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Abstract

Infection of indwelling medical devices is one of the major healthcare threats, often resulting in
sepsis, device failure, and even death. The conventional treatment approach for these infections is
often systematic, utilizing antibiotics which often backfire with either unwanted side effects or the
development of antibiotic-resistant bacteria. This has led to research into an effective antimicrobial
technique that would not further contribute to antimicrobial resistance. Nitric oxide (NO) releasing
materials are excellent antimicrobial agents that effectively thwart multiple bacterial strains.
Additionally, the incorporation of natural antimicrobial agents such as propolis is a facile and cost-
effective way to increase the efficacy and longevity of NO-releasing material without posing any
cytotoxic concern. Herein, the fabrication of NO and propolis releasing polymeric matrix enhanced
antimicrobial efficacy against E. coli, S. aureus, and C. albicans. The material was able to release
a physiologically relevant amount of NO for 7 days while exhibiting excellent antimicrobial
activity through the action of propolis well beyond day 7. The as-reported NO and propolis
releasing polymeric substrate showed a significant reduction in the viability of S. aureus after
incubation in physiological conditions for 28 days, while demonstrating excellent
cytocompatibility against 3T3 mouse fibroblast cells. Thus, the reported facile technique for the
fabrication of dual-action antimicrobial polymer can open avenues for utility in indwelling medical
device applications.

Keywords: antimicrobial, nitric oxide, propolis, cytocompatibility, antimicrobial resistance
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1. Introduction

According to the US Centers for Disease Control and Prevention (CDC), 1.7 million hospitalized
patients acquire healthcare-associated infections (HAIs) annually.! On any chosen day, 1 in 31
patients in hospital acquire HAI, and this phenomenon is only suspected to worsen with the
emergence of resistant bacteria.> As microorganisms develop resistance, conventional antibiotics
lose their effectiveness in treating infection. Thus, CDC has identified antimicrobial resistance
(AMR) as an urgent global threat that requires immediate attention.? Resistant bacteria were
prevalent even before the discovery of penicillin and have increased exponentially with the
rampant use of antibiotics.* The global burden of AMR has resulted in a longer duration of illness
and a high rate of mortality among patients with resistant infection, in addition to increased cost
of treatment.>

Antimicrobial resistance is pervasive all around the globe and widely prevalent even in developed
countries like the United States. Excess antibiotic prescription is unchecked in the US, as nearly a
third of patients who are prescribed antibiotics do not respond to those drugs.® Additionally, the
use of antibiotics in agriculture to meet high production demands has contributed to increasing the
AMR threat.” The number of antibiotics discovered and approved in the last decade is limited and
falls short of overcoming the multifaceted emergence of resistant bacteria.® This issue calls for
non-antibiotic-based therapy to treat infection stemming from multiple bacterial and fungal strains
without contributing to AMR.

Propolis is a resinous material derived from beehives consisting of buds, tree sap, pollens, etc.
Although the exact composition of propolis is dependent on the bee species, location, weather,
etc., propolis has been reported to consist of 50% resins and vegetable balm, 30% beeswax, 5%
pollen, and 10% essential and aromatic oils.% !° It has been used in folk medicine to treat various
ailments and has recently gained popularity as a health supplement and a key component in
skincare.!! Recent research has analyzed the potential of propolis in anti-inflammatory,
antimicrobial, antiapoptotic, and anti-cancer applications. Additionally, propolis has shown
potential for use in dentistry and treating difficult-to-heal wounds stemming from ulcers or burns.!?

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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Incorporating propolis into a polymeric matrix that allows for its controlled release can be an
avenue for the inclusion of propolis in short-term medical devices. Polymeric medical devices such
as catheters can benefit from incorporating antimicrobial agents, as this can increase the life span
of these devices and alleviate the risk of infection often associated with catheters. Infections such
as central line-associated bloodstream infections (CLABSI) and catheter-associated urinary tract
infections (CAUTI) can be treated by using an effective antimicrobial agent like propolis that
would not result in resistant bacteria, as is often observed with antibiotic administration.!?
Additionally, antibiotics often only target bacteria, leaving a glaring gap in the effective treatment
of fungal infections, which are often overlooked.!* This demands the fabrication of a non-antibiotic
alternative that can be effective against both bacteria and fungi.

(cc)

In addition to propolis, nitric oxide (NO), a gasotransmitter, can also be incorporated into
polymeric medical devices to enhance the antimicrobial benefit. Nitric oxide is an endogenous
signaling molecule that plays a pivotal role in regulation and host responses throughout the body.
The most biologically relevant production of NO happens in the nitric oxide synthase (NOS)
family, where mammalian cells produce NO through enzymatic degradation of L-arginine.'> The
physiological NO flux from endothelial cells via eNOS is estimated at 0.5 - 4 x 1010
mol-min~'-cm™2 which is considered benchmark for NO releasing biomaterial design.!® On the
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other hand, macrophages and immune cells express iNOS upon inflammatory stimulation which
generates NO at substantially higher, micromolar-range concentrations, playing a key role in
antimicrobial and immune regulatory functions.!” As NO has a short half-life (a few seconds) and
a rapid multi-mechanistic broad-spectrum effect against bacteria, it is biologically improbable for
bacteria to mutate and tackle all the oxidative and nitrosative stress stemming from NO.!3 Due to
these properties, NO donors are used to deliver NO in a localized manner. Past reports have shown
that NO-based therapies and platforms have incorporated NO donors into gels, ointments,
nanoparticles, polymers, coatings, etc.!%-2!

