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Abstract

Although frequently used, venous catheters are often associated with serious complications 

such as infection and thrombosis. Lock solution therapies are clinically used to deter these 

issues but generally address only infection or thrombosis with limited success. Here, we report 
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the development of a dual-functional lock therapy using nitric oxide (NO) donor molecule, 

S-nitrosoglutathione (GSNO). NO is a potent, broad-spectrum antimicrobial agent that also 

temporarily inhibits platelet activation, preventing thrombosis. Furthermore, NO has antibiofilm 

actions, an ability that traditional antibiotic lock solutions lack, thus limiting their efficacy. In 

this work, different concentrations of GSNO were characterized via NO analysis to determine a 

range of NO-releasing lock solution (NOreLS) concentrations to investigate and to demonstrate 

prolonged potential efficacy. Tested against clinically used vancomycin and gentamicin lock 

solutions, GSNO-based NOreLS repeatedly outperformed in models of different stages of catheter 

infections. NOreLS also prevented clot formation when exposed to whole blood, showing 

increased efficacy compared to a heparin lock solution. Moreover, NOreLS was demonstrated 

to be biocompatible via hemolysis and cytotoxicity assays. NOreLS has excellent potential for 

safely and effectively preventing infection and thrombosis related to catheter usage.
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1. INTRODUCTION

Over 5 million central venous catheters (CVCs) are used each year for cancer treatments, 

hemodialysis, parenteral nutrition support, etc. in the United States alone.1 Despite their 

frequency of use, complications such as infection and thrombosis are unfortunately common 

and contribute significantly to increases in morbidity, mortality, length of hospital stay, and 

healthcare costs. An estimated 250 000 catheter-related bloodstream infections (CRBSIs) 

occur annually in the US,2 costing the healthcare system an estimated 670 million to 2.68 

billion dollars per year.3 CRBSIs are acknowledged to be among the most expensive medical 

device-associated complications4 and the most common form of nosocomial bacteremia.2 

Additionally, these infections are associated with considerable mortality rates ranging 

from 12.24% to 25.96%.5,6 CRBSIs can be caused by a wide range of pathogens, the 

most common culprits being coagulase-negative staphylococci, Pseudomonas aeruginosa, 

Staphylococcus aureus, and Candida albicans.2,7 With the alarming emergence of antibiotic-

resistant pathogens, particularly in healthcare settings, the prevention of infections such as 

CRSBIs has become more important and treatments more difficult.8–11
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Antimicrobial lock therapies are often utilized to combat CRSBIs. Current commonly used 

antimicrobial lock therapies contain high concentrations of antibiotics such as vancomycin, 

gentamicin, or cefazolin.12 However, the use of prophylactic antibiotics is undesirable due 

to concerns for the emergence of resistant pathogens.13 Some antiseptic lock solutions 

are also available, but they are generally considered less effective than antibiotic-based 

lock solutions14 or have been associated with adverse effects (e.g., ethanol locks).12 While 

antimicrobial lock solutions have been used to prevent catheter infection with moderate 

success,15 their efficacy is limited by their inability to penetrate biofilms.12 Biofilms are 

self-secreted, jellylike structures that protect the encased microbes from antibiotics, host 

immune cells, etc.16,17 They also provide excellent environments for proliferation and 

horizontal gene transfer, which is one of the most common mechanisms of acquiring 

antibiotic resistance mechanisms.18,19 Even highly concentrated antibiotic lock solutions are 

relatively ineffective against biofilms, as they are unable to penetrate the biofilm matrix.20 

Moreover, attempted and ineffective treatments of biofilms with antibiotics can lead to the 

rapid development of resistance, exacerbating the situation.21 As biofilms are notoriously 

difficult to disperse or eradicate, biofilm formation on catheters necessitates removal to 

prevent the onset of CRBSIs and subsequent recurring infections.20 Thus, there is a need for 

a broad spectrum, biofilm-dispersing lock solution for improved preventative therapies.

