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Infection remains a significant challenge in healthcare and with medical devices, resulting in two million
healthcare-associated infections reported annually in the U.S. alone. Researchers are seeking new
antimicrobial materials and therapies to solve the infection challenges associated with biomaterials and
devices without bacterial resistance. Nitric oxide (NO) is a new therapy to treat infection, inflammation,
and thrombosis, and many materials have been studied to inhibit bacteria by doping NO donor
molecules and releasing NO. However, this strategy has been limited by the leaching of the NO donors
which delocalizes the NO release. Silicones are widely used in making medical devices and exploring
antimicrobial silicones could benefit the existing medical device interfaces. Herein, we report the first
NO-releasing silicone oil (SNAP-Si) that exhibits proactive antibacterial effects. Through a two-step
reaction, S-nitroso-N-acetylpenicillamine (SNAP) was grafted to polyldimethylsiloxane-co-(3-
aminopropyl)methylsiloxane], and the resulting SNAP-Si oil contained 0.6 mmol g~ of SNAP and
demonstrated storage stability at —20 °C for > 3 weeks. The SNAP-Si oil was infused in medical-grade
silicone rubber (SR) surfaces, increasing the hydrophobicity of the SR interface. The SNAP-Si-SR sam-
ples released most of the NO payload in 24 h without SNAP leaching, and the highest release flux was
around 3.8 x 107'° mol min~! cm~2 during the initial 1 h, followed by NO release at a therapeutic level

Received 12th April 2022, for 6 h as measured using a chemiluminescence NO analyzer. SNAP-Si—SR also exhibited more than

Accepted 13th June 2022 66% and 94% reduction of viable Escherichia coli and Staphylococcus aureus on the surfaces after 3 h,
DOI: 10.1039/d2ma00414c respectively. Due to the easy synthesis, suitable NO release levels without leaching issues, simple infu-
sion on a polymer surface, and antimicrobial effects, the SNAP-Si oil exhibited its potential use to create

rsc.li/materials-advances an antimicrobial medical device surface that can reduce infection challenges.

persistent and chronic infections.®> Bacterial infections and
biofilms also cause severe diseases with high mortality and

1. Introduction

Bacterial infection and biofilm formation are prevalent in daily
life, and they are critical reasons for many diseases and
indwelling medical device failures. Many bacterial strains that
can cause infections include Gram-positive Staphylococcus aur-
eus (S. aureus), Staphylococcus epidermidis (S. epidermidis), and
Streptococcus pyogenes (S. pyogenes), and Gram-negative Pseudo-
monas aeruginosa (P. aeruginosa) and Escherichia coli (E. coli)." ™
When these pathogens aggregate and irreversibly attach to
surfaces, they form multicellular communities in extracellular
polymeric substances known as biofilms.* Biofilms constitute a
protective environment to allow bacteria to grow under hostile
conditions. Compared to planktonic cells, bacterial cells in
biofilms are much more difficult to kill and can lead to
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morbidity. For example, in 2019, World Health Organization
(WHO) reported that infections were associated with more than
30 million deaths worldwide. Five of the top ten causes of these
deaths were directly or indirectly associated with bacterial
infection or biofilms.® Additionally, ~ 80% of the infections
in humans are related directly to biofilm formation, and about
26% of all healthcare-associated infections are device-related
infections." Failure of indwelling medical devices like intravas-
cular catheters,”® urinary catheters,® endotracheal tubes,’
tracheostomies,'® enteral feeding tubes,'* wound drains,'?
and others are widely reported"*'® These infections and bio-
films not only bring risks to the use of these medical devices
and implants, but also impact the disease treatments as well as
the quality of life of patients. For example, 1.6 million T1D
diabetic patients require lifetime exogenous insulin, and con-
tinuous subcutaneous insulin infusion (CSII) therapy is vital for
these patients."* However, the infection, inflammation, and
encapsulation complications that occur at the insulin cannula
infusion site lead to 65% of infusion set failure after 7 days and

© 2022 The Author(s). Published by the Royal Society of Chemistry
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result in the discontinuation of CSII therapy.
the large number of infection cases, fighting bacterial infection
and biofilm formation are critical in both disease treatment
and the application of medical devices.

Although antibiotics have been used extensively to treat bacterial
infections and biofilms, increasing concerns about antibiotic resis-
tance arise, resulting in the growing demands for new therapies that
kill bacteria while not inducing resistance.'® Nitric oxide (NO) is a
gasotransmitter that is produced endogenously and plays a vital role
in regulating various physiological pathways. NO exhibits therapeu-
tic effects such as antithrombosis, antiplatelet, anti-inflammation,
angiogenesis, vascular relaxation, as well as antiviral and antibacter-
ial properties.'”>* The antibacterial properties of NO are based on
nitrosative and oxidative stress which leads to direct modification of
membrane proteins, lipid peroxidation, and DNA cleavage.” It is
noteworthy that NO was reported to eliminate various bacterial
strains without an increase in resistance.*® Pathogens like S. aureus,
methicillin-resistant S. aureus (MRSA), S. epidermidis, E. coli and
P. aeruginosa did not show resistance after NO exposure. Repeated
NO exposure of 20 passages of bacteria did not exhibit any increase
of minimum inhibitory concentration (MIC).

