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Abstract

The quest for novel therapies to prevent bacterial infections and blood clots (thrombosis) is of 

utmost importance in biomedical research due to exponential growth in cases of thrombosis, blood 

infections, and the emergence of multi-drug resistant strains of bacteria. Endogenous nitric oxide 

(NO) is a cellular signaling molecule that plays a pivotal role in host immunity against pathogens, 

prevention of clotting, and regulation of systemic blood pressure among several biological 

functions. The physiological effect of NO is dose dependent that necessitates the need of tunable 

release kinetics which is the objective of this study. In the present study, polymer composites were 

fabricated by incorporating S-nitroso-N-acetylpenicillamine (SNAP) in a medical grade polymer, 

Carbosil, and top coated with varying levels of catalytic copper nanoparticles (Cu-NPs). The 

addition of Cu-NPs increased the NO release as well as the overall antimicrobial activity via its 

oligodynamic effect. The 10 wt% SNAP composites (without Cu-NPs coats) showed an NO flux 

of 1.32 ± 0.6 ×10−10 mol min−1 cm−2, while Cu-NPs incorporated SNAP films exhibited a flux of 

4.48 ± 0.5 ×10−10, 4.84 ± 0.3 ×10−10, and 11.7 ± 3.6 ×10−10 mol min−1 cm−2 with 1 wt%, 3 wt%, 

and 5 wt% Cu-NPs respectively. This resulted in a significant reduction (up to 99.8%) in both 

gram-positive and gram-negative bacteria with very low platelet adhesion (up to 92% lower) as 

compared to the corresponding controls. Copper leachates from the SNAP films were detected 

using ICP-MS technique and were found to be significantly lower than the recommended safety 

limit by the FDA. The cell viability test performed on mouse fibroblast 3T3 cells provides a 

supportive evidence for the biocompatibility of the material in vitro.
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1. Introduction

With over 8000 medical devices entering the market every year, the United States has the 

biggest medical device market in the world with an estimated market size of approximately 

$133 billion in 2016.1 Unfortunately, infection and blood clotting (thrombosis) remain the 

major risks associated with the application of medical devices in humans. There is an 

exponential increase in nosocomial infections due to the rapid development of multi-drug 

resistant strains and failure of the current antimicrobial strategies to prevent this. Similarly, 

blood clotting on the implants’ surface is a complex medical problem, as they can break 

loose, and cause pulmonary embolism (blocked blood flow in lungs) by traveling to the 

lungs through the blood stream. These two issues not only put the patient’s life at risk but 

also delay their health recovery ultimately adding to the healthcare costs. The failure of 

currently available antimicrobials and antithrombotic agents to control these problems has 

spurred the development of new biocompatible and hemocompatible materials.

In the US alone there are over 1.7 million Hospital Acquired Infections (HAIs) cases 

annually resulting in 100,000 deaths.1–3 Biofilm accumulation not only resists the action of 

bactericidal agents but can ultimately degrade the polymeric material used in device 

fabrication.4–5 This can potentially lead to serious consequences like the release of toxic 

degradation products, bacteremia, and septicemia. The current state-of-the-art mainly uses 

antimicrobial agents like antibiotics or silver nanoparticles (Ag-NPs) with commercialized 

biomedical implants. Several studies have found Ag-NPs to be cytotoxic to human dermal 

fibroblast,6 mice peritoneal macrophage cell products,7 rat hepatocytes,8 and both genotoxic 

and cytotoxic to human lung fibroblast cells.9 These findings are in line with the cell 

membrane disruption and oxidative stress caused by Ag-NPs when tested on mouse 

fibroblast cells.10 Similarly, the use of antibiotics has been a concern for the past few decade 

due to emerging issues of antibiotic resistance in bacteria.11–12 Another important 

determinant for increasing chances of clinical success of a biomedical implant in the blood 

is the suppression of platelet activation which ultimately prevent thrombosis.13–14 Even 

though heparin is a widely used and popular thrombotic agent to prevent blood clots, it can 
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lead to side effects such as increased risk of hemorrhage and thrombocytopenia in addition 

to not being effective in 33% of the intensive unit care patients.15–16

Recommendations from the studies suggest that there is a need to develop new biomaterials 

that should not only be able to inhibit drug-resistant bacteria but should also be 

hemocompatible without causing the undesirable side effects such as cytotoxicity. In the last 

few decades, nitric oxide (NO) based therapies have emerged as a potential bactericide and 

antithrombotic alternatives to the current state of the art to prevent pathogenic infections and 

clot formation in the medical implants. Nitric oxide is a cellular signaling molecule in 

animals including humans with a very short half-life (<5 sec) that plays a pivotal role 

immunity, prevention of clots, regulation of systemic blood pressure, vascular remodeling 

and angiogenesis regulating other biological functions such as inflammation and cell 

proliferation.17–19 Healthy endothelial cells exhibit an estimated NO flux of 0.5–4.0 × 10−10 

mol cm−2 min−1 to maintain vascular tone.20 The NO released within the sinus cavities and 

macrophages functions as a natural antimicrobial agent to combat pathogen invasion in 

humans.21–23

Multiple studies have reported the antibacterial and antithrombic success of NO obtained 

from various NO donors. The antibacterial effect of NO has been proven against infection 

causing agent pathogens such as Staphylococcus aureus,24–25 Staphylococcus epidermis,24 

Pseudomonas aeruginosa,26–27 Escherichia coli,24–25, 28Acinetobacter baumanii,29–30 

Listeria monocytogenes, and Enterococcus faecalis.31 The antimicrobial mechanisms of NO 

include nitrosation of amines and thiols in the extracellular matrix, lipid peroxidation and 

tyrosine nitration in the cell wall, and DNA cleavage in the cellular matrix.32 Moreover, the 

use of NO is unlikely to stimulate the production of resistant strains due to rapid reduction 

of microbial load.26, 33–34 On the other hand, the ability of NO to prevent blood clots in the 

implants is due to its ability to inhibit platelet activation and adhesion of blood platelet cells 

on the surface which marks the initial phase of thrombosis.18

The potential role of endogenously released NO in controlling physiological processes has 

also led to the development of NO-releasing/generating materials which can provide an 

exogenous supply of NO to be utilized in biomedical applications.14, 35–36 In general, the 

current NO releasing strategies can be achieved by two mechanisms: (i) NO generating 

materials (NOgen) that alters the endogenous NO production from the physiological NO 

donors such as nitrosothiols (RSNOs) using catalytic metal ions, heat, light or temperature 

as stimulants; and (ii) NO releasing (NOrel) exogenous NO donor molecules that actively 

release NO or its redox analogs.37 The NOgen materials include several high and low 

molecular weight RSNOs including S-nitroso-albumin (high molecular weight), S-nitroso-

cysteine, and S-nitroso-glutathione (both low molecular weight). The catalytic generation of 

