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Abstract

The development of infection resistant materials is of substantial importance as seen with an
increase in antibiotic resistance. In this project, the nitric oxide (NO)-releasing polymer has an
added topcoat of zinc oxide nanoparticle (ZnO-NP) to improve NO-release and match the
endogenous NO flux (0.5 — 4 x 10719 mol cm=2 min~1). The ZnO-NP is incorporated to act as a
catalyst and provide the additional benefit of acting synergistically with NO as an antimicrobial
agent. The ZnO-NP topcoat is applied on a polycarbonate-based polyurethane (CarboSil) that
contains blended NO donor, S-nitroso-A-acetylpenicillamine (SNAP). This sample, SNAP-ZnO,
continuously sustained NO release above 0.5 x 10710 mol cm=2 min~1 for 14 days while samples
containing only SNAP dropped below physiological levels within 24 hours. The ZnO-NP topcoat
improved NO release and reduced the amount of SNAP leached by 55% over a 7-day period. ICP-
MS data observed negligible Zn ion release into the environment, suggesting longevity of the
catalyst within the material. Compared to samples with no NO-release, the SNAP-ZnO films had a
99.03% killing efficacy against Staphylococcus aureus and 87.62% killing efficacy against
Pseudomonas aeruginosa. A cell cytotoxicity study using mouse fibroblast 3T3 cells also noted no
significant difference in viability between the controls and the SNAP-ZnO material, indicating no
toxicity towards mammalian cells. The studies indicate that the synergy of combining a metal ion
catalyst with a NO-releasing polymer significantly improved NO-release kinetics and
antimicrobial activity for device coating applications.
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1. INTRODUCTION

One of the most common problems with implanted medical devices is the increased
susceptibility of the patients to infections.! Infections attributed to medical devices,
otherwise known as healthcare associated infections (HAISs), have led to various
complications like increased healthcare costs, medical device failure, and unnecessary
deterioration in a patient’s health.2 While the Centers for Disease Control and Prevention
estimates that 1 out of every 25 hospitalized patients is affected, HAIs are increasingly
linked to mortality and morbidity.3 Some of the most common types of HAIs include
catheter associated urinary tract infections, surgical site infections, and bloodstream
infections. The need to prevent and control HAISs is evident; such infections can be
transmitted between different healthcare facilities and their prevention can result up to $31.5
billion in medical cost savings.3

While infection can be managed using several strategies, prevention of infections by anti-
fouling and antimicrobial materials for medical devices has been studied extensively.
Although some of the most successful strategies include both active and passive agents,
active agents are most widely studied due to their higher rate of success in preventing
infections in the long term as passive surfaces can be fouled over time. Passive materials
such as polyethylene glycol, zwitterionic polymers and other hydrophilic polymers are
unable to kill the pathogens themselves and can also be fouled over time through settling of
other biomacromolecules, which in turn can attract microbes. Therefore, agents such as
silver nanoparticles (Ag-NPs), antibiotics, chlorhexidine, triclosan, quaternary ammonium
ions, antimicrobial peptides, and nitric oxide (NO) have been studied widely.?

The often miraculous roles of NO in several biological applications, ranging from nerve
signals to gut functions, have been studied aggressively since 1992 when it was awarded the
“Molecule of the Year” by The American Association for the Advancement of Science.
Since NO'’s half-life is very short in physiological conditions, NO is transported in the form
of endogenous S-nitrosothiols (RSNOs, e.g. S-nitrosoglutathione (GSNO), S
nitrosoalbumin, S-nitrosocysteine).6 S-nitrosothiols degrade to release NO and form a
disulfide.” However, over the last two decades, NO release from both endogenous and
synthetic donors has also been studied for the purpose of antimicrobial medical device
coatings and wound healing applications.>8-14 While NO donors like N-diazeniumdiolates
have been researched extensively, their disadvantages include low NO release, cytotoxicity
towards mammalian cells, and by-products that are not approved by the FDA.15-17 Similar
to GSNO, S-nitroso-A-acetylpenicillamine (SNAP) is another RSNO, but is synthetic and
has a longer shelf-life with increased NO donor capacity in polymers.18:1% SNAP has been
studied extensively in different polymers and thus is a well-characterized NO donor with the
least cytotoxicity towards mammalian cells since the release of NO leads to FDA approved
by-products.20

