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1. Introduction

Cold atmospheric plasma-assisted deposition
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Implant-associated bacterial infections are a major healthcare concern, and significantly impact patient
health, leading to increased morbidity, extended hospital stays, and substantial economic burden. The
rise of antibiotic-resistant bacterial strains further complicates treatment protocols, as these resistance
mechanisms often exhibit enhanced bacterial pathogenicity and virulence. A key strategy to address this
challenge involves the development of antibacterial surface modifications for implantable devices that
provide broad-spectrum efficacy against various opportunistic bacterial pathogens while preserving
biocompatibility. In this context, the present work focuses on the conformal deposition of ammonium
compound-infused glass ceramic coatings using cold atmospheric plasma (CAP) technology. The air
plasma-based process facilitates the in situ polymerization and direct deposition of glass composite
coatings on a wide range of polymeric and metallic surfaces under atmospheric conditions. To identify
the optimal composition of ammonium compounds in the SiO, (AF-SiO,) matrix for effective chemical
bonding while simultaneously providing antibacterial properties, a systematic study of various processing
precursor compositions was conducted. A series of material characterization and chemical surface
composition studies, including SEM, EDX, and XPS, were employed to determine the effective plasma
process parameters, final composition, and chemical bonding characteristics of the AF-SiO, matrix.
Results show that increased infusion of APS leads to enhanced covalent bonding within the matrix,
resulting in stronger SiO, crosslinking in the functional coating. Additionally, among the various pre-
cursor compositions, at least 0.6 wt% APS is necessary within the SiO, matrix to provide broad-spectrum
antibacterial efficacy against two common implant-associated bacterial pathogens, Escherichia coli and
Staphylococcus aureus, while also ensuring biocompatibility. It is envisioned that the developed CAP
technology will enable a scalable, rapid, and low-temperature deposition of antibacterial coatings for both
temporary and permanent implants, aimed at reducing current complications associated with such infections.

one in six people projected to be 60 years or older by 2030,
according to WHO forecasts, and the rising incidence of bone

Rapidly rising population and advancements in medical tech-
nology have led to a dramatic increase in the number of
surgical implant procedures, in the past few decades. With

“School of Materials Engineering, Purdue University, West Lafayette, IN 47907,
USA. E-mail: rrahimi@purdue.edu

b Birck Nanotechnology Center, Purdue University, West Lafayette, IN 47907, USA

¢ School of Electrical and Computer Engineering, Purdue University, West Lafayette,
IN 47907, USA

9 Division of Plastic Surgery, Department of Surgery, Indiana University School of
Medicine, Indianapolis, IN 46202, USA

i Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5tc00520e

i Authors contributed equally to the manuscript.

16252 | J Mater. Chem. C, 2025, 13, 16252-16264

fractures, the orthopedic implant market which primarily
utilizes metallic surfaces is expected to reach $32.5 billion,
growing at a 3.7% CAGR." Similarly, the cardiovascular, dental,
and breast implant markets, which also rely on a combination
of metallic and polymeric materials, are experiencing signifi-
cant growth, driven by the rising demand for minimally inva-
sive procedures and advancements in implant technology.>
Despite such growing demand, implant-associated infections
(IAIs) remain a significant concern, affecting 33% of patients,
with 50-70% of these infections being bacterially related.?
In these IAls, opportunistic bacterial pathogens adhere to
the implant surface, start proliferating, and produce an extra-
cellular biofilm matrix that develops immune evasion and
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antibiotic tolerance properties. With host eucaryotic cells and
bacterial pathogens racing to attach and proliferate on the
implanted surface, bacteria multiply rapidly and form such
complex biofilm structures that inherently disrupt the normal
healing process, impeding integration and function of the
implant.* Failure to prevent such debilitating bacterial infec-
tions can lead to severe consequences, including systemic
infections, prolonged hospital stays, and an increased risk of
amputation. Consequently, the first line of treatment for such
infections is the intravenous administration of antibiotics to
target to clear the bacterial pathogens from the infected area.’
However, with the increase of antibiotic-resistant bacterial
strains and limited antibiotic availability, there is a need to
develop effective antibiotic alternatives to deal with such
infections.® In this regard, prevention of infection progression
can be achieved through surface modification of implants with
antibiotic alternatives, without compromising their function-
ality and biocompatibility.”