NO from naturally occurring RSNOs has resulted in a number of NOgen materials, where 

material structures such as metal organic frameworks or zeolites have been used to provide 

copper catalyzed generation of NO for both organic NO donors (such as nitrates and nitrites) 

as well as RSNOs.36, 38–39

Incorporation of external RSNOs within hydrophobic polymers has been shown to provide 

physiological NO release rates from the polymeric surface, reducing thrombus formation 
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and bacterial adhesion both in vitro and in vivo.40 Multiple studies have shown the use of 

NO donor systems like S-nitroso-N-acetylpenicillamine (SNAP), N-diazeniumdiolated 

dibutyl hexane diamine (DBHD/N2O2), S-nitroso-N-acetylcysteine (SNAC), and NO 

releasing metal organic framework.13–14, 40–41 Out of these NO donors, SNAP has been used 

extensively for active NO release for multiple biomedical applications.31, 42–45 Polymers 

with SNAP incorporation have been shown to release NO consistently for over 2 weeks but 

near the lower end of physiological levels.46 Although very effective, the ability to maintain 

NO release at a level within the physiological limits (preferably at the upper end) would be 

beneficial for reproducibility, reliability, and increased efficacy for various biomedical 

applications. The ultimate effect of NO on pathogens, blood activity as well as mammalian 

cells is dose dependent, therefore NO release can potentially be regulated via a catalyst/

stimulant when using NO donors as therapeutic agents.47–48 One such mean to increase the 

release rate, such as the exposure to light, has shown an excellent control of NO release.49 

While these materials may be useful for applications such as extracorporeal circuits, where 

the device remains outside of the body, these materials may have a limited applicability for 

implanted medical devices that remain inside the body as applying light to these areas is not 

feasible. Therefore, developing materials where NO release at the material/tissue interface 

can be controlled with an incorporated catalyst, such as copper nanoparticles (Cu-NPs), will 

be highly advantageous for long-term in vivo medical applications. From the application 

point of view, this strategy will not only ensure the long-term active supply of exogenous 

NO via SNAP at the site of application but will also provide the stimulation for enzymatic 

NO release via the action of copper ions on endogenous RSNOs in the blood.39 In addition, 

copper ions possess oligodynamic effect i.e. they have inherent antibacterial properties 

which would work synergistically with NO to bring enhance the antibacterial effect.50

To summarize, the addition of the Cu-NPs will not only provide a method to catalytically 

control the level of NO released from the physically blended NO donor but also provides 

NO generating capabilities by utilizing endogenous NO donors in the blood when used in 

blood contacting applications besides its oligodynamic effect. In this study, we fabricated a 

novel composite material with the incorporation of SNAP in a medical grade polymer, 

Carbosil™. The resulting composite was coated with varying concentrations of the Cu-NPs 

layer to catalyze the in-situ release of NO from the synthetic NO donor SNAP via copper 

ions. These materials were then examined for NO release kinetics, platelet adhesion, 

bacterial inhibition, and cytotoxicity besides other physical and chemical characterizations.

2. Materials and Methods

2.1 Materials

N-Acetyl-D-penicillamine (NAP), potassium chloride, sodium chloride, potassium 

phosphate monobasic, sodium phosphate dibasic, tetrahydrofuran (THF), 

ethylenediaminetetraacetic acid (EDTA), sulfuric acid and N, N-dimethylacetamide (DMAc) 

were purchased from Sigma-Aldrich (St. Louis, MO). Carbosil™ 20 80A (here on will be 

referred to as Carbosil) was obtained from DSM (Berkeley, CA). LB broth and LB Agar 

were obtained from Fisher Bioreagents (Fair Lawn, NJ). Phosphate buffered saline (PBS), 

pH 7.4, containing 138 mM NaCl, 2.7 mM KCl, 10 mM sodium phosphate, was used for all 
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in vitro experiments. Dulbecco’s modification of Eagle’s medium (DMEM) and trypsin-

EDTA were purchased from Corning (Manassas, VA 20109). The Cell Counting Kit −8 

(CCK-8) was obtained from Sigma-Aldrich (St Louis MO 63103). The antibiotic Penicillin-

Streptomycin (Pen-Strep) and fetal bovine serum (FBS) were purchased from Gibco-Life 

Technologies (Grand Island NY 14072). The LDH kit was purchased from Roche Life 

Sciences (Indianapolis, IN). The Copper nanoparticles (99%, 40–60 nm) were obtained from 

SkySpring Nanomaterials, Inc. (Houston, TX). The bacterial strains Pseudomonas 
aeruginosa (ATCC 27853) and Staphylococcus aureus (ATCC 5538) and mouse 3T3 cells 

(ATCC 1658) were originally obtained from American Type Culture Collection (ATCC).

2.2.1 Synthesis of SNAP—Synthesis of SNAP was done through a modified version of 

a previously reported method.51 Sodium nitrite and NAP were added in an equimolar ratio to 

a 1:1 mixture of methanol and water containing 2M H2SO4 and 2M HCl. The mixture was 

stirred in dark (to protect from NO release by light stimulation) for 40 min using a magnetic 

stirrer. Thereafter, the reaction vessel was placed in an ice bath to precipitate the SNAP 

crystals. The resulting crystals were filtered, rinsed, and dried under vacuum in the dark, and 

were stored at −20°C before their use in the experiment.

2.2.2 Fabrication of Copper-NPs doped NO generating composites—SNAP 

composites were prepared by initially dissolving 70 mg of Carbosil-2080A per mL of THF 

in an amber vial by stirring for 1h at room temperature using a magnetic stirrer. Once 

completely dissolved, 10 wt% SNAP (7mg/mL) was added and quickly dissolved for 2 min. 

