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Abstract

Surface fouling is one of the leading causes of infection associated with implants, stents, catheters, 

and other medical devices. The surface chemistry of medical device coatings is important in 

controlling and/or preventing fouling. In this study, we have shown that a combination of nitric 

oxide releasing hydrophobic polymer with a hydrophilic polymer topcoat can significantly reduce 

protein attachment and subsequently reduce bacterial adhesion as a result of the synergistic effect. 

Nitric oxide (NO) is a well-known potent antibacterial agent due to its adverse reactions on 

microbial cell components. Owing to the surface chemistry of hydrophilic polymers, they are 

suitable as antifouling topcoats. In this study, four biomedical grade polymers were compared for 

protein adhesion and NO-release behavior: CarboSil 2080A, RTV, SP60D60, and SG80A. 

SP60D60 was found to resist protein adsorption up to 80% when compared to the other polymers 

while CarboSil 2080A maintained a steady NO flux even after 24 hours (~0.50 × 10−10 mol cm−2 

min−1) of soaking in buffer solution with a loss of less than 3 wt% S-nitroso-N-

acetylpenicillamine (SNAP), the NO donor molecule, in the leaching analysis. Therefore, CarboSil 

2080A incorporated with SNAP and topcoated with SP60D60, was tested for antibacterial efficacy 

after exposure to fibrinogen, an abundantly found protein in blood. The NO-releasing CarboSil 

2080A with SP60D60 topcoated polymer showed a 96% reduction in Staphylococcus aureus 
viable cell count compared to the control samples. Hence, the study demonstrated that a 

hydrophilic polymer topcoat, when applied to a polymer with sustained NO release from 

underlying SNAP incorporated hydrophobic polymer, can reduce bacterial adhesion and be used 

as a highly efficient antifouling, antibacterial polymer for biomedical applications.
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1. Introduction

Fouling caused by proteins and bacteria is a very common phenomenon found on interfaces 

of biomaterials of medical devices and biological environments of the human body.1 

According to the Centers for Disease Control and Prevention, fouling is a major problem 

that causes nosocomial or hospital-associated infections (HAIs) and has led to the increase 

in medical costs (overall annual direct medical costs of HAIs in U.S. hospitals ranges from 

$28.4 to $33.8 billion).2 Medical implants and devices like biosensors, drug carriers, soft 

contact lenses, vascular stents, and urological devices upon contact with the biological 

milieu can cause subsequent settling of non-specific biomacromolecules on the foreign 

surfaces 3 and trigger a cascade of events that can bring about device failure. 

Biomacromolecules like proteins and bacteria settle down on the surface of these medical 

devices and start forming a layer of extrapolymeric substance (EPS) which is followed by 

settling of pathogens like bacteria and fungi on these protein layers.4, 5 These layers can 

develop into large films of a mixture of EPS and bacteria called biofilms. Biofilms are tough 

to get rid of due to their stable aggregation of bacteria covered with a film of proteins and 

can thus block pathways for medical devices and cause device failure. This stage of device 

contamination is infection, and may lead to sepsis and eventually cause patient death. In the 

recent times, significant research efforts have been directed towards finding efficient 

antifouling polymers combined with antibacterial properties in the medical industry to 

combat the problem of biofilms.6–11

Some of the methods that have been used for antifouling mechanisms of polymers are steric 

repulsion,12, 13 electrostatic repulsion,14, 15 and hydrophilicity.15–17 While steric and 

electrostatic repulsion are reliable methods for antifouling, both involve major processing 

changes that is possible in lab scale but not practical for industrial applications. Increasing 

hydrophilicity of a material for antifouling mechanism is advantageous because most 

proteins that contaminate surfaces are hydrophobic in nature and the hydration layer formed 

on the hydrophilic polymer keeps proteins from adhering to the coating surface of the 

medical device.18, 19 Hydrophilic polymers tend to be smooth and a water layer can easily 

form on these medical device coatings as they are kept in contact with bodily fluids.20 This 

hydration layer helps in repulsion of non-specific proteins and acts as an antifouling 

mechanism.19 Roughness of surfaces also play a critical role in adhesion of proteins.21, 22 It 

has been found to be an important factor at the nanometer scale for both fibrinogen and 
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bovine serum albumin attachment.21 Increasing random roughness increases the adhesion of 

proteins to surfaces of biomaterials. Therefore in comparison with smoother polymers that 

do not allow adherence of proteins, rough polymers tend to act as support for proteins and 

pathogens to attach to and hence are not considered to be antifouling in nature.23

Antimicrobial polymers can be broadly classified into three types according to their general 

working principles: polymeric biocides, biocidal polymers, and biocide-releasing 

polymers.24 Polymeric biocides have repeating units of biocides and in case of biocidal 

polymers, the whole polymer acts like one antimicrobial agent so no repeating units of 

biocidal groups are required. Biocide-releasing polymers carry the biocidal agents and 

release them into the microbes. While passive approaches like polymeric biocides and 

biocidal polymers are very closely related where the microbe has to come in contact with the 

polymer to be acted on, the dynamic action of biocide releasing polymers to act from a 

distance gives them an advantage over the other two classifications. This means that the 

microbe does not have to be in contact with the polymer to be killed. Another advantage of 

biocide releasing polymers is that since they discharge antimicrobial agents incorporated 

within them, the concentration of these biocides can be controlled according to the 

applications. Biocide releasing polymers also do not let dead microbes bind to the polymers 

themselves and hence do not allow for accumulation of dead microbes. These advantages of 

biocide releasing polymers have led to intensive research on antimicrobial agents that can be 

incorporated within them.