Previous research groups have investigated the applicability
of various organic and inorganic functional coatings to improve
the antibacterial properties on implant surfaces. In particular,
organic antibacterial surfaces can be broadly categorized
into polymers with inherent antibacterial properties and inert
polymers that are infused with antibacterial agents, such as
metallic nanoparticles or antimicrobial peptides, to enhance
bacterial adhesion resistance and contact-based bactericidal
properties.® Although these functional coatings demonstrate
broad-spectrum antibacterial efficacy against various bacterial
pathogens, most reported methods rely on wet chemical synth-
esis, where a polymer is dissolved in solvents to form slurries
for casting or spray coating.”'® Despite the solvent being
removed during the drying process, the residual solvent can
become trapped within the polymer matrix, posing a risk of
long-term leaching and associated toxicity."”'*> Conversely,
while UV-based polymerization approaches eliminate the use
of solvents, complications from unreacted monomer residues
within the structure remain, potentially leading to systemic
toxicity and carcinogenicity. On the other hand, while inorganic
functional coatings based on antibacterial metallic nano-
particles such as silver, copper, magnesium, and zinc have
demonstrated pronounced antibacterial efficacy, long-term
application of such coatings on implants can lead to gradual
leaching of metallic ions, which may cause severe inflamma-
tion and progressively result in implant rejection.™

In this context, inorganic ammonium persulfate (APS) has
been observed as a highly effective antimicrobial alternative for
implants, due to its broad-spectrum antibacterial activity and
favorable low-toxicity profile.® APS has been previously reported
to have effective antibacterial properties against Staphylococcus
aureus (S. aureus) and Escherichia coli (E. coli) bacterial popula-
tions at a relatively low concentration of 150 mM.'*'* The
mechanism is assumed to be based on the charge attraction
between the positively charged ammonium compounds and the
negatively charged phospholipid bilayer of the bacterial cell
membrane triggering autolysis and resulting in cell death.'®
Thus, incorporation of APS could be an effective way to improve
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the antibacterial properties while retaining the biocompatibility
characteristics of an implant surface. However, APS is water-
soluble and therefore requires encapsulation within a protective
matrix to promote long-term antibacterial stability on surfaces.
Hence, various efforts have been reported to incorporate anti-
bacterial compounds into coating matrices, using polymers,
ceramics, and hybrid systems to develop effective and durable
antibacterial coatings. For example, in terms of polymeric struc-
tures, Gharibi et al.’” reported a solgel synthesis of ammonium
compounds as antibacterial agents with silane and poly(vinyl
alcohol), which exhibited promising antibacterial activity against
E. coli and S. aureus bacterial populations. Despite several
advantages of polymer-based matrices including flexibility and
versatility, these techniques still suffer from the aforementioned
limitations of solvent entrapment. On the other hand, incorpor-
ating antibacterial compounds into ceramic matrices offers
numerous advantages over polymeric surfaces, including enhanced
hardness, abrasion resistance, chemical resistance, and biocompat-
ibility, while also improving antibacterial efficacy. For instance, a
recent study reported by Saif et al demonstrated the sol-gel
assisted synthesis of an antibacterial compound-infused glass
matrix with an enhanced antibacterial efficacy against two
commonly implant-associated bacterial pathogens, E. coli and
S. aureus, within 72 h of exposure.*® However, despite the unique
antibacterial properties of many previously reported ceramic
structures, they often utilize sol-gel technology, which is limited
by its compatibility with certain metallic substrates due to the high-
temperature requirements for the sol-gel calcination process.
Additionally, the strong thermal mismatch between ceramic
coatings and the underlying metallic substrate, combined with
high-temperature treatments, can often lead to complications such
as crack formation and poor adhesion of the deposited layer.