Thrombosis, or blood clotting, is another common complication associated with the use of 

CVCs and can result in minor to life-threatening issues.22,23 Catheter-related thrombosis 

(CRT) has been found to occur in 14–16% of patients, usually within the first 100 days 

of CVC use,24 but the frequency increases greatly with long-term CVC use (occurrences 

of up to 50% in children and 60% in adults).22 Thrombi can cause vascular and catheter 

obstruction and provide a surface to which bacteria can easily adhere, increasing the risk of 

infection and sepsis.25,26 Additionally, detached thrombi have been seen to cause pulmonary 

embolism in 10–15% of patients with CRT and can be lethal.23,27

The prevention of thrombotic complications is preferred to treatment, but no preventative 

method is consistently or significantly effective.23,28 Typical prophylactic strategies include 

the incorporation of anticoagulants (commonly heparin) into lock solutions or systemic 

administration at low doses. However, there is little evidence for the efficacy of heparin lock 

solutions compared to normal saline in preventing thrombotic occlusions,22,29 and similarly, 

there is no conclusive evidence that systemic warfarin or heparin administration significantly 

reduces CRT.23 Moreover, these therapies are associated with serious adverse effects such 

as major bleeding.22,28 As such, there is a need for effective anticoagulant prophylaxis 

strategies to prevent CRT.

To combat the onset of CRBSIs and CRT, herein, we have investigated the use of a 

nitric oxide-releasing lock solution (NOreLS). Nitric oxide-releasing technologies have been 

incorporated into numerous promising antimicrobial and antithrombotic materials among 

others.30–34 Nitric oxide (NO) can kill a wide range of pathogens including those most 

commonly seen in CRBSIs (coagulase-negative staphylococci, P. aeruginosa, S. aureus, 

and C. albicans) and multidrug-resistant (MDR) strains.35,36 As NO has a nonspecific 

mechanism of action, it does not promote the generation of new resistant strains,35,37 a 

growing concern associated with the use of traditional antibiotics. Additionally, NO has been 
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shown to disperse biofilms and prevent their formation,38,39 an ability most antimicrobial 

therapies lack. NO release can also help mitigate medical device-associated thrombosis as it 

temporarily inhibits platelet activation.40–44

Previous work has shown the potential that NO-releasing technologies have in lock therapies 

for effects on microbial viability,45 but their prevention of CRT has yet to be explored, and 

their ability to disperse catheter biofilms has yet to be demonstrated. Here, we describe 

a thorough in vitro investigation of NOreLS using S-nitrosoglutathione (GSNO). GSNO 

is an established NO donor molecule46,47 but has yet to be applied to mitigation of 

CRBSIs and CRT in a lock solution. GSNO has far-reaching potential applications and 

has been investigated in numerous clinical trials.46,48 It has demonstrated antimicrobial 

efficacy when incorporated into various materials (polymers,42 fibers,49 creams,50 etc.), and 

its solubility in aqueous solutions supports its suitability in a lock solution. Furthermore, 

GSNO has demonstrated antithrombotic effects via temporary inhibition of platelet 

activation.42,49 NOreLS’s potential to deter CRBSIs is evaluated at different time points 

in catheter infection progression including effects against planktonic bacteria, treatment of 

an established infection on medical-grade tubing, and biofilm dispersal of a 3-d growth 

model. CRT prevention is shown through exposure to whole blood and quantification of 

reduced clot area. Moreover, the biocompatibility of NOreLS is demonstrated via hemolysis 

and cytotoxicity assays with human umbilical vein endothelial cells (HUVECs).

2. MATERIALS AND METHODS

2.1. Materials.

Sodium nitrite, Mueller-Hinton broth (MHB) and agar (MHA), Cell Counting Kit-8 

(CCK-8), heparin (HEP), and acetic acid were purchased from Sigma-Aldrich (St. Louis, 

MO 63103). Tygon non-DEHP Surgical and Hospital Tubing (nd-100–65) was purchased 

from Thomas Scientific (Swedesboro, NJ). Acetone was purchased from VWR (Radnor, 

PA). Phosphate-buffered saline (PBS), pH 7.4, which was used for all in vitro experiments, 

contained 138 mM NaCl, 2.7 mM KCl, and 10 mM sodium phosphate. The bacterial strains 

MDR P. aeruginosa (ATCC BAA 2110) and methicillin resistant S. aureus (ATCC BAA 

41) were purchased from American Type Culture Collection (ATCC). Crystal violet was 

obtained from Fisher Scientific (Waltham, MA). Reduced glutathione, Gentamicin (GEN), 

and Vancomycin (VAN) were purchased from GoldBio (Saint Louis, MO). Drabkin’s 

reagent was purchased from Ricca Chemical Company (Arlington, TX). Trypsin–EDTA 

was purchased from Corning (Corning, NY). Fetal bovine serum (FBS) and penicillin–

streptomycin (Pen–Strep) were purchased from Gibco-Life Technologies (Grand Island, 

NY). Porcine blood was purchased from Animal Technologies (Tyler, TX).