Nitric oxide is often incorporated into polymers in the form of NO donor molecules such as S-
nitrosothiols. Some widely researched S- nitrosthiols include S-nitrosoglutathione (GSNO) and S-
nitroso-N-acetylpenicillamine (SNAP).?> 2> As a tertiary molecule with enhanced solubility in
polar solvents, SNAP is often more desirable for easy incorporation into various medical-grade
polymers through swelling or blending.?* Direct blending of SNAP into polymeric solution is often
desired due to the ease of fabrication and allowance for higher percentage of SNAP to be loaded
into the polymeric matrix.?! It is also more stable and has demonstrated long-term NO release and
suitability for a wide range of applications. The release of NO from SNAP is achieved through the
cleavage of S—NO bond in the presence of heat, light, metal ions, or enzymes, which opens the
avenue for tailored NO release through the incorporation of these catalysts in material design.?’
As promising as the use of NO releasing surfaces in enhancing the lifetime and cytocompatibility
of medical devices is, one major issue with NO releasing surfaces is the subsequent loss or
degradation of the NO donor within the polymer matrix over time, restricting the antimicrobial
ability of the material for a longer duration.?® Due to this, many recent studies have utilized co-
delivery strategies by incorporating bioactive agents in addition to NO donors into the polymeric
matrix to extenuate the antimicrobial application of medical devices.?”- %8

Herein, a combinatorial technique for enhancing antimicrobial properties is proposed through the
incorporation of an NO donor (SNAP) and propolis into the polymeric matrix of Carbosil, which
is a thermoplastic silicone-polycarbonate-urethane widely used in biomedical applications. The
material is robust and easy to fabricate, providing an avenue for bulk and large-scale fabrication.
The fabricated film possesses the ability to release NO and propolis for local delivery.
Additionally, the amount of SNAP leaching out of the sample and NO release through the cleavage
of the S—NO bond was evaluated. The fabricated film was tested for its antimicrobial activity
against S. aureus, E. coli, and C. albicans, to verify the dual-action antimicrobial properties of NO
and propolis. The final sample was also tested for long-term antibacterial activity against S. aureus
after incubation in physiological conditions for up to 28 days. Additionally, all the fabricated
samples were tested for their compatibility with mammalian fibroblast cells. Thus, the current
dual-action antimicrobial material can be the potential solution to medical device-associated
infections without the threat of antimicrobial resistance.

2. Experimental
2.1 Materials

N-acetylpenicillamine =~ (NAP), Tetrahydrofuran (THF), sodium nitrite (NaNQO,),
ethylenediaminetetraacetic acid (EDTA), hydrochloric acid (HCI), sulfuric acid (H,SO,), and
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay were purchased from
Sigma-Aldrich (St. Louis, MO 63103). CarboSil™ 2080A (Carbosil) was obtained from DSM
Biomedical Inc. (Berkeley, CA). Dulbecco’s modified Eagle’s medium (DMEM) and trypsin-

4
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EDTA were purchased from Corning (Manassas, VA 20109). Penicillin-Streptomycin (Pen-Strep)
and fetal bovine serum (FBS) were obtained from Gibco-Life Technologies (Grand Island, NY
14072). Drabkin's reagent was purchased from VWR (Atlanta, GA). The bacterial
strains Staphylacoccus aureus (S. aureus ATCC 6538), Escherichia coli (E. coli ATCC 25922),
Candida albicans (C. albicans MY A 4441), and NIH/3T3 mouse fibroblast cells were purchased
from American Type Culture Collection (ATCC). Phosphate-buffered saline (PBS) 0.01 M, pH
7.4 (confirmed with Mettler Toledo pH meter), used for in vitro experiments, containing 138 mM
NacCl, 2.7 mM KCI, and 10 mM sodium phosphate was purchased from Sigma-Aldrich (St. Louis,
MO 63103). Luria-Bertani (LB) broth and Yeast Extract Peptone Dextrose (YPD) were obtained
from Fisher Bioreagents (Fair Lawn, NJ). LB Agar and YPD agar were purchased from Difco
Laboratories Inc. (Detroit, MI). All the buffers and media were sterilized in an autoclave at 121
°C, 100 kPa (15 psi) above atmospheric pressure for 30 min before biological studies.

2.2 Fabrication of the samples
2.2.1. Synthesis of S-nitroso-/N-acetylpenicillamine

S-nitroso-N-acetylpenicillamine (SNAP) was synthesized by modifying a previously established
protocol . Briefly,5 g N-acetylpenicillamine (NAP) was dissolved in 60 mL methanol to which
5 mL of concentrated HC1 and 20 mL of H,SO, were added. After successful dissolution of NAP,
5 g of NaNQO, dissolved in 40 mL DI water was added dropwise to the mixture to nitrosate the
solution. This solution was protected from light and placed in an ice bath for 8 h to allow for
precipitation of SNAP crystals. Finally, SNAP crystals were collected by vacuum filtration, and
unreacted nitrites were removed by washing the product with DI water. The product was then dried
overnight in a desiccator to remove any trace solvent and stored at -20 °C in the dark until further
use.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.2.2. Nuclear Magnetic Resonance

The purity of the synthesized SNAP was determined using 'H NMR Bruker Ascend 400 MHz
spectrometer. First, SNAP was dissolved in dimethyl sulfate-d6 (DMSO-d6) and scanned with
NMR. The purity was analyzed through the integration of the peak obtained from the spectra.
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The purity of SNAP was estimated by 'H NMR using NAP (Purity >99%) as an internal standard.
NAP (10.0 mg, MW 191.25 g'-mol-1) and SNAP (24.0 mg, MW 220.2 g-mol-1) were dissolved in
DMSO-d6 and analyzed by 1H NMR. Integrations of the acetyl methyl resonances were used for
quantification (NAP: 6 1.92 ppm, 3H; SNAP: 6 1.88 ppm, 3H).

