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Abstract

Ever since the role of endogenous nitric oxide (NO) in controlling a wide variety of biological 

functions was discovered approximately three decades back, multiple NO releasing polymeric 

materials have been developed. However, most of these materials are typically short lived due to 

the inefficient incorporation of the NO donor molecules within the polymer matrix. In the present 

study, S-nitroso-N-acetylpenicillamine (SNAP) is covalently attached to polydimethylsiloxane 

(PDMS) to create a highly stable nitric oxide (NO) releasing material for biomedical applications. 

By tethering SNAP to the crosslinker of PDMS, the NO donor is unable to be leached into the 

surrounding environment. This is the first time that a sustainable NO release and bacterial 

inhibition for over 125 days has been achieved by any NO releasing polymer with supporting 

evidence of potential long-term hemocompatibility and biocompatibility. The material proves to 

have very high antibacterial efficacy against Staphylococcus aureus by demonstrating a 99.99% 

reduction in the first 3 days in a continuous flow CDC bioreactor while a similar inhibitory 

potential of 99.50% was maintained by the end of one month. Hemocompatibility of SNAP-PDMS 

was tested using a rabbit extracorporeal circuit (ECC) model over a 4 h period. Thrombus 

formation was greatly reduced within the SNAP-PDMS coated ECCs compared to the control 

circuits, observing a 78% reduction in overall thrombus mass accumulation. These results 

demonstrate the potential of utilizing this material for blood and tissue contacting biomedical 

devices in long-term clinical applications where infection and unwanted clotting are major issues.
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1. Introduction

When a foreign material or medical device comes in contact with blood, proteins such as 

albumin and fibrinogen immediately adsorb to the surface to facilitate the attachment of 

platelets. Once attached, platelets directly interact with the adsorbed proteins, exposing the 

glycoprotein GPIIb/IIIa integrin receptor that allows platelet binding to fibrinogen.1 This 

facilitates more platelet activation and aggregation to form a clot. In addition to reducing the 

efficiency of the implant, these clots also have a risk of breaking off and causing embolism 

further down the vasculature. Infection is another complication that occurs with medical 

devices in a clinical setting. The longer devices such as catheters and endotracheal tubes stay 

within a patient, the higher the risk of an infection.2 This leads to constant removal and 

replacement of these devices, requiring invasive surgeries and overall discomfort to the 

patient.

A strategy to improve the biocompatibility in these scenarios can be through the utilization 

of nitric oxide (NO). Nitric oxide is a free radical molecule produced in the body with a 

wide range of biological signaling functions. Some of the most notable physiological 

functions are the prevention of platelet adhesion to vasculature, regulation of blood pressure 

through vasodilation, and as a method for macrophages to eliminate pathogens via 

nitrosative stress.3–4 Knowing these mechanisms has led to the development of NO releasing 

materials that are capable of mimicking vital endogenous effects under certain conditions. S-

nitrosothiols (RSNOs) are a popular class of NO releasing molecules that are produced by 

the body. Some RSNOs such as S-nitroso-N-acetyl penicillamine (SNAP), S-

nitrosoglutathione (GSNO), and S-nitrosocysteine have been incorporated into polymer 

matrices to create environments with localized and controlled NO release.5–7 The release 

mechanism of NO from RSNOs is done by the cleavage of the sulfur-nitrogen bond and is 

facilitated by either thermal degradation, metal ion catalysis, and/or light. Thermal 

degradation is one of those most commonly used methods for initiating this release for 

RSNO containing materials as in vivo temperatures are able to promote a passive, steady NO 

release. Diazeniumdiolates are another class of NO-donating compounds that use 

physiological temperature and pH to passively release large quantities of NO over short 

periods of time.8

Hopkins et al. Page 2

ACS Appl Mater Interfaces. Author manuscript; available in PMC 2021 March 11.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The role of NO releasing polymers as a method to prevent thrombus formation has been 

thoroughly investigated in multiple studies in vivo using both extracorporeal circuit (ECC) 

and catheter models.9–14 Since NO has a short half-life, its mode of action demonstrates a 

more localized effect when suppressing platelet activation. Blood thinners such as heparin 

have systemic effects within a patient which can lead to low platelet counts, unwanted 

internal bleeding, and thrombocytopenia.15–16 Polymers capable of generating NO are a 

possible solution to this as they demonstrate a drastic reduction in thrombus formation and 

platelet adhesion on both ECC and catheter surfaces without having this detrimental 

systemic effect.

