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1. Introduction

Infected medical devices are responsible for more than 50% of all hospital-acquired infections, posing a
serious risk to patient health and significantly burdening healthcare systems [1-3]. Over one million infections
occur annually in the United States alone, with treatment costs ranging from $30,000 to $300,000 per case [4—6].
Similar challenges are observed globally, including in dialysis patients, where infection-related mortality remains
high [7]. The burden is even greater in resource-limited settings due to inadequate sanitation and poor hygiene
conditions [8—-10].

Many regard antibiotics as one of the most significant medical discoveries of the 20th century, having saved
countless lives over the past 70 years [11,12]. However, treatment is often delayed until biofilms have formed,
making bacteria up to 1000 times more resistant to antibiotics [13,14]. Consequently, much higher doses are
needed for treatment, increasing the risk of systemic toxicity to organs such as the liver and kidneys [15,16].
Biofilms protect bacteria from the host immune system and facilitate gene exchange, contributing to the rise of
antibiotic resistance, a growing challenge in infection treatment [17]. In recent decades, the rise of antibiotic-
resistant infections has posed a significant challenge to effective treatment [12,18,19].

The difficulties presented by medical device-related infections, along with the understanding that they all
begin with the attachment of individual bacterial cells to the device surface, have given rise to the concept of
antibacterial coatings. Hypothetically, if the initial bacterial attachment to solid surfaces can be prevented, biofilm
would not form, which could significantly improve the outcomes of medical procedures. This concept has inspired
intense research and development activities in academia and the biomedical industry. Numerous antibacterial
coating platforms have been developed and are reviewed extensively elsewhere [20-24].

One well-recognized opportunity is the use of surface coatings that utilize silver, silver-based compounds,
and silver nanoparticles as antibacterial agents [25,26]. Silver has been used in medical treatments for millennia
and its benefits to wound healing were documented in antiquity [27]. At least two reasons caused the resurgent
interest in silver: (i) the increasing prevalence of antibiotic-resistant bacteria and (ii) the existence of pathogens that
antibiotics cannot kill. Today, many medical devices, such as catheters [28] and dressings [29,30], utilize silver
coatings. Despite some controversy, its medical use is growing, driving continued efforts to improve surface delivery.

Despite considerable progress in antibacterial coatings, most existing technologies, while capable of
inhibiting bacterial attachment to different degrees, may cause host cell and tissue toxicity. The latter is vitally
important when it comes to medical devices. Thus, there is a critical need for multifunctional coatings that not
only prevent infection but also stimulate tissue regeneration.

Recently, we have developed plasma polymer coatings deposited from oxazoline precursors (POX) [31,32].
One valuable property of these coatings is their ability to inhibit biofilm formation [33]. Together with other
beneficial properties, such as excellent biocompatibility and a reduction in inflammatory marker expression, these
coatings are excellent candidates for placement on medical device surfaces. [31,32] The substrate-independent
nature of the technique for deposition means that coatings can be deposited on any material surface, which offers
a technological advantage [34,35]. In comparison, other methods for surface modification, such as layer-by-layer
assembly or self-assembled monolayers, require a specific substrate, which makes it challenging to transfer the
same coating to different medical devices [36]. Importantly, POX coatings uniquely retain oxazoline
functionalities, facilitating the covalent binding of carboxylic acid functional ligands and nanoparticles [32,37,38].

The hypothesis underpinning this study is that fine-tuning the concentration of silver nanoparticles on the
surface of the biomaterial can achieve both antibacterial properties and stimulate tissue regeneration. This hypothesis
is substantiated by several prior studies by our team, which show that the concentration of released silver ions is key
to achieving potent activity against bacteria and preventing cytotoxicity [39—41]. To achieve the desired dual-function
substrate-independent coatings, we used plasma polymers derived from oxazoline precursors and covalently
immobilized silver nanoparticles (AgNPs@MSA) in two different surface concentrations. The antibacterial efficacy
was tested against clinically relevant pathogens, including Staphylococcus aureus, Staphylococcus epidermidis,
Escherichia coli, and Pseudomonas aeruginosa. We also mechanistically evaluated the biocompatibility,
immunomodulatory and osteogenic properties of the coatings in specifically designed in vitro models.

2. Materials and Methods

2.1. Materials

2-mercaptosuccinic acid (MSA, 97%), NaOH pellets, silver nitrate (AgNO3), 2-methyl-2-oxazoline, nitric
acid (70%), sodium borohydride (NaBH4), phosphate-buffered saline (PBS), and acetic acid (33%) were purchased
from Sigma Aldrich (Burlington, MA, USA). Hydrochloric acid (36%) and safranin were bought from Ajax
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Finechem Pty Ltd., Australia. Dulbecco’s Modified Eagle Medium, fetal bovine serum (FBS), 4% formaldehyde,
penicillin (100 IU mL™"), streptomycin (100 mg mL™"), TRIzol reagent were purchased from Gibco, Life
Technologies (Carlsbad, CA, USA). Glass slides, glass coverslips, carbon-coated copper grids and Thermanox
coverslips were bought from Pro Sci-Tech, Qld, Australia. Nutrient agar and Tryptone soy broth (TSB) were
purchased from Oxoid. Alexa Fluor® 488 Conjugate anti-rabbit IgG secondary antibody was procured from Cell
Signaling Technology. Ultra-pure Milli-Q water was used for all experiments and cleaning procedures. cDNA
Synthesis Kit was procured from Bioline NSW, Australia, and the ELISA kit for immune studies was purchased
from R&D Systems, MN, USA. 6-well transwell inserts with a pore size of 0.4 um were purchased from Becton-
Dickinson Labware (Franklin Lakes, NJ, USA).