To address this need, the present work focuses on the
conformal deposition of ammonium functionalized glass (AF-
SiO,) ceramic coatings using cold atmospheric plasma (CAP)
technology.'® This novel approach facilitates in situ polymer-
ization and direct deposition of glass composite coatings with
ammonium functionality on a variety of polymeric and metallic
surfaces under atmospheric conditions. Ammonium persulfate
(APS) is incorporated into the SiO, ceramic matrix to develop
an effective antibacterial coating for implant surfaces that
ensure long-term efficacy while maintaining biocompatibility.
As shown in Fig. 1a, the silica precursor (hexamethyldisilazane
(HMDSN)) and APS solutions are injected through two separate
channels with adjustable flow rates. The silica precursor,
carried by the carrier gas through the main channel, is vapor-
ized and delivered in the form of atomized precursors into the
upper region of the plasma glow, while the APS solution is
introduced through a customized secondary channel into the
lower plasma region in a controlled manner. Upon exposure to
plasma, the precursors undergo a series of fragmentation and
radical generation events that initiate a chain reaction among
the activated species, leading to the polymerization of silica.
During the polymerization process, fragmentation specifically
occurs in the -CH; groups of the monomer, resulting in the
release of atmospheric H, and CO, that escape from the
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Fig. 1 Cold atmospheric plasma assisted deposition of ammonium compound infused glass substrate (AF-SiO,). (@) Schematic illustration of the silica
deposition process enriched with ammonium compound functionality, (b) illustration of the antibacterial properties of the APS infused glass coating

caused by disruption in the bacterial cell membrane.

surface, while various elements from APS are incorporated into
the silica network. Additionally, during plasma exposure, sul-
phate ion radicals generated from APS, which are strong
oxidizing agents with high oxidation potential, facilitate a
higher degree of polymerization, resulting in a more cross-
linked silica network.”® As a result of the fragmentation and
recombination processes in CAP deposition, the silica coating
is effectively functionalized with ammonium and sulphate ions
that are tightly integrated into the structural network. To
determine the optimal ratio of APS within the SiO, structure
for long-term antibacterial efficacy and biocompatibility, a
systematic study was conducted by varying the APS composi-
tion (Fig. 1b). The morphological, functional, and elemental
characteristics of the deposited AF-SiO, were analyzed using
SEM, FTIR, and XPS analysis. The antibacterial efficacy of the
developed AF-SiO, was tested against two common implant-
associated bacterial pathogens, E. coli and S. aureus, along with
its biocompatibility with human epithelial cells (HCT-8).

2. Materials and methods
2.1. CAP assisted deposition of AF-SiO, coatings

AF-SiO, coatings were deposited onto both metallic and poly-
meric surfaces using an open-air atmospheric pressure plasma
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jet system (Plasmatreat PE39) that consists of a plasma gen-
erator and a precursor delivery setup with adjustable flow rates.
High-purity nitrogen (99.99%) was utilized as both plasma gas
and carrier gas for precursor delivery. The plasma gas, con-
nected directly to the plasma head, was maintained at a flow
rate of 35 L min™~", with an operating frequency of 23 kHz and
an applied voltage of 260 V, generating plasma at a power of
560 W. Meanwhile, the carrier gas, responsible for delivering
the vaporized precursors into the plasma glow, was set at a flow
rate of 10 L min~'. Additionally, the plasma head was securely
mounted onto a robotic system equipped with precise controls
for 3-dimensional movement, scan speed, and source-to-sample
distance, ensuring consistent coating deposition.

In this study, the deposition of AF-SiO, coatings was achieved
by injecting precursors through two separate channels, allow-
ing the reactions to occur within the plasma glow. The silica
SiO, precursor, HMDSN (Sigma-Aldrich, St. Louis, USA), was
delivered through the main channel at a flow rate of 5 g h™,
while an APS solution (Sigma-Aldrich, St. Louis, USA) was
supplied through a secondary channel at a flow rate of
0.4 mL min~'. The APS concentration, delivered to the plasma
glow, varied between 0.1 wt% and 1.0 wt% in the precursor
mixture to systematically characterize the deposited AF-SiO,
coatings. As a proof-of-concept, the AF-SiO, deposition was
demonstrated on two different substrate types: (1) a polymeric