2.2.3. Fabrication of films

Polymer films were fabricated by casting polymer solutions in a Teflon mold. Carbosil pellets (70
mg/mL) were dissolved in THF dried using 3A molecular sieves (20 w/v %), cast into a Teflon
mold, and allowed to dry overnight in the fume hood. Additionally, the films were dried in a
desiccator for 24 h to remove any trace solvents. For propolis films, 1 wt%, 3 wt%, or 5 wt%
propolis was added to the polymer solution. Similarly, for S films, 10 wt% SNAP was added to
the polymer solution before casting the film. Finally, SNAP-propolis films were prepared by
adding the required wt% of propolis and 10 wt% SNAP to the polymer solution. For all the
experiments, a 6 mm disk out of the film was punched out using a hole puncher, which resulted in
polymer films with thickness of ~ 0.24 ¢cm resulting in surface area of ~ 1 cm?.

2.3 Film characterization
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2.3.1. Contact Angle

The static contact angle of the fabricated films was measured using a contact angle goniometer
(Ossila; Sheftield, UK). A 5 uL droplet of deionized water was deposited on the surface, and the
contact angle was calculated by Ossila Contact Angle software using the sessile drop
approximation .

2.3.2. Mechanical Testing

The effect of SNAP and/or propolis on the polymer’s Young Modulus was investigated by
subjecting the samples to mechanical testing on a Mark-10 ESM303 Motorized Test Stand. The
sample for testing was punched out to dog bone shapes using the ASTM D-1708 Specimen Die
(Pioneer Die-tecs, MA), and the dimensions of the sample (gauge length, gauge width, and sample
thickness) were recorded prior to testing. Samples were subject to a speed of 10.1 mm-min-'. The
resulting force-displacement curve was converted to a stress-strain curve using Equations 1 and 2.
The slope of the linear region of the stress-strain curve provided the Young’s Modulus, shown by
Equation 3 (n > 8).

Force Force
Stress = , = . : (1)
Cross—Sectional Area Gauge Width x Sample Thickness
. Change in Length Displacement
Strain = g gt - =P (2)

Original Length " Gauge Length

3)

Stress

Young's Modulus = :
Strain

2.4 NO release kinetics

The NO release from different film samples was measured using a Sievers chemiluminescence
nitric oxide analyzer (NOA 2801, Zysense, Boulder, CO, USA). The samples were introduced in
an amber reaction chamber containing PBS with 100 pM EDTA, which chelates any catalytic NO
release from the presence of metals. The NO release was quantified by submerging the reaction
chamber in a water bath at 37°C. The chamber was continuously purged with nitrogen gas at the
rate of 200 mL/min to help purge the produced NO from the solution and to stabilize the free
radical. The NO produced from the reaction then reacts with ozone to produce nitrogen dioxide in
an excited state (NO?2"), which decays to produce a photon, which is detected by a photomultiplier
tube (PMT) to calculate the amount of NO being released from the sample in ppb. The measured
NO release is converted to flux values using the NOA constant and normalized to the total surface
area of the samples.

2.5 Leaching and loading

SNAP and propolis leaching studies were conducted over 28 d in physiological conditions in PBS.
The leaching was quantified by reading the absorbance of the solution at different time points
using a UV-vis spectrophotometer (Cary 60, Agilent Technologies). The absorbance value
corresponding to 275 nm was recorded for propolis, and the absorbance value corresponding to
340 nm was recorded for SNAP. The molar absorptivity of SNAP in 10 mM PBS at pH 7.4 was
determined to be 1053 M~! cm™! at the wavelength of 340 nm. The absorbance value was converted
to concentration in mg/cm? by using a standard calibration curve of SNAP and propolis.

Page 6 of 22
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Additionally, SNAP loading was determined by incubating the samples in methanol for 3 h and
then reading the absorbance of the methanol solution.

2.6 In vitro antimicrobial activity
2.6.1. Preparation of bacterial culture

Single isolated colonies of bacterial strains: E. coli and S. aureus were inoculated in LB broth,
whereas C. albicans was inoculated in YMA broth and incubated at 37°C for 8 h at 150 rpm. The
bacterial culture was centrifuged at 3500 rpm for 7 min to isolate a bacterial pellet before re-
suspending the pellet in PBS solution (pH 7.4). The bacterial solution was then diluted to obtain
an optical density (OD) of 0.1 using a UV-vis spectrophotometer (Cary 60, Agilent Technologies)
at 600 nm wavelength, yielding a final bacterial concentration of ~10° colony-forming units
(CFU)/mL.