Zinc oxide is another antimicrobial but it is already commercially used and is known to have
less cytotoxicity towards mammalian cells while having similar antibacterial effects at the
same concentration when compared to other commonly used antimicrobial metal ions such
as copper and silver.2! It inhibits the growth of dental caries-related bacteria, Streptococcus
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mutans, Actinomyeces viscosus, Lactobacillus casei, Staphylococcus aureus (S. aureus), and
Candida albicans.?? Zinc oxide nanoparticles (ZnO-NPs) have been found to inhibit growth
and cause loss of cell viability in Escherichia coli (E. coli)and S. aureus at concentrations
ranging from as low as 1 mM up to 3.4 mM. The same concentrations also had minimal
effects on primary human T cell viability.23 Metal ions with high affinity for sulfur like Zn
ions tend to inhibit glycolysis within microorganisms by oxidizing thiols groups in essential
glycolytic enzymes. Coupled with low toxicity towards mammalian cells, ZnO-NPs are a
good example of metal ion nanoparticles that are required in low concentrations for higher
antimicrobial effects.24

As of yet, no studies have been conducted to demonstrate the increased antimicrobial
activity of biomaterials that contain 6ot NO releasing properties and ZnO-NP coated
surfaces. The hybrid material fabricated in this study containing both ZnO-NP and NO
donor capacity will serve two purposes: 1) provide a synergistic effect of antimicrobial
properties by combining different mechanisms of bactericidal properties exhibited by NO
and ZnO -NPs, and 2) the catalytic release of NO in the presence of a ZnO-NP topcoat.

While the enhanced biological effects of NO releasing materials have been studied with
metal ions like iron and copper,2°-27 and polyurethane/metal organic framework composite
materials,28 the catalytic effects of a much more mammalian cell friendly metal ion, ZnO-
NPs, has not been studied wntil now. In the past, the effect of Zn2* on its ability to generate
NO from SNAP has been studied using a Zn wire and a solution for /n vivo biodegradable
bare stent and has been found to elevate NO release.2? However, the enhanced biological
effects including increased antimicrobial activity and lower cytotoxic effects of ZnO-NPs on
NO releasing polymers have not been studied.

As discussed herein, we have attempted to fabricate, study, and demonstrate the catalytic and
antimicrobial properties of a hybrid material SNAP-ZnO (Figure 1). The base polymer used
for the fabrication was CarboSil, a thermoplastic silicone-polycarbonate-urethane (TSPCU,
DSM Biomedical). It is a biocompatible and biostable polymer that is thromboresistant in
nature and can be processed using different techniques. ZnO-NPs were topcoated on the
NO-releasing polymer to enhance infection resistant properties of potential medical
coatings. Different concentrations of ZnO-NPs were dispersed in previously established
concentrations of NO-releasing polymer topcoats and studied for leaching properties of
SNAP. Once the lowest leaching (highest SNAP storage) combination is determined, the
hybrid sample is then used to investigate synergistic properties of NO and ZnO-NP in
antimicrobial and cytotoxicity studies. Studies for up to 14 days of elevated NO release and
24-hour antimicrobial effects have been presented. Along with proof of antimicrobial
efficacy of the material, cytotoxic studies are performed to ensure mammalian cell friendly
nature of the final product.

2. Materials and Methods

2.1

Materials

CarboSil® 2080A UR STPU (referred to as CarboSil hereon) was acquired from DSM
Biomedical Inc. (Berkeley, CA). Anhydrous tetrahydrofuran (THF), A-acetyl-D-
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penicillamine (NAP), sodium nitrite (NaNO), concentrated sulfuric acid (H2SOy),
phosphate buffered saline (PBS), ZnO-NPs, cell counting kit-8 and ethylenediamine
tetraacetic acid (EDTA) were obtained from Sigma Aldrich (St. Louis, MO). Concentrated
hydrochloric acid (conc. HCI), and methanol were bought from Fisher-Scientific (Hampton,
NH). CarboSil™ 2080A (CarboSil) was obtained from DSM Biomedical Inc. (Berkeley,
CA). Gram-positive Staphylococcus aureus (ATCC 6538) and Gram-negative Pseudomonas
aeruginosa (ATCC 27853, P, aeruginosa) were originally obtained from American Type
Culture Collection (Manassas, VA). Milli-Q filter was used to obtain deionized (DI) water
for all the aqueous solution preparations. Nitrogen and oxygen gas cylinders were purchased
from Airgas (Kennesaw, GA). LB Agar (LA), Miller and Luria broth (LB), Lennox were
purchased from Fischer BioReagents (Fair Lawn, NJ).