This journal is © The Royal Society of Chemistry 2025
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substrate—commercially available polyimide (PI) sheets pro-
vided by DuPont (thickness ~60 um, DE, USA) and (2) a metal
substrate—304 stainless steel (SS) coupons (Eoiips, 1” diameter
discs, 19-gauge thickness). The polymer samples were prepared
by cutting the PI sheets into circular pieces with a diameter
of 25 mm. Prior to coating deposition, all the samples were
sonicated in isopropanol and deionized water for 5 min each to
remove surface contamination, followed by drying with a pure
nitrogen gun. To achieve complete coverage of the substrate
surface, a three-dimensional robotic system, capable of move-
ment in all directions, was programmed to perform a single
scan across the substrate at a scanning speed of 200 mm s,
maintaining a consistent distance of 20 mm between the nozzle
and the substrate surface. Given that the diameter of the
plasma stream is approximately 4-5 mm, the robot was pro-
grammed to maintain a track width of 2 mm, as illustrated
in Fig. S1, ESI,{ which allows each successive scan to overlap
with the previous one, thereby ensuring full coverage of the
surface area.

2.2. Surface and chemical characterization

The surface morphology and the composition distribution of
the AF-SiO, coated SS and PI surfaces with varying precursor
ratios were analyzed by performing scanning electron micro-
scopy (SEM) and energy-dispersive X-ray spectroscopy (EDX),
respectively, using FE-SEM (Hitachi-S 4800, Tokyo, Japan).
High-resolution surface images of the AF-SiO, coated SS and
PI surfaces were obtained using field emission scanning elec-
tron microscopy (FE-SEM, Hitachi-S 4800, Tokyo, Japan) at an
accelerating voltage of 5 kV, a current of 15 pA, and a working
distance of 15 mm. Prior to analysis, the samples were coated
with Au/Pd using an SPI sputter coater (SPI Supplies, West
Chester, Pennsylvania, USA) (argon sputtering at a current of
18-20 PA for 20 seconds) to minimize charge buildup during
imaging. Chemical structures of the AF-SiO, coated on SS and
PI surfaces with varying precursor ratios were analyzed using a
high-resolution attenuated total reflectance Fourier transform
infrared (ATR-FTIR) spectrometer (Nicolet iS5 series, Thermo
Scientific, Madison, Wisconsin, USA). Absorption spectra were
collected over a wavenumber range of 500 to 4000 cm
averaging 30 scans after background noise removal. Overlap-
ping peaks were deconvoluted using Origin Pro 2023 software
to obtain individual peak intensities. The deconvolution pro-
cess involved baseline correction using the second derivative
points and normalization for consistency, followed by Gaussian
peak fitting to resolve the overlapping bands. During deconvo-
lution, the full width at half maximum (FWHM) was main-
tained consistent across all the peaks to ensure uniform
comparison. Additionally, the sum of all deconvoluted peak
intensities was maintained to match the original spectrum,
ensuring both accuracy and reliability in spectral analysis.>* ">

The composition and oxidation states of the elements in the
AF-SiO, coated SS and PI surfaces with different precursor
ratios were determined using X-ray photoelectron spectroscopy
(XPS) analysis (Kratos Axis Ultra DLD spectrometer with mono-
chromatic Al Ko radiation, 1486.6 eV). A commercial Kratos
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charge neutralizer was employed to prevent non-homogeneous
charging of the non-conductive material and to enhance reso-
lution. XPS spectra were analyzed using CasaXPS software, with
curve fitting performed using a Gaussian/Lorentzian shape
following Shirley background subtraction to deconvolute the
high-resolution narrow scan spectra. Similar to the FTIR decon-
volution, the FWHM was kept consistent across peaks of the
same element, and the sum of all deconvoluted peak intensities
was maintained to match the original spectrum.

The thickness of the AF-SiO, coatings deposited with varying
concentrations of APS (0 wt%-1.0 wt%) was measured using an
Alpha-Step D-600 stylus profilometer manufactured by KLA
Corporation (CA, USA) at a scanning speed of 20 pm s .
A silicon wafer was used as the substrate for these measure-
ments to avoid the effect of substrate surface roughness.
During the deposition process, a section of the sample was
masked with Kapton tape, which was removed afterward to
create a step profile between the coated and uncoated areas.
The stylus of the profilometer was then moved across the
surface to measure the height difference between the coated
and uncoated regions of the samples. All measurements were
repeated three times to calculate the average and standard
deviation of the film thickness.