2.2. Plasma Deposition

Plasma deposition was carried out in a custom-built bell-chamber reactor capable of capacitive coupling, with
a plasma generator functioning at 13.56 MHz and a related network (Advanced Energy, Denver, CO, USA) [42].
First, silicon wafers, glass slides, and Thermanox coverslips were cleaned with acetone and ethanol, dried with a
nitrogen stream, and subsequently vacuum-sealed for further use. Before any plasma deposition, the substrates
were cleaned using air plasma (50 W, 5 min, 1 x 10”! mbar) to remove undesired organic contaminants. Plasma
polymer films of 2-methyl-2-oxazoline were deposited for 2 min at a monomer pressure of 2 x 10~ mbar at 50 W.
To stabilize the plasma coating, the substrates were vacuum-sealed and kept overnight at room temperature before
further modification.

2.3. Synthesis of AgNPs@MSA and Subsequent Immobilization

AgNPs@MSA were synthesized by reducing AgNO; with NaBHa, as previously reported [43]. Briefly, 5 mL
of MSA (2 mM) was added to 12 mL of AgNOs (2 mM) in the presence of ice cubes. Next, 0.5 mL of NaBH4
(0.5 M) was added dropwise to the solution under vigorous stirring. The color of the solution mixture changed
from colorless to reddish-brown after the addition of NaBH4, indicating the formation of nanoparticles. The
AgNPs@MSA were stored at 4 °C in dark conditions, and the solutions remained stable for six months without
any precipitation. The AgNPs@MSA immobilization on the POX substrates was achieved by directly immersing
the modified substrates in the nanoparticle solution at room temperature for 6 h and 24 h. After incubation, the
AgNPs@MSA solution was removed, and the samples were washed three times with Milli-Q water to remove any
unbound AgNPs@MSA. The samples were then dried with a nitrogen stream and vacuum sealed until further use.
Herein, POX refers to polyoxazoline-coated samples. Ag-6h and Ag-24h are polyoxazoline-coated samples
immobilized with AgNPs@MSA for 6 h and 24 h, respectively.

2.4. Transmission Electron Microscope (TEM)

The morphological and structural properties of POX, Ag-6h and Ag-24h surfaces were characterized using a
JEOL-2100F TEM (JEOL Ltd., Tokyo, Japan), operated at an accelerating voltage of 200 kV. To prepare samples
for TEM analysis, a freshly prepared nanoparticle suspension was subjected to thorough ultrasonication to ensure
a uniform dispersion and to minimize agglomeration. Subsequently, 5 uL of the sonicated suspension was carefully
dropped onto a carbon-coated copper grid (300 mesh) using a micropipette. The grid was allowed to dry under
ambient conditions overnight in a dust-free environment to facilitate solvent evaporation. After drying, the grid
was gently mounted onto the microscope stage for imaging. High-resolution TEM micrographs were captured to
observe the size, shape, and dispersion of the nanoparticles. Additionally, selected area electron diffraction
(SAED) patterns were acquired from individual regions of the grid to evaluate the crystalline structure and phase
composition of the silver nanoparticles, confirming their polycrystalline nature.

2.5. Ellipsometry

The thickness of the plasma polymer films was determined using a Variable Angle Spectroscopic
Ellipsometer (VASE; J.A. Woollam Co., Inc., Headquarters, Lincoln, NE, USA), equipped with an HS-190 high-
speed monochromator and a VB-400 control module. All measurements were carried out at 5° intervals from 65°
to 75°, with 10 nm increments, over a wavelength range of 250 to 1100 nm. WVASE32 software was used for
data analysis. An inbuilt Cauchy algorithm was applied to fit the data.
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2.6. Atomic Force Microscopy (AFM)

The topography of the POX, Ag-6h and Ag-24h surfaces was investigated by a Bruker Multimode 8-HR
AFM in ScanAssist mode. A silicon nitride probe (SCANASY ST-AIR, Bruker) with a force constant of 0.4 N m™!
and a 2—12 nm radius was used. The obtained images were analyzed using NanoScope Analysis 1.5 software.

2.7. Field Emission Scanning Electron Microscope (FESEM)

The surface morphology of POX, Ag-6h and Ag-24h surfaces was imaged using a Hitachi SU7000 ultra-high
resolution FESEM (Hitachi, Tokyo, Japan). The imaging was conducted under an accelerating voltage of 2 kV to
minimize sample charging and preserve surface integrity, while maintaining a working distance of 6 mm to
optimize focus and depth of field.

2.8. UV-Visible Spectroscopy

The ultraviolet-visible (UV-Vis) absorption spectra of POX, Ag-6h and Ag-24h surfaces were recorded using
a PerkinElmer Lambda 350 UV-Vis spectrophotometer (PerkinElmer, Hopkinton, MA, USA). Spectral acquisition
was performed across a broad wavelength range of 200 to 900 nm, encompassing both the ultraviolet and visible
regions, thereby capturing the key electronic transitions and surface plasmon resonance phenomena characteristic
of these materials. This analysis aimed to evaluate changes in the optical properties due to silver incorporation and
assess any time-dependent effects on the material’s electronic structure, as indicated by potential shifts or changes
in absorbance intensity at specific wavelengths.