Some commonly studied antimicrobial agents are silver,25–29 antimicrobial peptides,30–34 

and nitric oxide (NO).35–37 While silver has been found to be an effective antimicrobial 

agent, it has also demonstrated concerns for cytotoxicity.38, 39 Antimicrobial peptides are 

also being studied in great detail but due to the complexity of their interactions,40 they are 

not a popular class of practically useful antimicrobial agents.

Besides being an endothelium derived relaxing factor which functions as a vasodilator, NO 

is a well-known antibacterial agent and it has been tested in various polymers along with its 

production from different sources/donors.35, 41–61 It is a free radical that reacts with 

superoxides and oxygen to form peroxynitrite and dinitrogen trioxide, respectively.42, 43, 62 

Nitric oxide’s mechanisms of action against bacteria 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.63 It’s antibacterial activity has been found to be 

successful in various hospital associated infection pathogens such as Pseudomonas 
aeruginosa,64, 65 Staphylococcus aureus,45, 46, 65 Escherichia coli,45, 46, 56, 65–67 

Staphylococcus epidermidis 46, and Acinetobacter baumannii.35, 68

However, even though the antibacterial effects of NO have been studied without any other 

aids, it’s synergistic effects when combined with an antifouling polymer has not been 

extensively studied. This is important to study because despite its antibacterial nature, NO 

by itself cannot prevent the adsorption of proteins. Study of NO releasing materials with the 

combination of antifouling materials would be essential to eliminate any fouling from 

proteins that takes place when a medical device first comes in contact with bodily fluids and 

consequently facilitates bacterial adhesion.

Singha et al. Page 3

Biomater Sci. Author manuscript; available in PMC 2018 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Herein, we combine a hydrophilic antifouling polymer topcoat (SP60D60) on a sustained 

NO-releasing low water uptake polymer (CarboSil 2080A). Initially, four polymers were 

chosen to test the different parameters required for the desirable antifouling and antibacterial 

effects. CarboSil 2080A and Dow Corning® RTV 3140 Silicone Rubber (RTV) were the 

hydrophobic polymers while SP60D60 and SG80A were the comparatively hydrophilic 

polymers tested. CarboSil 2080A is a thermoplastic urethane copolymer with a mixed soft 

segment of poly (dimethyl siloxane) and hydroxyl-terminated polycarbonate and a hard 

segment of an aromatic diisocyanate.69 RTV is a coating material with a chemical 

composition of silicone elastomer. SP60D60 is a Tecophilic® solution grade thermoplastic 

polyurethane resin which is commonly used as a biomedical device coating polymer. SG80A 

is a Tecoflex® solution processible grade thermoplastic polyurethane resin which, like 

SP60D60, is also commonly used in the medical industry for coating purposes.

The four polymers were tested for their wetting properties by measurement of static contact 

angles, water uptake, and surface roughness. Once the wetting nature of the polymers was 

established, they were tested for their antifouling nature. Protein adhesion test was 

performed using spectroscopic ellipsometric measurements. Least amount of protein was 

found attached to SP60D60’s surface which was also supported by its hydrophilic and 

smooth surface and hence it was chosen as the topcoat material. Following this, NO-release 

behavior for the polymers were determined with S-nitroso-N-acetylpenicillamine (SNAP) 

leaching study and nitric oxide release analysis. CarboSil 2080A and RTV both displayed a 

minimal loss of SNAP (<5% and <7% of total SNAP present in the sample, respectively) 

during the leaching analysis and hence were chosen for further NO release measurements. 

Finally, antibacterial efficacy test with gram positive bacteria Staphylococcus aureus was 

performed to analyze if the hydrophilic coated polymers were more efficient than the 

control. The increase in killing efficiency of the test samples when compared to the 

hydrophobic polymer coated controls validated that a SNAP-incorporated CarboSil 2080A 

with a topcoat of SP60D60 showed the highest reduction in microbial viability.