2.2. Preparation of NOreLS.

GSNO was synthesized as reported previously.51 Briefly, reduced glutathione (5 g/16 mmol) 

was dissolved in 12 M HCl and DI water and cooled in an ice bath. Excess NaNO2 (1.2 g/17 

mmol) was added to the mixture, which remained in the ice bath for 40 min. Cold acetone 

was added to precipitate GSNO, which was collected via vacuum filtration and washed with 

additional cold acetone and DI water. Once dried overnight under vacuum, GSNO was kept 
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in the dark at −20 °C until used. All NOreLS’s tested consisted of GSNO dissolved in PBS 

buffer, pH 7.4.

2.3. Nitric Oxide Release Analysis.

NO release measurements were conducted using a Sievers chemiluminescence Nitric Oxide 

Analyzer (NOA) model 280i (Boulder, CO). A baseline was recorded with 3 mL of PBS 

with 100 mM EDTA before being replaced with 3 mL of NOreLS. The samples were 

measured at 37 °C to simulate physiological environments. Nitrogen was bubbled into the 

solution to continuously carry NO into the chemiluminescence detection chamber. The NO 

release measurements were normalized using the volume of the samples. Unless otherwise 

indicated, samples were analyzed directly after dissolution. Where applicable, the samples 

were kept in the dark in an incubator at 37 °C between measurements.

2.4. Antibacterial Assessment.

MRSA strain ATCC BAA 41 and MDR P. aeruginosa strain ATCC BAA 2110 with MHB, 

MHA, or PBS were used for all antibacterial experiments. Plating of colony forming units 

(CFU) was aided by an Eddy Jet W2 spiral plater (IUL, Farmingdale, NY), and the viable 

colonies on the resulting plates were counted via a SphereFlash automated colony counter 

(IUL, Farmingdale, NY) after overnight incubation at 37 °C. The limit of detection of the 

spiral plater is noted to be 2 × 102 CFU/mL.

2.4.1. Time Kill Assay.—Time kill assays were conducted with slight modifications to 

a previously reported procedure.52 Inoculum cultures were grown until reaching the log 

phase in MHB before washing with PBS and diluting to a starting OD 600 of 0.05. Growth 

controls and samples were incubated at 37 °C in a 48-well plate and shaken at 150 rpm. 

Samples included varying concentrations of GSNO (1, 5, 10, and 20 mg/mL), 5 mg/mL 

VAN, or 5 mg/mL GEN all dissolved in MHB. VAN and GEN are commonly used antibiotic 

lock solutions53,54 and were included for comparison purposes. Aliquots were taken at 

specific time points (T = 2, 8, and 24 h) and serially diluted 10-fold in PBS. Only plates with 

individual colonies able to be detected by the SphereFlash automated colony counter were 

used. In the event that repeated plating of nondiluted aliquots showed no bacteria growth, 

the CFU was considered to be 0. These data points are denoted with an asterisk. Data are 

reported as time-kill curves, plotting the log10 CFU/mL versus time.

2.4.2. Treatment of 24 h Infected Tubing.—Sterile, medical-grade tubing was filled 

with 0.3 OD 600 MRSA or MDR P. aeruginosa in MHB after inoculums were grown until 

log phase and washed with PBS. The infected tubing was incubated at 37 °C for 24 h before 

being gently rinsed with sterile PBS. The tubing was then locked with PBS, VAN (5 mg/mL 

in PBS), GEN (5 mg/mL in PBS), or NOreLS (1, 5, 10, or 20 mg/mL) for 2 h at 37 °C and 

in the dark. After the 2 h treatment period, the tubing was gently flushed with PBS before 

the attached bacteria were removed via homogenization in PBS. The bacterial solutions were 

serial diluted 10-fold in PBS before plated. Following overnight incubation at 37 °C, the 