2.2. Synthesis of S-nitroso-N-acetyl-penicillamine (SNAP)

The protocol for the synthesis of SNAP was followed from a previously reported method
with slight modifications.30 Briefly, 2M HCI and 2M H,SO,4 were added to a beaker
containing a 1:1 mixture by volume of methanol and water, followed by an equimolar ratio
of NAP and NaNO». The solution was stirred for 30 minutes then moved to an ice bath to
facilitate the precipitation of the SNAP crystals. After 6 hours, the crystals were collected
via vacuum filtration and dried for 24 hours. The entire process and crystals obtained were
shielded from light throughout the entire duration of the experiment.

2.3. Fabrication of ZnO-NP loaded-NO Releasing Films

The bulk of the films were made using solvent casting method and top coats were added
using dip coating (both techniques have been previously described and published).30:31
Briefly, SNAP films were prepared by dissolving CarboSil in THF for a final concentration
of 50 mg mlI-L. CarboSil is a polycarbonate-based polyurethane that contains a silicone
segment and is marketed by DSM. It has been used previously by our and other groups and
has been found to have stable NO-releasing properties when incorporated with SNAP,30-32
(Exact properties are not public knowledge but all details are available on the company’s
website.) When CarboSil was fully dissolved, 10 wt.% SNAP was added to the solution. The
solution was then poured into a Teflon™ mold and left to dry in the dark, overnight. Dried
films were cut into circular disks with diameters of 8 mm. Then, various solutions of 25 mg
ml~1 of CarboSil were prepared separately (containing 0, 1, 5, and 10 wt.% ZnO-NP). The
circular films were top coated twice with the prepared solution containing 0, 1,5 or 10 wt.%
ZnO-NP by dipping the films in the solution and allowing 10 minutes of drying between
coats. The ZnO-NP used was purchased from Sigma-Aldrich. The size of the ZnO-NP was
specified as <50nm in size and >97% purity. All films were allowed 24 hours to fully dry
before being used for experiments.

Following is a table (Table 1) for all the compositions used along with the sample names.

2.4. SNAP Leaching Analysis

Prepared circular films were tested for leaching of SNAP using UV-Vis spectrophotometry.
The SNAP leached into the PBS used to soak the films was measured by detecting the
absorbance at 340 nm wavelength (maximum absorbance for S-nitroso bond in SNAP) at
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various time points over 7 days. Samples were weighed before applying the topcoats to
determine the amount of SNAP initially present. After application of topcoats, films were
soaked in PBS (with EDTA) at 37°C for the duration of the study. Measurements were
compared to a calibration curve.

Energy-dispersive X-ray spectroscopy

Scanning electron microscopy (SEM, FEI Teneo, FEI Co.) fitted with a large detector
Energy dispersive X-ray spectroscopy (EDS, Oxford Instruments) system was employed at
an accelerating voltage of 10.00 kV to examine the presence and elemental mapping of
SNAP and ZnO-NP particles throughout the surfaces fabricated.

2.6. Nitric Oxide Release Measurements

2.7.

Chemiluminescence of NO release from SNAP-ZnO films versus the SNAP films was
measured using a Siever’s Nitric Oxide Analyzer (NOA) (Boulder, CO). Films containing
SNAP (both with and without ZnO coatings) were measured for their NO release. Each
sample was placed in an amber reaction cell containing PBS buffer at 37°C. EDTA was
added to this PBS buffer as a chelating agent and prevent any catalytic release of NO by free
metal-ions in the solution. Nitrogen gas was bubbled through the solution to purge NO from
the solution. Sweep gas carried the purged NO to the detection chamber, where it was
measured in PPB. Samples were measured from the NOA on days 0, 1, 3, 5, and 7. Between
measurements samples were kept in PBS buffer in a 37°C incubator.