Despite the excellent antibacterial properties of NO, loca-
lized delivery of NO using NO donor molecules is a key method
to improve the antimicrobial properties of medical device
surfaces. To take advantage of the antibacterial effects of NO
and to control NO delivery, polymeric materials such as
polysaccharides,”” polyurethane,*® polyvinyl chloride,>® polylac-
tic acid-co-glycolic acid (PLGA),*° polycarbonate-urethane,**
silicone-polyurethane,** silicone®* have been used. In general,
NO donors have been impregnated or blended with the poly-
mers, or covalently linked on the polymer to grant antibacterial
effects to the materials.>®*®?* The impregnation, blending, or
covalent bonds methods can be used to incorporate NO donors
in biomaterials, stabilize the NO donor, and deliver NO at
specific sites or interfaces to kill bacteria. However, these
impregnation or blending approaches usually show a burst
release of NO and NO donor leaching issues. Covalently con-
jugated NO donor with polymers could avoid the leaching
issues by avoiding excessive donor leaching, lowering the initial
NO release flux, and tend to have long-term NO release.*®
Therefore, covalent linkage of NO to polymer structure can
enhance the localized delivery of NO, which is an important
concern in medical device field.

As mentioned above, many polymeric materials have been
used to deliver NO locally and control the release rate. Among
these polymeric materials, silicones (polysiloxane) are widely
accepted polymers with a long history in biomedical and
bioengineering.>® Due to their immunological inert nature,
good mechanical properties, thermal stability, permeability to
gases, and biocompatibility, silicone rubbers (solid silicone
materials) have been used for contact lenses, cannulas, cathe-
ters, grafts and implants, scaffold, wound dressing, while
silicone oils (liquid silicones) have been used for cosmetic
(e.g- hair care, skin care, etc.) applications and biomedical
lubricant applications.’” ! It is noteworthy that liquid silicone
oils have been used to create slippery liquid-infused porous
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surfaces (SLIPs) by soaking materials, such as solid silicone
rubbers, with silicone oils to enhance biocompatibility.*>** To
date, silicones have been used to deliver NO for antibacterial
purposes, as well as extend the applications of NO in biomedi-
cal and bioengineering areas. Several studies have utilized
various methods to incorporate NO release properties into
silicone materials that exhibited antimicrobial and antithrom-
botic effects. In these studies reported in the literature related
to solid silicone rubbers, SNAP was immobilized to crosslinked
silicones by chemical reactions*®> as well as impregnated or
blended into commercial silicone rubbers.*®*” NO-releasing
diazeniumdiolates (NONOates) were also formed in situ in a
PDMS-based polyurethane by the reactions between polyethy-
leneimine and NO gas. Liquid silicone oils were also utilized to
fabricate Liquid-infused NO-releasing (LINORel) silicone mate-
rials via SLIPs method, where solid silicones were impregnated
with SNAP followed by infusing a thin layer of silicone oil on
the surface which exhibited reduced SNAP leaching and
enhanced antimicrobial properties.**"*® Materials in these stu-
dies showed promising antibacterial results, nevertheless, they
still have some shortcomings. For example, the reported SNAP-
silicone crosslinked polymers went through a complicated
synthesis and the crosslinking happened spontaneously, so
the manufacturing step (e.g., film casting) must be done
immediately at the time of synthesis. Impregnation or blending
of SNAP into polymers are more practical as it only requires a
simple synthesis of SNAP followed by incorporation in the
polymer. However, the approaches that blend or impregnate
the small molecule SNAP still exhibit SNAP leaching, similar to
other polymeric materials which were impregnated with SNAP.
The SNAP leaching delocalizes the NO release from the polymer
surface and also result in shorter NO release lifetimes. There-
fore, exploring new material solutions that provide NO release
without leaching concerns, and making antibacterial surfaces
with easy steps could be very beneficial.

Herein, we report the successful development of the first-
ever SNAP-grafted silicone oil (SNAP-Si) to deliver NO and to
inhibit bacterial infections of biomedical surfaces. SNAP-Si oil
provides a simple and feasible way to be infused on medical-
grade silicone rubber surfaces and create antibacterial inter-
faces. Various analytical methods including FT-IR, NMR, and
UV-vis were used to confirm the synthesis steps and evaluate
the structure and stability of SNAP-Si oil. The NO release and
leaching of the NO donor functionalities of SNAP-Si oil-treated
silicone samples (SNAP-Si-SR) were also studied. In addition,
SNAP-Si-SR surfaces were tested against both Gram-positive S.
aureus and Gram-negative E. coli. to evaluate the antimicrobial
effects of SNAP-Si.