The resulting solution was cast in Teflon™ molds (diameter = 2.5cm) and dried overnight in 

the dark to prevent undesired light-induced NO release from the SNAP. To ensure that there 

were no traces of residual THF, the films were further vacuum dried using a desiccator at 

room temperature. The control Carbosil films were prepared in a similar manner but 

excluded the addition of SNAP. The SNAP and Carbosil films were dip-coated twice with 

Carbosil (50 mg/mL) or the Cu-NPs (1, 3, or 5 wt% Cu-NPs (w/w)) dispersed in 50mg/mL 

of Carbosil solution. All the films were finally top coated with a layer of Carbosil (50 

mg/mL) to prevent leaching of SNAP and/or Cu-NPs from the films. A representative 

cartoon of Cu-SNAP films is shown in Figure 1. Altogether four different types of polymeric 

composites and their respective controls (without SNAP) were fabricated:

1. SNAP composite: Carbosil (70 mg/mL) incorporating 10 wt% SNAP along with 

three top coats of Carbosil (50 mg/mL) to reduce leaching of SNAP

2. 1 wt% Cu-SNAP composite: SNAP composite with two intermediate coats of 1 

wt% Cu-NPs and one top coat of (50 mg/mL) Carbosil

3. 3 wt% Cu-SNAP composite: SNAP composite with two intermediate coats of 3 

wt% Cu-NPs and one top coat of (50 mg/mL) Carbosil

4. 5 wt% Cu-SNAP composite: SNAP composite with two intermediate coats of 5 

wt% Cu-NPs and one top coat of (50 mg/mL) Carbosil

2.2.3 Surface morphology characterization (SEM)—All configurations of the Cu-

SNAP composite films were examined under a scanning electron microscope (SEM) (FEI 

Inspect F FEG-SEM) to study the surface morphology of the polymeric composite. The top 
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coat solution of 3 wt% Cu-NPs in Carbosil (50 mg/mL) was cast into a film in a Teflon mold 

(d = 2.5 cm), dried, and examined for roughness using SEM. Dried film samples were 

mounted on a metal stub with double-sided carbon tape and sputter coated with 10 nm gold-

palladium using a Leica EM ACE200 sputter coater. Images were taken at accelerating 

voltage 5 kV.

2.2.4 NO release kinetics—Nitric oxide released from the polymeric composites was 

measured using a Sievers Chemiluminescence Nitric Oxide Analyzer (NOA) 280i (Boulder, 

CO). Polymeric films were placed in the sample vessel immersed in PBS (pH 7.4) and 

maintained at 37 °C. Buffer for control samples also contained 100 μM EDTA to quench all 

metal ion activity in the buffer solution. Buffer samples containing films with copper top 

coats contained no EDTA to allow for the catalytic activity of copper. Nitric oxide was 

continuously purged from the buffer and swept from the headspace using nitrogen sweep gas 

and bubbler into the chemiluminescence detection chamber. Films were submerged in PBS 

in glass vials, and kept at 37 °C between NO release measurements. The fresh buffer was 

used for each NO release measurement, and films were kept in fresh buffer for storage after 

each measurement. Nitric oxide release measurements were also conducted after exposure of 

the films to bacterial suspensions to confirm that NO was continued to be released 

throughout the entire exposure, as well as demonstrate the presence of bacteria and the 

medium had an insignificant effect on the release kinetics.

2.2.5 In vitro platelet adhesion—Fresh porcine blood was drawn into a BD 60 mL 

syringe with 3.4% sodium citrate at a blood: citrate ratio of 9:1 through a blind draw at the 

Large Animal Research Unit at the University of Georgia School of Animal and Dairy 

Science, Athens, GA. Immediately following the draw, the anticoagulated blood was 

centrifuged at 1200 rpm for 12 min using the Eppendorf Centrifuge 5702. The platelet rich 

plasma (PRP) portion was collected carefully with a pipette as to not disturb the buffy coat. 

The remaining samples were then spun again at 4000 rpm for 20 min to achieve platelet poor 

plasma (PPP). Total platelet counts in both the PRP and PPP fractions were determined 

using a hemocytometer (Fisher). The PRP and PPP were combined in a ratio to give a final 

platelet concentration ca. 2 × 108 platelets/mL. Calcium chloride (CaCl2) was added to the 

final platelet solution to achieve a final concentration of 2.5 mM to reverse the effect of the 

anticoagulant during the experiment.

The degree of platelet adhesion was determined using a Roche lactate dehydrogenase (LDH) 

Cytotoxicity Detection Kit in a 96-well format as per the supplier’s specifications. Each well 

was coated with the respective combination of control/NO releasing and control/Cu particle 

solutions. Coating of the wells was done in three stages: 1) a base layer of Carbosil (200 μL 

of 70 mg/mL), 2) copper layer (100 μL of 0, 1, 3 wt% Cu particles in 50 mg/mL Carbosil), 

3) a top coat of 50 μL of 50 mg/mL Carbosil. The ratio of the copper layer to top coat was 

done 2:1 as to mimic the number of dip coats used for film based studies. For NO-releasing 

samples, 10 wt% SNAP in the Carbosil base layer was used; a total of n=16 samples were 

used for each material. The wells were dried for 6 hours between coats, followed by 24 

hours drying under vacuum to ensure all THF had been removed from the wells.
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Exposure to the PRP solution was done using 300 μL of the calcified PRP and incubated at 

37°C for 2 hours with mild rocking (25 rpm) on a Medicus Health blood tube rocker. 

Following the incubation, the wells were infinitely diluted with 10 mM PBS. Lysing of the 

adhered cells was done using 200 μL Triton-PBS buffer (2% v/v Triton-X-100 in PBS). 

Briefly, 100 μL of the lysing buffer for each sample was combined with 100 μL of the 

detection agent and incubated for 25 min protected from light. A calibration curve was 

constructed using known dilutions of the final PRP, and the platelet adhesion on the 

polymeric composite was determined. The absorbance of each well was then measured using 

a 96 well plate reader (Biotek), and the number of platelets adhered was determined using 

the calibration curve. All protocols pertaining to the use of whole blood and platelets were 

approved by the University of Georgia.