viable CFU were counted and reported as CFU/cm2. N = 5 per sample type is reported.
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2.4.3. 72 h Anti-Biofilm Assessment.—A crystal violet assay was performed to 

evaluate the biofilm dispersing abilities of the lock solutions, similar to a previously reported 

procedure.55 Sterile, medical-grade tubing was filled with 0.1 OD 600 MRSA or MDR P. 
aeruginosa in MHB and shaken at 150 rpm at 37 °C for 72 h. The indwelling solution was 

removed and replaced with fresh MHB approximately every 12 h. After 72 h of growth, the 

tubing samples with the resulting biofilms were gently rinsed with PBS to remove unadhered 

bacteria before being locked with the NOreLS or antibiotic lock therapies for 24 h at 37 °C 

in the dark. The growth control or treated tubing samples were gently rinsed with PBS after 

72 h of growth or 24 h of treatment, respectively. After washing, the samples were then filled 

with 0.1% crystal violet for 15 min before being repeatedly flushed with PBS to remove 

unbound dye. The tubing was cut into 1 cm segments and placed into 300 μL of 30% acetic 

acid to dissolve the stained biofilm. The absorbance of the resulting solution was read at 550 

nm. The amount of remaining biofilm relative to the growth control was calculated using eq 

1. N = 3 per sample type is reported:

Remainingbiofilm % =
Averageabsof treated1cmsegmentsolutions−absof blank
Averageabsof control1cmsegmentsolutions−absof blank × 100

(1)

Viability of bacteria within the biofilms after treatment was assessed. The 72 h biofilms were 

grown in medical grade tubing as described above. After 72 h (for the growth controls) or 

the 24 h treatments, the tubings were cut into 1 cm sections and homogenized in PBS. The 

samples were then serially diluted and plated. Following overnight incubation at 37 °C, the 

viable CFU were counted and reported as CFU/cm2. N = 6 per sample type is reported.

2.5. Antithrombotic Assessment.

Locked medical-grade tubing samples containing PBS, HEP (10k units/mL), or NOreLS (1, 

5, 10, or 20 mg/mL) were incubated in porcine whole blood to model clotting on the tip of 

a CVC. Calcium chloride was added to fresh porcine blood with sodium citrate to reverse 

anticoagulation. Tubing containing lock solution was plugged at one end, leaving the other 

end open to resemble the tip of a CVC. Each sample was individually placed in 1 mL of 

whole blood for 20 min before rinsed in CMF-PBS. The surface areas of attached clots 

were quantified using ImageJ. Data are presented as relative surface area of attached clots 

compared to those of the PBS control. Final values are reported as the mean ± standard 

deviation (n = 3).

2.6. Biocompatibility Assessment.

2.6.1. Hemolysis.—Hemolysis assessments were conducted according to the NAMSA 

ASTM F756 protocol. Briefly, fresh porcine whole blood was diluted with calcium and 

magnesium-free phosphate-buffered saline (CMF-PBS) to a total hemoglobin concentration 

of 10 ± 1.0 mg/mL. One milliliter of diluted whole blood was incubated with 7 mL of CMF-

PBS as a negative control, sterile DI water as a positive control, or CMF-PBS containing 

sample lock solutions. Varying blood/lock solution ratios were tested to simulate full leakage 

over time and specific leakage events (0.06–0.2% lock solution in volume). The samples 

were incubated at 37 °C for 3 h with periodic inversions before centrifuging at 800g for 15 
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min. The supernatant containing any freed hemoglobin was combined 1:1 with Drabkin’s 

reagent and allowed to stand for 15 min before the absorbance at 540 nm was quantified. 

In the event that an experimental hemolytic activity was found to be less than zero, it is 

reported here to be 0.0. Percent hemolysis was calculated via eq 2:

PercentHemolysis % = Absorbanceof sample−Absorbanceof blank
Absorbanceof dilutedblood−Absorbanceof blank

× 100
(2)

2.6.2. Cytocompatibility.

Cellular biocompatibility was assessed via 24 h in vitro cytotoxicity assays with HUVECs. 