The surface wettability of the AF-SiO, coated SS and PI
surfaces with different precursor ratios was analyzed by mea-
suring the water contact angle (WCA) using a sessile drop
method with the help of an optical contact angle measurement
instrument (Kruss Goniometer DSA100, KRUSS, Hamburg,
Germany). A 2 pL droplet of deionized water was placed on
the coated surface, and the contact angles (CAs) were analyzed
using the Young-Laplace contour fitting method. All contact
angle measurements were performed in triplicate per condition
to deduce the mean and standard deviation values.

2.3. Antibacterial efficacy

Bactericidal efficacy of the AF-SiO, coated SS and PI surfaces
with varying precursor ratios was tested against a model Gram-
positive Staphylococcus aureus (S. aureus, ATCC 25923) and a
Gram-negative Escherichia coli (E. coli, ATCC 25922). In order to
evaluate the efficacy of the AF-SiO, coatings against bacterial
attachment, a surface dependent contact killing based test was
performed. All bacterial populations revived from frozen stocks
were initially cultured overnight in Tryptic Soy Broth (TSB,
30 g L") at 37 °C for 18 h. After washing the cultures three
times in PBS buffer, the bacterial suspensions were adjusted to
approximately 10° CFU per mL using optical density measure-
ments (ODggonm ~ 0.2). Next, 1 cm? samples of the AF-SiO,
coated surfaces were placed into a 12-well plate, followed by the
addition of 100 pL of the diluted bacterial suspensions directly
on the substrate. After 6 h of incubation at 37 °C, the adherent
bacteria were detached from the sample surfaces by sonicating
and vortexing in PBS buffer. The resulting solution was serially
diluted in PBS buffer, plated on the TSB agar plate, and
incubated for 18 h to determine the reduction in the viable
bacteria upon contact with the SiO, deposited surfaces. Next,
inhibition zone analysis of the SiO, deposited SS surfaces with
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different APS concentrations was tested to elucidate the leaching
characteristics of the APS antibacterial coatings. For this test,
10° CFU per mL of both the bacterial species was uniformly spread
over a standard TSB plate, followed by the addition of the SiO,-
coated SS substrates with varying APS concentrations. Progressively,
the plates were then incubated for 24 h at 37 °C to quantify the level
of inhibition around the deposited surface.

Next, to assess the stability of the CAP assisted SiO,-coating,
the as prepared samples were divided into two groups: one
group was incubated in simulated body fluid (SBF) for 2 h,
while the other was used as prepared, without any further
modification. To assess the performance of the CAP-assisted
coating, the same test was performed on the SS substrate by
drop-casting the SiO, precursor with increasing concentrations
of APS and drying it under ambient conditions for 3 h.
All contact killing analyses were conducted following the pro-
cedure described previously.