2.2.6 In vitro analysis of inhibition of bacterial adhesion on polymer surface
—In order to evaluate the effectiveness of copper, nanoparticle assisted NO release from 

SNAP as a potent antibacterial strategy, a modified version of standard bacterial adhesion 

test was performed.52 Antibacterial activity of the Cu-SNAP composites was investigated 

using common causative agents of blood infections: gram-positive Staphylococcus aureus 
(S. aureus) and gram-negative Pseudomonas aeruginosa (P. aeruginosa). These bacteria are 

among the most common causes of nosocomial bloodstream infection that can form 

embedded biofilm matrices on indwelling biomedical devices.53 To investigate the 

antibacterial attribute of the fabricated films, single isolated colonies of P. aeruginosa and S. 
aureus strains were obtained from pre-culture LB agar Petri dishes, inoculated in 5 mL of 

LB medium, and incubated for 14 h at 120 rpm and 37°C. To ensure that the bacteria was in 

actively dividing phase, the optical density of the culture was measured at 600 nm (O.D600) 

using UV-vis spectrophotometer (Thermo scientific Genesys 10S UV-Vis). To wash off the 

traces of the LB medium, the culture was centrifuged for 8 min at 2500 rpm, the supernatant 

was discarded, and an equivalent amount of sterile phosphate buffer saline (PBS, pH 7.4) 

was added and centrifuged again for 8 min at 2500 rpm. Fresh PBS was then added to the 

formed cell pellet and was vortexed for 30 secs to suspend the cells to be used in the study. 

The O.D600 of the cell suspension in PBS was measured, using PBS as blank, and adjusted 

to get 108-1010 CFU/mL. Each of the test films (SNAP, 1 wt% Cu-NPs, 3 wt% Cu-NPs, 1 wt

% Cu-SNAP, 3 wt% Cu-SNAP) and the control films (Carbosil) were exposed to 2 mL of S. 
aureus suspension and P. aeruginosa individually in 15 mL sterile tubes (n=3). This was 

followed by incubating the films at 37 °C for 24 h at a shaking speed of 120 rpm. After 24 h 

films were taken out of suspended bacterial culture and rinsed with sterile PBS to remove 

any loosely bound bacteria. To ensure that all the bound bacteria are detached from the 

films, the films were transferred to 2 mL of fresh PBS, sonicated with Omni-TH sonicator 

for 1 min followed by 30 s of vortex mixing. The resulting bacterial suspension was serially 

diluted (10−1 to 10−5) and plated in Petri dishes with LB agar medium and incubated at 37 

°C for 24 h. Post incubation, the CFUs were counted and the attached viable CFU per 

surface area (cm2) of the films were compared to the control and test films. The CFU per 

surface area of the films were counted and compared with controls to evaluate their efficacy 

to inhibition bacterial adhesion on the surface of the films. All protocols pertaining to the 

use of bacterial strains were used in a BSL-2 facility approved by the University of Georgia.
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% Bacterial inℎibition =

CFU
cm2 in control samples − CFU

cm2 in test samples × 100

CFU
cm2 in control samples

2.2.7 Cu leaching studies using Inductively Coupled Plasma Mass 
Spectroscopy (ICP-MS)—Inductively coupled plasma mass spectrometry (ICP-MS) is an 

ultra-sensitive method for the detection of specific elements. A VG ICP-MS Plasma Quad 3 

instrument was used to detect the exact concentration of copper in sample leachates. The 

polymeric films with Cu-NPs (1 wt% Cu-NPs, 3 wt% NPs, 1 wt% Cu-SNAP and 3 wt% Cu-

SNAP) were tested for potential copper diffusion. To obtain the leachate, 10 mg of the 

polymer films were soaked in 10 mL DMEM medium (concentration 1 mg per mL of 

medium) for 24 hours. Thereafter, the films were removed and the medium was tested for 

leached 65Cu isotope following a previously established protocol.54

2.2.8 In vitro cytotoxicity assay—The cytotoxicity study was conducted to 

demonstrate any potential leaching from Cu-Carbosil, SNAP and Cu-SNAP film and its 

toxic effects on 3T3 mouse fibroblast cell line (ATCC-1658) in accordance with the ISO 

10993 standard. The manufacturer’s (Sigma-Aldrich) protocol was followed while using the 

Cell Counting Kit-8 (CCK-8) which utilizes highly water-soluble tetrazolium salt. WST-8 

[2-(2-methoxy-4-nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium 

monosodium salt] is reduced by dehydrogenases in live cells to give formazan (an orange 

color product) detected at 450 nm. Thus, the number of living cells is directly proportional 

to the amount of the formazan dye generated by dehydrogenases in cells. The detection 

sensitivity of CCK-8 solution is higher than other tetrazolium salts such as MTT, MTS, XTT 

or WST-1 and unlike MTT it does not require the killing of cells for the assay. All protocols 

pertaining to the use of mammalian cells were approved by the University of Georgia

Cell culture:  Mouse fibroblast cells were cultured in 75 cm2 T-flask DMEM medium with 

4.5g/L glucose and L-glutamine, 10% fetal bovine serum (FBS) and 1% penicillin-

streptomycin and incubated at 37°C in a humidified atmosphere with 5% CO2. After the 

confluency reached 90%, the cells were trypsinized (0.18% trypsin and 5 mM EDTA) and 

5000 cell/mL were seeded in 96 well plates.

Preparation of leachates:  The polymeric films were allowed to leach in the DMEM 

medium by following the ISO standards (ISO 10993–5:2009 Test for in vitro cytotoxicity) to 

collect the extract (if any). Extracts from control and test films were obtained by soaking 10 

mg of the sterilized films in 10 mL DMEM medium (concentration of 1 mg/mL of medium) 

in an amber color vials (to prevent NO release by light stimulation) and incubated for 24 h at 

37°C. After 24 h, the films were removed and the resulting extracts were kept in the 

refrigerator (4°C) prior to using them in the cell culture experiment.