2.9. Water Contact Angle

Static water contact angles of POX, Ag-6h, and Ag-24h surfaces were calculated using the sessile drop
method, which involves depositing a 2 pL water droplet (Milli-Q) onto the sample surface with the RD-SDMO2
goniometer. The contact angles were calculated using the DropSnake plugin toolbar available in ImageJ software,
version 1.54i (NIH, Bethesda, MD, USA).

2.10. Zeta Potential

The surface charge characteristics of POX, Ag-6h and Ag-24h surfaces were quantified by determining their
zeta potential using the ZPA 2.0 instrument (DataPhysics Instruments GmbH, Filderstadt, Germany). This
instrument uses the streaming potential method, specifically designed to analyze flat, planar substrates. Before
measurement, all samples were thoroughly rinsed with Milli-Q water and dried under a nitrogen stream to remove
residual ions or contaminants. Each sample was then mounted in the instrument’s clamping cell, and an electrolyte
solution (3 mM KCl) was flowed through a narrow slit formed by two parallel sample surfaces. The zeta potential
(©) of the plasma-polymer-coated and AgNP-functionalized surfaces was determined by measuring the streaming
potential generated between two parallel-mounted samples during electrolyte flow.

2.11. X-ray Photoelectron Spectroscopy (XPS)

The chemical compositions of POX, Ag-6h and Ag-24h surfaces were evaluated using a Kratos AXIS Ultra
DLD spectrometer (Kratos Analytical, Manchester, UK). XPS spectra were obtained using a monochromatic Al
Ka radiation source operated at 15 mA and 15 kV. The survey spectra were collected at a pass energy of 160 eV
with a resolution of 0.5 eV, spanning the range of 0—1100 eV. High-resolution spectra were recorded with a pass
energy of 20 eV. The data collected was analyzed using Casa XPS software (Version 2.3.25).

2.12. ICP-MS Analysis

The release of silver from POX, Ag-6h and Ag-24h well plates was quantified using an Agilent 8800 Triple
Quad inductively coupled mass spectroscopy (ICP-MS, Agilent Technologies, Clara, CA, USA). Release studies
were conducted in PBS at pH 7.4 and Milli-Q water in each well of treated 24-well plates. After 6, 24 and 168 h,
the released silver in PBS and water was dissolved in dilute 2.8% HNOs, and the silver concentration was evaluated
using ICP-MS.

2.13. Assessment of Antibiofilm and Antimicrobial Efficacy

Four bacterial strains, S. aureus (ATCC 29213), S. epidermidis (ATCC 35984), E. coli (ATCC 25922), and
P. aeruginosa (NCTC 6749), were selected for antibacterial testing due to their clinical relevance as common
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causative agents of healthcare-associated infections [44—48]. The selected bacterial strains were plated on nutrient
agar plates from frozen stocks maintained at —80 °C before each bacterial experiment. Fresh bacterial suspensions
were prepared by growing isolated bacterial colonies at 37 °C in sterile TSB to mid-log phase (ODgoonm ~ 0.5),
previously determined to correspond to approximately 5 x 107 CFU/mL. The bacterial suspension was then diluted
to 1 x 10° CFU/mL using sterile TSB. Next, 400 pL of bacterial culture (1 x 10 CFU/mL) was added to each well
of 24-well plates (treated and untreated) and incubated for 4 h. The next step was the addition of 400 puL of sterile
TSB, which replaced the bacterial suspension in the wells. A second incubation was conducted for 24 h at 37 °C.
After the second incubation, TSB from each well was collected and stored to determine the viable cell count. The
wells were washed twice with 400 pL of sterile saline (0.9% sodium chloride) to ensure that only the attached
biofilms remained. Ethanol-soaked swabs (70%) were used to clean the biofilm formed on the unexposed,
untreated side of the samples. 400 pL of safranin (0.1%) was added to each well to stain the biofilms that adhered
to the surface. After 15 min of incubation with the safranin, the wells were rinsed twice with 400 uL of sterile
Milli-Q water to remove excess safranin and samples were allowed to dry at room temperature. Biofilms were
imaged immediately after the Milli-Q water wash; the bacterial cells were then lysed with 400 uL of 33% acetic
acid for 15 min to solubilize the adhered safranin. Finally, 100 uL of the content from each well was transferred
into a 96-well plate, and the optical density (OD) was measured using a microplate reader (BioTek, Winooski, VT,
USA) at 490 nm.

2.14. Zone of Inhibition

To measure the ZOI, 100 uL of each bacterial suspension (1 x 10® CFU/mL) prepared using sterile TSB was
poured onto the surface of a separate nutrient agar plate and spread uniformly with a sterile spreader. The tests
(Ag-6h and Ag-24h) and control samples were placed on Thermanox coverslips and incubated overnight at 37 °C.
The ZOI was measured by subtracting the sample diameter from the total inhibition zone diameter.

2.15. Assessment of In Vitro Cytotoxicity

Cell viability on human foreskin fibroblasts (HFFF2, Catalog Number 86031405-1VL, Sigma-Aldrich (St.
Louis, MO, USA) was evaluated by resazurin assay. HFFF2 cells were seeded onto each well of plasma-
functionalized 24-well plates at a density of 1 x 103 cells in DMEM containing 5% fetal bovine serum (FBS) and
1% (v/v) penicillin/streptomycin. After 24 and 48 h of incubation at 37 °C, 5% CO, and 95% humidity, the media
were removed, and 600 pL of the diluted (1:10) resazurin solution (stock concentration of 110 mg/mL) was added
to each well. After 2 h incubation at 37 °C, the supernatant was transferred to a 96-well plate, and fluorescent
intensity was recorded using a plate reader at an excitation wavelength of 544 nm and an emission wavelength of
590 nm. The percentage of cell viability was calculated using Equation (1).