2. Materials and methods

2.1. Materials

N-Acetyl-D-penicillamine (NAP) was purchased from Sigma Aldrich
(USA); S-nitroso-N-acetylpenicillamine (SNAP) was purchased from
Pharmablock USA, Inc.; t-butyl nitrite, tetrahydrofuran (THF),
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dichloromethane (DCM), pyridine, acetic anhydride, ninhydrin,
acetic acid, ethanol, ethylenediaminetetraacetic acid (EDTA), and
Tween 20 were purchased from Fisher Scientific (USA); phosphate
buffer saline solution (10 mM PBS, pH 7.4) was prepared by the
protocol from Cold Spring Harbor Laboratory, and all ingredients
(sodium phosphate dibasic, potassium phosphate monobasic,
sodium chloride, potassium chloride) were purchased from Fisher
Scientific. EDTA (100 pM) was added to the PBS to chelate any trace
metal in the buffer and prevent catalyzed NO release from the
samples. Poly[dimethylsiloxane-co-(3-aminopropyl)methylsiloxane)]
(NH,-Si, AMS-191) was purchased from Gelest (USA). Medical grade
silicone sheet (87315K13) was purchased from McMaster-Carr
(USA). All materials were used without purification unless men-
tioned specifically. Luria Bertani (LB) broth media and agar were
purchased from Sigma Aldrich. Bacterial strains Escherichia coli
(E. coli, ATCC 25922) and Staphylococcus aureus (S. aureus, ATCC
6538) were obtained from American Type Culture Collection (ATCC).

2.2. Synthesis and characterization of S-nitroso-N-
acetylpenicillamine grafted silicone oil (SNAP-Si).

Synthesis of N-acetyl-p-penicillamine thiolactone (NAP-
thiolactone) and amine quantification of aminated silicone
oil (NH,-Si). NAP-thiolactone was synthesized following a
published method.” 5 g of N-acetyl-o-penicillamine (NAP)
was dissolved in 10 mL of pyridine round bottom flask; at the
same time, 10 mL of acetic anhydride and 10 mL of pyridine
were mixed in a separate beaker and cooled in an ice bath. The
acetic anhydride and pyridine solution mixture was added to
the round bottom flask, and the reaction was chilled in the ice
bath for 1 h. The reaction was allowed to stir at room
temperature overnight until the solution turned into orange
color. The reaction mixture was rotary evaporated to remove
most of the solvents, and yielded the viscous liquid which was
then dissolved in 20 mL of chloroform. The viscous liquid was
washed three times with 20 mL of 1 M HCI, and the chloroform
solvent was removed by rotary evaporation at room temperature
to form crude product crystals. The crystals were washed with
hexanes and filtered to recover off-white pure NAP-thiolactone.

The initial amine concentration of aminate silicone oil
(NH,-Si) was determined by a modified ninhydrin assay.*
Ninhydrin solution was prepared by dissolving ninhydrin
(0.2 g) and acetic acid (0.5 mL) in ethanol (99.5 mL). The
sample solution was prepared by dissolving sample (1 mg) in
Tween 20 solution (1 mL, 1% w/v in H,0); then, sample
solution (0.5 mL), Tween 20 solution (0.5 mL) and ninhydrin
solution (0.5 mL) were mixed and heated in boiling water for
10 min. After the addition of ethanol (2.5 mL), the solution was
checked by UV-vis at 570 nm and the concentration was
obtained using a cysteine calibration curve.

Synthesis of SNAP-Si. SNAP-Si was synthesized by coupling
NAP-thiolactone  to  poly[dimethylsiloxane-co-(3-aminopropyl)}
methylsiloxane] (NH,-Si). The NH,-Si (5 g), dichloromethane
(50 mL, DCM) and NAP-thiolactone (1.2 g) were placed in a 250
mL round bottom flask, and reacted overnight at room temperature
(rt, 23 °C) to form NAP-Si. t-Butyl nitrite was washed with an equal
volume of 20 mM cyclam vigorously to chelate trace metals, and the
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procedure was repeated three times to obtain clean t-butyl nitrite.>"
Then, clean #butyl nitrite (0.82 mL) and DCM (2 mL) were added to
the NAP-Si oil and stirred at rt for 30 min to form a green solution
which was condensed at 40 °C for 5 min to remove excessive
solvents while minimizing the potential loss of NO during this step.
A green oil (SNAP-Si) was yielded, and it was stored in a —20 °C
freezer for further analysis.