2. Materials and methods

2.1. Materials

N-acetyl-D-penicillamine (NAP), sodium nitrite, concentrated sulfuric acid (conc. H2SO4), 

tetrahydrofuran (THF), sodium phosphate monobasic (NaH2PO4), sodium phosphate dibasic 

(Na2HPO4), potassium chloride, sodium chloride, fibrinogen from bovine plasma, and 

ethylenediamine tetraacetic acid (EDTA) were obtained from Sigma Aldrich (St. Louis, 

MO). Luria Agar (LA), Miller and Luria broth (LB), Lennox were purchased from Fischer 

BioReagents (Fair Lawn, NJ). Concentrated hydrochloric acid (conc. HCl), sodium 

hydroxide (NaOH), and methanol were purchased from Fisher-Scientific (Hampton, NH). 

Potassium phosphate monobasic (KH2PO4) was purchased from BDH Chemicals - VWR 

International (West Chester, PA). Tecophilic SP-60D-60 and Tecoflex SG-80A were 

products of Lubrizol Advanced Materials Inc. (Cleveland, OH). Dow Corning RTV 3140 

Silicone Rubber (SR) was purchased from Ellsworth Adhesives (Germantown, WI). 

CarboSil™ 2080A was obtained from DSM Biomedical Inc. (Berkeley, CA). Milli-Q filter 
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was used to obtain de-ionized water for the aqueous solution preparations. Staphylococcus 
aureus (ATCC 5538, S. aureus) was used for all bacterial experiments.

2.2. Synthesis of S-nitroso-N-acetylpenicillamine (SNAP)

S-nitroso-N-acetylpenicillamine was synthesized using methods previously reported with a 

few modifications.44, 70 1M HCl and 1M H2SO4 was added to an equimolar amount of NAP, 

methanol and sodium nitrite solution containing DI water. This reaction was stirred for 15 

minutes and then cooled in an ice bath for 4 hours. After evaporation of the reaction mixture, 

precipitated green crystals of SNAP were vacuum filtered, collected and allowed to air dry in 

dark conditions. Dried crystals of SNAP were used for all experiments.

2.3. Preparation of SNAP-incorporated Polymer Films

Polymers containing 10 wt% SNAP were prepared by solvent evaporation method. The 

casting solutions were prepared by dissolving 210 mg of the respective polymer (CarboSil 

2080A, RTV, SP60D60 or SG80A) in 3 mL of THF. The polymers were allowed to dissolve 

before the addition of 23.1 mg of SNAP for a final concentration of 10 wt% of SNAP. This 

mixture was protected from light and stirred until the SNAP crystals dissolved completely. 

The polymer solutions were then poured into Teflon molds (d = 2.5 cm) and allowed to dry 

overnight in fume hood. The dried films were then cut into small disks (d = 0.7 cm) and dip 

coated with a topcoat solution of the polymer without SNAP (40 mg/mL of polymer 

concentration in THF). The small disks were dried overnight and then dried under vacuum 

for an additional 24 hours. This was done to remove any residual THF which can hamper the 

following studies. Weight of each small disk was measured before topcoat. The prepared 

disks were kept in the freezer (−18°C) in the dark to retain its NO releasing properties and 

prevent leaching of SNAP. These SNAP-incorporated films were used for NO-release, SNAP 

leaching and bacterial adhesion studies.

2.4. Preparation of Thin Polymer Films on Silicon wafers

Thin polymer films on silicon wafers were deposited by spin coating the polymer solution 

using a CHEMAT Technology KW-4A spin coater. Films were spin coated at 2500 rpm for 

30 seconds, yielding highly uniform pinhole free layers with a surface thickness of 70–100 

nm. These thin films were used for studying protein adhesion measurement (section 2.5.3.) 
using a M-2000 spectroscopic ellipsometer (J.A. Woollam Co., Inc.).

2.5. Characterization of Topcoat Material with Least Protein Adhesion

2.5.1. Static Contact Angle and Water Uptake Measurement—Static contact angle 

for the four chosen biomedical grade polymers (two hydrophilic- SP60D60 and SG80A, and 

two hydrophobic- CarboSil 2080A and RTV, comparatively) were measured using a Krüss 

DSA100 Drop Shape Analyzer (sessile drop method with deionized water). Spin coated 

polymers on silicon wafers were used for the measurement.

For water uptake measurement, polymer films prepared with the solvent evaporation method 

were weighed and soaked in water overnight. Three replicates were used for each 

measurement. Their mass was checked the next day to measure the water uptake for the 

polymers.
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2.5.2. Surface Roughness Measurement—Surface roughness measurement to check 

for consistency with protein adhesion study was measured using PeakForce QNM (Bruker 

Multimode AFM) over a 10 μm2 region. AFM imaging was done on polymer films dried on 

silicon wafers using solvent evaporation technique. Three images and roughness average 

measurements (Ra in nm) were collected for each polymer to confirm the measurements.

2.5.3. Protein Adhesion Study—The thicknesses of spin coated films (prepared 

according to section 2.4.) were measured using a M-2000 spectroscopic ellipsometer (J.A. 