Viability (%) = 100 x (F/Fo) ()

where F; and F. are the fluorescence intensities of the test and control samples, respectively.

For immunofluorescence staining, cells were first fixed using 4% paraformaldehyde in PBS for 15 min. They
were then treated with 0.5% Triton X-100 (in PBS) for another 5 min. This was followed by three washes with
PBS, followed by staining with 0.165 pM Alexa Fluor 488 phalloidin and 0.365 uM DAPI for 30 min in the dark.
They were further washed in PBS and imaged using an Olympus 1X83 Fluorescence Microscope (Olympus,
Tokyo, Japan).

2.16. Inflammatory Response

The RAW 264.7 macrophage cell line (ATCC TIB-71, In Vitro Technologies, Noble Park, VIC, Australia)
was used in this study and maintained according to the American Type Culture Collection (ATCC) protocol. RAW
cells were maintained in DMEM supplemented with 5% heat-inactivated FBS and 1% (v/v) penicillin/streptomycin
at 37 °C, 5% humidity and 5% CO,. Cell passage was performed by detaching them from the flask using a scraper.
The cells were expanded through two passages before being used in the subsequent experiments. Cells were seeded
on all samples at a density of 1 x 10°. Lipopolysaccharide (LPS) was added at a concentration of 1 pg/mL to
stimulate the inflammatory response in macrophages for 2 h, a widely established protocol for inducing pro-
inflammatory activation through Toll-like receptor 4 (TLR4) signaling pathway [49,50]. After 6 h of culturing on
different surfaces, TRIzol reagent was used to extract the total RNA from the treated RAW cells. Gene expression
of inflammatory cytokines (IL-1f and IL-6), macrophage phenotype markers (CCR7, iNOS and CD&6),
osteogenesis-related cell signaling pathways (Smadl, Smad5, and BMPR1a), and osteoclastogenesis-related
markers (TRAP, CTSK, CSF1, and CAR2) was assessed by RT-qPCR. Complementary DNA was synthesized
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from 500 ng of total RNA using a SensiFAST™ cDNA Synthesis Kit, after following the manufacturer’s
instructions. The information about the used RT-qPCR primers is provided in the supporting information (Table S1).
The relative expression levels were determined by normalizing the cycle threshold (Ct) value of each target gene
against the Ct value of a housekeeping gene (18S). The AACt method was used to calculate the fold change and
compare the mRNA expression levels of the treatment groups (POX, Ag-6h, Ag-24h) with those of the negative
control group. The samples were sputter-coated with platinum-palladium (5Snm) and the macrophage morphology
on different surfaces was examined using a Zeiss SEM (FEI, USA). An ELISA was used to measure the secretion
of IL-6 and TNF-a in the supernatants, according to the manufacturer’s instructions. The absorbance at 450 nm
was measured using a Bio-Rad microplate absorbance spectrophotometer with a reference absorbance at 570 nm.
The concentrations of cytokines were quantified from the standard curve.

2.17. Osteogenic Studies

This study used the macrophage cell line RAW 264.7 and human bone marrow mesenchymal stromal cells
(hBMSCs) isolated in our laboratory [51,52]. The Human Ethics Committee at Queensland University of
Technology approved handling human subject samples (QUT 1600000183 and TPCH EC2310). The indirect co-
culture of hBMSCs and macrophages was performed using 6-well transwell inserts with 0.4 um pores, following the
guidelines proposed by Chen et al. [53]. Macrophages were seeded at 1 x 10° cells/well onto POX, Ag-6h, Ag-24h,
and control surfaces in the upper chamber, while hRBMSCs were seeded at 1 x 103 cells/well in the lower chamber.
The co-culture was incubated for 3 days at 37 °C, 5% CO; and 95% humidity. Subsequently, the expression of
osteogenic-related genes (OCN, OPN, COL1, E11, BSP), SMAD signaling pathway-related genes (BMPRI1A,
BMPRI1B, Smadl, Smad4, Smad5, SmadS), angiogenesis-related gene (VEGF), and WNT signaling pathway-
related genes (WNT5a, WNTSb, WNT10b) was determined using RT-qPCR.

2.18. Immunofluorescence Staining for Detection of Osteogenesis-Related Protein (OPN)

Immunofluorescence staining was performed to detect the protein expression of OPN. Cells were fixed,
permeabilized, and blocked with 2% BSA for 1 h at room temperature before incubation with the primary antibody
overnight at 4 °C. Alexa Fluor® 488 anti-rabbit IgG secondary antibody (1:1000) was used as the secondary antibody.
Images were captured using a confocal laser scanning microscope (Nikon AIR Confocal, Nikon, Tokyo, Japan).

2.19. Statistical analysis

GraphPad Prism 6.07 (GraphPad Software, CA, USA; www.graphpad.com) was used for statistical analysis,
and data were reported as mean =+ standard deviation (SD). A one-way ANOVA test was performed to determine
statistical significance, followed by Tukey’s post hoc test for multiple comparisons. All experiments were
performed in triplicate, and a p-value of less than 0.05 was deemed statistically significant.