Characterization of SNAP-Si by UV-vis, FT-IR, and NMR. The
successful synthesis of SNAP-Si was confirmed by UV-vis, Four-
ier transform infrared spectroscopy (FT-IR), and nuclear mag-
netic resonance (NMR). FT-IR spectra were taken by a
PerkinElmer FT-IR Spectrum 3 spectrometer with a KBr pellet.
A drop of the sample was added to the KBr pellet and gently
wiped by Kimwipe until a thin layer of oil was left on the
surface. The FT-IR measurement was obtained at 2 cm '
resolution and 32 scans over the wavenumber range of 500-
4000 cm™". NMR of SNAP-Si was obtained by a Varian/Agilent
VNMRS 600 MHz with a 5 mm HCN cold probe and cooled
carbon preamp. 'H and ">C NMR were reported in ppm relative
to the internal solvent resonances of CDCl;, with 64 and 216
scans, respectively.

The SNAP concentration of SNAP-Si oil was quantified by a
Cary 60 UV-vis spectrophotometer using a SNAP calibration
curve in THF. UV-vis spectra were taken within 300-500 nm
wavelength at a medium scan speed. Commercial SNAP (Phar-
mablock) was dissolved in THF at the concentrations of 0.1,
0.25, 0.5, 0.75, and 1 mM, and then the absorbance of each
SNAP solution was measured at 340 nm to make a calibration
curve. To confirm the SNAP concentration in SNAP-Si oil,
SNAP-Si was dissolved in THF (1 mg mL ™" solution), and then
its absorbance at 340 nm was measured and used to calculate
the concentration of SNAP using the SNAP calibration curve.

2.3. SNAP-Si oil stability

The stability of SNAP-Si oil was monitored by checking the
quantity of the SNAP functionality at designed time points
using UV-vis spectroscopy. The SNAP-Si oil was placed in
amber vials either in —20 °C freezer, rt, or 37 °C incubator to
evaluate the storage temperature stability for up to 4 weeks. At
the designed timepoint, each sample was removed from sto-
rage, dissolved in THF at a 1 mg mL™" concentration, and
measured for absorbance at 340 nm using UV-vis. The percen-
tage of SNAP remaining at each timepoint was quantified with
respect to initial absorbance on the first day, and plotted to
show the storage stability under different temperature
conditions.

2.4. Preparation of SNAP-Si-SR and NAP-Si-SR disks

A medical grade silicone sheet was punched into 0.7 cm
diameter disks, and then soaked in the SNAP-Si oil or NAP-Si
oil in THF (100 mg mL ") at —20 °C in dark for 12 h. Samples
were removed and dried in a fume hood for 12 h before
weighing. The soaking process was monitored by swelling ratio,
and the mass increase of samples was used to quantify the
swelling. Weights of samples after swelling (w,) were compared
with their original weights (w;). The swelling ratio of each group

© 2022 The Author(s). Published by the Royal Society of Chemistry
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was taken with the average of three samples, using
eqn (1) below.

swelling ratio = W= W 100% )]

w;

2.5. Water contact angles of disks

Static contact angles of samples were measured by an Ossila
Contact Angle Goniometer (Ossila, UK). Sample disks were
placed on the sample stage of contact angle goniometer, and
5 uL of deionized water were dropped on the surface. The static
contact angles were measured from still frames using the
sessile drop approximation, and the results were analyzed by
Ossila Contact Angle Software. Three individual water droplets
were placed at 3 random locations on the sample surface and
then averaged to obtain the average contact angles.

2.6. Leaching of the SNAP-Si oil from SNAP-Si-SR disks

In order to evaluate any SNAP-Si leaching from the SR matrix,
each SNAP-Si-SR disk was soaked in 1 mL of 10 mM PBS
(pH 7.4) containing 100 uM EDTA at 37 °C in an incubator. To
determine the amount of SNAP-Si oil leached out, the absor-
bance at 340 nm of the 1 mL of soaking buffer was measured by
UV-vis and the absorption was recorded. At the same time, the
sample vial was replenished with 1 mL of fresh 10 mM PBS
(pH 7.4, 100 uM EDTA), and incubated at 37 °C until the next
reading.

2.7. NO release profiles of SNAP-Si-SR disks

The NO released from the SNAP-Si treated disk samples was
analyzed by a gold-standard Zysense chemiluminescence Nitric
Oxide Analyzer (NOA) 280i as previously reported,® where the
supply nitrogen flow rate and cell pressure were set at
200 mL min~" and 8.8-9.5 psi, respectively. The sample cell
was incubated in a 37 °C water bath to mimic physiological
temperature, and 3 mL of PBS buffer (10 mM, pH 7.4, contain-
ing 100 uM EDTA) was added to the reaction vessel. Each test
started with a short period of baseline measurement, and then
SNAP-Si-SR disk was placed in the buffer within the sample
cell. The NO released from the sample was purged by contin-
uous N, flow and was detected in real-time by the chemilumi-
nescence detector at a 1 s interval until it reached steady-state.
The NOA data was normalized with the surface area of samples
to obtain the flux values with units of mole cm™> min~'. The
NO release was quantified at various timepoints during the
experiment to measure the release trends. The samples were
incubated in PBS at 37 °C between each measurement.