2.6.2. Planktonic bacteria quantification

To determine the efficacy of the samples against bacteria, a 0.6 cm diameter film with a surface
area of ca. 1 cm? was fabricated and sterilized under UV light for 30 min. Afterward, the samples
were incubated in 1 mL of diluted bacterial solution for 24 h while shaking at 150 rpm. Next, the
bacterial solution was diluted and plated onto LB agar plates for E. coli and S. aureus and YMA
agar plates for C. albicans using a spiral plater (Eddy Jet 2, IUL Instruments). The agar plates were
incubated at 37°C for 24 h, after which the bacterial colonies on the agar plates were counted using
an automated colony counter (Sphere Flash, [UL Instruments). The CFUs of planktonic bacteria
were quantified and normalized to the surface area. The percentage of reduction in bacterial
viability was determined by Equation 4 (with respect to Carbosil control), where C represents the
concentration of viable bacteria in CFU:

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

C(Control)—C(Test group)
C (Control)

% reduction = * 100 (4)
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2.6.3. Adhered bacteria quantification

For further antimicrobial analysis of the films, the number of adhered E. coli, S. aureus, and C.
albicans on the film samples was determined following a similar exposure technique as 2.6.2.
After 24 h incubation at 37°C, the films were retrieved and washed with PBS to remove loosely
adhered bacteria. Then, the samples were homogenized at 25,000 rpm using an Omni-TH
homogenizer (Omni, Kennesaw, GA) for 1 min, followed by 1 min vortexing to extract all the
adhered bacteria into PBS solution. This solution was then diluted and plated on respective agar
plates using a spiral plater (Eddy Jet 2, IUL Instruments) and counted the next day after incubation
at 37°C using an automated colony counter (Sphere Flash, IUL Instruments). The percentage
reduction of adhered bacteria was calculated using the same equation as 2.6.1.

(cc)

2.6.4. Long-term antibacterial assay

The efficacy of the fabricated samples against S. aureus after incubation in PBS was determined
by quantifying adhered and planktonic bacteria. Film samples with an area of ~ 1 cm? were
incubated in PBS for 7, 14, or 28 days. After incubation, the samples were retrieved, UV sterilized,
and tested against S. aureus through a 24 h antibacterial assay following 2.6.1 — 2.6.3.

2.7. In vitro cytotoxicity assay
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2.7.2. Leachate based cytocompatibility

The biocompatibility of the fabricated samples was assessed using a leachate-based MTT assay.
For leachate preparation, the samples were UV sterilized and incubated in 1 mL of complete
DMEM (DMEM + 10% FBS + 1% PS) for 24 h at 37°C. For cell growth, a cell culture treated 96-
well plate was seeded with 3T3 mouse fibroblast cells (5,000 cells/well) and the plate was
incubated at 37°C for 24 h with 5% CO,. The next day, the leachates obtained from the samples
were added to the cell-seeded well plate following the ISO standards (ISO10993-5:2009 Test for
in vitro cytotoxicity assessment of biomedical devices). The leachate interacted with the cells for
24 h at 37°C with 5% CO,. Afterward, the media was pipetted out from the well plate, and 10 pL
of MTT solution (5 mg/mL) and 90 puL of PBS were added to each well, and the plate was
incubated at 37°C for 3 h. After incubation, the MTT+PBS solution was pipetted out and 100 puLL
of DMSO was added to each well to dissolve formazan crystals through gentle rocking. The
formation of formazan crystals reduced from MTT by viable cells was visualized by a distinct
color change and then quantified using a plate reader (Cytation 5 imaging multi-mode reader,
BioTek). The absorbance (A) of the wells at 570 nm is reported in terms of relative cell viability
compared to the control cells.
Cell viability = 2LeSLI™UP) , 1000 (5)

A (control)
2.7.2. Indirect contact cytocompatibility

The indirect contact cytocompatibility was assessed by seeding a cell culture-treated 24-well plate
with 3T3 mouse fibroblast cells (10,000 cells/well) and allowing the plate to incubate for 24 h at
37°C with 5% CO,. After incubation, UV-sterilized samples were introduced into the wells using
a trans well, after which the plate was incubated again at the same conditions for another 24 h. The
next day, the MTT assay was performed following the same steps and calculation as 2.7.1.

2.8 Hemolysis

The potential hemolytic response of the fabricated samples was tested against porcine blood. The
porcine blood was diluted with calcium and magnesium-free PBS (CMF-PBS) to a total
hemoglobin concentration of 10 + 1.0 mg/mL. Next, the blood was diluted with either sterilized
deionized water for positive control or CMF-PBS as blank at the concentration of 1:7. The
fabricated samples were incubated in dilute whole blood at 37 °C for 3 h with manual rocking
every 30 min. After incubation, the samples were centrifuged at 800g for 15 min and the
supernatant was collected. This supernatant was then combined with a 1:1 ratio of Drabkin's
reagent and allowed to incubate for 15 min at room temperature. The absorbance was then read at
540 nm and the hemolysis was quantified as a percentage value.

2.9 Statistical analysis

All experiments in this study are conducted with a sample size of n > 4. Data are reported as mean
+ standard deviation (SD). All statistical analyses were performed using Prism 10 (GraphPad
Software, San Diego, CA). Statistical comparisons of treatment groups against control groups
were analyzed using one-way ANOV A with Tukey’s method for correcting multiple comparisons.
Bacterial statistical analysis was performed on the log values of CFUs for each treatment. Values
of p <0.05 were deemed statistically significant.