3. Results

3.1. Coatings Preparation and Characterization

A schematic depicting the fabrication of generating substrate-independent antibacterial coatings is shown in
Figure la,b. First, a thin plasma polymer coating from the vapor of 2-methyl 2-oxazoline was deposited. The
coatings had a thickness of 25.0 + 0.3 nm as determined by spectroscopic ellipsometry. An AFM image of the
surface of the plasma polymer coating of the supplementary material is shown in Figure S1. The coatings are very
smooth, uniform and pinhole-free. The coated samples were then immersed in a solution of AgNPs@MSA for 6
and 24 h. This time-dependent experiment aimed to produce substrates with two different surface concentrations
of immobilized silver nanoparticles (Ag-6h and Ag-24h). The immersion of a POX-coated substrate in a solution
of AgNPs@MSA results in covalent binding of the nanoparticles to the surface. The AgNPs@MSA particles
possess carboxyl acid functional groups on their outer surface, which spontaneously react with the population of
oxazoline rings on the surface of the plasma polymer coatings to form a covalent bond [31,32,37]. After
nanoparticle deposition, the surface acquires the typical yellow-brownish color caused by the plasmon resonance
adsorption of the AgNPs@MSA (Figure 1b). This was supported by a characteristic surface plasmon resonance peak
of AgNPs@MSA at around 435 nm in the case of Ag-6h and Ag-24h, which was absent in the POX coating and on
the bare substrate (Figure 11). The intensity of the absorption peak was higher for Ag-24h than for Ag-6h, which can
be attributed to the greater number of AgNPs after 24h of immobilization. The surface charge also decreased after
the immobilization of AgNPs due to the dissociation of the carboxylic acid group of MSA on the AgNPs surface. As
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expected, the zeta potential was a greater negative value for Ag-24h than for Ag-6h, at =73 £ 3 mV and —64 = 2mV,
respectively (Figure 1j).

SEM and AFM inspections of the surfaces demonstrated uniform nanoparticle coverage and absence of
aggregations (Figures 1f~h and S1). The TEM images of AgNPs@MSA showed that the size of the nanoparticles
is 12.0 £ 1.3 nm (Figure lc,e), consistent with our previous studies where we reported the synthesis of this
particular type of nanoparticles [26,54]. The SAED pattern confirmed that particles are polycrystalline with
concentric diffraction rings around (111), (200), and (220) planes of the face-centred cubic crystalline lattice of
silver (Figure 1d). The wettability of the surfaces was evaluated from static water contact angles (WCA). After
surface immobilization, the hydrophilicity of the surfaces increased, leading to a reduction of WCA after
AgNPs@MSA immobilization (Figure 1k).
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Figure 1. (a) Schematic representation illustrating the synthesis of AgNPs@MSA and (b) fabrication of plasma
coated substrate immobilized with AgNPs@MSA; (¢) TEM, (d) SAED and (e) particle size distribution of
AgNPs@MSA; SEM images of (f) POX, (g) Ag-6h and (h) Ag-24h; (i) UV visible spectra of glass, POX, Ag-6h
and Ag-24h; (j) Zeta potential analysis of POX, Ag-6h and Ag-24h (k) Water contact angle of POX, Ag-6h and
Ag-24h. Data plotted as mean + SD and n = 3.

The chemical composition of the AgNPs@MSA-coated samples and POX was characterized by XPS, as
shown in Figure 2. On POX-coated samples, a distinct nitrogen (N1s) peak, along with oxygen and hydrogen,
appears in the survey spectrum, consistent with the precursor’s chemical composition (Figure 2a). Immobilization

https://doi.org/10.53941/rmd.2025.100011 7 of 17



Ninan et al. Regen. Med. Dent. 2025, 2(3), 11

of AgNPs@MSA results in a strong signal corresponding to electrons ejected from the 3d orbital of silver. Figure 2b
shows that the atomic percentage of silver increased from 9 + 0.5% for Ag-6h to 14 + 1% for Ag-24h, confirming
greater AgNPs concentration after 24 h of immobilization.

The high-resolution Cls spectra of POX, Ag-6h and Ag-24h reveal characteristic peaks representing various
carbon environments. The deconvoluted spectra display peaks at C-C/C-H (at 285 eV), C-N/C-O (at 286-286.5¢V), N-
C=0 (at 288.2 eV), O-C=0 bonds (at 289 eV) and beta shift component, O-C=0b (at 285.5 eV), which can be
attributed to the various chemical functionalities in the POX coating and the immobilized silver nanoparticles. The
increased At percentage of O-C=0 bonds Ag-6h and Ag-24h compared to POX is due to the immobilization of
AgNPs@MSA onto POX (Figure 2c—e). As expected, the At% of O-C=0 bonds is greater in Ag-24h compared to
Ag-6h due to greater AgNPs@MSA on the surface.

Silver oxidizes in the presence of moisture and oxygen, releasing silver ions into aqueous environments that
can kill bacteria [55]. This dissolution process would eventually result in the loss of silver from the surface. To
examine the rate at which silver is lost from the coating developed in this work, the samples were immersed in
aqueous media (water and PBS) for 168 h (Figure 2f,g). The release of silver was higher in PBS than in water,
probably due to complexation of phosphate and chloride ions in PBS, increasing the dissolution of silver ions [56].
As expected, a greater concentration of silver ions was released from Ag-24h compared to Ag-6h. The stronger
covalent bond between the nanoparticles and the plasma polymer film appears beneficial for retaining silver on
the coatings’ surface for a longer time, allowing a slow and concentration-dependent release of silver ions.
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Figure 2. (a) X-ray photoelectron spectroscopy survey spectra, and (b) Atomic percentage of elements of POX,
Ag-6h and Ag-24h, data plotted as mean = SD and » = 3; high-resolution Cls spectra of (¢) POX, (d) Ag-6h and
(e) Ag-24h. Silver release from Ag-6h and Ag-24h was quantified by ICP-MS after 6, 24, and 128 h in (f) Milli Q
water and (g) PBS. Data plotted as mean + SD, n =3 and ** p <0.01.
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3.2. Antibacterial Efficacy

The antibacterial capacity of the coatings was tested in the culture of pathogens often associated with medical
device-related infections. We used S. aureus and S. epidermidis as Gram-positive organisms, while E. coli and P.
aeruginosa were selected as Gram-negative organisms. It is important to note that the bacterial concentration used
for incubation was 10® CFU/mL, substantially higher than typical contamination levels found on medical device
surfaces in hospital settings [57,58].