2.8. Evaluating the antibacterial efficacy of SNAP-Si-SR disks

The antibacterial efficacy of SNAP-Si-SR disk samples was
evaluated against two strains of bacteria Gram-positive
(S. aureus) and Gram-negative (E. coli) in a 3 h antibacterial
adhesion assay following previously reported protocol.>?
Briefly, an individual bacteria colony was inoculated in LB
media and grown to mid-log phase. Cells were extracted from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the mid-log phase and the optical density of bacteria suspen-
sion was recorded using UV-vis spectroscopy at 600 nm wave-
length. Then, the cells were washed and resuspended in fresh
media (final bacteria concentration ~ 10’ CFU mL™*). The UV-
sterilized SR control, NAP-Si-SR control, and SNAP-Si-SR disks
were incubated in the bacterial suspension for 3 h at 120 RPM,
37 °C. After 3 h, samples were briefly rinsed to remove any
loosely adhered bacteria on the surface and resuspended in
sterile PBS. To detach the adhered bacteria on the samples,
bacteria exposed disks were homogenized and vortexed for 60
sec each. The bacteria suspension was then plated on LB agar
plates using a bacteria spiral plater (Eddy Jet 2W, IUL instru-
ments). Plates were incubated at 37 °C overnight and the viable
colonies on the LB agar plate were enumerated to determine
the concentration of bacteria (CFU mL ") using colony counter
(SphereFlash, IUL instruments). The antibacterial activity of
SNAP-Si-SR disks compared to controls was determined using
eqn (2) and reported as CFU cm ™ > of polymer surface area.

[(Control) — (Test)] x 100
(Control)

%bacterial reduction =

(2)

2.9. Statistical analysis

All the data were obtained with sample size > 3, and data are
reported as mean =+ standard deviation. A two-tailed Student’s
t-test with a hypothesis of unequal variance and o= 0.05 were
used to determine statistical significance.

3. Results and discussion

3.1. S-Nitroso-N-acetyl-p-penicillamine grafted silicone oil
(SNAP-Si) synthesis

The synthesis of SNAP-Si was achieved via two steps of synth-
esis: the first step is to graft NAP-thiolactone to the aminated
silicone oil (NH,-Si), followed by a second step of nitrosation of
the thiol groups (Fig. 1A). This synthesis can be visualized
directly due to the color changes. The starting NH,-Si oil was
transparent, but it turned green after the nitrosation due to
green color of the tertiary S-nitrosothiol SNAP structure, indi-
cating the successful grafting of SNAP moiety on the liquid
silicone molecules. The initial amine concentration of NH,-Si
was determined by the ninhydrin calibration curve where the
amine concentration of the initial NH,-Si was ~ 1.5 +
0.41 mmol g~' (Fig. 1B). After coupling with NAP-thiolactone
via a ring-opening reaction, the NH,-Si was converted to
NAP-Si which contains the tertiary thiols. The residual amine
concentration was ~ 0.5 £ 0.13 mmol g~ determined by the
ninhydrin test, which indicated a ca. 68% conversion
of free amines to immobilized NAP, resulting in ca. 1.0 +
0.13 mmol g " of thiols in the NAP-Si oil. The second step of
nitrosation (converting the immobilized R-SH functionalities
to R-SNO) resulted in green color silicone oil, and the SNAP
concentration was quantified by UV with the calibration curve.
The final SNAP concentration was approximately 0.6 mmol g~ *
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Fig. 1

(A) The synthesis scheme of NAP-Si oil and SNAP-Si oil. (B) The concentrations of functional groups on silicone oils as measured by UV-vis

spectroscopy assays. The [NH,] of NH,—Si oil was determined by ninhydrin assay, the [HS] of NAP-Si was calculated by subtracting the remaining [NH>]
from the initial [NH,] of NH,—Si, and the [SNAP] of SNAP-Si oil was measured by SNAP calibrating curve in THF. (n = 3 and error bars represent standard

deviations).

in SNAP-Si, which correlates to a ca. 54% conversion from NAP
to SNAP.