Another common problem with tissue contacting medical devices is the ongoing risk of 

infection. A large number of antimicrobial surfaces have been developed with strategies such 

as incorporating metal or metal oxide nanoparticles like silver17–19 and copper20–22 as well 

as polymeric materials that facilitate the diffusion of certain antibiotics.23–25 However, these 

metallic nanoparticles can be cytotoxic to the surrounding tissue in addition to the bacteria 

being targeted if used in high concentration. Drug-resistant bacteria have also been on the 

rise, limiting the potential application of antibiotics.26–27 Antibiotics have also been shown 

to be ineffective against biofilms, which provide a protective matrix containing proteins and 

polysaccharides for the bacteria.28 Controlled levels of nitric oxide from a wide range of 

nitric oxide donors have been shown to be able to eliminate numerous types of bacterial 

strains while still demonstrating noncytotoxic effects to surrounding cells.29–32 This strategy 

utilizes NO as an antimicrobial agent in a similar manner the way macrophages employ it to 

eliminate bacteria and has proven to be effective against antibiotic-resistant strains of 

bacteria and to disperse biofilms.33–35 Most NO releasing materials are generally short-lived 

and cannot be applied to materials or devices that require a long implantation time. The most 

efficient way to have a long-term NO releasing antimicrobial material is to ensure the 

covalent attachment of an RSNO to a material. This strategy prevents leaching out of the 

polymer matrix, which usually yields high bursts of NO over a short period of time and 

depletion of its NO reservoir. High molecular weight dendrimers have also been synthesized 

with covalently bound NO donors like RSNO’s and diazeniumdiolates and have shown to 

have a large, controlled NO releasing capacity.36–37 Using this strategy, synthetic have 

shown the potential to be stable in vitro platforms for delivering NO to cells over a 

monitored period of time.38–39

Herein, we investigated the effectiveness of covalently attaching SNAP to PDMS (SNAP-

PDMS) as a biocompatible polymer to ward off unwanted thrombus formation and as a 

long-term antimicrobial agent. By covalently attaching SNAP to the aminosilane crosslinker 

in PDMS, its in vitro longevity release capabilities were proven by demonstrating the ability 

to maintain a stable, unprecedented NO release for over 125 days under physiological 

conditions. The long-term NO release opens a large array of possibilities such as the 

fabrication and modification of a variety of silicone rubber based biomedical devices such as 

blood and urinary catheters, PICC lines, and feeding tubes. In terms of hemocompatibility, 

SNAP-PDMS was coated on the inner lumen of PDMS tubing used for 4 h ECC experiments 

to observe thrombus formation and overall platelet count using a rabbit model. In a separate 

experiment, SNAP-PDMS films were tested for 28 days using a CDC biofilm reactor to 

demonstrate the polymer’s antimicrobial capabilities.
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2. Materials and Methods

2.1. Materials.

N-Acetyl-D-penicillamine (NAP), hydroxy terminated poly(dimethylsiloxane) 2550–3570 

cSt (PDMS), (3-aminopropyl) trimethoxysilane, dibutyltin dilaurate, toluene, chloroform, 

pyridine, tert-butyl nitrite, acetic anhydride, ethylenediaminetetraacetic acid (EDTA), 

concentrated hydrochloric acid (HCl), 1,4,8,11-tetraazacyclotetradecane (cyclam), 

anhydrous magnesium sulfate, and hexanes were purchased from Sigma Aldrich (St. Louis, 

MO). Trypsin-EDTA and Cell Counting Kit-8 (CCK-8) was purchased from Sigma-Aldrich 

(St. Louis, MO). The antibiotic Penicillin-Streptomycin (Pen-Strep) and fetal bovine serum 

(FBS) were obtained from Gibco-Life Technologies (Grand Island, NY). The bacterial strain 

Staphylococcus aureus (ATCC 5538) and mouse 3T3 cells (ATCC 1658) were originally 

obtained from American Type Culture Collection.

2.1.1. Synthesis of NAP-thiolactone.—Thiolactone self-protected NAP was 

synthesized using the established protocol developed by Moynihan and Robert.40 Briefly, 5 

g of NAP was dissolved in 10 mL of pyridine in a round bottom flask while a separate vial 

containing 10 mL of pyridine and 10 mL of acetic anhydride was made. Both solutions were 

allowed to chill in an ice bath for 1 h before being combined and allowed to stir for 24 hrs. 

The solution was then rotary evaporated at 60 °C until all of the pyridine is evaporated and 

only small amount of a viscous, orange solution remains. The remaining solution was then 

dissolved in 20 mL of chloroform and washed and extracted three times with equal volume 

quantities of 1M HCl. The organic layer was then dried over anhydrous magnesium sulfate 

and filtered. The chloroform is then removed under vacuum at room temperature and the 

resulting solid is washed and filtered with hexanes. The collected pale, white-yellow solid is 

then dried overnight at room temperature before being stored at 5 °C (1.16 g).

2.1.2. Synthesis of SNAP-PDMS.—SNAP-PDMS was synthesized by slightly 

modifying a protocol by Frost et al.41 A schematic is shown in Figure 1, where initially 1.6 g 

of hydroxy terminated PDMS was dissolved in 8 mL of toluene. In a separate vial, 0.3 g of 

(3-aminopropyl) trimethoxysilane (1.67 mmol) and 2.4 mg of dibutyltin dilaurate were 

dissolved in 2 mL of toluene. The two solutions were then combined and thoroughly mixed 

and allowed to stir overnight. A slight excess (300 mg, 1.73 mmol) of NAP-thiolactone with 

respect to the crosslinking agent was dissolved in the crosslinked PDMS solution and then 

allowed to stir for 24 hrs. Nitrosation of the formed NAP-PDMS was done by adding t-butyl 

nitrite. T-butyl nitrite was first chelated of any copper contaminants by vortexing it with an 

equal volume amount of 20 mM cyclam solution and repeated three times. The organic t-

butyl nitrite layer is then separated into an amber vial and stored at 5 °C. 300 μL of t-butyl 

nitrite is then added to 3 mL of NAP-PDMS to form a dark green, SNAP-PDMS solution. 