Inductively Coupled Plasma — Mass Spectroscopy (ICP-MS)

To measure the amount of metal-ion nanoparticles (ZnO in this case) in the sample leachates
for the duration of the study, an ICP-MS study was conducted using a VG ICP-MS Plasma
Quad 3 instrument.2® In this study, the samples containing ZnO topcoats were soaked in
DMEM for 2 weeks and kept in 37°C. At the end of 2 weeks, the films were removed from
the media and the media was analyzed for presence of $4Zn and %6Zn isotopes using a
previously published method.33

2.8. Bacterial Adhesion Study

Bacterial adhesion study for the fabricated materials was carried out using a previously
established ASTM E2180 protocol.3 This protocol was performed with very minor
modifications. The samples used for the bacterial adhesion study were CarboSil, ZnO,
SNAP and SNAP-ZnO. The bacteria used for antimicrobial efficacy analyses were S. aureus
and P, aeruginosa. The bacteria were grown to a mid-log phase of ~108-108 CFU mI~1in LB
broth at 37°C. Following this, the bacteria were then resuspended in PBS to incubate the
samples. 2 ml of bacterial solution was used for each sample and kept in a shaker incubator
(37°C, 200 rpm) for 24 h. After 24 h of incubation with the bacteria, samples were rinsed
with DI water to remove any unattached bacteria. The samples were then homogenized for 1
min each to remove any adhered bacteria into buffer solutions. The buffer solutions, now
containing bacteria from the materials, were serially diluted (up to 107), plated on LB agar,
and kept in the incubator (37°C). The colonies of bacteria were counted after 18 h of
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incubation of the plates. The average number of CFUs were normalized for the surface area
of each sample exposed to the bacteria according to the following formula:

Total CFUs per samlple

_ total number of CFUs per sample X dilution factor X suspnsion in solution
- suspension volume plated

2.9. Cytotoxicity Analysis

The cytotoxicity test was performed on mouse fibroblast cells (3T3) using a recommended
and previously published cell cytotoxicity assay.2> The mouse fibroblast cells were cultured
from a cryopreserved vial Dulbecco’s Modified Eagle’s Media (DMEM) containing 5%
glucose, 10% Fetal bovine serum and 1% antibiotics (Penn-Strep). The culture media was
changed every second day until the cell confluency was 80-90%. After this step, 100 pl of
5000 cells mI~1 were seeded per well of a cell culture grade 96-well plate (n=5) and kept in
a humidified incubator with 5% CO, maintained at 37°C.

Meanwhile, leachates from the CarboSil films, SNAP-CarboSil, ZnO-CarboSil and ZnO-
SNAP-CarboSil films were collected by adding 10 mg of each type of sample in 10 ml of
DMEM media (n=5 for each sample type). The resulting mixture was covered in an amber
vial in the incubator at 37°C for 24 hours to allow the films to leach in the DMEM medium.

After 24 hours, 10 uL of the leachates were added to each of the well-containing cells
followed by incubation for 24 hours in the incubator. 10 uL of the WST-8 solution (CCK-8
kit, Sigma Aldrich) was added to the resulting mixture and incubated for 4 hours according
to the manufacturer’s recommendation. The NADH released by only viable fibroblast cells
converted WST-8 to formazan, an orange color product that was quantified at 430 nm using
a photo plate reader. The relative viability of the cells was measured with respect to CarboSil
(cells exposed to CarboSil leachates) using the formula below.

Absorbance of the test samples

Absorbance of the CarboSil samples x 100

% Cell Viability =

2.10. Statistical Analysis

All data are stated as mean + standard deviation. The number of replicates for every
experiment have been mentioned under methods used.

3. Results

3.1. Film Fabrication, Surface Characterization and NO Release Kinetics

Films of varying ZnO-NPs were made to test for SNAP leaching on consistent SNAP
content films as mentioned on Table 1. This was done to establish the wt.% of ZnO-NP
required for a longer NO-release with ideal SNAP storage. The amount of SNAP, 10 wt.%,
required for sustained NO-release has already been established in previously published
results.3! To determine if ZnO-NP topcoated films helped to retain SNAP within the film, a
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7-day study on films stored in PBS (pH of 7.4, 37°C) was conducted. It is ideal to have high
SNAP retention within the polymer in order to ensure prolonged NO release from the
material, as well as avoid adverse cytotoxic effects, if any exist. After 7 days of soaking, all
film types showed a high amount of SNAP retention (Figure 2, Table 2). Minimal leaching
was demonstrated in the SNAP-ZnO films with only 7.75 + 0.51 wt.% SNAP leached after 7
days, while films containing only SNAP had the most SNAP leached (13.86 + 3.62 wt.%).