Woollam Co., Inc.) with a white light source at three angles of incidence (65, 70, and 75°) to 

the silicon wafer normal. Three replicates were used for each measurement. After thickness 

of each film was measured, a non-saline phosphate buffer solution was prepared from 1 M 

sodium phosphate dibasic and 1 M potassium phosphate monobasic. The solution was 

adjusted to a pH of 7.41 at room temperature (25°C). Samples were kept in the non-saline 

phosphate buffer for 30 minutes at 37°C. A solution of fibrinogen from bovine plasma and 

non-saline phosphate buffer was prepared to achieve a concentration of 1mg mL−1 once 

added to the non-saline phosphate buffer the samples were first placed in. After the protein 

solution was added to the samples, they were allowed to incubate at 37°C for 90 minutes. 

After incubation each sample was washed with 5mL of non-saline PBS five consecutive 

times followed by 5mL of distilled water five consecutive times. The thickness of the wafers 

before and after submersion in the protein solution was measured by spectroscopic 

ellipsometry. Care was taken to measure the thickness on the same area of the films as 

measured before to avoid any inconsistency in data collection.

2.6. Characterization of SNAP-incorporated films for optimized NO-releasing polymer

2.6.1. SNAP leaching Study—The weight percentage of SNAP leached out from the 

polymers were measured by recording the absorbance of buffer solutions in time intervals of 

0.5 h, 1 h, 4 h, and 24 h at 340 nm. Three sample for each type of film was prepared and 

weighed before topcoating to determine the initial amount of SNAP in each film. These 

films were then soaked in PBS (with EDTA) at 37°C. A UV-vis spectrophotometer 

(Thermoscientific Genesys 10S UV-Vis) was used to measure the absorbance of the buffer 

solutions in the above mentioned time intervals. Absorbance was measured at an optical 

density of 340 nm which is the maxima in the UV-Vis absorbance spectra for SNAP. The 

calibration graph of SNAP in PBS (with EDTA) was used to interpolate the absorbance 

measurements recorded from the study and convert them to concentrations of SNAP in the 

measured sample. This concentration was converted to weight % of SNAP in the buffer 

using the initial amount of SNAP present in each sample used. Care was taken to make sure 

that buffer solution amount for each sample was maintained at the same amount throughout 

the experiment to avoid any inconsistent readings and three replicates were used for each 

measurement.

2.6.2. NO-Release Measurements—S-nitroso-N-acetylpenicillamine present in the 

samples releases NO under physiological conditions (Figure 1) and this was measured and 

recorded for the study. Real time NO-release from the polymer films was measured using 

Sievers chemiluminescence NO analyzers® (NOA 280i, GE Analytical, Boulder, CO, USA). 

The sample holder of the NOA was shielded from light and injected with 4 mL of PBS 
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(containing EDTA). This buffer solution was warmed up to 37°C by a water jacket placed 

around the sample holder. Once PBS warms up and a baseline of NO flux is established for 

the sample (prepared according to section 2.3.), the sample is then placed in the sample 

holder. Nitric oxide released by the sample in the sample holder was swept and purged by a 

continuous supply of high purity nitrogen maintained at a constant flowrate of 200 mL 

min−1 through the sweep and bubble flows. At the same time, oxygen produces the ozone 

required for the reaction that would take place in the reaction chamber. The NO released by 

the sample is pushed towards the chemiluminescence detection chamber. The voltage signal 

produced is converted to concentration and displayed on the analyzer’s screen. Using the 

raw data in ppb form and NOA constant (mol ppb−1 s−1), the data in ppb is normalized and 

converted to NO flux units (x 10−10 mol cm−2 min−1) according to the surface area of the 

sample used for analysis. Data is collected in the time intervals mentioned and samples are 

stored in a PBS (with EDTA) solution at 37°C in dark conditions. The PBS is replaced daily 

to avoid any accumulation of NO released during the storage time.

The samples were always submerged in the buffer solution through the NO-release flux 

recording. The instrument operating parameters were a cell pressure of 7.4 Torr, a supply 

pressure of 5.9 psig and a temperature of − 12 °C. Three replicates were used for each 

measurement.

2.7. Top Coat Stability Study

Static contact angles were measured to make sure that the antifouling hydrophilic polymer, 

SP60D60, would not delaminate from the hydrophobic polymer, CarboSil 2080A, due to 

exposure to physiological conditions including soaking in PBS and temperature of 37°C. 

Spin-coated silicon wafers with CarboSil 2080A and a topcoat of SP60D60 were kept in 

PBS solution at 37°C. Static contact angle was measured using a Krüss DSA100 Drop Shape 

Analyzer before and after 24 hours of incubation in the PBS solutions. This environment 

was used to mimic the physiological environment used for protein adhesion and NO-release 

study.