3.3. Quantification of Bacterial Biofilm

Biofilm formation was quantified by culturing the bacteria for 24 h on the POX coating, AgNPs@MSA-
modified surfaces and controls, followed by staining with safranin-O. Two surface concentrations of surface-
bound AgNPs@MSA were selected for these studies, denoted as Ag-6h and Ag-24h, corresponding to 9 = 0.5%
and 14 + 1%, respectively, At% of silver as measured by XPS. SEM images of the morphology of these samples
are presented in (Figure 1f-h), showing the greater concentration of AgNPs@MSA after 24h of immobilization
and consistent with the silver atomic concentration determined by XPS. Quantification of the intensity of safranin
staining (for biofilm) relative to the control (uncoated cell culture well) and the corresponding images of the wells
after staining are presented in Figure 3a—d. The plasma polymer coating (POX) demonstrated notable antibacterial
activity, reducing biofilm formation. This finding is consistent with our early work on this type of coating, where
we reported that bacteria could not form biofilms [33], The mechanistic picture of why bacteria cannot form
biofilms on plasma-polymerized oxazoline-based films is yet to be fully understood; however, the coating appears
to be very useful for coating medical device surfaces. Adding AgNPs@MSA further reduced bacterial surface
attachment, as shown in Figure 3a. A simple visual inspection of the surfaces where AgNPs@MSA were
immobilized showed a nearly complete absence of the red color, indicating the elimination of biofilm development
(Figure 3a). This demonstrates the added benefit of a high surface concentration of silver ions, delivered via
covalently attached AgNPs@MSA, in enhancing the antibacterial efficacy of the plasma polymer coating, depicted
in Figure 3e.
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Figure 3. Antibacterial tests: Intensity of safranin-O staining for biofilm after 24 h incubation in a culture of (a) E.
coli, (b) P. aeruginosa, (¢) S. epidermidis, (d) S. aureus, and corresponding images of the cell culture wells of
uncoated (control), POX, Ag-6h and Ag-24h. Data plotted as mean + SD and n = 3 (e) Schematic illustration of
antibacterial effect of POX-coated surfaces immobilized with AgNPs@MSA (f) Zone of inhibition assay of
uncoated coverslips POX, Ag-6h and Ag-24h against bacterial strains, including (1) E. coli, (2) S. epidermidis, (3)

P. aeruginosa, (4) S. aureus.
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3.4. Zone of Inhibition Assay

The purpose of adding AgNPs@MSA to the oxazoline-derived plasma polymer coatings was to achieve
antibacterial capacity on both the coated surface and in its vicinity. We conducted a disc diffusion assay with S.
epidermidis, P. aeruginosa, S. aureus, and E. coli to test the hypothesis that silver ions released from the
nanoparticles will accomplish this goal. Thermanox coverslips were coated with POX and AgNPs@MSA (Ag-6h
and Ag-24h) for this experiment. Results are shown in Figure 3c. Samples with immobilized AgNPs@MSA exhibited
a clear inhibition zone with an annular radius ranging from 1.4 to 3.3 mm against the four bacterial strains (Table S2),
demonstrating the silver ion release capacity to eliminate bacteria near the substrate (Figure S2). The control coverslip
and those coated with POX (without AgNPs@MSA) did not produce any inhibition zone (Figure 3f). This
discrepancy reflects different mechanisms: POX prevents bacterial adhesion and biofilm formation through
antifouling surface properties, but does not release antibacterial agents, hence no inhibition zone is observed [59].
This assay confirms that the antibacterial efficacy of the plasma polymer coating is further improved after the
covalent immobilization of AgNPs@MSA.

3.5. Cytotoxicity

It is vital to ensure that medical device coatings are not only antibacterial but also nontoxic to human cells
and tissue [60—63]. The cytotoxicity of the coatings was evaluated in a culture of primary human foreskin
fibroblasts (HFFF2). HFFF2 plays a role in wound healing and tissue repair and is often used as a model to assess
biocompatibility [64,65]. POX, Ag-6h and Ag-24h were tested against the uncoated well plate. The viability of
the cells was evaluated via the resazurin assay, in which live cells convert resazurin to resorufin. No significant
reduction in cell viability was noted in any of the tested samples after 24 h and 48 h. Fluorescence imaging was
performed following cell fixation and staining with phalloidin for actin filaments and DAPI for nuclei. The cells
had an elongated shape typical of fibroblasts, with no abnormalities noted (Figure 4a). These results showed that,
despite being highly toxic to bacteria, the coatings containing AgNPs@MSA exhibited no significant cytotoxicity
to HFFF2, indicating their suitability for biomedical applications (Figure 4b). Together, these findings support the
dual functionality of the coatings, which combine strong antibacterial efficacy with excellent cytocompatibility,
which are key attributes for the safe and effective use of medical devices.
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Figure 4. (a) Fluorescent microscopy images of untreated HFFF2 cells (control) and cells treated with POX, Ag-
6h and Ag-24h and their (b) viability analysis after 24 and 48 h. Data plotted as mean + SD and n =3.