(Note: The loading efficiency of SNAP in all the films with SNAP is estimated to be ~100%
since the SNAP crystals are allowed to dissolve and blend into the polymer/THF solution
and casted into the molds.)

The low water uptake property of CarboSil allows for SNAP crystal formation within the
polymer matrix. Exceeding the SNAP solubility threshold allows for crystallization of the
molecule, thus stabilizing the NO donor to increase longevity of NO release.34:35 To reach
the optimum crystallization of SNAP without sacrificing mechanical properties of the
polymer, 10 wt.% SNAP was used in all films, as determined from previous work.3° It was
observed that the NO flux for the SNAP-ZnO films remained in the physiological range
released from the endothelium of 0.5 to 4.0 (x10719 mol min~1 cm™2) for over 14 days
(Figure 3, Table 3). While the SNAP samples had an initial burst (Day 0 not included in
figure) in NO flux of 3.57 + 0.814 (x10719 mol min~1 cm=2), within 24 hours the flux was
0.24 + 0.045 (x10719 mol min~ cm™2) and below 0.10 (x1071% mol min~ cm=2) by day 14.
Although the average NO Flux for the SNAP-ZnO films on day 14 was 0.487 + 0.075
(x10719 mol min~1 cm™2), just below physiological levels, recent work has shown these
levels still exhibit an antimicrobial effect.36

To confirm that SNAP crystals were blended and ZnO-NPs were present and evenly
distributed on the surface of the samples, fabricated films (SNAP-ZnO) were mapped by
EDS and analyzed for the uniform presence of zinc and sulfur. The blending of SNAP and
Zn0O-NPs were found to be uniform as shown in Figure 4 A and B indicating that the
fabrication method had no adverse effect on the stability of SNAP or ZnO-NPs.

3.2. Analysis of ZnO-NP Leaching

While Zn has many beneficial effects, and is vital for numerous physiological pathways, it is
important that a majority of the ZnO-NP stays within the tested polymer films to help
facilitate the catalytic NO-release from the blended SNAP. To detect for any ZnO-NP
diffusion, ICP-MS was performed on 1 cm? measured samples. Only the highest weight
percent (10%) of ZnO-NPs was used for all ICP-MS studies to observe any potential
leaching into the surrounding environment. After 14 days of soaking in DMEM at 37°C,
ZnO films demonstrated only 1.08% of the total Zn leached into solution while SNAP-ZnO
films also had a negligible 3.17% leached.

3.3. Enhanced Antimicrobial Efficacy and Low Cytotoxicity of NO-Releasing Materials
Topcoated with ZnO-NP

Due 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 HAIs. The adhesion of bacteria to the NO-releasing material can
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further be reduced increasing the NO-release or having an initial burst release followed by
the synergistic bactericidal activity of a metal ion. As seen from Figure 5A, in case of S.
aureus, there is a 78.02 +25.03% reduction (~0.5 log) when only ZnO-NPs are applied as a
topcoat on CarboSil samples. This is due to the bactericidal properties of ZnO-NPs as
mentioned in the introduction. NO-releasing CarboSil (SNAP films) in comparison have a
higher killing efficiency at 87.72 +7.53% (~1 log) reduction due to even better bactericidal
properties of diffusion based bacterial cytotoxicity of NO. However, the synergistic effects
are clearly seen and very prominent as there is a 99.03 £0.50% (~2 log) reduction in case of
SNAP-ZnO films. This reduction is seen to increase when ZnO-NPs are applied as topcoat
to SNAP containing polymer and hence it can be concluded that ZnO-NPs and NO have
synergistic bactericidal effects against S. aureus. It is also important to note here that in
addition to the higher reduction with SNAP-ZnO materials, there was also a high reduction
between ZnO vs SNAP-ZnO (95.59 £2.29%) and SNAP vs SNAP-ZnO (92.11 +4.10%)
materials.

Similar results were observed in case of P, aeruginosa but with a smaller log reduction in all
the bactericidal agent containing films (Figure 5B). This may be attributed to the extra cell
membrane that Gram negative bacteria like 2 aeruginosa have. A 60.98 +14.18% (~0.5 log)
reduction was seen in ZnO, and a 63.76 +14.88% reduction for SNAP materials was seen
when compared to CarboSil. Although when both the bactericidal agents were combined,
SNAP-ZnO materials yielded an 87.63 +4.86% (~1 log) reduction when compared to
CarboSil samples. All of these reductions were significant with a p value<0.05. This higher
reduction is seen as a synergistic effect of ZnO-NPs and NO’s antimicrobial activity. In
addition to these reductions, there was also a high reduction between ZnO vs SNAP-ZnO
(65.86 £13.42%) and SNAP vs SNAP-ZnO (68.29 £12.46) materials. Thus, from the
antimicrobial assays used to test the synergistic combination of ZnO nanoparticles with NO
donor, the hybrid materials were able to demonstrate superior infection-resistant properties
that can be applied to medical device coatings (Table 4).