The nitrosated solution was then placed into a 2.54 cm diameter Teflon ring, protected from 

light, and left to air dry overnight.

2.1.3. Nitric oxide detection.—NO release from the SNAP-PDMS polymers was 

directly measured in real time via chemiluminescence using a Sievers Nitric Oxide Analyzer 

(NOA) model 280i (Boulder, CO). Films were tested by immersing them in 0.01M PBS 
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containing EDTA at 37 °C inside of an amber reaction chamber. A nitrogen bubbler was 

then placed in the solution containing the polymer at a flow rate of 200 mL min−1 to carry 

any NO being emitted to the NOA.

2.1.4. SNAP leaching assay.—Comparison of leaching between covalent bound 

SNAP-PDMS and blended SNAP PDMS was quantified by a Genesys 10S UV-Vis 

spectrophotometer (ThermoFisher, Waltham, MA). The characteristic S-nitroso bond seen in 

RSNO’s shows absorbance maxima at 340 and 590 nm.42–43 Diffusion of SNAP from the 

PDMS was done by soaking SNAP-PDMS and SNAP blended PDMS films for varying 

amounts of time in 0.01M PBS (pH = 7.4) with 100 μm EDTA to ensure there is little 

catalytic metal ion interaction in the buffer. Blended SNAP in PDMS and covalent bound 

SNAP-PDMS were both tested with and without a topcoat of PDMS. Film were measured 

and incubated in PBS with EDTA at room temperature while being protected from light to 

preserve the SNAP leaching values over the course of the study. Measured aliquots of the 

PBS solution were placed into cuvettes to be measured at 340 nm.

2.1.5. Bacterial adhesion assay.—The ability of SNAP-PDMS to prevent bacterial 

binding and growth on the polymeric surface was tested in vitro for 3, 14, and 28 days in a 

continuous flow CDC bioreactor (BioSurface Technologies) against Staphylococcus aureus 

(S. aureus). The use of CDC bioreactor provides a highly favorable environment for bacterial 

growth through a continuous supply of nutrients for the formation of a biofilm on the 

polymeric surface to test the long-term performance of the polymer. A single isolated colony 

of the bacterial strain (S. aureus) from a pregrown culture was incubated overnight in LB 

medium for 14 h at 150 rpm at 37 °C. After 14 h, optical density (O.D) of the liquid 

suspension of bacteria was measured at 600 nm (OD600) using a UV-vis spectrophotometer 

as recommended by earlier reports.44 Before being tested, the sample films (SNAP-PDMS 

and control PDMS, n=3 for each time point) were sterilized by UV irradiation for 30 mins 

under a Biosafety Cabinet (Thermo Scientific 1300 A2) and fitted inside the CDC 

bioreactor. Prior to use, the CDC bioreactor was sterilized using high pressure saturated 

steam for 30 min at 121 °C in an autoclave. The CDC bioreactor (working volume 1000 mL) 

with 400 mL of LB medium (2 g L−1) was inoculated with the bacterial culture in a manner 

that the final OD600 falls in the range of 107–109 CFU mL−1 to simulate chronic infection 

conditions. The CDC bioreactor on one end was connected to a feed bottle having a 

continuous supply of sterile LB medium (2 g L−1) and to a sealed container to collect the 

wash out in a sterile manner on the other end. After 3, 14, and 28 days, the films (controls 

and tests) were removed and gently rinsed with phosphate buffer saline, pH 7.4 (PBS) to get 

rid of any loosely bound bacteria. The rinsed films were then transferred to a 15 mL tube 

with 2 mL sterile PBS and homogenized for 60 sec using an OmniTip homogenizer. The 

shear force from the homogenizer tip ensured the transfer of the bound bacterial strains from 

the tubing to the PBS solution. Thereafter, serial dilution (10−1 to 10−5) were made using 

sterile PBS and bacterial strains were plated on different Petri-dishes solid LB-agar medium 

using an L-spreader. After adjusting the dilution factor, the volume of bacteria culture plate, 

starting culture volume, and other variables, the antimicrobial efficacy of the SNAP-PDMS 

films was compared to the control films as follows.
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Bacterial Inℎibition % =

CFU
cm2 in control samples − CFU

cm2 in test samples × 100

CFU
cm2 in control samples

2.1.6. In vitro cell cytotoxicity.—Cell cytotoxicity was performed on SNAP-PDMS 

films on 3T3 mouse fibroblast cells (ATCC-1658) per the ISO 10993 standard. The Cell 

Counting Kit-8 (CCK-8) protocol was followed which uses WST-8 dye [2-(2-methoxy-4-

nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium monosodium salt]. 

WST-8 is enzymatically reduced in live cells to produce formazan, which is detectable at 

450 nm. This measurement is then used to directly quantify the number of living cells while 

not requiring the killing of the cells.