3.6. Immunomodulatory Responses

We then focused on understanding the physiological processes associated with using the coatings developed
in this work on medical devices. The inflammatory response to any foreign material is a critical factor. To
understand the possible innate immune response to the coatings developed in this work, we conducted studies
involving macrophages and measured the expression levels of inflammatory genes (Figure 5a,b). Cells cultured
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on control surfaces after LPS stimulation showed flattened morphology. The elongation of macrophages on Ag-
24h was more pronounced than that of cells cultured on the Ag-6h and POX surfaces. ELISA further evaluated the
release of inflammatory cytokines (IL-6 and TNF-a). As shown in Figure 5c, the production of inflammatory
cytokines was significantly reduced following treatment with Ag-6h and Ag-24h (p < 0.05). The expression of
inflammatory cytokines (IL-1B and IL-6), macrophage phenotype markers (CCR7, iNOS and CD86),
osteogenesis-related cell signaling pathways (Smadl, Smad5, and BMPR1a), and osteoclastogenesis-related
markers (TRAP, CTSK, CSF1, and CAR2) was assessed by RT-qPCR (Figure 5d). The gene expression of
inflammatory cytokines (IL-1B and IL-6), macrophage phenotype markers (CCR7, iNOS and CD86), and
osteoclastogenesis-related markers (TRAP, CTSK, CSF1, and CAR2) was significantly lower when macrophages
were cultured on AgNPs@MSA immobilized surface (p < 0.05). These results suggest that AgNPs@MSA
functionalized surfaces not only mitigate pro-inflammatory signaling but also promote a more regulated immune
environment, thereby creating favorable conditions for downstream tissue healing and osteointegration in medical
device applications.
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Figure 5. Inflammatory responses of macrophages stimulated by surface chemistry and silver nanotopographies. (a)
Experimental protocol of the macrophage inflammatory response study. 1 pg/mL lipopolysaccharide (LPS) created an
inflammatory environment. (b) Representative SEM images of RAW 264.7 cells cultured on control, POX, Ag-6h,
and Ag-24h surfaces under an inflammatory environment. All scale bars: 10 pm (1), 2 pm (2), and 1 pm (3). (¢)
Expression profiles of IL-6 and TNF-a produced in RAW 264.7 cells cultured on control, POX, Ag-6h, and Ag-24h
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surfaces. The levels of IL-6 and TNF-a were measured using cytokine-specific ELISA. All data are expressed as
mean £+ SD. (d) Gene expression of pro-inflammatory genes (IL-1B, IL-6, CCR7, iNOS, and CD86), SMAD
signalling pathway (SMADI1, SMADS5, and BMPR1A), and osteoclastogenesis-related genes (TRAP, CTSK,
CSF1, and CAR2) detected by qRT-PCR. The expression of inflammatory-related genes in AgNPs@MSA
immobilized surfaces was significantly decreased. Data plotted as mean = SD, n = 3 and * p < 0.05. Statistical
analysis was performed across all groups (Control, POX, Ag-6h, Ag-24h); for clarity, only the most relevant
comparisons are annotated in the figure, while all pairwise comparisons were assessed.

3.7. AgNPs@MSA Coating Enhanced the In Vitro Osteogenesis via Modulating the Macrophage Immune Response

Since many implantable devices, such as dental, hip and knee implants, require osteointegration, we examine
how the antibacterial surfaces generated in this work affect osteogenesis. Figure 6a illustrates the experimental
procedure used to assess the effects of different surface coatings on cell behavior in a co-culture model. There was
no significant morphological difference between hBMSCs. However, cells presented more intense OPN staining
in the Ag-6h group compared to the control (Figure 6b). mRNA expression of osteogenic-related genes (OCN,
OPN, COLI, El11 and BSP), Smad pathway-related genes (BMPR1A, BMPRIB, Smadl, Smad4, Smad5 and
Smad8), and Wnt signaling pathway-related genes (Wnt5a, Wnt5b and Wnt10b) were further determined by RT-
qPCR (Figure 6¢). The results showed that hBMSCs co-cultured with macrophages on Ag-6h and Ag-24h surfaces
exhibited upregulation of osteogenic genes and activation of the Smad and Wnt/B-catenin signalling pathways.
Although the increase with Ag-24h did not reach statistical significance, the effect was more pronounced with Ag-
6h, indicating that shorter silver exposure more effectively promotes a pro-osteogenic environment through

macrophage-mediated signalling (p < 0.05).
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Figure 6. AgNPs@MSA enhanced in vitro osteogenesis by modulating the macrophages’ immune response. (a)
Experimental protocol of the indirect co-culture study. RAW264.7 cells seeded on control, POX, Ag-6h, and Ag-24h
surfaces were placed on a 0.4 um hanging cell insert, while hBMSCs were cultured in the lower chamber. (b)
Representative confocal microscopy images of hBMSCs morphology (a) and OPN expression. All scale bars: 50 um.
(c¢) mRNA expression of osteogenic-related genes (OCN, OPN, COLI, E11, and BSP), Smad pathway-related genes
(BMPR1A, BMPR1B, Smadl, Smad4, Smad5, and Smad8), and Wnt signalling pathway-related genes (WntSa,
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Wnt5b and Wnt10b). Data plotted as mean + SD, n = 3 and * p < 0.05. Statistical analysis was performed across
all groups (Control, POX, Ag-6h, Ag-24h); for clarity, only the most relevant comparisons are annotated in the

figure, while all pairwise comparisons were assessed.