The WST-8 dye-based test showed that there was no significant difference in the viability
when the CarboSil was compared with cells exposed to leachates from SNAP, ZnO or
SNAP-ZnO materials (Figure 6). This means that the material does not possess any
cytotoxicity toward mouse fibroblast cells. This negligible cytotoxicity was expected based
from the leaching test results of Zn ions (ICP-MS results) and SNAP and serves as a proof-
of-concept for the potential biocompatibility of the material.

4. Discussion

Previous work has shown SNAP-blended polymers to release NO on the low end of the
physiological range.20 This is in part due to the need for hydrophobic polymers requiring a
thin top coat as a support for SNAP to prevent rapid leaching of the molecule. The
hydrophobicity of these polymers delays or prevents moisture from reaching the SNAP
molecule to elicit NO release. We hypothesized that the addition of a metal ion, specifically
Zn, would catalytically increase NO release from SNAP within the hydrophobic polymers
without unnecessary SNAP leaching. For this study we used a biocompatible, medical grade
thermoplastic urethane copolymer, CarbosSil, as a support for SNAP.
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This higher retention of SNAP within SNAP-ZnO may be contributed to the ZnO-NP
content in the topcoat as all other variables are left consistent among the tested samples. The
metal ion-blended topcoat may slow SNAP’s ability to pass through the polymer layer. The
catalytic effect of the ZnO-NP within the topcoat could also be facilitating a quicker
degradation of the SNAP as it diffuses, resulting in the leaching of NAP instead which
would be undetectable at the measured SNAP UV wavelength (340 nm). However, since
NAP has been demonstrated in the past to be non-cytotoxic and is even used in heavy metal
chelation therapy, the possible leaching of this would not be problematic.3” Due to the low
leaching results of SNAP from the 10wt.% of ZnO-NPs, subsequent studies (NO release
measurement, EDS mapping, antibacterial efficacy, cytotoxicity) were performed with
SNAP-ZnO as the proposed hybrid material demonstrated reduced loss of SNAP from the
material despite having the exact same coatings as the other materials and differing only in
the ZnO-NP content (10 wt.% compared to 1% and 5%).

From the low leaching characteristics of SNAP-ZnO samples, it was predicted that the
samples would also have an extended NO release. As expected, the improved NO release
from SNAP-ZnO films showed a promising outlook for long-term indwelling medical device
applications to reduce device-associated infections. The constantly higher release of NO
from the SNAP-ZnO samples confirmed them to be ideal for testing antimicrobial efficacy
and cytocompatibility.

Following NO storage and release characterization, the materials were tested for distribution
of the SNAP and metal ion elements. The uniform distribution was a good indication that the
coating method is reliable to be used for microbial adhesion prevention on the medical
device’s surface.

The decomposition of all RSNOs into radical NO and disulfides is facilitated through the
homolytic cleavage of the sulfur-nitroso bond which can be accelerated by the
administration of certain transition metal ions. The reduction of Cu?* metal ions to Cu* has
been thoroughly investigated in its catalytic properties with RSNOs.38 While the exact
mechanism is still being investigated, Zn has previously been reported to display a similar
catalytic effect.2? The Zn?* mediated reactivity of RSNOs has a more unique proposed
mechanism when compared to Cu™ as it keeps its ionic state consistent throughout the
catalytic process. After RSNO degradation to RS™ + NO, residual RS molecules end up
forming disulfide RSSR compounds when in an aqueous environment. Zn is able to form a
complex with these residual RS~ ions to prevent disulfide bond formation, allowing for
possible regeneration of RSH molecules after complete NO-release and subsequent
renitrosation into its original RSNO form.3° The presence of these thiols would also assist in
the increased NO release of Zn incorporated SNAP films as RSH molecules have been
demonstrated to have destabilizing effects to RSNOs.40

The minimal leaching of Zn ions from the SNAP-ZnO samples (3.17%) shows how well
encapsulated the nanoparticles were within the topcoats of the synthesized CarboSil polymer
films and demonstrates the potential longevity of their catalytic activity. As NO is emitted
from the polymer into an aqueous environment, trace amounts of nitric acid are formed at
the material interface which can increase the potential Zn solubility and account for the

J Biomed Mater Res A. Author manuscript; available in PMC 2020 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Singha et al.