Cryopreserved stocks of HUVECs were revived and cultured in Clonetics EGM-2 Bulletkit 

containing endothelial cell growth basal medium-2 (EBM-2) supplemented with human 

Epidermal Growth Factor, Vascular Endothelial Growth Factor, R3-Insulin-like Growth 

Factor, ascorbic acid, hydrocortisone, human Fibroblast Growth Factor-Beta, heparin, 

fetal bovine serum, and Gentamicin/Amphotericin-B per the manufacturer’s instructions. 

HUVECs were subcultured for no more than ten passages between experiments. Cells 

were grown to ~70% monolayer confluency before being detached with 0.05% trypsin 

supplemented with 5 mM EDTA. Detached cells were centrifuged down, resuspended in 

supplemented EBM-2, stained with trypan blue dye, and counted for the total number 

of viable cells using an EVE cell counting system. In all cytotoxicity tests, 10 000 

cells were seeded per well in 96-well plates and grown for 24 h to achieve >70% 

confluency before testing. Cells were then treated with 0.06%, 0.09%, or 0.2% solutions 

of vancomycin, gentamicin, heparin, and NOreLS in fresh media to mimic any potential 

leaking of the lock solution. Cells were incubated for an additional 24 h, and afterward, 

the media in each well was replaced once more with fresh media supplemented with 10% 

Cell Counting Kit-8 (CCK-8) reagent. Cells were incubated with CCK-8 for 1 h, during 

which time dehydrogenase reactions of nicotinamide adenine dinucleotide and nicotinamide 

adenine dinucleotide phosphate converted the water-soluble tetrazolium dye to its formazan 

derivative. The presence of the formazan derivative was then quantified via plate reading 

(OD 450 nm) with baseline reading (OD 650 nm). The final relative cellular viability for 

each dilution was calculated according to eq 3, with respect to the viability of untreated 

control wells. Final values are reported as the mean ± standard deviation (n = 3 treatment 

groups from independent passages):

PercentCellularViability % =
OD450Read − OD650Read Lock SolutionDilution

OD450Read − OD650Read UntreatedCells
× 100

(3)

2.7. Statistical Analysis.

Averages and standard deviations were calculated using Graphpad Prism 8. Statistical 

significance was determined using a one-way analysis of variance (ANOVA) on the same 

software. A P value < 0.05 was considered statistically significant.
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3. RESULTS AND DISCUSSION

3.1. NO Release Studies.

When in the presence of heat, light, or metal ions, NO is released from GSNO, which 

then forms a dithiol bond with another glutathione molecule to create glutathione disulfide 

(GSSG)46 (Figure 1A). To determine an appropriate range of NO-releasing solutions to 

investigate, several concentrations of GSNO in PBS were analyzed via NOA (Figure 1B). 

Although the trend is not linear, there is a positive correlation between GSNO concentration 

and NO flux. NO flux steeply increased with increasing GSNO concentrations until 25 

mg/mL. No statistically significant difference was observed in NO release between 20 and 

25 mg/mL solutions, though 25 mg/mL took considerably longer to prepare (i.e., ~25 min 

to dissolve versus 1 min for 20 mg/mL). Since this extended preparation time may limit 

the potential clinical application of NOreLS, 20 mg/mL GSNO preparations in PBS were 

chosen as the maximum concentration for further analysis.

The dwell time of lock solutions is recommended to be 8 to 24 h,54 but realistically can be 

2 min to 48 h.56 Thus, the NO release of NOreLS over 48 h was measured to demonstrate 

prolonged potential efficacy (Figure 1C). Statistical analysis is reported in Table S1. All 

GSNO concentrations tested showed release for at least 48 h, which is notably longer than 

the previous NO-releasing lock solution reported (24 h).45 This indicates that NOreLS can 

sustain NO release levels for clinically relevant durations, an issue that has limited the 

clinical use of other NO-releasing compounds.57

3.2. Antibacterial Evaluations.

To demonstrate the antibacterial effects of NOreLS, it was tested against MRSA and MDR 

P. aeruginosa to represent Gram-positive and Gram-negative bacteria, respectively, and drug-

resistant strains. S. aureus and P. aeruginosa are also two of the most common causes 

of CRBSIs.7 PBS was used as a control, and two antibiotics commonly used in clinical 

lock solutions, gentamicin (GEN) and vancomycin (VAN), were included for comparison. 