3. Results and discussion
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3.1 Fabrication and characterization of samples

The NO donor SNAP and propolis were integrated into the polymeric matrix through a facile
blending method where the compounds were incorporated into the polymeric solution before
casting it into a thin film (Figure 1C). SNAP is a well-documented NO donor that has been
incorporated into various medical-grade polymeric materials such as polyurethane, polyvinyl

chloride, silicone rubber, etc., through blending, swelling, and covalent bonding (Figure 1B).30:3!
Additionally, propolis contains various functional groups such as alkaloid, flavonoid, terpenoid,
etc. that can exert antimicrobial properties through a wide range of bacterial pathways (Figure
1A).32 While this enhanced biological property has made propolis attractive for a wide range of
applications, the complex chemical composition sometimes presents itself as an obstacle for
broader use of propolis in the pharmaceutical industry due to the issue of standardization.’?
Currently, several approaches towards standardization of propolis, such as chemical marker
identification of bioactive constituents, high-performance liquid chromatography for profiling of
propolis, implementation of a standardized process of propolis extraction, blending of raw
materials, and botanical and geographical classification of propolis, have been established for the
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Figure 1. (A) Major functional groups present in propolis for exerting biological applications. (B)
Chemical structure of NO donor SNAP. (C) Fabricated films: Carbosil, 5% P, S, and 5% P-S (left to
right). (D) Water contact angle of various fabricated films. (E) Mechanical property of the films assessed
through Young’s modulus. Comparisons against control values are calculated using one-way ANOVA
with Tukey's method. * Represents p < 0.05. All data are represented as mean = SD (n > 4).

commercialization of propolis.?* This has led to the extension of the application of propolis-
releasing materials in wound healing, food packaging, etc.?> 36 Hence, the incorporation of these
two bioactive agents can provide an avenue for fabricating a synergistic material for medical
device applications.
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The effect of incorporating SNAP and propolis in the polymeric matrix was analyzed by
investigating the surface wettability of the fabricated film samples. The change in surface property
of the films through the incorporation of 1 wt%, 3 wt%, and 5 wt% propolis was determined
through the analysis of surface contact angle. 5 wt% was chosen as the maximum saturation point
of propolis, as concentrations beyond 5 wt% resulted in the formation of non-homogeneous films.
Additionally, 10 wt% SNAP was incorporated into the film following past reports.3”-3® The water
contact angle recorded on the surface of the films with different concentrations of propolis and 10
wt% SNAP showed no significant change in surface hydrophobicity (Figure 1D). This shows that
the incorporation of these compounds does not affect the surface property of the material and
maintains hydrophobicity with a contact angle >90. Hydrophobic materials are often desired for
biomedical applications as they can reduce biofouling through the reduction of protein and biofilm
adhesion to the surface of implantable medical devices.?

3.2 Investigation of mechanical properties

The mechanical property of implantable medical devices is critically important, as for successful
implantation and longevity, the fabricated polymer should closely match the structural and
functional characteristics of native tissue. Additionally, the incorporation of bioactive components
should not diminish the native mechanical features of the polymer.*° Here, mechanical testing was
performed to investigate the effect of SNAP and/or propolis on the stiffness of the final material.
For unmodified Carbosil, Young’s Modulus was found to be 7.909 + 0.5698 MPa. Similarly, the
addition of propolis to Carbosil (5%P) gave the polymer a Young’s Modulus of 8.022 + 0.7077
MPa, showing that the addition of propolis had no significant effect on the mechanical behavior
of the polymer. However, with the addition of SNAP to the polymer, there was a significant
increase in Young’s Modulus by nearly half, resulting in a stiffer material. For the SNAP blended
Carbosil (S) sample, the Young’s Modulus was 12.27 + 2.038 MPa, while samples containing both
SNAP and propolis (5%P-S) provided a Young’s Modulus of 12.10 + 1.95 MPa (Figure 1E). It
can be inferred that the increase in Young’s Modulus is due to the presence of crystallized SNAP
within the blended polymer, with no effect of propolis on the mechanical property of the polymer,
as there was no significant change in the Young’s modulus of 5%P-S when compared to S.*!

There have been several reports of biomaterials that report a similar trend of increasing Young’s
Modulus due to the addition of crystalline molecules (e.g. drugs), as the crystals can reinforce the
polymer system and make the final material stiffer.4? 43 Past studies have shown that when SNAP
is incorporated into a hydrophobic polymeric matrix, it can exist in both dissolved and crystalline
phases due to its intermolecular interactions and limited solubility** The presence of these
crystalline structures can act as rigid dispersed phases within the softer polymeric matrix of
Carbosil. Additionally, the increase in stiffness or Young’s modulus can be linked to the presence of
crystalline domain as these rigid components restrict the polymer chain mobility and enhance the resistance
of the material to elastic deformation. SNAP crystallization within the hydrophobic polymer matrix can
also be associated with intermolecular hydrogen bonding which further reduces the mobility of polymer
chains.® The presence of SNAP crystals in the sample is often preferable as it facilitates the stability
of the NO donor and extends the release profile.46