Determination of degree of cytotoxicity:  The suspension of cultured cells (5000 cell/mL) 

was inoculated (100 μL/well) in a 96-well plate. The 96-well plate was then pre-incubated in 

a humidified incubator at 37°C, 5% CO2 for 24 h. After 24 h, 10 μL of the different 
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leachates were added (n=5) and incubated for another 24 h to allow the potential toxicants to 

act on cells. To each of the wells, 10 μL of the CCK-8 solution was added and incubated for 

3 h. To avoid the background interference, 100 μL of the DMEM medium was added in 4 of 

the wells. The absorbance was measured at 450 nm and compared to cells grown in the 

leachate containing culture. Results were reported as percentage cell viability (percentage of 

control) after subtracting the average absorbance of the medium (without cells) as follows.

% Cell Viability = Absorbance of the test samples 
Absorbance of the control samples × 100

2.2.9 Statistical analysis—All data is reported as a mean ± standard deviation. All 

statistical comparisons were done using standard two-tailed t-test with unequal variance. The 

significance is stated for comparisons with p < 0.05.

3. Results and Discussion

3.1 NO flux analysis

As demonstrated in Figure 1, the NO release from the SNAP containing polymeric 

composites was enhanced by applying two layers of copper nanoparticles (Cu-NPs) and 

finally top-coated with Carbosil to prevent leaching of Cu-NPs and SNAP. The NO release 

mechanism involves oxidation of Cu0 nanoparticles to Cu2+ ions in the presence of moisture. 

The resulting Cu2+ ions reduce to the active species, Cu+ ions in the presence of reducing 

agents like thiolates (RS−) that exist in the physiological environment (Figure 2).

Ultimately, the Cu+ ions catalyze the generation of NO from RSNOs such as SNAP.13, 55 

The NO flux from the SNAP films with and without Cu-NPs was measured using Nitric 

oxide analyzer (NOA) at different time points. Thiolate stability and formation at 

physiological pH has been investigated in an earlier study by D. Lyn. H. Williams.56 

Theoretically, all the buffers (including PBS, DMEM, and blood) when properly adjusted to 

a pH of 7.4, will produce similar NO release via the previously discussed reaction 

mechanism (Figure 2).

The addition of Cu-NPs catalytically increased the generation of NO from the polymer films 

(Figure 3). Polymer films containing 10% SNAP had a flux of 1.32 ± 0.6 × 10−10 mol−2 min
−1, which agrees with previously reported release rates.42, 45–46, 57 Films containing 1 wt% 

Cu-SNAP and 3 wt% Cu-SNAP had increased flux values of 4.48 ± 0.5 × 10−10 mol−2min−1 

and 4.84 ± 0.3 × 10−10 mol−2min−1, respectively. This NO flux corresponds to the higher 

end of physiological levels of NO released by endothelial cells that line the blood vessels. 

Incorporation of 5 wt% Cu-NPs in the SNAP films showed a drastic increase in the NO-

release (11.7 ± 3.6 ×10−10 mol min−1 cm−2) from these materials was almost two times 

higher than the physiological levels, and therefore not used in the following in vitro studies. 

While the release of NO from 1 wt% and 3 wt% Cu-NPs films are similar initially, 3 wt% 

films sustained a higher release rate over the first 24-hour period. Films containing 5 wt% 

Cu-NPs showed similar release rates to those containing 3 wt% Cu after the first 24-hour 

period. These results demonstrate that the optimal concentration of Cu-NPs in the polymeric 
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NO releasing composites presented in this study lies between 0–3 wt% for physiological 

release rates. Higher Cu-NPs concentrations, however, can provide increased NO fluxes well 

within physiological limits after 24 h. The decrease in NO flux for all composition can 

theoretically be explained on the basis of the ability of the Cu2+ to be reduced back to Cu1+ 

which acts as the ultimate catalyst enhancing NO release from SNAP, as Cu2+ does not 

contribute to the catalytic release of NO.58 Initially, the films contain both crystallized 

regions of SNAP, as well as SNAP that is homogeneously incorporated within the polymer 

matrix.59 This combination of monodisperse SNAP and crystallized regions contribute to the 

higher initial release rates of NO, followed by extended release rates that can be maintained 

for > 20 d.40 The initial state of the composites allows for SNAP and Cu-NPs within the film 

to have minimum separation, leading to the reactive species (RS−) being readily available for 

the reduction of Cu2+ to Cu1+, where the catalytic activity can be maintained. Once SNAP 

from the homogenous region is depleted and NO release is only from the crystallized 

regions, the catalytic ability of Cu ions to continue NO release can be limited by diffusion of 

Cu2+ to the crystallized regions to be reduced by the free thiols. Therefore, increasing the 

concentration of Cu-NPs will increase the available Cu2+ ions to diffusion to these 

crystallized regions, which is observed in the 24-hour measurements. In the past, when used 

in vivo, we demonstrated that polymeric materials with incorporated NO donors could 

achieve higher levels of NO release due to the availability of free ascorbic acid in the blood 

to reduce Cu2+ to Cu1+,60–61 and could provide NO release from systemic RSNOs as well.13 

Control over this reduction reaction would result in lower concentrations of Cu-NPs required 

in the films to sustain increased NO release while lowering the initial release rate.

3.2 Surface morphology analysis of copper coats on polymeric composites

Surface morphology is an important parameter to decide the translational success of an 

antimicrobial polymer for medical application as surface morphologies can alter blood 

protein and bacterial adhesion on the surface of the polymer. No significant Cu-NPs traces 

were found on film’s surface with 3 wt% copper observed as illustrated by the images 

captured from Surface Electron Microscopy (SEM) at an accelerating voltage of 5 kV. At a 

magnification of 225X, the surface of carbosil control looked very similar to the Surface 

with 3 wt% Cu-NPs. This assures that the presence of a top coat of the Cu-NPs does not 

alter surface morphology of the polymeric composite (Figure 4).