2.4. Biocompatibility assessment

Invitro safety assessment of the AF-SiO, coating deposited on stain-
less steel (SS), a widely used metal for biomedical implants, with
varying APS concentrations, was evaluated through a biocompat-
ibility assessment using HCT-8 epithelial cell lines obtained from
ATCC CCL (VA, USA). For this test, the epithelial cells (passage #12-
14) were cultured in Dulbecco modified Eagle medium (DMEM)
supplied with 10% fetal bovine serum (D-10F) and 1% of penicillin-
streptomycin antibiotics (all procured from Thermo Fisher Scien-
tific, MA, USA). Initially, frozen stocks were cultured in a T-75
flask at 37 °C in a humidified atmosphere (95% humidity) with 5%
CO, for three days until 80% confluency. Next, the adherent cells
were trypsinized, washed, resuspended, and diluted to a cell
concentration of 5000 cells per cm” in the culture media before
performing the biocompatibility analysis. First, the change in the
metabolic activity of the cells upon exposure to the AF-SiO, coated
SS and PI surfaces was analyzed by performing the standard MTT
cell proliferation assay. For this test, 100 pL of the diluted cell
suspensions were added into a 12-well plate for 24 h to facilitate the
attachment of the cells to the well plates, followed by the addition
of the coated SS and PI surfaces (area = 1 mm?). After 24 h of
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exposure, the coated surfaces were withdrawn from the well, and
an MTT cell proliferation assay was performed according to the
manufacturer’s instructions. Progressively, the cells were exposed
to 10 pL of MTT tetrazolium salt for 3 h, then treated with 200 pL of
detergent solution and incubated for an additional 1 h. Finally,
the absorbance of the resulting solution was analyzed using a
BMG Labtech clariostar (NC, USA) at a wavelength of 550 nm.
Additionally, trypan blue staining was performed to visualize cell
morphology and membrane disruption after exposure to AF-SiO,-
coated SS and PI surfaces. After 24 h of cell incubation with the
coated samples, the samples were withdrawn, and 10 pL of trypan
blue stain was added to each well. The plates were then incubated
for 5 min, imaged using a Nikon Ti2 Eclipse microscope (NY, USA)
with appropriate filters under a 10x optical lens, and analyzed
using NIS-Elements D software.

3. Results and discussion

3.1. Morphological and chemical analysis

Initially, the optical microscopy images of AF-SiO,-coated SS
and PI surfaces with varying precursor ratios were analyzed to
observe changes in the visual appearance of the surfaces. The
overall plasma assisted deposition of the AF-SiO, coating onto
various SS and PI surfaces is shown in Fig. 2a. As observed
in Fig. 2b and c, no significant changes in the colour differ-
ences were observed on the SS and PI surfaces with the SiO,
coating and AF-SiO, coating with low concentrations of APS
(< 0.6 wt%). This can be attributed to the thin and the intrinsic
transparent nature of the CAP assisted AF-SiO, coating.
However, at higher concentration of APS, above 0.6 wt% in
the precursor mixture, there is a slight increase in opaqueness
due to the incorporation of ammonium and sulphate ions into
the silica network. As such, high magnification SEM analysis
was performed to analyze the change in the surface morpholo-
gical characteristics of the AF-SiO, coated SS with varying
precursor ratios. As shown in Fig. 3a and b, at lower APS
concentrations, the AF-SiO, deposition resulted in a clear,
smooth coating on the SS surface. This smooth uniform coating
can be attributed to the precursor being activated in the plasma

-\\\\\\_¢

Fig. 2 Plasma assisted deposition of the SiO, coating onto Pl and SS surfaces with varying APS concentration. (a) Image of the application of the CAP
system with two inlets for the silica precursor and APS delivery into the plasma jet. Photographs of (b) Pl and (c) 304 SS, with zoomed areas of various
samples. Images show the surfaces of the pristine substrate, and the surfaces coated with silica coatings from the precursor containing 0 to 1.0 wt% APS.
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0.6 wt % APS 1.0 wt % APS

Fig. 3 Morphological and elemental distribution analysis of glass coatings prepared with various concentrations (0, 0.2, 0.4, 0.6, and 1 wt%) of APS in the
reaction mixture. Surface SEM images at (a) low (5kx) and (b) high (25kx) magnification, EDX elemental mapping of (c) silicon and (d) nitrogen on the

surface of the glass coatings.

glow and then deposited onto the surface, where it subse-
quently polymerizes to form an APS infused SiO, matrix.
Conversely, at higher APS concentrations (> 0.6 wt%), APS itself
acts as a strong photo initiator, leading to an increase in the
radical density within the reaction zone. This results in intense
generation of reactive oxygen species (ROS) such as O™, O, ",
and nitrogen radicals contribute to the fragmentation of the
HMDSN monomers. Meanwhile, APS absorbs plasma energy,
further facilitating the generation of additional reactive species
through photoexcitation, which accelerates the polymerization
process. This increased radical density in the plasma glow
promotes the pre-polymerization of fragmented monomers,
leading to their early incorporation into the growing polymer
matrix.>* These pre-polymerized monomers become embedded
in the silica matrix, contributing to an increased cross-linking
density, while also inducing slight localized roughness due
to distribution of the polymerized species across the coating
surface.