FT-IR and NMR were used to confirm the chemical struc-
tures of SNAP-Si. As shown in Fig. 2, NH,-Si oil showed a peak
around 1584 cm™ " which was assigned to primary amine N-H
bending, and 3424 cm™" could be either H-bonded silanol or
N-H stretching.’*>* For NAP-Si oil, the decrease of amine peak
around 1584 cm ™" and the appearance of new secondary amide
peaks around 3300 cm ™' suggested that NAP-thiolactone was
coupled to the structure. For SNAP-Si oil, the peaks around
1644 cm™ " and 1514 cm™ " appeared to represent the secondary
amide C = O stretching and the N-O stretching of the
S-nitrosothiol, respectively, demonstrating the SNAP moiety
formation.>*>°

"H and C NMR were performed to confirm the product
synthesis using an Agilent/Varian VNMR600 MHz instrument
(Fig. 2, Fig. S1-S3, ESIf). Compared with NH,-Si oil, 'H
chemical shifts at 1.62, 1.85, and 2.04 ppm appeared in NAP-
Si oil, indicating that NAP was tethered to the NH,-Si oil via
amide bonds. For NAP-Si oil, *C chemical shifts were also
observed at 22.74, 30.37, 51.29, 60.47, 169.53, and 170.32 ppm
(Fig. S2, ESIt), while for NH,-Si oil, *C chemical shifts were
observed at 0.40, 1.18, 1.93, 14.60, 27.61, and 45.46 ppm
(Fig. S3, ESIY). The changes of chemical shifts were related to
the conjugation of NAP group to NH,-Si side chain. Among
these new peaks appeared in NAP-Si, 169.53 and 170.32 ppm
were assigned to carbonyls and confirmed the NAP on silicone
(Fig. S2, ESIt). Even though the chemical shifts of 'H and "*C

6274 | Mater. Adv.,, 2022, 3, 6270-6279

NMR for NAP-Si (Fig. S2, ESIt) and SNAP-Si (Fig. S3, ESIY) oils
did not show dramatic changes before and after the nitrosa-
tion, a small change of **C NMR in SNAP-Si was observed after
the S-nitrosothiol formation. The NAP-Si and SNAP-Si oils had
3C NMR chemical shifts at 51.29 (Fig. S2, ESIt) and 53.57 ppm
(Fig. S3, ESIY), respectively, and the 2.28 ppm shift to downfield
could be induced by the nitroso group. It is noteworthy that in
this study, SNAP moiety was grafted on silicone oil molecules,
and the resulting SNAP-Si oil is a homogenous liquid that can
be used as a lubricant or to coat polymer surfaces directly and
release NO gas at material interfaces.

3.2. SNAP-Si oil stability

NO donors, like SNAP, hold great potential for biocompatibility
and antibacterial applications. However, the instability of some
NO donor molecules can limit their potential future biomedical
applications. For example, SNAP can decompose in the
presence of heat or light®”*® which could limit the shelf storage
stability. The shelf time of SNAP-Si oil is a critical issue; thus
the temperature stability was studied by monitoring the
remaining SNAP concentration in SNAP-Si under different
temperature conditions (Fig. 3). Three different temperatures
(=20 °C, rt, and 37 °C) for up to 4 weeks were used to determine
the best thermal conditions for potential storage and transport.
The results from the study demonstrated that the SNAP-Si oil
samples were much more stable at —20 °C as compared to rt
and 37 °C. Data suggests that ca. 89.21% of SNAP was present in
the samples after 4 weeks of —20 °C storage relative to initial

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (A) FT-IR of NH,—Si, NAP=Si and SNAP-Si. (B) *C NMR of SNAP-Si oil using CDClz. Chemical shift at 53.57 ppm represented the characteristic

carbon linked to SNO group.

values obtained from samples on day 0. While the SNAP-Si oil
seemed stable at —20 °C, it was found less stable at rt and 37 °C
with ca. 0.53 and 0.98% SNAP remaining after only 7 days of
storage, respectively. The instability of SNAP-Si oil at these
higher temperatures is due to the thermal decomposition
mechanism of SNAP.’>%® As the temperature increases, the
thermal decomposition of S-NO bond accelerates, generating
more NO and sulfonyl radicals from the SNAP-Si, making
SNAP-Si oil less stable.®® Prior literature has reported excellent
stability of the small molecule SNAP in a range of biomedical

© 2022 The Author(s). Published by the Royal Society of Chemistry

polymers, where SNAP is stable in these polymers at room
temperature and elevated temperatures of 37 °C for several
months (< 10% loss).>*®'"® The stability of SNAP in these
materials is due to the polymer—crystal composite that forms,
where the SNAP stored in the polymer is in its crystalline form,
where intramolecular bonding stabilizes the R-SNO function-
ality leading to enhanced stability. In contrast, the SNAP-Si oil
studied here is in the liquid phase where the SNAP immobilized
to the oil is not crystallized, and therefore exhibits the thermal
instability observed in this stability study. Overall, the results
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Fig. 3 Stability of SNAP-Si was measured at three different storage
conditions —20 °C, room temperature (rt), and 37 °C, over 28 d. The
absorbance of the SNAP-Si were measured by dissolving the material in
THF (1 mg mL™) at the initial timepoint and after the storage. (n = 3 and
error bars represent standard deviations).

obtained from the stability study reported here justify that
SNAP-Si oil by itself permits long-term storage in colder
temperatures (—20 °C) with faster degradation of material at
higher temperatures.

