

these PLGAs have much longer hydrolysis timeframes. In addition, these PLGAs are being 

doped into a hydrophobic polymer (with water uptake < 8%), which likely slows the 

hydrolysis rates even further [51]. Overall, the catheters prepared with 10 wt% of the 50:50 

PLGA additive had the most consistent NO flux with no initial burst of NO, and this enabled 

the NO release to be prolonged for up to 14 d period with NO flux ~ 4 x 10−10 mol cm−2 

min−1 on day 9. The NO release testing was discontinued after the NO flux dropped below 

physiological levels (< 0.5 x10−10 mol cm−2 min−1). During this 14 day period, the NO 

released from this catheter formulation accounts for approximately 56% of the theoretical 

NO based on the NO release profiles. The remainder of the theoretical NO loading with the 

catheter was either released during the catheter preparation or still remains within the 

catheter material. During the catheter preparation and curing the PLGA residual acid 
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monomers can react and release NO at room temperature. In addition, some DBHD/NONO 

may still be present within the catheter because the low water uptake of the E2As polymer 

may also reduce the diffusion of water throughout the entire catheter wall which may 

subsequently limit the PLGA hydrolysis and NO release from the DBHD/NONO molecules 

within the center catheter layer. Despite these limitations, physiological NO release is 

achieved from the catheters with 10 wt% 50507E PLGA for up to 14 days; therefore, this 

formulation was used for subsequent long-term catheter evaluations in the rabbit model.

3.2 Cytotoxicty and Hemolysis analysis of DBHD/NONO doped E2As

Cytotoxicity—Treating cells with a chemical agent can result in a variety of cell fates such 

as altered metabolism, decrease in cell viability, necrosis death, and change in the genetic 

program of cells ultimately resulting in apoptosis (programed cell death). L-929 mouse 

fibroblast cells were examined microscopically (100X) after incubation with the 25 weight% 

DBHD/NONO + 10 weight% 50:50 PLGA catheters using ISO 10993-5 elution method. 

Abnormal morphology and cellular degeneration, as well as percent lysis were recorded. For 

the test to be valid, the reagent control and the negative control must have had a reactivity of 

none (grade 0) and the positive control must have moderate (grade 3) or severe (grade 4) 

reactivity. In the event of 100% cell lysis, percent rounding and percent cells without 

intracytoplasmic granules were not evaluated. The reagent control (1X MEM), negative 

control (HDPE), and the positive control (powder-free latex glove) performed as anticipated 

(grade 0, grade 0, and grade 4 respectively). The 25 weight% DBHD/NONO catheters 

showed no evidence of causing cell lysis or toxicity when tested for 48 h on L-929 mouse 

fibroblast cells (grade 0), where the positive control showed 100% cell death.

Hemolysis—Hemolysis testing is considered to be the most common method to evaluate 

the hemolytic properties of any blood contacting biomaterial or device. The test is based on 

erythrocyte (red blood cells) lysis induced by contact, toxins, metal ions, leachables, and 

surface charge or any other cause of red blood cells lysis. The hemolytic potential of the 

NO-releasing catheters was tested in vitro for 3 h at 37 °C on blood samples sourced from 

rabbit using ISO 10993-4 protocol. In the event the hemolytic index resulted in a value less 

than zero, the value was reported as 0.0. The hemolytic index for 25 weight% DBHD/

NONO catheters in direct contact with blood was 0.0 ± 0.1% when compared to negative 

and positive controls (BCH 0.0 ± 0.1%, 102 ± 1.7% respectively). Extract from the catheters 

was also tested, where and the hemolytic index for 25 weight% DBHD/NONO catheters was 

0.05 ± 0.1%, with negative and positive controls of 0.23 ± 0.1% and 99.77 ± 2.3%, 

respectively. Thus, catheters containing 25 weight% DBHD/NONO in direct contact with 

blood and the sample extract were found to be non-hemolytic in a 3 h study.

3.3. Evaluation of thrombus formation and bacterial adhesion on E2As NO-releasing CVCs 
in 9 d rabbit model

Central venous catheters were prepared using a dip coating method as described in Section 

2.2. The NO-releasing and control CVCs were implanted for 9 days in rabbits in cranial 

vena cava, as shown in Figure 3 (1 catheter per rabbit) for evaluation of their 

hemocompatiblity. All the rabbits recovered rapidly from surgical procedure, with only mild 

weight loss observed after 1–2 days post-surgery, but returned to baseline in subsequent days 
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with normal activity level. Post-implanted catheters had a NO flux of 3.8 ± 0.7 x 10−10 mol 

cm−2 min−1 on the day of explantation, which is well within the normal range of NO from 

the endothelium [27]. Post-implanted catheters continued to release NO for 5 d after 

explantation and the flux levels were found to be similar to the catheters that had been 

continuously incubated in PBS at 37°C (see Figure 5). This data is consistent with our 

previous short-term animal data where we have shown that NO release is not compromised 

due to blood exposure [38, 40].