Mouse fibroblast cells were cultured on 75 cm2 T-flasks in DMEM containing 4.5 g L−1 

glucose and L-glutamine, 10% FBS, and 1% penicillin-streptomycin at 37 °C under a 

humidified atmosphere with 5% CO2. Once confluency reached 90%, cells were trypsinized 

(0.18% trypsin and 5 mM EDTA) and seeded in 96-well plates at a concentration of 5000 

cells mL−1. Simultaneously, leachates from control PDMS and SNAP-PDMS films were 

obtained by soaking the films (n=3) in DMEM medium (1 mL of medium per 1 mg of 

polymer film) and incubated for 24 h at 37 °C. The films were then removed from the 

solution and discarded while the DMEM containing extracts was kept at 4 °C prior to being 

used in the cell culture experiments.

The previously made suspension of cells (5000 cells mL−1) were inoculated in a 96 well 

plate (100 μL per well) to be used for cytotoxicity studies. The 96 well plate was then 

incubated at 37 °C, 5% CO2 for 24 h before the leachates were added (10 μL) to each well. 

The plate was then incubated for another 24 h to allow the possible toxic leachates to impact 

the cells. Each well then had 10 μL of CCK-8 solution added and was incubated for another 

3 h. The absorbance was measured at 450 nm and a comparison was made between the cells 

with and without leachate to calculate relative cell viability. Results were reported as a 

percentage of cell viability using the following equation.

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

2.1.7. Extracorporeal circuit preparation.—The ECC loop configuration was used 

as previously described.45–46 Briefly, the fully constructed ECC loops consisted of 16-gauge 

and 14-gauge IV polyurethane angiocatheters (Kendall Monoject Tyco Healthcare 

Mansfield, MA), two 16 cm lengths of 1/4 inch inner diameter (ID) silicone rubber (SR) 

tubing, and one 8 cm length of 3/8 inch SR tubing to create a thrombogenicity chamber to 

promote stagnant and recirculating regions of blood. The angiocatheters were coated only a 

single time with a more dilute solution of SNAP-PDMS (80 mg mL−1). The SR control ECC 

loops consisted of the SR tubing (no SNAP) and angiocatheters coated with PDMS at the 

same concentrations as the SNAP-PDMS ECC loops. All ECC loops pieces were assembled 

together using a solution of 80 mg mL−1 PDMS in toluene. The tubing and coating solutions 
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were protected from light throughout this process to minimize the loss of NO. The ECC 

loops dried under ambient conditions for 48 h followed by vacuum drying for 24 h. The 

ECC loops were soaked in saline solution for 1 h and this solution was discarded 

immediately prior to the rabbit experiment. Small sections of the tubing were used to 

examine the NO release before and after the study.

2.1.8. Rabbit ECC Model.—A previously used rabbit ECC model was used to evaluate 

the hemocompatibility of the SNAP-PDMS coated tubing.45–47 All animal handling and 

surgical procedures were approved by the University of Georgia Institutional Animal Care 

and Use Committee. Over the course of the study, 8 New Zealand white male rabbits (2.5–

3.5 kg, Charles River) were used. All rabbits were anesthetized using intramuscular 

injections of ketamine (7 mg kg−1), acepromazine (0.01 mg kg−1), midazolam (0.1 mg kg
−1), and buprenorphine (0.03 mg kg−1). Isoflurane gas was used as a maintenance anesthesia 

in 100% oxygen, delivered via tracheotomy at an inhalation rate of 1–3%. Anesthesia was 

then maintained through mechanical ventilation of isoflurane in 100% oxygen (from 0.5–

1.5%) at a rate of 12 breaths per minute and a tidal volume of 10–15 mL kg−1 (Hallowell 

EMC, Pittsfield, MA 01201). Blood pressure was carefully monitored using a Doppler 

ultrasonic flow probe (Parks Medical, Las Vegas, NV 89119). Continuous ECG and heart 

rate were carefully monitored using a multiparameter monitor (Grady Medical, Los Angeles, 

CA). To aid in the maintenance of blood pressure stability, Lactated Ringer’s were 

administered at a rate of 10 mL kg−1 h−1 via catheterization of the ear vein. Body 

temperature was measured via a rectal probe and maintained at 38 °C using a warm water 

heating blanket and forced air heater. Before the ECC experiment began, blood samples 

were collected to obtain baseline measurements.

The ECC was primed with 0.9% NaCl and then clamped and placed into position by 

cannulating the right carotid artery and left jugular vein. Flow through the ECC was then 

initiated by unclamping both ends to allow blood to move freely through the loop and 

monitored using an ultrasonic flow probe and flow meter (Transonic 400 Ithaca, NY). 

Clotting of the ECC loop was defined as when the flow rate reached 0 mL min−1 and 

remained at no flow for 5 min. After clotting occurred or after the 4 h time period had been 

reached, the ECC loop was clamped, removed from the animal, and rinsed with 60 mL of 

saline to observe any clotting. Any clots that were formed in the ECC loop were collected, 

weighed, and stored in formalin. All animals were not systemically anticoagulated during 

the experiments.