3.3. SNAP-Si oil infused silicone disks

The SNAP-Si-SR and NAP-Si-SR disks were prepared by infus-
ing the SR polymer surfaces with either the SNAP-Si oil or NAP-
Si oil to create NO-releasing or control surfaces, respectively.
The resulting SNAP-Si-SR disks were light green due to the
color of SNAP. To infuse the same amount of SNAP-Si and
NAP-Si oils into SR disks, the swelling ratio of SR disks was
studied. Samples were removed from the oil solutions at
designed timepoints during the soaking, gently wiped with
Kimwipe to remove excess solution, and weighed. The
increased weights represent the infused oil in the disk, where
both sample types had increasing weights that reached steady-
state infusion after ca. 12 h (Fig. 4). The SNAP-Si-SR and NAP-
Si-SR disks gained about 3.7% weight after 12 h of infusion in
the respective oils.

3.4. Static contact angles

The static contact angles of disks were determined by an Ossila
Contact Angle Goniometer and the static angles results are
presented in Fig. 5. The original commercial SR disks had a
static contact angle of ~ 86 + 4.5°. While the contact angles of
silicone materials range from hydrophilic (20-70°) to hydro-
phobic (95-122°),37:%%%47%¢ most of the non-hydrogel silicone
rubbers are hydrophobic. Despite the experiment errors and
other polymeric components which may affect the SR contact
angles, a possible reason for the slight reduction in hydropho-
bicity of the SR material used in this study could be silicone
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Fig. 4 Swelling ratio of silicone disks in different silicone oils. Silicone oils
were dissolved in THF at 100 mg mL™1. Disks were soaked in the solutions
for the designed time at —20 °C, then taken out and dried in dark overnight
before weighing. (n = 3 and error bars represent standard deviations).
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Fig. 5 Static contact angles of different disk samples. The contact angles
were measured by Ossila Contact Angle Goniometer with 5 pL water
droplets on disk surface. (n = 3 and error bars show standard deviations).

]
o

Contact angle (°)
N
o

oligomers on the SR surface. Crosslinked silicone rubbers have
silicone oligomers on the surface, and these oligomers have
been reported to cause contact angle changes due to adaptive
wetting behavior. The oligomers could absorb water form a thin
oligomer-water lubricant layer, and at the same time the
absorbed water could pull more oligomers from the matrix to
enhance lubricant layer. Due to the existence of oligomer-water
lubricant layer, the contact angle would decrease.®” The NAP-
Si-SR had a static contact angle of about 88 + 1.6°, indicating
that surface infusion of NAP-Si oil had almost no changes on
SR disk surface wettability properties. However, the static
contact angle of SNAP-Si-SR was 103 + 3.1°, showing that
SNAP-Si oil slightly increased the hydrophobicity of the SR
surface. These results suggested that the SNAP-Si-SR surface
became more hydrophobic than the controls and had similar
hydrophobicity like SNAP impregnated silicone materials (104-
110°) reported in prior literature.*"*%7°

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.5. NO release and SNAP leaching of SNAP-Si-SR disks

The NO release profiles of the SNAP-Si-SR disks were measured
by a Zysense chemiluminescence NOA 280i at 37 °C while
incubated in 3 mL of PBS buffer (10 mM, pH 7.4, with 100 uM
EDTA).*> The NO release profiles are shown in Fig. 6. The
SNAP-Si-SR was able to release NO at physiologically relevant
levels (0.7-3.8 x 10~ mol min~"' em™") for > 6 h, and then
continued the low NO flux level (0.2-0.7 x 10~ mol min™" em ™)
for up to 2 d until the NO payload was depleted. This high NO
flux during the initial period and then gradually decreased NO
release trend is commonly seen in other NO-releasing
materials.?®?? In addition, the leaching of NO donors is always
a safety concern for NO-releasing materials. Thus, the leaching
of SNAP-Si oil from SNAP-Si-SR was analyzed using UV-vis
spectroscopy (Fig. S4, ESIT). No SNAP-Si oil was detected in
incubation PBS buffer, suggesting no SNAP leaching during the
NO release period and no inferences of leachates during anti-
bacterial studies.