Surface thrombi on the explanted catheters were photographed and the degree of thrombus 

area was quantitated using ImageJ imaging software from National Institutes of Health 

(Bethesda, MD). The NO-releasing CVCs had significantly less clot formation (Figure 6A), 

where the inset pictures show representative images of the clot formation on the interior 

walls of the catheter. These thrombi area measurements were quantitated and, as shown in 

Fig. 6B, the thrombus area of the NO-releasing catheters was significantly lower compared 

to the control catheters (0.25 ± 0.08 and 1.40 ± 0.05 cm2, respectively). One cm catheter 

sections were homogenized in 1mL PBS to detach the bacteria from the inner and outer 

surfaces and cultured as described in experimental section above [51]. The bacterial colonies 

were counted the following day and were represented as CFU/cm2 in Figure 7A. A 95% 

reduction in bacterial adhesion was observed for NO-releasing catheters as compared to the 

controls (Figure 7B).

As shown in the SEM images (Fig. 8), the NO-releasing CVCs consistently showed 

significantly fewer adhered platelets, with little gross thrombus formation (Figure 6A), but 

did show signs of fibrin formation and protein adhesion on their surfaces [52]. Nitric oxide 

releasing surfaces have been reported to have high fibrinogen adsorption [52]. In contrast, 

the E2As control catheters were covered with a thick layer of thrombus which made it 

difficult to distinguish between the various blood components (activated platelets, fibrin, and 

entrapped red blood cells, etc.) and adhered bacteria. Overall utilizing DBHD/NONO and 

PLGA additives within the Elast-eon polymer shows significant promise in reducing rates of 

thrombosis and infection associated with CVC and potentially other blood-contacting 

devices.

4. Conclusions

In this study, NO-releasing central venous catheters were fabricated using Elast-eon E2As 

polymer with DBHD/NONO and PLGA additives, and the formulation was optimized for 

extended NO release using two different PLGA additives with ester end groups. E2As 

containing 10 weight% 50507E PLGA and 25 weight% DBHD/NONO was found to provide 

the most controlled NO release over the 9 day period, and was shown to release NO at 

physiological levels over 14 days. This composition was evaluated for its biocompatibility 

both in vitro and in vivo. The final composition showed a 0% hemolytic index when exposed 

to rabbit blood, and was found to be noncytotoxic (grade 0) to L292 mouse fibroblasts. The 

optimized NO-releasing CVCs were implanted in rabbits for a 9 d period to observe the 

potential to prevent clotting and infection. The NO-releasing CVCs were found to 

significantly reduce clot formation (7 times reduction) and bacterial adhesion (95% 

reduction). These encouraging results demonstrate that NO-releasing materials have the 
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potential to improve the hemocompatibility and antibacterial properties of a wide range of 

biomedical devices for long-term applications.
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Statement of Significance

Clotting and infection are significant complications associated with central venous 

catheters (CVCs). While nitric oxide (NO) releasing materials have been shown to reduce 

platelet activation and bacterial infection in vitro and in short-term animal models, 

longer-term success of NO-releasing materials to further study their clinical potential has 

not been extensively evaluated to date. In this study, we evaluate diazeniumdiolate based 

NO-releasing CVCs over a 9 d period in a rabbit model. The explanted NO-releasing 

CVCs were found to have significantly reduced thrombus area and bacterial adhesion. 

These NO-releasing coatings can improve the hemocompatibility and bactericidal activity 

of intravascular catheters, as well as other medical devices (e.g., urinary catheters, 

vascular grafts).
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Figure 1. 
Strucute of (A) diazeniumdiolated dibutylhexanediamine and (B) poly(lactide-co-glycolide).
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Figure 2. 
Cross sectional view of DBHD/NONO-PLGA catheters. Various weight% of PLGA, as well 

as PLGAs with various degradation rates, were fabricated in a similar fashion.
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Figure 3. 
Schematic showing placement of catheter in rabbit jugular vein.
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Figure 4. 
Nitric oxide release measurements as measure via chemiluminescence under physiological 

conditions (in PBS at 37 °C) for various DBHD/NONO-PLGA catheter formulations (n=3 

for each).
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Figure 5. 
Nitric oxide release measurements from PBS incubated and explanted DBHD/NONO-PLGA 

catheters.
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Figure 6. 
(A) Representative images of control and NO-releasing (NOrel) catheters after explantation. 

Catheters were cut longitudinally to show thrombus formation on the interior of the catheter 

for NOrel (n=3) and control (n=3) catheters, and are shown via arrows. (B) Measurement of 

total clot area for control and NO-releasing catheters.
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Figure 7. 
Bacteria counts (CFU/cm2) after 9 d implantation in rabbits. NOrel and control catheters 

were homogenized in sterile PBS after explantation, and this solution was grown on agar for 

plate counting.
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Figure 8. 
Representative SEM images of (A) NO-releasing and (B) control catheters after explanation.
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