3.3 Detection of copper leaching

Detection of the amount of copper leaching from the polymeric composites is crucial for the 

preclinical success of biomaterial since a high diffusion of copper ions from the polymers 

will highly influence cell cytotoxicity and bacterial adhesion studies. After 24 h of soaking 

10 mg of the polymer films in 5 mL DMEM medium (concentration 2 mg per mL of 

medium) to allow any potential leaching, the standard ICP-MS method was performed to 

monitor copper leaching from the films. The results of the detected copper leaching are 

shown in Table 1. The Cu-SNAP films showed a slightly higher amount of leached copper 

than films only containing Cu-NPs but still much below the recommended limit. The 

increase for the Cu-SNAP films is most likely due to the formation of nitric acid from the 

conversion of NO to nitrites within the medium.62 Copper is known to be highly soluble in 

nitric acid, so the presence of even trace amounts could dissolve a portion of the copper 
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within the polymer matrix. The highest recorded levels (306.9 ± 99.5 ppb) from the films 

leachate in this study were well below cytotoxic concentrations towards mammalian cells. 

Earlier in vitro reports on copper cytotoxicity on a variety of mammalian cell lines have 

shown that cell viability stays at 100% until the concentration of copper reaches 

approximately 1000 ppb.63–65 In a previous study, 10 wt% of copper nanoparticles have 

been blended within blood contacting polymers that demonstrated the negligible amount of 

leaching.13 This demonstrates even further the negligible amount of copper being leached 

into the medium and its innocuous impact on biocompatibility.

3.4 Effects of Cu/SNAP on platelet adhesion

Many blood contacting devices such as vascular catheters have issues with blood 

compatibility due to the formation of a blood clot on device surface after implantation, 

therefore, the ability of a biomaterial to prevent platelet adhesion is an important parameter 

to validate the hemocompatibility. The ability for Cu-NPs incorporating SNAP films to 

prevent platelet adhesion was determined using an LDH assay after exposure to porcine 

platelet rich plasma (PRP) for 2 h. Freshly drawn porcine blood was drawn 9:1 into 3.4% 

sodium citrate and processed to give a final recalcified platelet-rich solution with a total 

platelet count ca. 2 × 108 platelets/mL as described in methods section 2.2.5. Total platelet 

adhesion to each composite composition is shown in Figure 5. The combination of 10 wt% 

SNAP with 3 wt% Cu nanoparticles (3% Cu-SNAP) provides the largest decrease in platelet 

adhesion, showing a 92% reduction when compared to Carbosil controls. This is expected as 

the combination of SNAP with 3 wt% Cu particles provided the highest level of NO release 

(p = 0.003). Similarly, as the little difference was observed between 1 wt% Cu-SNAP films 

and 3 wt% Cu-SNAP films in NO release, insignificant changes in the platelet adhesion was 

observed. However, the higher level of NO release provided by the 3 wt% Cu composite was 

observed to have slightly decreased platelet adhesion. The presence of Cu particles alone 

provides significant reduction in platelet adhesion when compared to Cu-Carbosil controls 

without SNAP (1 wt% Cu-Carbosil: 72% reduction, p = 0.006; 3 wt% Cu-Carbosil: 82% 

reduction, p = 0.003). The ability for low levels of NO generated by the reaction of the 

endogenous RSNOs present in the plasma (10 μM) with Cu-NPs demonstrate that while low 

levels of NO can reduce platelet adhesion drastically (>70%), the release of NO at the upper 

limit of the physiological release rates does significantly reduce platelet activation and 

adhesion when compared to lower levels of NO release.

The ability for the Cu assisted the generation of NO from natural RSNOs has been shown in 
vivo, reducing thrombus formation in a rabbit extracorporeal circuit model after 4 h ca. 40%.
13 Larger reductions in platelet adhesion seen in this study may result from using PRP, while 

the previous work was conducted in vivo, where hemoglobin present in the red blood cells 

may bind to NO, limiting the efficacy to prevent platelet adhesion. While Cu particle size for 

generation of NO from natural RSNOs has yet to be optimized, the focus of this work was to 

provide catalytic control of NO released from blended RSNOs within the polymer film, and 

not the generation of NO from naturally occurring RSNOs within the blood. However, this 

result shows that while the physical blending of NO donors into polymeric materials is 

limited in the lifetime of the NO release, the NO generating capability of the Cu ions within 

the polymer can continue to provide activity to prevent the adhesion of platelets to the 
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material surface, providing controlled and predictable release rates from both regimes 

(NOrel and NOgen), making this material ideal for longer term blood contacting devices 

such as vascular catheters.

3.5 Inhibition of gram positive and negative bacteria adhesion on polymer surface

Biomedical device related infections (BDRIs) are one of the major cause of morbidity and 

the associated healthcare cost. The gram-positive S. aureus and gram-negative P. aeruginous 
are among the most common causative agents of hospital acquired infections.65 Invitro 
bacteria, testing demonstrates that the Cu-NPs assisted NO release is effective in reducing 

the population of viable bacterial cells on polymeric films against both grams positive and 

negative bacteria (Figure 6). Even individually NO donor (SNAP), as well as Cu-NP 

controls, inhibited both gram positive and gram negative bacteria. The antibacterial 

properties of copper are due to its oligodynamic effect while the bactericidal properties of 

NO are due to denaturation of enzymes, deamination of DNA and lipid oxidation in 

pathogens.32 In the presence of Cu-NPs coats the catalytic activity of copper increase the 

NO release from the SNAP thus enhancing the bacterial inhibition as compared to SNAP 

films alone. The NO flux release was directly proportional to the amount of Cu-NPs present 

and hence more bacteria-killing on the surface of the film. Table 2 shows the bacterial 

colony forming units per surface area of the composite (CFU/cm2) that were present on the 

surface of each of the films. The NO flux is inversely proportional to the bacterial CFU/cm2 

showing that the enhanced NO release by Cu-SNAP films inhibited the bacterial growth 

significantly. Overall there was a marked reduction of up to 2 logs by SNAP films while Cu-

NPs coated films showed bacterial inhibition up to 5 logs. Among all the tested films, the 

3wt% Cu-SNAP films with allowed the least amount of bacterial colony forming to grow per 

unit surface area of the composite (CFU/cm2) as shown in Figure 6. The observed difference 

between the antibacterial effect of NO on gram-negative and gram-positive bacteria can be 

attributed to differences in their cell membrane properties. In the presence of Cu-NPs coats, 

the catalytic activity of copper increases the NO release from SNAP thus enhancing the 

bacterial inhibition as compared to the SNAP films alone. Table 2 shows a comparative 

quantification of the bacterial colony forming units per surface area of the composite 

(CFU/cm2) that were present on the surface of each type of the films. The NO flux is 

inversely proportional to the bacterial CFU/cm2 showing that the enhanced NO release by 

Cu-SNAP films inhibited the bacterial growth significantly.