Whole blood samples were drawn from the femoral artery by direct catheterization and 

collected for analysis of complete blood count using a Heska Element HT5 Hematology 

Analyzer (CBC; including platelet count). Blood samples were collected every hour for 4 h 

following the initiation of flow through the ECC, where 1 mL of blood was drawn before 

each sample was collected. Complete blood count was performed using an impedance 

counter (CBC-Diff, Heska Corp. Loveland, CO).

2.1.9. Statistical analysis.—Data taken were expressed as mean ± standard deviation. 

Statistical analysis was carried out using a student’s t-test with SAS JMP software. P value < 

0.05 was considered statistically significant for all data throughout the study.
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3. Results and Discussion

3.1 Nitric Oxide Release Measurements and Characterization

Release of NO from SNAP-PDMS films was measured in real time using a 

chemiluminescence nitric oxide analyzer. Samples were tested in amber reaction vessels 

containing 0.01M PBS with EDTA at 37 °C using a nitrogen bubbler and sweep gas at a 

combined flowrate of 200 mL min−1. Up to 125 days of NO testing was done on SNAP-

PDMS films while being incubated under the same testing conditions for the entire duration. 

By the end of the study, the films still possessed the characteristic green color seen with 

tertiary RSNO modified materials, indicating there is still a reservoir of NO to be emitted. 

Figure 2 shows a general overview of the NO release kinetics of the films during the study. 

A summary of the flux being emitted at designated time points is shown in Figure 2A, where 

the PBS used to incubate the films is changed regularly. By the end of the testing period, the 

films were not completely exhausted and still releasing an NO flux of 0.1 × 10−10 mol cm−2 

min−1. Figure 2B shows the cumulative NO release that was calculated over this 125-day 

testing period and demonstrates the overall large NO storage ability the material holds while 

Figure 2C gives the initial release profile when first placed in PBS on day 0. Films were 

weighed and measured before testing and found to have a SNAP loading capacity of 0.379 ± 

0.016 μmol mg−1 using UV-VIS. After day 125, there is still 18% of the remaining 

covalently attached SNAP as the cumulative NO release was normalized to 0.311 ± 0.009 

μmol mg−1. This duration of release under physiological conditions exceeds expectations 

when compared to other popular NO releasing polymers that contain non-tethered RSNO’s, 

which normally only release NO under these conditions for a matter of hours or days. This is 

often due to leaching of the NO donor out of the polymer matrix. Leaching is a challenge for 

non-covalently attached drugs, and a topcoat of polymer is often used as a preventative 

measure. However, this method only delays the release of blended components for a few 

days, limiting the potential applications for materials that require long-lasting NO release.

Silicone rubber tubing containing coats of SNAP-PDMS was also tested for NO release for 4 

h to simulate the release seen during the in vivo ECC tests. Three coats of SNAP-PDMS in 

toluene (160 mg mL−1) were cast on the inner lumen of the SR tubing by completely filling 

the tubing with the solution and draining it, then allowing 1 h to dry between each coat. It is 

important that between each drying step that most of the excess SNAP-PDMS solution is 

removed from the tubing. This is primarily done to minimize the unevenness of each 

polymer layer within the lumen of the tubing to give a uniform NO release throughout the 

entire circuit during testing. Before the ECC experiments, the tubing was left to vacuum dry 

at room temperature for 24 h to ensure any remaining solvent was properly evaporated. 

Nitric oxide release was also measured after in vivo ECC testing to ensure the flux was 

consistent with the previous in vitro NOA testing, releasing an NO flux of 8.15 ± 1.68 × 

10−10 mol cm−2 min−1, while 8.35 ± 0.666 × 10−10 mol cm−2 min−1 was measured before 

testing.

3.2 Measurements of SNAP Leachates

An important distinctive trait with SNAP-PDMS is not having the need for a topcoat to 

prevent any leaching when placing it in any aqueous environments, cutting down the 
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processing time and allowing the application of extremely thin coats of polymer to a surface. 

However, topcoats of silicone rubber based materials can further decrease the amount of 

water uptake into the films along with preventing diffusion of certain ions. This could further 

extend its longevity by only allowing heat as the method for NO release but lowering the 

overall NO flux as a result. As shown in the initial NO release profile seen in Figure 2C, NO 

release from SNAP-PDMS was able to stabilize in under 15 minutes without the presence of 

a topcoat. Materials containing loosely bound NO donors often have an initial release that is 

extremely high to the point where it can be cytotoxic towards surrounding cells. There can 

also be occurrences where it takes a long time for the materials to maintain a level flux due 

to this constant leaching of the NO donor. This can be difficult when trying to pinpoint an 

exact flux of NO being emitted from a material over the duration of a study. When 

comparing the initial NO releasing trend of SNAP-PDMS to these types of polymers, this 

burst release is much lower in duration. Most of these materials require a pre-incubation 

period in PBS for 24 hr to ensure this burst effect is not as severe while this is not needed for 

SNAP-PDMS.