The antibiotics were used at concentrations of 5 mg/mL as this is one of the highest 

concentrations used clinically considering solubility and precipitation concerns.54

Time kill assays were used to simulate the start of a potential CRBSI, that is, the effects of 

lock solutions on planktonic bacteria. Decreases in viable MRSA CFUs were seen over time 

for the antibiotics and 5, 10, and 20 mg/mL NOreLS (Figure 2A). The 1 mg/mL NOreLS did 

not affect the viability of MRSA. No viable CFUs were observed after 2 h treatments with 

20 mg/mL NOreLS and GEN, 8 h treatment with 10 mg/mL NOreLS, and 24 h treatment 

with VAN. Similar trends were seen in MDR P. aeruginosa treatment (Figure 2B). No viable 

CFUs were seen after 2 h with GEN, 10, and 20 mg/mL NOreLS, 8 h with 5 mg/mL 

NOreLS, and 24 h with VAN. Statistical analyses are reported in Tables S2 and S3. These 

results indicate that GEN and 20 mg/mL NOreLS are most effective at quickly preventing 

both Gram-positive and -negative bacterial colonization.

Once infected, current inabilities to eradicate adhered bacteria necessitate the catheter’s 

removal to prevent CRBSIs.3 However, removal and replacement are not always options 

for critical patients who may have multiple catheters or pediatric patients with limited 
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access sites.12 Therefore, it is highly desirable to have more effective antimicrobial lock 

therapies to prevent infected catheters leading to CRBSIs. To model an infected catheter, 

medical-grade tubing was filled with bacterial solutions and incubated for 24 h prior to 

2-h lock therapies. Statistically significant decreases in viable MRSA CFUs on tubing were 

seen after treatment with GEN, 10, and 20 mg/mL NOreLS with 2.5-, 3.2-. and 4.4-fold 

reductions, respectively (Figure 3A). Moreover, 20 mg/mL NOreLS significantly decreased 

viable CFUs (p < 0.05) compared to GEN and VAN, as well as 1 and 5 mg/mL NOreLS, 

which did not have significant effects on the established MRSA infections. Similar to the 

time kill assays, MDR P. aeruginosa was more susceptible to NOreLS compared to MRSA 

when treating colonies adhered to tubing (Figure 3B). GEN as well as 5, 10, and 20 mg/mL 

NOreLS showed significant reductions (p < 0.05) in viable MDR P. aeruginosa. However, 

treatment with GEN, which only had a decrease slightly above 1-fold, was significantly (p 
< 0.01) outperformed by 5, 10, and 20 mg/mL NOreLS, which had 4.1-, 4.9-, and 5.2-fold 

reductions, respectively.

Biofilms are a formidable adversary in combatting device-associated infections, including 

CRBSI. Biofilm penetration or dispersion are two major challenges for antimicrobial 

therapies.58 The 72-h biofilms were grown within medical grade tubing as a model of 

severely infected CVCs. The 24-h lock therapies within these samples demonstrated the 

greatly improved biofilm-mitigating capabilities of NOreLS compared to clinically used 

antibiotic lock solutions. Compared to 72-h growth controls, 24-h biofilm treatments with 

VAN, GEN, as well as 1, 5, and 10 mg/mL NOreLS did not decrease the amount of MRSA 

biofilm present on the tubing (Figure 3C). This is consistent with previous studies with 

treatments of VAN, GEN, and low levels of NO with S. aureus biofilms.59–61 However, 

VAN, GEN, and 5 and 10 mg/mL NOreLS did decrease the number of viable bacteria within 

the biofilms even if they were unable to disperse it (Figure S1a). Treatment with 20 mg/mL 

NOreLS reduced the adhered biofilms by 94.73 ± 6.51%, which is statistically significant 

(p < 0.01) compared to all other treatments. As with all other antibacterial assessments, 

MDR P. aeruginosa biofilms were more susceptible to treatment with NOreLS compared to 

MRSA (Figure 3D). Compared to the 72-h growth controls, 5, 10, and 20 mg/mL NOreLS 

decreased adhered biofilms by 40.55 ± 24.66%, 60.41 ± 10.29%, and 94.21 ± 5.90%, 

respectively. GEN also reduced the amount of biofilm adhered to the tubing by 61.09 ± 

5.92%, but it was significantly (p < 0.05) outperformed by 20 mg/mL NOreLS. VAN and 

1 mg/mL NOreLS treatments did not deter the MDR P. aeruginosa biofilm, but VAN (and 

all other lock solutions excepting 1 mg/mL NOreLS) was able to reduce the viable bacteria 

within it (Figure S1b).