3.3 Analysis of NO release Kinetics

10
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With their potential for tailored NO release from various polymeric matrices, RSNOs such as
SNAP and GSNO have been extensively explored. SNAP is a synthetic tertiary RSNO formulated
from the amino acid penicillamine, whereas GSNO is a primary RSNO that is endogenously
produced and often desired for its bioavailability. 47- 8 Water-soluble GSNO is usually the NO
donor of choice for aqueous systems like hydrogel, but is often found to be difficult to incorporate
in non-aqueous systems.*® With excellent solubility in polar solvents such as THF and potential
for long-term NO release and subsequent bioactivity, SNAP has been the NO donor of choice for
various in vivo experiments.’%-32 It is important for NO release to be tailored for application in the
human body while mitigating the risk of toxicity from burst release, as the physiological level of
NO release is estimated to be 0.5—4 x1071 mol min~! cm2.16 The purity of the synthesized SNAP
in this study was found to be 96.4% through comparison of spectra for NAP and SNAP (Figure
S5 and S6)

S-nitrosothiols like SNAP can release NO through the cleavage of the S—-NO bond in the presence
of heat, light, or metal ions.>* The amount of NO release from the polymer film can be quantified
in real-time using chemiluminescence NOA at 37°C. as shown in Figure 2A. The analysis through
NOA showed a physiologically relevant amount of NO release with all sample types,
demonstrating no change in NO release kinetics through the incorporation of propolis. On day 0,
NO release from S, 1%P-S, 3%P-S, and 5%P-S samples was found to be 1.12 +0.17, 1.00 = 0.21,
1.19 +£ 0.23, and 1.32 £ 0.17 x 10719 mol cm™? min™!, respectively. Similar NO release trend
continued over 7 days with NO release between 0.11-0.21 x 1071 mol cm™ min~! on day 7 (Figure
2B). The NO release study was conducted for 7 days since the NO release level on day 7
demonstrated sub-endothelial level of NO release. As the amount of propolis loaded did not affect
the NO release behavior, the film with the maximum amount of propolis, i.e., 5%P-S, was selected
for further biological study to exert maximum antimicrobial efficacy of propolis. Additionally,
similar levels of NO release as seen in this NO release experiment have shown excellent
antimicrobial activity in the past.?% 4

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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In addition to ensuring an optimal level of NO release, it is also crucial for effective biomaterials
to have minimal leaching of loaded active components. Excessive leaching of SNAP or propolis
can result in undesirable side effects or cytotoxicity. To quantify the concentration of leachate
solution, a standard curve was prepared for both SNAP and propolis solution (Figure S2 and S4).
With propolis, a steady amount of propolis leaching was observed, which is desirable for a long-
term antimicrobial application. On day 1, ~0.06 mg/cm? of propolis leached out of 5%P and 5%P-
S samples. A similar propolis leaching pattern was observed with 5%P and 5%P-S samples
throughout the
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Figure 2. (A) Schematic for the reaction between NO and O; for production of excited NO, which is
later transformed into excited photon and quantified by photomultiplier tube. Yellow circle tracks the
conversion of excited NO, to numerical value. g represents photon. (B) NO release from S, 1%P-S, 3%P-
S, and 5%P-S samples over 7 days at physiological conditions. Leaching of (C) Propolis and (D) SNAP
from film samples quantified by reading absorbance on UV-vis spectrophotometer over 28 days. All data
are represented as mean = SD (n > 4).

experiment, with cumulative propolis leaching ~0.23 and ~0.26 mg/cm? (15.33% and 17.33% of
loaded propolis), respectively, on day 28 (Figure 2C). On the other hand, minimal SNAP leaching
was observed with S and 5%P-S samples, as ~0.12 mg/cm? (4% of loaded SNAP) of SNAP was
found to have leached out of the samples (Figure 2D). A slightly lower SNAP leaching from 5%P-S
samples when compared to S during initial time points can be attributed to the incorporation of propolis
which could alter the internal microstructure of the polymeric matrix. This can reduce the free volume of
SNAP by increasing intermolecular interactions and thereby hindering SNAP diffusion as hydrophobic
inclusions like propolis can hinder/slow drug release.>

Materials with similar SNAP leaching patterns have shown excellent antimicrobial properties with
no leaching-associated cytotoxicity concerns, as most of the SNAP reservoir is diffused in the form
of NO.>¢ Additionally, the propolis leaching amount observed here lies within the reported MIC
value of the ethanolic extract of propolis, which has been reported to be ~710-1420 pg/mL.>’
Although the bioactivity of propolis differs highly based on numerous environmental factors, most
reports suggest that the obtained concentration of propolis leachate should elicit significant
antimicrobial activity.>®
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3.5 Investigating the antimicrobial activity of NO and propolis

Medical devices such as catheters are susceptible to bacterial colonization when introduced into
the body, leading to shortened device life span and ultimately device failure. Catheter-related
infections can stem from many sources, including the skin flora, contaminated catheter hub, and
contaminated infusate.”® In addition to the multiplicity of sources of infection, antimicrobial
resistance often renders systemic antibiotics unable to treat these nosocomial infections,
compromising patients’ safety and well-being.®® Addressing bacterial colonization to extend the
life span of medical devices without contributing to the ever-increasing threat of antimicrobial
resistance can be the solution to increased healthcare costs and the evolution of superbugs.