The AgNP-coated substrates demonstrated potent antibacterial and antibiofilm activity against Gram-
negative and Gram-positive pathogens, effectively preventing bacterial adhesion and suppressing biofilm
development. This broad-spectrum efficacy highlights their potential for reducing microbial colonization and
infection on biomaterial surfaces.

Interestingly, AgNPs@MSA surfaces significantly reduced macrophage activation compared to the control
group. This was evident from the cell morphology, lower TNF-a and IL-6 secretion, and downregulation of pro-
inflammatory genes (IL-1p, iNOS, CD86). Concurrently, upregulation of Smadl, Smad5, and BMPR1a suggests
a shift toward an anti-inflammatory or reparative phenotype. These results suggest silver treatments can mitigate
inflammatory responses and potentially promote tissue regeneration [66—68].

Among the tested conditions, the Ag-6h treatment most effectively promoted the osteogenic differentiation
of MSCs. This group exhibited the highest expression levels of key osteogenic markers, including OCN, COL1,
El1, and BSP, indicating enhanced maturation toward the osteoblastic lincage. Ag-6h also showed stronger
activation of the BMP signalling pathway, with elevated expression of BMPR1a, BMPR1b, Smadl, Smad4, and
Smad5, as well as increased expression of Wnt5a and Wnt5b, suggesting synergistic activation of osteogenic
pathways. Immunostaining further supported these findings, with more intense OPN expression in the Ag-6h
group. Collectively, these results highlight Ag-6h as the most effective treatment for promoting a pro-osteogenic
environment. Our results are consistent with earlier studies, which also confirmed that low-dose AgNPs enhanced
the gene expression of osteogenesis genes by our team and others [39-41,69].

Collectively, the superior performance of Ag-6h likely arises from an optimal silver ion release profile that
strikes a balance by providing potent elimination of pathogens yet restrained enough to avoid interfering with
immune regulation and bone regenerative processes.

4. Discussion

In this work, we developed a multifunctional plasma-coated surface with outstanding potential. Its substrate-
independent nature allows it to be applied across various biomaterial substrates without compromising
functionality. This adaptability is helpful in biomedical industry applications, where biomaterials often differ in
composition. The ICP-MS data confirm controlled release of silver ions, while the covalent immobilization
strategy makes detachment of intact AgNPs unlikely; nevertheless, future nanoparticle-specific analyses will be
necessary to validate coating stability fully. These surfaces exhibited significant antibacterial potential to eradicate
biofilm formation. They also differentiated osteocytes, which is ideal for bone tissue engineering. Particularly, the
Ag-6h coating reached a balance between cytocompatibility and antibacterial potency, outpacing numerous earlier
described coatings.

Our findings suggest that the coatings modulate macrophage responses by suppressing pro-inflammatory
cytokines (IL-1pB, IL-6, TNF-a) while promoting a reparative phenotype. Although direct pathway analysis was
not performed, we hypothesize that inhibiting NF-xB and MAPK signaling may mediate these effects, which are
key drivers of macrophage pro-inflammatory activation [70,71]. Concurrently, the observed upregulation of Smad
I, Smad 5, BMPRIla and Wnt/B-catenin pathway genes indicates a shift toward pro-osteogenic signaling,
consistent with prior studies on immune—bone crosstalk [72,73]. In addition, controlled silver ion release and
altered protein adsorption at the biointerface may further influence macrophage polarization, creating a local
microenvironment favorable for osteogenesis [74].

Compared to other reported literature on chitosan/silver coating, hydroxyapatite coatings doped with silver
and bioglass/ZnO composites, Ag-6h coatings exhibited superior antibacterial and osteogenic properties, stressing
their use for clinical applications [75—77]. While the in vitro results are encouraging, future studies will focus on
validating the coating in a rat femoral implant infection model, elucidating the immune-mediated mechanisms
driving osteogenesis, fine-tuning silver release kinetics, long-term safety evaluations and adapting the platform to
diverse clinically relevant implant surfaces to support its translation into practical therapeutic applications.

5. Conclusions

In summary, we have generated substrate-independent antibacterial coatings consisting of an intrinsically
low-bacteria-fouling plasma polymer film and covalently attached silver nanoparticles functionalized with 2-
mercaptosuccinic acid (AgNPs@MSA). The covalent immobilization was enabled by oxazoline functionalities
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retained on the plasma polymer surface and carboxyl acid groups on the AgNPs@MSA, yielding a stable and
durable surface modification. This design effectively inhibited biofilm formation and demonstrated strong
antibacterial activity against medically relevant pathogens, including S aureus, S. epidermidis, E. coli, and P.
aeruginosa. The zone of inhibition assay confirmed the release of bactericidal silver ions into the surrounding
environment. Beyond antimicrobial properties, the coatings effectively modulated immune responses, attenuating
pro-inflammatory cytokine expression in macrophages while promoting pro-osteogenic signalling in co-cultured
bone marrow stromal cells. Among the tested conditions, Ag-6h (9 At% of Ag as measured by XPS) provided the
optimal balance, as it maximized antibacterial activity and immunomodulatory effects while most effectively
enhancing osteogenic gene expression and matrix protein deposition. These findings suggest that AgNPs@MSA-
immobilized plasma polymer coatings hold considerable translational promise for orthopedic and dental implants,
where infection control and bone integration are critical.
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