The key factor in determining the longevity of RSNO’s under physiological conditions is 

how quickly the donor is leached into the surrounding environment. By covalently attaching 

SNAP directly to the PDMS, the amount of leaching is significantly reduced when compared 

to blending it within the polymer. In the past, a common preventative measure to keep 

blended SNAP within the polymer matrix is to apply a hydrophobic topcoat.12 However, 

even though a noticeable reduction in SNAP leaching is seen in the films using this strategy, 

the leaching is still much greater than what is seen with the covalently bound SNAP-PDMS.

Quantification of the amount of leaching seen by the films was observed using UV-Vis 

absorbance spectroscopy at 340 nm. Over the course of a 48 h period, while being kept at 

room temperature and protected from light, absorbance was periodically checked from the 

solutions containing the possible leached SNAP and the trends for each material is shown in 

Figure 3. The same solution was used for each testing period so that the cumulative leaching 

could be calculated for the initial 24 h and a new batch of PBS was used for the following 24 

h. After 48 h of soaking the SNAP-PDMS films in PBS at room temperature, little leaching 

(< 0.015 mg cm−1) was detected from the SNAP-PDMS films while continuous leaching 

was seen from the films with the blended SNAP. Even with a protective topcoat, there is still 

an increasing trend in the amount of leached SNAP from the blended films. This is also 

visibly verified over the course of the study, as the characteristic green color seen with non-

covalent bound SNAP based materials was quickly diminishing. Virtually no difference was 

detected in the amount of leachates from the SNAP-PDMS with and without a topcoat. Due 

to the chemistry from the NAP-thiolactone attachment to the aminosilane crosslinker within 

the PDMS, the only free thiol groups capable of being nitrosated in the PDMS will be 

covalently bound as any unreacted NAP-thiolactone will remain in its ring structure, 

preventing it from forming unbound SNAP. There was only a minor increase seen in the 

initial 6 h of measuring for the SNAP-PDMS films, while the amount of cumulative 

leachates beyond this timepoint remains almost constant for the duration of the study.
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3.3 Long Term Inhibition of Bacteria on SNAP-PDMS

Implants are prone to infection due to their surface characteristics along with failure to 

maintain sterile conditions during medical practices. For instance, catheters are susceptible 

to infection as they stay implanted for long periods of time. These infections reduce the life 

time of the device and often need to be replaced before it becomes life threatening. Thus, 

biomedical device related infections not only add to the suffering of the patient but also 

increases the overall cost of the healthcare due to prolonged hospital stay. It is important to 

have long-term antimicrobial strategies so that these types of medical complications can be 

prevented. The two main parameters by which bacterial adhesion and growth are supported 

is by the surface roughness of the material and the efficacy of the bactericidal agent being 

released. Nitric oxide-releasing materials have been proven to greatly reduce bacterial 

activity, but most of these tests are only done for very short time frames.44, 48–51 In this 

study, SNAP-PDMS films were incubated with S. aureus in a CDC bioreactor and their 

antibacterial potential was observed at day 3, 14, and 28 while a separate 24 h study was 

performed on films that had previously been releasing NO for 125 days continuously. 

Staphylococcus aureus is among one of the major players of hospital-acquired infection 

which causes biofilm formation on the polymeric surface which renders antibiotics 

ineffective against it.

The bioreactor used is able to provide a shear force to the films with a constant supply of 

nutrients to the bacteria to simulate a highly favorable infectious environment seen in vivo.52 

SNAP-PDMS and control PDMS films were placed in CDC bioreactors containing S. aureus 
over a period of 28 days. A constant supply of nutrients (LB Broth, 0.5 g L−1) was fed into 

the bioreactors at a flow rate of 100 mL hr−1 while keeping the bioreactor at 37 °C with an 

agitator speed of 100 rpm. Films (n=3 for each time point) were then taken out at their 

designated time point: on days 3, 14, and 28. After taking out the films from the bioreactors, 

they were gently rinsed of any loosely bound bacteria and homogenized in sterile PBS 

solution with the help of a sonicator (Omni International TH) to detach the bound bacteria 

from the film. Serial dilutions (10−1 to 10−5) were made and the bacterial suspension in PBS 

was plated in pre-made LB agar plates (40 mg mL−1). The colony forming units per surface 

area of the SNAP-PDMS films were counted and compared with the control samples and are 

shown in Figure 4. A significant reduction in the amount of viable S. aureus attachment to 

the SNAP-PDMS films was observed at all time points. The maximum reduction was 

observed at the initial time points of 3 and 14 days due to the high flux of NO being emitted 

from the SNAP-PDMS at these times, demonstrated over 4-log reduction at day 3 and 3-log 

reduction by day 14. Even after 28 days when the NO release begins to diminish, there is 

still a 2-log reduction in viable bacteria to the SNAP-PDMS films. Exact values over the 

course of the bioreactor study are shown in Table 1.