The use of non-antibiotic antimicrobial agents, such as NO donors or natural antimicrobial
components, such as propolis, can help overcome the challenges of antimicrobial resistance. In the
past, NO releasing materials have shown antibacterial activity against gram-positive, gram-
negative, and resistant bacterial strains.®! Additionally, propolis has been extensively studied for
its bioactivity and health benefits, including antibacterial and antifungal properties.®> The local
delivery of natural agents like NO and propolis helps alleviate the concern of associated toxicity
often observed with oral administration of antibiotics. Hence, the current work explores the
complementary antimicrobial efficacy of NO and propolis-releasing polymer to tackle the ever-
growing threat of nosocomial infection (Figure 3A).

The antimicrobial activity of the fabricated sample was assessed by exposing the samples to
various bacterial solutions in physiological conditions and counting CFUs of adhered and
planktonic bacteria. For this study, four sample types: Carbosil, 5%P, S, and 5%P-S were exposed
to gram-positive S. aureus, gram-negative E. coli, and a fungal strain of C. albicans. Upon
exposure to C. albicans, 5%P, and S controls showed antifungal activity with 56.84% and 75.24%
reduction in adhered fungal strains, whereas the test group 5%P-S showed 96.69% reduction. A
similar reduction trend was observed in the planktonic C. albicans experiment with an 88.84%
reduction from 5%P-S (Figure 3B). In the case of adhered E. coli, 86.63%, 90.18%, and 97.16%
reduction was seen with 5%P, S, and 5%P-S, respectively, along with 94.74% reduction in
planktonic E. coli with 5%P-S group (Figure 3C). Finally, with S. aureus, 5%P, S, and 5%P-S
samples showed 98.23%, 98.19%, and 99.93% reduction in viability of adhered bacteria.
Additionally, a 99.49% reduction in the viability of planktonic S. aureus was observed (Figure
3D). The antimicrobial pattern seen with the 5%P-S sample agrees with other reports of
antimicrobial activity reported with NO releasing matrix and ethanolic extract of propolis.®3 64
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Figure 3. Antimicrobial activity of film samples against E. coli, S. aureus, and C. albicans. (A)
Schematic of antimicrobial activity of NO and propolis releasing film. (B) Reduction in planktonic and
adhered CFU/cm? of (B) C. albicans, (C) E. coli and (D) S. aureus with the dual action of NO and
propolis releasing films. Comparisons against control values are calculated using one-way ANOVA
with Tukey's method. * Represents p < 0.05. All data are represented as mean = SD (n > 4).

The antimicrobial property of NO against a wide range of microbes can be attributed to its
reactivity and formation of reactive byproducts that cause oxidative and nitrosative stress.®> The
main mechanism of NO mediated antimicrobial action is through chemical alteration of DNA by
RNOS which inhibits the ability of bacterial DNA to repair itself in addition to increased
generation of genotoxic alkylating agents and hydrogen peroxide.'® However, multiple converging
interactions and mechanism contribute towards the overall antimicrobial activity via oxidative
and nitrosative stress. The diffusion limited interaction of NO with superoxide radical (O;)
(generated by bacteria under metabolic stress) leads to the formation of peroxynitrite (ONOO")
which a potent and short lived oxidant.®® In addition to peroxynitrite mediated damage, NO can
bind to iron in iron-sulfur cluster proteins (Fe-S) to form dinitrosyl iron complexes (DNICs), which
inhibits central metabolic enzymes and components of the bacterial electron transport chain.®” All
of these mechanism collectively disrupt bacterial energy metabolism, DNA integrity, and
membrane function, contributing towards the broad-spectrum antimicrobial action of NO.

Additionally, propolis has its own bacteriolysis mechanism comprising numerous pathways. The
active components in propolis can attach to the cytoplasmic membrane of the bacterial cell, causing
perforation of the membrane, leakage of cytoplasmic content, and eventual cell death.
Additionally, flavonoids present in propolis impact topoisomerase-IV activity, leading to growth
inhibition of bacterial cells.®* Although the flavonoids and phenolics present in propolis can
sometimes act as antioxidants, the multifaceted antimicrobial mechanism of NO through formation
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of reactive nitrogen species and rapid and localized NO release show unobstructed efficacy.!® The
intrinsic antimicrobial ability of propolis when combined with NO contributes towards a
complementary antimicrobial response insinuating that the antioxidant constituents do not fully
quench the reactive species formation and antimicrobial pathways of NO. The proposed
combination of numerous bacteriolysis pathways of NO and propolis leads to enhanced
antimicrobial activity without triggering any adverse toxicity.%% ¢

3.6 Long-term antimicrobial activity

Although the fabricated samples have shown excellent antimicrobial activity through a 24 h
bacterial assay, it is important to establish that the fabricated sample is suitable for long-term
antibacterial applications to extend the lifetime of medical devices. The samples have shown
physiologically relevant levels of NO release for 7 days in addition to a steady release of propolis
for 28 days, as shown through propolis leaching via UV vis spectrophotometry. To confirm the
long-term antibacterial activity of the films, the samples were incubated in PBS at 37°C for 7, 14,
and 28 days before subjecting them to a 24 h antibacterial assay against S. aureus as discussed in
3.5.
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Figure 4. Reduction in viability of (A) planktonic and (B) adhered S. aureus with 5%P-S samples after
incubation in physiological conditions for 14 d. (C) Percentage of SNAP remaining in the film samples
after 14 d incubation, quantified by UV-vis spectrophotometry. Reduction in viability of (D) planktonic
and (E) adhered S. aureus with 5%P-S samples after incubation in physiological conditions for 28 d. (F)
Percentage of SNAP remaining in the film samples after 28 d incubation, quantified by UV-vis
spectrophotometry. Comparisons against control values are calculated using one-way ANOVA with
Tukey's method. * Represents p < 0.05. All data are represented as mean = SD (n > 4).