2.8. In vitro Analysis of Inhibition of Bacterial Adhesion on Polymer Surface

In this study section, the combined effect of SP60D60 coat on CarboSil 2080A base in terms 

of bacteria adhesion post protein (fibrinogen from bovine plasma) exposure was assessed 

using a modified method based on the American Society for Testing and Materials E2180 

test protocol. This protocol is effective in testing antimicrobial efficacy of hydrophobic 

polymers. The multidrug resistant gram positive S. aureus bacteria which is among the most 

common cause of hospital acquired infections (HAIs) was used as the model organism to 

test the efficacy of SP60D60 coating in preventing bacteria adhesion.

2.8.1. Bacterial Culture Preparation—Luria Broth (LB) medium was prepared 

according to the manufacturer’s instructions. This broth was sterilized in an autoclave prior 

to using it for the study. A bacterial suspension was cultured in LB medium for 14 hours at 

37°C and a horizontal rotating speed of 150 rpm in shaker incubator. After 14 hours of 

culture, the optical density (O.D.) of the culture was measured at a wavelength of 600 nm 

(O.D.600) using a UV-vis spectrophotometer (Thermoscientific Genesys 10S UV-Vis) to 
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ensure that the bacteria are in actively dividing phase. The bacteria culture was then 

centrifuged at 3500 rpm for 7.5 mins and the supernatant was discarded. The bacterial cells 

were washed with fresh sterile phosphate buffer saline (PBS)-pH 7.4, centrifuged at 3500 

rpm for 7.5 mins. The supernatant was discarded and fresh PBS was added to resuspend the 

bacteria. The O.D.600 of the cell suspension in PBS was measured using PBS as blank and 

adjusted to the CFU in the range of 106–108. In order to verify the consistency of 

concentration of viable cells between experiments, serial dilutions of S. aureus bacteria were 

prepared and plated petri dishes containing autoclaved LB agar. LB agar was prepared 

according manufacturer’s instructions.

2.8.2. Bactericidal Activity Analysis—CarboSil 2080A base with CarboSil 2080A 

topcoat (CarboSil 2080A/CarboSil 2080A) (n=3) was used as the control to compare the 

difference in number of viable bacteria on CarboSil 2080A base with SP60D60 topcoat 

(SP60D60/CarboSil 2080A) and 10 wt.% SNAP films with SP60D60 top coat (SP60D60/

SNAP) (n=3). These films were exposed to 1 mg mL−1 of fibrinogen from bovine plasma for 

1 hour in the method as described in section 2.5.3. Post 1h of protein exposure, the films 

were exposed to bacterial cells (106–108 CFU mL−1) at 37°C for 3 hours at a speed of 200 

rpm in a shaker incubator. After 3 hours, films were rinsed with sterile PBS to remove any 

loosely bound bacteria from the film surface and transferred to fresh PBS. The films were 

homogenized for 45 seconds, vortexed for 20 seconds and S. aureus was plated in the solid 

LB agar medium after preparing serial dilutions in the range of 10−1–10−5. The LB agar 

plates with the plated bacteria culture were incubated at 37°C for 20 hours. After 20 hours, 

the CFUs were counted considering the dilution factor and the number of viable bacteria on 

SP60D60/SNAP films were compared to the control films. Three replicates were used.

2.9. Statistical analysis of data

All data are expressed as mean ± standard deviation. The results between the control and test 

films were analyzed by a comparison of means using Student’s t-test. Values of p were 

obtained for the data analyzed to show significance of results.

3. Results and Discussion

3.1. Characterization of Polymers for an Antifouling Topcoat

The four polymers chosen for this study were at first tested for their wetting properties. 

These preliminary data would help in predicting their hydrophilic nature and subsequently 

antifouling properties. At first, static contact angle for the spin coated films was measured. 

The static contact angle for SP60D60 was the lowest (51.10 ± 2.21°) among the polymers 

while CarboSil 2080A and RTV both displayed high contact angles (Table 1). This 

demonstrated that SP60D60 was the most hydrophilic polymer among the four polymers 

selected for the study. Following this, the results of water uptake study supported the contact 

angles measurements as predicted. Water uptake was the highest for SP60D60 (57.55 

± 1.80 %) (Table 2) and the least for RTV (0.47 ± 0.25 %).

The four polymers were further studied for their surface roughness (roughness average) by 

using atomic force microscopy. A 10 μm2 scan was taken for each substrate and as shown in 
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Figure 2, the difference in surface roughness was clearly visible. The hydrophobic polymers, 

(CarboSil 2080A=0.873 ± 0.048 nm and RTV=2.257 ± 0.458 nm) exhibited higher surface 

roughness while the hydrophilic polymers (SP60D60=0.360 ± 0.099 nm and SG80A=0.362 

± 0.003 nm) were both smoother. It is understood that this smooth surface of the hydrophilic 

surface helps in retaining the hydration layer above the polymer and creates a slippery 

surface on which adhesion by proteins and bacteria is significantly reduced. As previously 

mentioned, the random roughness of the hydrophobic polymers would also help in protein 

attachment instead of repulsion. Random roughness increases the amount of surface area 

available for attachment and hence can increase the amount of adsorbed protein. Random 

roughness can also increase van der Waals force and electrostatic force, thereby increasing 

the adsorption of proteins on rough surfaces.21 Therefore, from the results of the wetting 

properties and surface roughness analysis, the hydrophilic polymers were expected to 

perform better than the hydrophobic polymers on testing for repulsion of proteins from the 

polymer surface.