Finally, the residual NO flux after the bioreactor study was observed to extrapolate how 

effective the films would be beyond the 28-day testing period. It was found that even after 28 

days of bacteria killing, SNAP-PDMS films were still releasing an NO flux of 1.01 ± 0.120 

× 10−10 mol min−1 cm−2, proving that there were still potential antimicrobial properties to be 

utilized. This level of NO is higher than what was seen with in vitro testing for the films in 

PBS after 28 days shown previously in Figure 2A where only approximately 0.5 × 10−10 
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mol min−1 cm−2 was still being emitted. Theoretically, this discrepancy could be due to a 

few factors that differ between keeping the films in a bioreactor versus PBS. Layers of dead 

bacteria could be forming on the surface of the polymer films, artificially creating a 

biological “topcoat” that slows the release of NO after a period of time. Since the films were 

homogenized and sonicated after testing to remove any remaining bacteria biofilm, it was 

not possible to prove this theory after the bioreactor study. Another possibility is that the 

salinity content in the broth was much lower than the PBS. One of the main methods for 

facilitating NO release for RSNO’s is through catalytic based ionic interaction to break the 

sulfur-nitrogen bond.42 Lower ion content would then cause a slower release profile over the 

28 days, eventually leveling off at a higher flux by day 28 as seen in the data.

The SNAP-PDMS films were also tested for their potential antimicrobial abilities after 125 

days of sustained release in PBS at 37 °C in a 24 h bacterial adhesion study. Although the 

end recorded flux of the films were emitting an NO flux of approximately 0.1 × 10−10 mol 

cm−2 min−1, past studies have demonstrated that these levels of NO can still have 

antimicrobial effects.53–54 The SNAP-PDMS films were still able to inhibit the adhesion of 

S. aureus by 58.6% (Figure 5), giving insight into how even NO fluxes below the normal 

physiological levels from exogenous NO donating sources can still possess antimicrobial 

properties.

3.4 Cytotoxicity of SNAP-PDMS

Materials that can have any potential leachates will be detrimental to the surrounding cells, 

so it is important to investigate any possible toxic effects. Using a standard protocol, SNAP-

PDMS films were tested for any cytotoxic leachates to cultured mouse fibroblast cells.44 The 

SNAP-PDMS films were submerged in DMEM at 37 °C in amber vials for 24 h to allow any 

leachates from the films to diffuse into the medium. After 24 hrs, the fibroblast cells that 

were grown in parallel were exposed to the leachates and incubated for the next 24 hrs. The 

CCK-8 kit based cytotoxicity assay showed that compared with the control PDMS films, 

more than 96% of fibroblast cells were found to be viable when exposed to the leachates 

from SNAP-PDMS films. Thus, the cytotoxicity study provides supportive evidence for the 

potential biocompatibility of SNAP-PDMS films towards mouse fibroblast cells. In the past, 

different NO releasing materials are shown to be highly effective in inhibiting bacterial 

growth as well as platelet activation. Having high antibacterial potential is a great advantage 

for biomedical device fabrication but not at the cost of toxic side-effects on host mammalian 

cells. Other studies have shown very high doses of antibacterial agents: antibiotics, silver 

nanoparticles, or NO donors, without validating optimal therapeutic dose which is 

noncytotoxic to mammalian cells.23, 55–56 Thus the present study is significant in proving 

the antibacterial efficacy and antithrombotic potential of NO releasing PDMS films without 

causing undesired cytotoxic responses. In addition, the morphology of the mouse fibroblast 

cells was maintained at the end of the study further supporting that there was no alternation 

in cellular metabolism.

This result was expected as NAP, the precursor of SNAP, is FDA approved and is often used 

to control heavy metal poisoning.57–58 Treatments using NAP have also been used to treat 

cystinuria at levels as high as 2–4 g/day over the course of 155 days.59 Similar results in the 
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past have been shown where more than 90% of cell viability was exhibited by different NO 

releasing polymeric composites.60–62 Further testing in animal models would be helpful to 

establish in vivo data to reaffirm the efficacy of these materials in pre-clinical settings.

3.5 SNAP-PDMS Extracorporeal Circuit Hemocompatibility

Comparison between control PDMS and SNAP-PDMS coated ECC loops were performed in 

a rabbit model for 4 h (Figure 6). The two major parameters that were investigated for this 

study were platelet count and thrombus formation. Quantification of these parameters gives 

insight into how the release of NO from SNAP-PDMS coatings can be used as a method for 

improving hemocompatibility of blood contacting devices. Platelet count was recorded every 

hour for the duration of the ECC test and compared to the measured baseline taken before 

the experiment and corrected for hemodilution. Although SNAP-PDMS has been proven to 

release for several months, only the first 4 h of hemocompatibility is to be observed with this 

study to demonstrate its initial effectiveness in an extracorporeal setting.

For silicone rubber coated controls, platelet concentration dropped to ~55% of the baseline 

levels (n=3), where one control loop clotted prior to the 4 h (Figure 6A). All NO releasing 

circuits maintained flow ca. the initial flow through the ECC loop (100 mL min−1), with 

platelet levels at ~75% of the baseline after 4 hr. A previous study where SNAP was swelled 

into PDMS tubing, platelet count reached as low as 12% of the baseline for control samples 

over the 4 h period while the NO releasing tubing maintained 62%.29 The SNAP-PDMS 

coating demonstrated to perform even better than this strategy of incorporating SNAP due to 

the high flux of NO that was able to be maintained during the experiment. However, the 

control PDMS coating used in this study proved to preserve a significant amount of the 

platelet count compared to pure silicone rubber. It has been shown in the past that both 

hydroxy-terminated PDMS and the aminosilane crosslinker used have some 

hemocompatible properties to attribute to this effect.63–64 Since SNAP is directly added to 

the aminosilane crosslinker for the NO releasing loops, the aminosilane has very little 

functionality compared to control loops.