Page 10

slightly higher leachate result. The increase in Zn leaching from the SNAP-ZnO films could
also assist in an increased antimicrobial activity.

Bacterial adhesion is a common challenge faced by medical implants. It is triggered in
response to medical devices coming in contact with the fluidic biological milieu provided by
the human physiology and the surgical wound provided during the insertion of the medical
device. This bacterial adhesion in the first few hours of implantation can lead to infection of
the site and further cause medical device failure or even death. Furthermore, S. aureusand AP
aeruginosa are two of the most commonly found nosocomial pathogens. Due to the stated
reasons, a bacterial adhesion study was carried out for the fabricated materials for 24 hours
using S. aureusand P, aeruginosa. Another important point to note here is that both bacteria
studies were done after an initial 24 hours soaking of the materials in PBS. This step allowed
for initial metal-ion and SNAP leachates to be removed from the study and hence prevent
any false results due to higher percentage of leachates during bacterial incubation. For both
the bacteria tested, the SNAP-ZnO samples showed a greater amount of reduction in viable
bacteria adhesion than any other samples. This increased antimicrobial activity was a
consequence of improved NO release as well as the combined antimicrobial activity of ZnO-
NPs with NO. As seen from the results, even though NO and ZnO-NPs do exhibit
antimicrobial activities by themselves, they definitely work additively when combined in the
SNAP-ZnO material.

While the material demonstrated controlled NO release and antibacterial efficacy, it was
important to validate that the material is not toxic to the mammalian cells. In a real-life
scenario, this would mean protecting the host tissue from toxic side effects during the time
of application.

While the same concentration of SNAP by itself for NO-release has shown negligible
cytotoxicity in the past,! copper nanoparticles have also assisted NO-release from SNAP
and demonstrated no toxicity towards mammalian cells.2> However, this was the first time
that similar results have been recorded with the SNAP-ZnO combination. Another advantage
of such NO based strategies is that it is highly compatible with other bacteriostatic or
bactericidal approaches such as zwitterions, quaternary ammonium ions, silicone oil, and
diatomaceous earth particle.31:42-44 The non-cytotoxic nature combined with the
antibacterial properties offers a potential alternative therapeutic option instead of silver
nanoparticles or antibiotics which have the issue of cytotoxicity or bacterial resistance.

5. Conclusion

This work demonstrates the potential beneficial effects of ZnO-NPs on the catalytic release
and antimicrobial effects of NO under physiological conditions. The hybrid material, SNAP-
ZnO, was composed of a base film (50 mg ml~1 CarboSil with 10 wt.% SNAP) and a
topcoat (2 dips of 25 mg mI~1 CarboSil solution containing 10 wt.% ZnO-NP). The 10 wt.%
of ZnO-NPs in SNAP-ZnO samples was able to retain more SNAP molecules within it (7.75
wt.% loss of SNAP) when compared to samples with no (13.85 wt.%), 1 (12.697 wt.%) or 5
(8.821 wt.%) wt.% ZnO-NPs in them. EDS-mapping showed that the hybrid material,
SNAP-ZnO, had a uniform distribution of ZnO-NPs and SNAP molecules in it. NO release
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measurements also demonstrated SNAP-ZnO’s ability to maintain physiological levels of
NO release for up to 14 days. Antibacterial efficacy at 99.03 £0.50% and 87.63 +4.86%
reduction for S. aureusand P. aeruginosa, respectively, were promising results. Finally, low
cytotoxicity results demonstrated by SNAP-ZnO samples establish the need to fabricate
antibacterial materials that are mammalian cell friendly.

These studies represent preliminary data that can be used to design a long-term antimicrobial
and biocompatible device coating that has high potential for use in different implantable
materials. In the future, more similar mammalian cell friendly metal-ions, such as iron or
magnesium, that can be combined with nitric oxide donors to tune NO release for
biomedical purposes can be designed for longer term use that can be tested with in vivo
conditions.#®
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Figure2.
SNAP leaching profile for SNAP, SNAP-ZnO-1, SNAP-Zn0-5, and SNAP-Zn0O-10 films.