The combinatorial propolis and NO releasing samples (5%P-S) incubated for 7 and 14 days in PBS
prior to a 24 h antibacterial assay demonstrated a significant reduction in viability of adhered and
planktonic S. aureus. A >99% reduction in viability of adhered S. aureus was observed for both
incubation periods (7 and 14 d) with the 5%P-S group, as well as >95% reduction in planktonic
viability when compared to Carbosil control (Figure S7 4A-B). When the efficacy of samples
incubated for 28 days was exposed to S. aureus solution, a similar trend as seen with the fresh
samples was observed. A 34.55% reduction was observed with 5%P whereas an impressive
95.86%, and 99.87% reduction in viability of adhered S. aureus was observed with S and 5%P-S
samples, respectively, when compared to Carbosil control (Figure 4D). Additionally, 5%P-S
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samples showed a 99.79% reduction in viability of planktonic S. aureus (Figure 4E). The
effectiveness of the samples after incubation in physiological conditions for a week shows that this
material has the potential for use in long-term antimicrobial applications. A SNAP loading study
comparing the fresh samples with the samples incubated in physiological conditions for 14 and 28
days showed that 30.71% and 36.71% of initially loaded SNAP in S and 5%P-S were still present
in the 14 d incubation samples (Figure 4C). Similarly, 28.52% and 33.06% SNAP were found to
be present in S and 5%P-S samples incubated at 37°C for 14 d (Figure 4F). These results
demonstrate that 5%P-S samples maintain their NO reservoir for up to 28 days and can exert
excellent antimicrobial activity when combined with the steady release of propolis.

3.7 Cytocompatibility analysis

With promising antimicrobial results, it is also crucial to establish that the fabricated samples are
cytocompatible and would not have any adverse effect on healthy mammalian cells. Here, the
cytocompatibility of the fabricated films was tested against NIH 3T3 mouse fibroblast cells. A
leachate based MTT assay was performed following the ISO 10993 standard to assess the
compatibility of the samples against mammalian cells. Specifically, the MTT assay is based on
enzymatic reduction of yellow 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide
(MTT) to purple formazan in metabolically active cells, which can be quantified through
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Figure 5. (A) Schematic of MTT based cytocompatibility assay that quantifies the ability of metabolically
active cells to reduce the yellow tetrazolium salt (MTT) to purple formazan crystals via mitochondrial
enzymes (B) Cytocompatibility of the fabricated films as evaluated against 3T3 mouse fibroblast cells
through a leachate-based MTT assay. All data are represented as mean + SD (n > 4).

absorbance reading (Figure 5A).7° All the tested film samples were found to have a relative cell
viability of >90%, which meets the ISO requirement for the biocompatible threshold of 70%
(Figure 5B) 7. Additionally, an indirect contact cytocompatibility test was performed to analyze
the compatibility of the fabricated samples against cells in real time. The results from the indirect-
contact study also demonstrated no cytotoxic concerns when compared to the cell control (Figure
S8). The results also support the previous cytocompatibility reports of RSNO incorporated
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polymeric matrices. 7> 73 In addition to excellent cytocompatibility, all the tested samples showed
<2% hemolytic activity when exposed to porcine blood (Figure S9). The ability of this material
to exert effective antimicrobial activity without eliciting any toxicity concern provides a
perspective for its use in a wide range of medical devices such as catheters and implants.

4. Conclusions

The current work proposes the fabrication of a dual-action NO and propolis-releasing polymeric
substrate. The fabricated film demonstrated NO release for 7 days with steady propolis release for
28 days to extend the antimicrobial life span of the material. The dual-action antimicrobial film
showed excellent antimicrobial efficacy against S. aureus, E. coli, and C. albicans with 99.93%,
97.16%, and 99.69% reduction in viability of adhered bacteria, respectively. Additionally, a
significant reduction in the viability of S. aureus was observed with 5%P-S films even after
incubation in physiological conditions for 28 days, demonstrating the ability of this material to be
used in long-term medical device applications following confirmation of long-term antimicrobial
activity with other bacterial strains. Future studies should also analyze the interplay between NO
and propolis to identify the exact antimicrobial mechanism at play through mechanistic assay. The
fabricated sample showed compatibility with fibroblast cells with >90% relative cell viability for
all the fabricated samples. With additional analytical investigation and standardization of propolis,
the current technique for the fabrication of dual-action antimicrobial polymeric matrix can be
extended for use in various medical devices such as catheters, vascular ports, implants, etc. to
demonstrate long-term antibacterial and antifungal activity without contributing towards AMR.

Supporting Information
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UV-vis spectra of SNAP with different concentration; Calibration curve for SNAP at 340 nm; 1H
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with 3T3 mouse fibroblast cells through indirect contact MTT assay.
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