After the study, the amount of thrombus formation inside the loops was analyzed. Thrombus 

formation was measured by cutting open the thrombogenicity chamber of the ECC and 

removing any visible clots. Control loops had large amounts of clotting occur during the 

duration of the study, where the chamber was covered with a thick, dense layer of loosely 

bound thrombus formation. The SNAP-PDMS coated circuits showed much less clotting 

with only a thin layer of thrombus that was much more tightly bound to the surface (Figure 

6C). The SNAP-PDMS coated circuits showed a significant reduction (78% less) in overall 

thrombus mass compared to control PDMS coated circuits (Figure 6B).

4. Conclusion

In this study, the covalent attachment of SNAP to PDMS demonstrated to be an effective 

long term (> 4 months) NO releasing material. By eliminating the potential of unwanted 

leaching of the NO donor into the surrounding environment, the sustained and passive NO 

release was suitable as both a long duration antimicrobial and short term antithrombotic 

surface in addition to being non-cytotoxic to mammalian cells. Compared to the traditional 
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method of blending RSNOs into a polymer, the covalent attachment allows no potential 

leaching of the NO donor into the surrounding environment which is key to its longevity and 

noncytotoxic effects. The SNAP-PDMS material demonstrated that it was able to 

significantly inhibit bacterial adhesion of S. aureus even after constant exposure for a month 

in a CDC bioreactor. Even after 125 days of physiological release, the films were able to 

reduce nearly 60% of the overall bacterial adhesion, showing that the films still retained 

antimicrobial efficacy with low levels of sustained NO release. The multifunctional ability of 

NO was further proven as thrombus formation on the inner lumen of ECC loops coated with 

SNAP-PDMS was also greatly reduced due to the NO releasing SNAP-PDMS, indicating 

the flexibility of the polymer as a both a hemocompatible surface as well as antimicrobial.
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Figure 1. 
Synthesis route for covalently binding the SNAP molecule to hydroxy terminated PDMS 

polymer.
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Figure 2. 
Nitric oxide releasing kinetics of SNAP-PDMS films where (A) continuous NO release flux 

measurements were taken on specified days while storing the films in PBS with EDTA at 37 

°C (n=4). The green line represents the minimum physiological level of NO flux (0.5 × 

10−10 mol cm−2 min−1). (B) Cumulative NO release over the 125-day testing period was 

measured and normalized per cm2 of SNAP-PDMS. (C) Representative NO release profile 

on day 0 from SNAP-PDMS films when placed in PBS with EDTA at 37 °C. Error bars 

represent standard deviation.
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Figure 3. 
Cumulative leaching of SNAP into PBS from SNAP blended PDMS and covalent bound 

SNAP-PDMS films with and without a topcoat over the course of 48 hours (n=3). P<0.05 

were used for comparison. Error bars represent standard deviation.
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Figure 4. 
Long term antimicrobial ability of S. aureus adhesion to SNAP-PDMS. (A) Bacterial 

adhesion in 28-day bioreactor study on control PDMS and SNAP-PDMS films (n=3 per 

timepoint), showing approximately a 4, 3, and 2 log reduction in bacterial adhesion by days 

3, 14, and 28 respectively. P<0.05 was used for comparison between groups. Error bars 

represent standard deviation.
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Figure 5. 
Films previously tested for 125 days under physiological conditions were also examined 

(n=3), still demonstrating a 58.6% reduction in viable bacteria. Error bars represent standard 

deviation.
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Figure 6. 
Hemocompatibility measurements of SNAP-PDMS coated tubing for ECC testing. (A) 

Time-dependent effects of NO release from the ECC on platelet count over the course of the 

4 h study (n=3). (B) Quantification of clot mass obtained from the thrombogenicity chamber. 

(C) Visual representation of the clotting that occurred in PDMS coated controls (left) and 

SNAP-PDMS coated circuits (right). P<0.05 was used for comparison. Error bars represent 

standard deviation.
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Table 1.

Nitric oxide flux before and after bioreactor study with colony forming unit (CFU) counts at specified time 

points.

NO Flux(initial) (x10−10 

mol cm−2 sec−1)
NO Flux(28d) (x10−10 

mol cm−2 sec−1)
CFU(3d) CFU(14d) CFU(28d)

PDMS - - 3.05 × 108 ± 7.31 × 107 1.72 × 108 ± 1.20 × 106 2.05 × 109 ± 3.90 × 108

SNAP-
PDMS

8.35 ± 0.666 1.01 ± 0.120 2.11 × 104 ± 5.09 × 103 8.38 × 104 ± 3.01 × 104 1.04 × 107 ± 3.05 × 106
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