3.2. Protein adhesion test for an Antifouling Topcoat

For the protein adhesion test, all four polymers were soaked in a buffer solution of 

fibrinogen protein (concentration of 1mg/mL) for 90 minutes because the bulk of protein 

adhesion to medical device surfaces typically occurs within the first few minutes of exposure 

to physiological fluids.71 The samples were incubated in the fibrinogen solution at 37°C to 

mimic physiological conditions.

Fibrinogen (340 kDA) is an anisotropic protein and has shown to increase bacterial 

adhesion.11, 72–76 It is an adhesive protein that is known to replace proteins like albumin on 

the surface of materials (Vroman effect) due to its higher surface affinity.72 Fibrinogen 

molecules act as extracellular matrix (ECM) for bacteria such as S. aureus and the 

interaction between them has been studied extensively.77 The receptors of ECM molecules 

bind to adhesins present on bacteria and trigger complex signal transduction cascades in the 

bacterial cell that can provide impetus to bacterial invasion. In the case of fibrinogen and S. 
aureus, the fibrinogen binding proteins present on the bacterial cells are called clumping 

factors A and B.78 The favorable binding interactions between proteins like fibrinogen and 

bacteria like S. aureus make it an important aspect to control while fabricating implants and 

medical devices since consequences like biofilm growth can cause device failure.

Any unattached proteins were removed from the polymer surfaces by rinsing the surfaces 

with non-saline buffer and DI water. The data obtained in Figure 3 shows the change in the 

thickness for the respective polymers. The nanometer change in thickness of the films were 

measured using a spectroscopic ellipsometer. Spectroscopic ellipsometry can easily detect 

changes in the nanometer scale. As studied using electron microscopy and atomic force 

microscopy, fibrinogen is a highly elongated and anisotropic protein which has dimensions 

of 5–6.5 nm in diameter and 47.5 nm in length.79, 80 Therefore, in the ellipsometric 

measurements, any change above 5 nm would be considered adsorption of the fibrinogen 

protein.

From the data, we can infer that protein adhesion was confirmed to be non-existent (p = 

0.004) on SP60D60 (2.24 ± 0.68 nm) while the other polymers (CarboSil 2080A = 6.63 
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± 0.78 nm, RTV = 5.96 ± 1.66 nm and SG80A = 6.14 ± 1.47 nm) did show a monolayer of 

fibrinogen adsorption on the surfaces. SP60D60 shows a high resistance to protein 

adsorption on its surface due to its surface properties. It is hydrophilic in nature which 

enables it to form a hydration layer with the surrounding environment. This hydration layer 

in turn protects it from formation of a protein layer on it. The protein molecules are unable 

to bind to the surface because of the presence of the hydration layer. However, the small 

increase in thickness observed on SP60D60 can be due to two reasons. It can indicate slight 

swelling of the SP60D60 surface due to the formation of a hydration layer. It can also 

indicate the presence of particles on its surface from the environment as spectroscopic 

ellipsometric measurements are highly sensitive and even despite of avoiding any contact 

with dust particles, other accidentally settled particles can cause this increase in thickness of 

only 2.24 nm. Thus, from the mentioned results obtained for characterization of antifouling 

topcoat polymer, SP60D60 was chosen to be topcoated to the optimal NO-releasing 

polymer.

3.3. Characterization of Polymers for Optimized NO-release—After selecting 

SP60D60 for the topcoat, the four commercial biomedical grade polymers were tested for 

incorporation of SNAP to choose the optimal NO-releasing polymer. SNAP leaching study 

was performed at first to determine the polymers that retain significant amount of SNAP in 

them after 24 hours of soaking in PBS (Figure 4). High amount of SNAP retention in the 

polymers ensures sustained release of NO from the polymers and minimizes the risks (if 

any) associated with SNAP leaching. After 4 hours of storing the higher water uptake 

polymer, SP60D60, in the buffer solution at 37°C, a loss of 84.55±1.83 % was recorded. 