3.6. Bacterial assays of SNAP-Si-SR disks

The antibacterial properties of the SNAP-Si-SR samples and
controls were analyzed in a 3 h bacterial adhesion assay against
S. aureus and E. coli (n > 3). The bacterial cells adhered to the
surface of films were enumerated and normalized to the sur-
face area of the disks (CFU cm 2). The SNAP-Si-SR disks
exhibited a 94.1% and 66.1% reduction in viable S. aureus
and E. coli, respectively, compared to SR control due to the
action of NO (Fig. 7). The SNAP-Si-SR disks killed both
S. aureus and E. coli bacteria, and these results corroborate
with other NO-releasing surfaces previously reported that exhi-
bit similar broad-spectrum antibacterial activities.>**>”"”> The

5.0 -

N w »
o o o

NO flux (x10 -1 mol cm2 min-1)
o

e
o

0 1 3 6 24 48
Time (h)
Fig. 6 Measurement of real-time NO release using a chemiluminescence
nitric oxide analyzer (NOA). The NO flux levels were measured in PBS with

100 pM EDTA at 37 °C. (n = 3, and data represent mean =+ standard
deviation).
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NAP-Si-SR control disks did not exhibit significant reductions
in bacterial adhesion in comparison to the viable bacteria
adhered to the SR controls. Therefore, the antibacterial effects
of SNAP-Si-SR were attributed to the active NO release from the
polymer surface. NO is known to eradicate bacteria by non-
specific processes which include the formation of N,0; and
NO; " upon interaction with oxygen, and these oxidative mole-
cules trigger cleavage of bacterial DNA and membranal
damage.”® The SNAP-Si-SR samples demonstrated higher anti-
bacterial efficacy against Gram-positive S. aureus as compared
to Gram-negative E. coli. This may be attributed to the slight
decrease in bactericidal efficiency of NO against Gram-negative
bacteria due to the production of flavohemoglobins enzymes
that can protect bacteria from reactive nitrogen and oxygen
stress generated by NO.”* Moreover, the structural differences
between the Gram-positive and Gram-negative bacteria can be
another potential reason, where the presence of an additional
outer membrane lowers the susceptibility of bacteria against
various antibacterial agents.”” Comparable results have been
reported in the literature with NO-releasing materials that show
decreased bactericidal efficiency against E. coli and other Gram-
negative bacteria.®®”®

Previous reports on SNAP-based biomaterials have demon-
strated the antimicrobial effects against various pathogenic
bacteria and fungus strains in medical device-related infections
such as P. aeruginosa, S. epidermidis, and C. albicans.””””°
Nevertheless, these prior studies involved either blending or
impregnating the materials with NO donor SNAP, which are
often challenged by leaching of the small molecule NO donors
that delocalizes the NO release from the polymer surfaces. In
this study, covalently grafting the SNAP moiety to the silicone
oil avoided the leaching concerns because the SNAP-Si oil is
not miscible with water (as showing in Fig. S4, ESIt). In
comparison to traditional antibiotic and metal ion releasing
antimicrobial materials, NO-releasing surfaces not only inhibit
the bacterial adhesion and kill bacteria without causing resis-
tance and toxicity, but can also provide other biocompatible
properties such as reducing surface thrombosis of blood-
contacting interfaces.”®*"*%%" Qverall, the antibacterial results
from this study and the previous success of NO-releasing
materials suggests that SNAP-Si oil can be a promising and
simple approach to solving bacterial infections for short-term
applications. For example, the surfaces of insulin cannulas,
intravascular catheters, or other device surfaces could be lubri-
cated with the SNAP-Si oil to infuse a thin layer of the NO-
releasing oil on the surface, resulting in the antimicrobial
effects observed in this study.

4. Conclusions

In this study, the SNAP-Si oil was successfully synthesized by
grafting the NO donor functionality to the liquid silicone oil
which was confirmed by UV-vis, FT-IR, and NMR analysis. The
SNAP-Si oil was stable in —20 °C freezer storage and retained
more than 89% of the initial SNAP after 4 weeks of storage.
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When SNAP-Si oil was infused and lubricated the SR disk
surface, the SNAP-Si-SR samples released physiological NO
levels of 3.8 x 107" mol min~" em™" during the initial 1 h
which continued for up to 2 days without any leaching. The
antibacterial effects of the SNAP-Si were tested using a 3 h
bacterial adhesion assay against S. aureus and E. coli. The
SNAP-Si resulted in a 94.1% and 66.1% reduction in viable
S. aureus and E. coli on the SR surfaces, respectively. Results of
this study suggest that the SNAP-Si oil is a new NO-releasing
silicone-based material that demonstrated antibacterial effects
on both Gram-positive and Gram-negative bacteria. Due to the
ease of synthesis and excellent broad-spectrum antibacterial
effects, the SNAP-Si oil could be potentially used for the
development of future antibacterial coating or lubricant for
medical devices (e.g. cannulas, catheters, tubing, or topical
biomaterial applications).
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