SNAP leaching was tested over 7 days/168 hours. (n=3).
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NO release profile for SNAP vs. SNAP-ZnO films for 14 days. (n=3)
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Figure 4.
Energy dispersive X-ray Spectroscopy images of the elements present in different coatings.

A) Sulfur element map for SNAP-ZnO films and B) Zinc element map for SNAP-ZnO films.
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Figure5.
Inhibition of viable bacteria adhesion over 24-hour exposure in physiological conditions. A)

Comparison in adhesion of S. aureus between CarboSil, ZnO, SNAP and SNAP-ZnO films.
B) Comparison in adhesion of P. aeruginosa between CarboSil, ZnO, SNAP and SNAP-ZnO
films. (n=4 for S. aureus; n=3 for P. aeruginosa).
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Figure®6.
Percentage relative cell viability of mouse fibroblast cells after 24-hour exposure to

leachates from CarboSil, ZnO, SNAP and SNAP-ZnO films. (n=3).
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Composition for each sample.

Table 1.

Sample Fabrication

SAMPLE NAME BASE FILM TOPCOAT
CarboSil 50 mg/ml CarboSil 2 dips of 25 mg/ml CarboSil solution
ZnO-1 50 mg/ml CarboSil 2 dips of 25 mg/ml CarboSil solution containing 1 wt.% ZnO-NP
Zn0O-5 50 mg/ml CarboSil 2 dips of 25 mg/ml CarboSil solution containing 5 wt.% ZnO-NP
Zno 50 mg/ml CarboSil 2 dips of 25 mg/ml CarboSil solution containing 10 wt.% ZnO-NP
SNAP 50 mg/ml CarboSil with 10 wt.% SNAP 2 dips of 25 mg/ml CarboSil solution
SNAP-ZnO-1 50 mg/ml CarboSil with 10 wt.% SNAP 2 dips of 25 mg/ml CarboSil solution containing 1 wt.% ZnO-NP
SNAP-ZnO-5 50 mg/ml CarboSil with 10 wt.% SNAP 2 dips of 25 mg/ml CarboSil solution containing 5 wt.% ZnO-NP
SNAP-ZnO 50 mg/ml CarboSil with 10 wt.% SNAP | 2 dips of 25 mg/ml CarboSil® solution containing 10 wt% ZnO-NP
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Table 2.

Complementary table for Figure 2: Weight percentage of SNAP leached.

Wt. % of SNAP
Leached

1 hour 4 hours 24 hours 48 hours 72 hours 96 hours 168 hours

SNAP
SNAP-ZnO-1
SNAP-ZnO-5

SNAP-ZnO

1.70+155 3.73+1.94 534+211 7.81+198 9.81+1.98 11.53+251 13.86+2.96
0.45+0.40 2.06+0.50 3.94+0.59 6.22+0.83 8.10+0.96 10.89+235 12.70+2.61
0.00+0.00 1.06+0.32 2.37+0.41 439051 539+0.26 6.86+0.34 8.82+0.26
0.21+0.30 1.38+0.34 252+0.30 4.47+0.66 4.99+0.39 6.08+0.40 7.75+£0.41
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Table 3.

Complementary table for Release of NO (x10719 mol cm=2 min~1) from SNAP films vs. SNAP-ZnO films for
14 days.

Day 1 Day 3 Day 5 Day 7 Day 11 Day 14

SNAP 0.241 £0.045 0.222+0.023 0.235+0.084 0.203 £0.048 0.123+0.061  0.079 +0.043
SNAP-ZnO  2.766 +0.427 1.752 +0.145 1.253+0.129 0.851+0.019 0.649 +0.026  0.487 +0.075
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Table 4.

Reduction of bacteria/cm? seen on test samples compared to CarboSil

Reduction in S. aureus (%)

Reduction in P. aeruginosa (%)

CarboSil vs. ZnO 78.02 £25.03
CarboSil vs. SNAP 87.72 £7.53
CarboSil vs. SNAP-ZnO 99.03 +0.50
ZnO vs. SNAP-ZnO 95.59 +2.29
SNAP vs. SNAP-ZnO 92.11 +4.10

60.98 +14.18
63.76 +£14.88
87.63 +4.86
65.86 £13.42
68.29 +12.46
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