With this initial high rate of leaching from the polymer it was expected that the samples 

would leach a significant amount of SNAP within 24 h. Overnight storage of the same films 

of SP60D60 showed a loss of 99.00±0.88 % of SNAP. This was in contrast to the SNAP 

leaching behavior of lower water uptake polymers, CarboSil 2080A, RTV, and SG80A. At 

the end of 4 hours, all three had a very low leaching of 2.54±0.18 %, 4.70±1.01 % and 

7.25±0.20 % for CarboSil 2080A, RTV, and SG80A, respectively. As expected, these 

polymers also displayed a minimal leaching of 4.75±0.18 % (CarboSil 2080A),6.96±1.01 % 

(RTV) and 11.26±0.07 % (SG80A) at the end of 24 h of being soaked in PBS at 37°C. The 

behavior of high leaching of SNAP from SP60D60 is expected as it is a hydrophilic polymer 

and hence absorbs water while releasing SNAP molecules from within. However, 

comparatively hydrophobic polymers, SG80A, CarboSil 2080A, and RTV, leached out 

<10% of total SNAP content. This characteristic of hydrophobic polymers makes them 

desirable for incorporating NO donors to maintain a controlled release of NO for a longer 

period of time.

The desirable characteristics of CarboSil 2080A and RTV to retain SNAP within them for 

with minimal leaching made them ideal polymers to test for NO release. In the first hour, 

CarboSil 2080A displayed an NO flux of 12.42±3.20 (× 10−10 mol cm−2 min−1) and RTV 

displayed 5.34±0.91 (x 10−10 mol cm−2 min−1). This trend of higher NO flux from CarboSil 

2080A compared to RTV is seen through the 24-hour study (Figure 5). This tendency of 

higher release of NO from CarboSil 2080A despite lower leaching of SNAP is advantageous 

because it means the material properties of CarboSil 2080A allow it to release NO without 

Singha et al. Page 10

Biomater Sci. Author manuscript; available in PMC 2018 June 27.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



leaching of SNAP. This helped in determining CarboSil 2080A as the polymer for optimal 

release of NO for this study. This would enable us to carry out further research on the 

SNAP-incorporated CarboSil 2080A owing to its remoldable nature, high recyclability, 

chemical resistance, and aesthetic finish.

3.4. Antibacterial Efficacy of SNAP-incorporated Polymer with Antifouling Topcoat

Coating of a hydrophobic polymer with a hydrophilic polymer is sometimes not possible due 

to the high solubility of the hydrophilic polymer in water. This high solubility can cause 

delamination of the hydrophilic polymer from the hydrophobic surface that it is coated on. 

To make sure that the polymers used in the study would complement each other and do not 

get delaminated, the film of CarboSil 2080A topcoated with SP60D60 was soaked in PBS at 

37°C for 24 hours. Contact angle was checked before and after soaking in PBS. Three 

replicates were checked at three different spots on the samples and found to maintain their 

static contact angles ~50°. This is the contact angle for SP60D60 and hence it was confirmed 

that the hydrophilic SP60D60 would not delaminate from the hydrophobic CarboSil 2080A.

Bacteria adhesion, which often results in biofilm formation on the polymer surface, is a very 

common problem in moist and humid environment, which is found in implanted devices. 

The basic nutrients important for colony formation may be resourced from the polymer 

material itself, the fluid’s proteins that adhere to the polymer post-implant or a variety of 

contaminants that end up on the surface of the material. S. aureus is a major cause of 

infections associated with wounds, indwelling catheters, and cardiovascular and orthopedic 

implant devices.77, 81, 82

Owing to the antibacterial properties of NO, active release of NO from the donor molecule 

incorporated in the hydrophobic polymeric films can reduce the chances of biomedical 

device related infections or hospital-associated infections. The binding of bacteria to the 

polymer surface (base) can further be reduced by layering it with a comparatively 

hydrophilic polymer as the top coat. This hydrophilic layer is antifouling in nature and hence 

prevents the attachment of non-specific contaminants like proteins and bacteria on the 

material’s surface. In comparison to CarboSil 2080A (base polymer), SP60D60 (topcoat 

polymer) is less hydrophobic and hence can form a hydration layer on it. While the 

hydrophobic nature and low water uptake of CarboSil 2080A provides sustained release of 

NO, the formation of hydration layer on SP60D60 is expected to prevent protein attachment 

(as mentioned in the results from section 3.2) and also reduce bacterial adhesion on the 

material’s surface directly and indirectly (by repulsion of proteins).

Therefore, all samples tested were first exposed to 1mg/ml of fibrinogen protein for 90 

minutes (as done in section 2.5.3) and then exposed to the bacterial solution. The polymers 

used in this study were exposed to 108 CFU mL−1 of S. aureus for three hours. After the 

three-hour exposure to the bacteria, the SP60D60/CarboSil 2080A hybrid films (first set of 

test films) with no SNAP showed 78.95 % reduction in viable S. aureus cells when 

compared to CarboSil 2080A/CarboSil 2080A (control). This reduction is significant and 

therefore test with SNAP-incorporated material was done to demonstrate the increase in 

significant reduction. The second set of test films (10 wt. % SNAP in SP60D60/CarboSil 

2080A) generated an NO flux of 1.89 ± 0.64 (x 10−10 mol cm−2 min−1) (Figure 6), reducing 
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the bacterial growth on the material’s surface by 95.83 % (p < 0.05) and 80.20 % (p < 0.05), 

when compared to CarboSil 2080A/CarboSil 2080A (control) and SP60D60/CarboSil 

2080A films respectively (Figure 7). This reduction in number of viable bacteria attached to 

the second set of test films is significant compared to both control and first set of test films. 