These combined results indicate that 20 mg/mL NOreLS is a fast-acting, broad-spectrum 

antimicrobial therapy that has the potential as a lock therapy to prevent the onset of CRBSIs 

at many stages of bacteria colonization of CVCs. Compared to the commonly used clinical 

antibiotic lock therapies (VAN and GEN), only GEN matched 20 mg/mL NOreLS for 

efficiency in the time-kill assay, and 20 mg/mL NOreLS continually outperformed both 

antibiotics in all assessments involving established infections.
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3.3. Antithrombotic Evaluation.

Antithrombotic lock solutions aim to prevent thrombosis at the tip of the catheter, where 

clots commonly form.62 Locked medical-grade tubing that contained PBS, HEP, or NOreLS 

(1, 5, 10, or 20 mg/mL) and was open at one end was incubated in whole blood to observe 

prevention of thrombi formation on the samples (Figure 4). Compared to the PBS controls, 

all HEP and NOreLS samples reduced clot formation on the surface of the tubing. HEP 

only reduced the clot area by 44.0 ± 11.7%. There is a trend of further area reduction with 

increasing NOreLS concentrations with both 10 and 20 mg/mL being statistically significant 

compared to HEP, reducing the clot areas by 73.5 ± 5.0% and 81.2 ± 7.8%, respectively. 

This supports that NOreLS has excellent potential to address efficacy issues currently seen 

in clinically used antithrombotic lock solutions.

3.4. Biocompatibility Evaluations.

The small volumes of lock solution that may leak from a CVC are generally not considered 

to be a major toxicity concern,54 particularly because catheter tips are commonly positioned 

within the superior vena cava,63 a place of rapid, high-volume blood flow. However, 

as 10–15% of the lock solution may leak into circulation within the first 10 min of 

administration,64 the effects of concentrated lock solutions should be considered. The 

volume per lumen and number of lumens vary between devices. Even for larger devices, 

≤ 3 mL of lock solution will sufficiently fill the lumen, but it has been reported that 5–10 mL 

of lock solution may be used clinically.62 A range of leaked lock solution volumes was thus 

tested. The 3 mL, 4.5 mL, and 10 mL of leaked lock solution into 5 L of blood correspond 

to the 0.06%, 0.09%, and 0.2% lock solution (calculated using eq 4) used in biocompatible 

evaluations:

Percentlocksolution = Volumeof locksolutionused
Volumeof blood × 100 (4)

As they are primarily in contact with blood, the potential hemolytic effects of clinically 

used lock solutions (PBS, VAN, GEN, and HEP) and NOreLS were evaluated (Table 1). 

According to the NAMSA ASTM F756 protocol, samples that have a 2–5% hemolytic 

activity are considered slightly hemolytic and >5% are hemolytic.65 All NOreLS, antibiotic 

lock solutions, and heparin lock solution at all lock-solution-to-blood ratios were therefore 

found to be nonhemolytic.

Further cytocompatibility evaluation was conducted with HUVECs to explore any potential 

cytotoxic effects of the clinically used lock solutions and NOreLS based on potential percent 

by volume leaking of the lock solutions into the physiological environment. In parallel 

to blood studies, confluent monolayers of HUVECs were treated with 0.06%, 0.09%, and 

0.20% solutions of VAN, GEN, HEP, and NOreLS prepared in culture media to evaluate 

any cytotoxic effects from lock solution leaking. As shown in Figure 5, leaking of the lock 

solution biocidal/anticoagulant agents did not induce any cytotoxic response in HUVECs, 

with each treatment resulting in >80% cellular viability with respect to untreated controls.
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4. CONCLUSION

CVC use is often complicated by CRBSIs and CRT, leading to exacerbated healthcare 

issues. In this work, NOreLSs containing the NO donor molecule GSNO are shown 

to have the potential to combat these complications. Varying concentrations of NOreLS 

characterized via NOA all showed NO release for at least 48 h, the maximum dwell time for 

a lock solution. NOreLS consistently outperformed clinically used antibiotic lock solutions 

(VAN and GEN) at different stages of bacterial colonization of medical-grade tubing. 