This is evident from the results that the higher NO flux can result in the better bacterial 

inhibition as compared to the controls. In a biofilm, the antibiotic resistant bacteria can 

encase themselves in a hydrated matrix of polysaccharide and protein thus defending 

themselves effectively against the action of antibiotics.11, 66 The low molecular weight of 

NO allows penetrating through the matrix in the biofilm which gives it an extra advantage 

over antibiotics and silver-based antibacterial strategies.67–68 Having higher influx of NO 

allows a higher penetration of the NO through the biofilm and thus killing the bacteria with 

comparatively significantly lesser dose in situations where other antibacterials are mostly 

ineffective. Furthermore, the use of NO is unlikely to stimulate the production of resistant 

strains due to rapid reduction of microbial load.26, 33–34 In the past, we have shown the 

antibacterial attributes of NO releasing membrane against A.baumanni, S. aureus, E. coli, L. 
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monocytogenes, and E. faecalis.30–42 In addition, other published reports have also shown a 

significant reduction in bacterial growth (1–24 h studies) owing to the antibacterial 

properties of NO.24, 27, 29 However, these studies have reported the effect of bacterial 

exposure on NO flux profile. Hence NO release was also measured from films after the 

bacterial studies to confirm NO was still being released from the residual SNAP in the films. 

The results showed that the residual NO flux after the bacterial exposure was still 

maintained within the physiological levels demonstrating that these films can be used 

beyond 24 h to kill bacteria if needed (Figure 7). As Cu-NPs has also been demonstrated to 

provide antibacterial properties, further optimization can be done to not only tune the NO 

release for the specific application but also provide the highest antibacterial activity between 

the level of Cu and NO release.

3.5 Cytotoxicity of polymeric films leachates

As per the ISO 10993 standards, the purpose of performing biocompatibility testing of the 

medical device is to investigate its undesirable physiological effects such as cytotoxicity and 

to validate its fitness for human use. Recent studies have shown NO releasing strategies to 

be highly effective for controlling bacterial infection but the NO flux was much higher than 

the upper range of physiological NO flux.69 Although antibacterial characteristic and 

platelet inactivation are one of the most important parameters for developing medical 

devices, it should not be at the cost of the host mammalian cells due to cytotoxicity. Hence 

achieving maximum bacterial inhibition and platelet activation while ensuring that these NO 

releasing composites are not toxic to mammalian cells was another important objective of 

the present study. In the present study, we evaluated the relative cytotoxicity of potential 

leachates from the films with SNAP and/or Cu-NPs with respect to the control Carbosil 

films using cell counting kit-8 (CCK-8) assay after soaking the films in the medium for 24 h. 

The number of viable cells in the composites with SNAP, 1 wt%, and 3 wt% Cu-NPs are 

very similar relative to the control Carbosil composites demonstrating that these composites 

are biocompatible to the mammalian fibroblast cells (Figure 8). Morphologically, the 

fibroblast cells maintained their regular dendritic shapes as demonstrated by optical images 

obtained at 10X magnification using EVOS XL microscope (Figure 9). These results are in 

line with the Cu leachate detection analysis (Section 3.3) which demonstrated the negligible 

amount of copper (306.9 ppb) in the leachates from films, which is much below the 

recommended safety limit (2000 ppb) by the WHO. Furthermore, any leaching of SNAP, or 

more likely NAP (N-acetyl-penicillamine) and possibly dimers of NAP, would ultimately 

hydrolyze to penicillamine (and acetic acid). Low level of penicillamine (FDA approved) is 

widely used for heavy metal poising in humans as per FDA recommendation.37 The NO flux 

exhibited by the endothelial cells in the blood vessels lining is in the range of 0.5–4.0 × 

10−10 mol min−1 cm−2 20 Theoretically, a flux closer to physiological range should not 

exhibit a cytotoxic response to the host. cells. The NO flux released by 1 wt% Cu-SNAP and 

3% Cu-SNAP were reported to be very close to the upper range of endogenous NO flux, i.e 

4.48 ± 0.5 × 10−10, 4.8 4± 0.3 × 10−10 mol min−1 cm−2 respectively, and hence justify the 

absence of cytotoxicity by the polymeric films as a response to SNAP or its by-products 

leaching (if any) in the medium. In the past, polymeric films with 10 wt% SNAP are shown 

to be hemocompatible and biocompatible with mammalian cells.44, 70 Overall this in vitro 
study showed these NO releasing polymeric composite containing 1 wt% or 3 wt% Cu-NPs 
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in combination with 10% SNAP are safe towards mammalian cells through the negligible 

amount of leaching. Further testing in animal models would be helpful to establish in vivo 
data to reconfirm the efficacy of these composite in pre-clinical settings.

4. Conclusions

Due to the dose-dependent effect of NO, achieving a local and continuous release of NO 

from the biomedical implants is a desirable attribute for their clinical success. In this study, 

controlled NO release from SNAP containing Carbosil films was achieved by incorporating 

Cu-NPs coatings on the SNAP films. Concentrations of Cu-NPs above 3 wt% were found to 

increase the release rate of NO from the polymer above physiological levels. While the 

SNAP films exhibit a NO flux of 1.32 ± 0.6 × 10−10 mol min−1 cm−2, utilizing the Cu-NPs 

increases the NO release up to 4.84 ± 0.3 × 10−10 due to the catalytic activity of copper. This 

resulted in significant reduction (up to 5 logs) in bacterial growth on the polymer surface. 

The Cu-SNAP combination could prevent >92% of platelet adhesion upon exposure to 

porcine PRP for 2 h. The ICP-MS study showed that the leaching of copper from these films 

is below toxicity limit. Furthermore, the Cu-SNAP combination was found to be non-

cytotoxic to mammalian cells as demonstrated by the cytotoxicity assay performed on the 

mouse fibroblast 3T3 cell line. Overall the leaching and cytotoxicity studies combinedly 

provide evidence that these treatments may be safe for clinical use. Overall, when compared 

with the conventional approaches, the study recommends that the Cu-SNAP composites can 

provide an increased antibacterial activity for biomedical device coatings without causing 

drug resistance and cytotoxicity associated with currently available antimicrobial agents. 