Furthermore, to quantify the chemical composition of
elements across the AF-SiO,-coated SS surface and observe
the effect of varying APS concentrations, EDX mapping analysis
was performed. As observed in Fig. 3c and d, the SiO, coating
without APS infusion exhibited the presence of Si with trace
levels of the N content. However, with an increase in the APS
concentration up to 0.4 wt%, a gradual increase in the N
content was observed without significant changes in Si levels.
Upon further increasing APS concentration above 0.6 wt%, a
significant increase in the N content accompanied by a gradual
reduction in Si was noted. Although at 1.0 wt% APS concen-
tration, some nonuniformity was detected on the surface, EDX
mapping of high-magnification SEM images (Fig. S2, ESIY)

This journal is © The Royal Society of Chemistry 2025

confirmed a uniform spatial distribution of oxygen, silicon,
carbon, and nitrogen, indicating that the surface shares the
same compositional characteristics as the surrounding coating,
identifying them as same ammonium-functionalized silica.
Moreover, regardless of processing conditions, all CAP-assisted
AF-SiO, coatings observed a highly uniform and homogeneous
spatial distribution of the surface elements throughout the
coating area.

Next, in order to evaluate the chemical structure and the
level of crosslinking of the AF-SiO, coating, FTIR functional
group analysis was performed. Fig. 4a shows the FTIR curves of
the AF-SiO, coating for different concentrations of APS ranging
from 0 wt% to 1.0 wt%. As observed in this figure, for the
coated samples with varying precursor ratios, characteristic
vibrational absorption bands of Si-O-Si and ~OH groups within
the range of 950 to 1250 cm ' and 3200 to 3400 cm ',
respectively, were observed.”>>’ In addition, for the AF-SiO,
coating with APS concentration below 0.4 wt% an absorption
band of a significant Si-CH; group arising from the precursor
can be identified at 1280 cm™'. However, upon an increase
in the APS concentration above 0.4 wt%, a significant and
noticeable reduction in the Si-CH; group was observed due
to increased monomer fragmentation.

Interestingly, a trace amount of Si-CH; was still observed at
1.0 wt% of APS concentration, which could be attributed to
the remnant monomer and dangling bonds present in the final
AF-SiO,, coating. Concurrently, as the APS concentration in the
reaction mixture increases, characteristic peaks corresponding
to groups such as NH, NH,", and SO,>~ gradually emerge in
the spectra. Here, the broad peak within the range of 2900 to
3300 cm ! corresponds to various modes of neutral NH, while
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Fig. 4 Functional group analysis: (a) FTIR spectra of the glass coating prepared with varying concentrations of APS in the precursor mixture from 0 to

1 wt%. (b)-(g) Deconvoluted FTIR spectra over the range of 970-1230 cm™

and (j) Si-CHsz/Si-O-Si.

the sharp peak at 1422 cm ' is attributed to the bending

vibration of ammonium (NH,").>®**° These results clearly vali-
date that increased APS concentration in the precursor mixture
leads to greater incorporation of NH," and enhanced cross-
linking within the silica matrix coating.

Furthermore, the degree of cross-linking, as well as the
trends in peak intensities and shifts of these groups relative
to the characteristic Si-O-Si peak, was analyzed to elucidate the
effect of APS concentration on the incorporation of ammonium
and sulfate functionalities within the AF-SiO, coatings. Since
both the asymmetric Si-O-Si peak and the sulfate ion peak
overlapped in the same region between 970 and 1200 cm *,
the broad peak resulting from their overlap in this region
was deconvoluted to obtain the individual peak intensities
(Fig. 4b-g).%°