These results are consistent with the theoretical expectations underlying the surface 

chemistry of SP60D60 and bactericidal properties of NO. To summarize, the combined 

effect of the tunable NO-release kinetics from CarboSil 2080A’s surface and prevention of 

protein and/or bacterial adhesion due to SP60D60’s surface chemistry can help reduce 

undesired clinical consequences post-implantation of a medical device.

4. Conclusion

In this study we were able to design an efficient antifouling hydrophilic biomedical grade 

coating for NO releasing hydrophobic polymers which had significant reduction in protein 

adhesion and microbial growth. This approach was supported by the rigorous testing of the 

materials in a protein solution found commonly in physiological conditions and analysis of a 

sustained release of nitric oxide over a period of 24 hours. This study was able to prove two 

important points: 1) non-NO releasing hydrophobic polymer with a hydrophilic topcoat can 

reduce bacterial adhesion when compared to hydrophobic polymer topcoats 2) SNAP 

incorporated in hydrophobic polymer and topcoated with a hydrophilic polymer could 

significantly reduce microbial growth of a commonly found pathogenic bacteria (S. aureus) 

compared to polymers with no SNAP. The conclusion supports the theoretical explanation 

that hydrophilic antifouling polymers can further reduce microbial growth and surface 

roughness is a very important aspect of surface chemistry while considering it. Therefore, 

hydrophilic polymers can be a useful strategy of coatings for nitric oxide and other biocide 

releasing materials which can consequently reduce microbial adhesions while keeping a 

controlled release of antibacterial agents.
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Figure 1. 
Scheme showing release of nitric oxide from S-nitroso-N-acetylpenicillamine on exposure to 

heat and/or light.
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Figure 2. 
AFM topography images of the four polymers used in the study to compare surface 

roughness between the hydrophobic and hydrophilic polymers. The surface roughness (nm) 

for the polymers were: A) CarboSil = 0.873 ± 0.048 B) RTV = 2.257 ± 0.458 C) SP60D60 = 

0.360 ± 0.099 D) SG80A = 0.362 ± 0.003. Data represents mean ± SD. (n=3)
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Figure 3. 
Graph shows relationship between wetting characteristic and protein adhesion of the surface. 

It shows thickness of protein layer attached to the polymer after exposure to 1 mg mL−1 of 

fibrinogen from bovine serum for 90 minutes. Static contact angle represents wetting 

characteristic of the material with no protein on it. Data represents mean ± SD (n=3) 

(p<0.004)
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Figure 4. 
SNAP content in PBS buffer as a result of leaching activity in the polymer. Calculated as a 

percentage of SNAP leached into the PBS buffer from the polymer. Data represents mean ± 

SD (n=3).
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Figure 5. 
NO-release from two hydrophobic (CarboSil and RTV) under physiological conditions 

(soaked in PBS buffer at 37°C in dark condition). Data represents mean ± SD (n=3)
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Figure 6. 
NO flux data before and after the bacterial study. NO flux was 1.89 (x 10−10 mol cm−2 

min−1) and 1.33 (x 10−10 mol cm−2 min−1) before and after the bacterial incubation 

respectively. Data represents mean ± SD (n=3).
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Figure 7. 
Bacterial adhesion data showing the CFU of S. aureus/cm2 after 24 hours of incubation in 

the post-protein adhesion treated (1 hour) polymer material. A reduction of 78.95% in viable 

bacteria is seen on first set of test films (Carbosil topcoated with SP60D60) when compared 

to control films (CarboSil with CarboSil topcoat) (indicated by *). A reduction of 80.20% is 

seen on second set of test films when compared to the first set of test films (CarboSil with 

SP60D60 topcoat and no SNAP) (indicated by #). A reduction of 95.83% in viable bacteria 

is seen on second set of test films (Carbosil with 10 wt. % SNAP topcoated with SP60D60) 

when compared to control films (CarboSil with CarboSil topcoat) (indicated by *). Data 

represents mean ± SD (n=3). * = p≤0.05 for * and *#.
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Table 1

Static contact angle of the polymers used in the study by a Krüss DSA100 Drop Shape Analyzer. Data 

represents mean ± SD (n=3).

Polymer Static Contact Angle (°)

CarboSil 104.62 ± 0.08

RTV 111.40 ± 0.30

SP60D60 51.10 ± 2.21

SG80A 93.27 ± 0.66
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Table 2

Water uptake of the polymers used in the study measured in weight %. Data represents mean ± SD (n=3).

Polymer Water Uptake (wt. %)

CarboSil 0.83 ± 0.27

RTV 0.47 ± 0.25

SP60D60 57.55 ± 1.80

SG80A 3.37 ± 1.89
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