The amount of NO release can be tuned by varying the copper concentration, thus expanding 

the use of Cu-SNAP combination for multiple biomedical applications. Overall, these 

composites are exceptionally promising to fabricate a new generation of medical devices 

with controlled NO release, reduced platelet adhesion and superior degree of microbial 

inhibition with potential biocompatibility.
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Figure 1. 
A representative schematic of the polymeric composites with SNAP and copper 

nanoparticles (Cu-NPs) coating. The innermost active layer is made by incorporating 10 wt

% SNAP in the CarboSil polymer. After completely drying the films, two coats of Cu-NPs 

(1, 3, or 5 wt%) blended in CarboSil were applied. A final top coat of CarboSil (50g/L) was 

layered to prevent leaching of SNAP and Cu-NPs.
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Figure 2. 
The schematic representing the mechanism of nitric oxide (NO) release from an RSNO such 

as SNAP. The mechanism involves oxidation of Cu0 nanoparticles to Cu2+ ions in the 

presence of water.
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Figure 3. 
Nitric oxide (NO) flux analysis of SNAP composites with or without copper nanoparticles 

(Cu-NPs) at different time points. As illustrated in the figure, there is a proportional increase 

in the NO flux release from the composites with increase in Cu-NPs concentration. The 1 wt

% Cu-SNAP and 3 wt% Cu-SNAP films possess NO flux in the upper end of the 

physiological NO flux range while 5 wt% Cu-SNAP films showed almost two times NO flux 

than physiological range. P-values < 0.05 were used for comparison. The error bar 

represents standard deviation.
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Figure 4. 
Representative image of A) Carbosil (control) and B) Carbosil films with 3 wt% Cu-NPs 

taken at an accelerating voltage of 5 kV (225x magnification). Scale bar represents 250 

microns. As depicted, the top layer of films with and without copper coats are similar in 

their surface morphologies.
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Figure 5. 
The graphical representation of the LDH assay results demonstrating the ability of Cu-NPs 

incorporated SNAP films to reduce platelet adhesion after exposure to porcine platelet rich 

plasma (PRP) in a 2 h study. The 3 wt% Cu-SNAP provided the largest decrease in platelet 

adhesion, showing a 92% reduction when compared to controls (p = 0.003). P-values < 0.05 

were considered significantly different. Note: * indicates significant difference with respect 

to (w.r.t) the control; $ indicates significant difference w.r.t 1 wt% Cu-Carbosil films; # 

indicates significant difference w.r.t the 3 wt% Cu-Carbosil films and + indicates significant 

difference w.r.t the SNAP films. The error bar represents standard deviation.
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Figure 6. 
Graphical representation of inhibition of viable gram-negative (P. aeruginosa) and gram-

positive (S. aureus) bacteria strains on the surface of control and test composites. The 3 wt% 

Cu-SNAP films showed lowest amount of CFU/cm2 on the composite surface as compared 

to any other composites tested (with or without Cu-SNAP) owing to the highest NO flux it 

released. P-values < 0.05 were considered significantly different. Note: *, $, and # indicate 

significant difference in CFU/cm2 of both bacteria compared to control, 1 wt% Cu, and 3 wt

% Cu-Carbosil composites, respectively. The error bar represents standard deviation.
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Figure 7. 
The NO flux release from the SNAP, 1 wt% Cu-SNAP and 3 wt% Cu-SNAP films at 24th 

hour prior to exposing them to the bacteria (left most bars). Post bacterial exposure 

individually with Pseudomonas aeruginosa (PA) and Staphylococcus aureus (SA) for a 

period of 24 h, the NO flux released was measured again and found to be in the 

physiological range. P-values < 0.05 were used for comparison. The error bar represents 

standard deviation.
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Figure 8. 
Graph showing the non-cytotoxic nature of the films using CCK-8 assay performed in vitro 
on mouse fibroblast 3T3 cell line with 24 h leachable from the composites. P-values < 0.05 

were used for comparison. The error bar represents standard deviation.
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Figure 9. 
Representative optical images of 3T3 fibroblast cells after 24 h leachates treatment taken at 

10X magnification using EVOS XL microscope. No observable difference in the 

morphologies of the fibroblast cells was found with respect to the control.
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Table 1.

The copper leachate concentration from polymeric composite and the relative leaching in DMEM medium as 

compared to the original amount of copper present in each film type.

Sample Measured Copper Leachate (PPB) % Copper Leaching (Relative to Initial Cu concentration)

1 wt% Cu-NPs 100.3±17.48 1.06±0.185

1 wt% Cu-SNAP 221.5±47.80 2.34±0.506

3 wt% Cu-NPs 93.37±5.995 0.329±0.0212

3 wt% Cu-SNAP 306.9±99.50 1.08±0.351
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Table 2.

The comparative analysis of bacterial CFU/cm2 grown on with Carbosil, Cu-NPs, SNAP, and Cu-SNAP 

composites.

NO Flux (× 10−10 mol−2min−1cm−2)

Films 0h 24h post bacteria CFU/cm2 (S. aureus) CFU/cm2 (P. aeruginosa)

Control (Carbosil) -- -- 6.7± 0.1 × 107 6.8 ± 0.1 × 107

1 wt% Cu -- -- 3.8 ± 0.22 × 107 4.8 ± 0.22 × 107

3 wt% Cu -- -- 2.4 ± 0.33 × 106 3.1 ± 0.33 × 106

SNAP 1.31 ± 0.6 0.43 ± 0.1 3.5 ±1.3 × 104 1.8 ± 1.3 × 104

1 wt% Cu-SNAP 4.48 ± 0.5 0.87± 0.1 3.2 ±1.1 × 103 4.2 ± 1.1 × 103

3 wt% Cu-SNAP 4.84 ± 0.2 2.25 ± 0.3 8.9 ±1.8 × 102 2.4 ± 1.8 × 102
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