Notably, 20 mg/mL NOreLS was able to reduce adhered MRSA and MDR P. aeruginosa 
biofilms by 94.73 ± 6.51% and 94.21 ± 5.90%, respectively. The 20 mg/mL NOreLS was 

also able to reduce the area of clot formation on medical-grade tubing by 81.2 ± 7.8%, 

surpassing the effects of a clinically relevant HEP lock solution. All concentrations of 

NOreLS were established to be nonhemolytic and noncytotoxic to HUVECs. In conclusion, 

this work demonstrates the potential of NOreLS in deterring CRBSIs and CRT and, thus, 

improving the medical outcome and quality of life of patients with CVCs.
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ABBREVIATIONS

CVCs central venous catheters

CRSBIs catheter-related bloodstream infections

CRT catheter-related thrombosis

NOreLS nitric oxide-releasing lock solution

NO nitric oxide

GSNO S-nitrosoglutathione

HUVECs human umbilical vein endothelial cells

MHB Mueller-Hinton broth

MHA Mueller-Hinton agar

HEP heparin

PBS phosphate-buffered saline

MRSA methicillin-resistant Staphylococcus aureus

MDR multi-drug resistant
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GEN gentamicin

VAN vancomycin

FBS fetal bovine serum

Pen-Strep penicillin–streptomycin

NOA nitric oxide analyzer

CFU colony forming unit

CMF-PBS calcium and magnesium-free phosphate-buffered saline

CCK-8 cell counting kit-8

ANOVA analysis of variance

GSSG glutathione disulfide

EBM-2 endothelial cell growth basal medium-2
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Figure 1. 
(A) GSNO releases NO when exposed to heat, light, or metal ions. (B) NO release of 

solutions containing varying concentrations of GSNO quantified via NOA at 37 °C. GSNO 

is dissolved in PBS, pH 7.4. ns indicates no statistically significant difference. (C) NO 

release of NOreLS at various time points quantified via NOA at 37 °C. Data are shown as 

the mean ± standard deviation (n = 3 repeats tested per formulation).
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Figure 2. 
Time kill curves of (A) MRSA and (B) MDR P. aeruginosa. *No viable CFU detected. Data 

are shown as the mean ± standard deviation (n = 3 repeats tested per formulation).
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Figure 3. 
(A) MRSA and (B) MDR P. aeruginosa adherence to medical grade tubing after 24 h 

bacterial exposure and 2 h lock therapy. *p < 0.05 compared to control; # p < 0.01 compared 

to GEN. Remaining (C) MRSA and (D) MDR P. aeruginosa biofilm on medical grade 

tubing after 24 h lock treatments compared to a growth control. **p < 0.01 compared to all 

samples; *p < 0.05 compared to GEN. Data are shown as the mean ± standard deviation.
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Figure 4. 
Percent reduction in clot area on medical grade tubing with lock therapy after 20 min 

exposure in porcine whole blood. Data are shown as mean ± standard deviation (n = 4). *p < 

0.05 between compared groups.
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Figure 5. 
Cellular cytocompatibility evaluation of lock solutions with HUVECs over 24 h studies with 

0.06%, 0.09%, and 0.20% solutions of the antimicrobial/anticlotting agents. Lock solution 

dilutions reflect possible concentrations of antibiotic/anticlotting agents that may leak into 

the physiological environment. Data are shown as mean ± standard deviation (n = 3).
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Table 1.

Hemolytic Activities of Clinically Used Lock Solutions and NOreLS
a

Lock Solution 0.06% LS 0.09% LS 0.2% LS

VAN (5 mg/mL) 0.0 0.0 0.0

GEN (5 mg/mL) 0.0 0.0 0.001 ± 0.023

HEP (10k unit/mL) 0.005 ± 0.023 0.0 0.0

NOreLS (1 mg/mL) 0.005 ± 0.023 0.0 0.0

NOreLS (5 mg/mL) 0.0 0.0 0.0

NOreLS (10 mg/mL) 0.0 0.0 0.0

NOreLS (20 mg/mL) 0.0 0.0 0.0

a
Data are shown as the mean ± standard deviation (n = 3 repeats tested per formulation).
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