In general, SiO, coatings show three distinct asymmetric
stretches of Si-O-Si bonds in the specified region, as illustrated
in the deconvoluted curves in Fig. 4b. The first deconvoluted
peak, observed around 1023-1035 cm™ ', is attributed to silicon
sub-oxidized groups (either O-Si-C or O-Si-Si). The second
peak, found in the range of 1065-1078 cm ™, corresponds to a
siloxane functional group network resembling SiO,. Finally, the
third component, occurring between 1135-1150 cm™ ', arises
from cage-like entities (O-Si-H).*'” When APS is introduced
into the SiO, matrix, the peaks associated with the suboxide
and network structures shift slightly to the right and left,
respectively. Additionally, a new peak appears at 1044-1047 cm™ ",
which is attributed to the S-O bond in the SO, group.*®>°
As shown in the deconvoluted curves (Fig. 4b-g), the relative
intensity of the S-O peaks increases with higher APS concen-
trations, while the intensity of the suboxide groups exhibits a
decreasing trend. The relatively higher peak intensity of the
network structures, compared to the networked suboxide

16258 | J Mater. Chem. C, 2025, 13, 16252-16264

! and the trends of the peak ratios for (h) NH4"/Si—O=Si, (i) SO4>~/Si-O-Si,

groups and cage structures, indicates a greater degree of mono-
mer fragmentation, leading to stronger crosslinking and
enhanced network structures in the AF-SiO, coating. The peak
intensity ratios of S0,>/Si-O-Si (network), NH,"/Si-O-Si (net-
work), and Si-CH;/Si-O-Si (network), as shown in Fig. 4hj,
respectively, reveal a gradual increase in of SO,> /Si-O-Si
(network), NH,'/Si-O-Si (network) with the increase in the
APS concentration, while the Si-CHj3/Si—O-Si ratio decreases.
These results confirm that higher APS concentration leads to
increased incorporation of ammonium and sulfate within the
silica matrix coating, while also enhancing cross-linking.
Furthermore, to determine the elemental composition and
oxidation states of materials, XPS analysis of the SiO, coatings
with varying APS concentrations (0 wt%, 0.4 wt%, 0.8 wt%) was
performed. Fig. 5a-c shows the XPS survey scan spectra for the
SiO, coatings prepared with various APS concentrations. In the
survey scan spectrum of the CAP assisted SiO, coating without
APS, the elements Si 2p, Si 2s, C 1s, and O 1s were identified
at binding energies of 101.6 eV, 151.2 eV, 283.4 eV, and
532.6 eV, respectively,’®*" with no significant presence of
nitrogen (Fig. 5a). However, upon APS introduction in the
precursor mixture, a clear emergence of the N 1s and S 2p
peaks was observed at 399 eV and 166 eV, respectively (Fig. 5b
and c). Additionally, the intensities of these peaks (N 1s and S
2p) tend to increase with increase in APS concentration in the
precursor mixture from 0.4 wt% to 0.8 wt%, indicating a higher
incorporation of nitrogen and sulfur within the silica matrix.
The atomic percentages of the surface elements (C, O, N, Si,
and S) calculated though the XPS spectra are summarized in
Table S1, ESL.i These results indicate a clear increase in the
nitrogen content from 0.4 at% to 4.66 at% and the sulfur
content from 0 at% to 5.1 at% upon increase in the APS
concentration to 0.8 wt% in the precursor mixture.
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Fig. 5 XPS analysis of coatings prepared with varying APS concentrations in the precursor mixture. (a)—(c) Survey scan spectra identifying characteristic
peaks for C 1s, O 1s, N 1s, Si 2s, Si 2p, and S 2p for the coatings prepared with 0 wt%, 0.4 wt%, and 0.8 wt% APS concentration in the precursor mixture.
High-resolution narrow scan spectra and their deconvoluted species of (d)—-(f) Si 2p, (g)-(i) N 1s, and ()—(l) S 2p at the same APS concentrations,
analyzing the chemical states and bonding configurations with increasing APS content.

To better understand the changes in the oxidation states of
the coating surface elements with varying APS concentrations,
high-resolution narrow-scan spectra for Si 2p, N 1s, and S 2p
were obtained and deconvoluted (Fig. 5d-1). As evidenced by
the Si 2p deconvoluted spectrum (Fig. 5d-f), the coating with-
out APS exhibits distinct peaks corresponding to Si-C, Si-N,
Si-O-C, and Si-O-Si at binding energies of 99.56 eV, 100.35 eV,
101.23 eV, and 102.36 eV, respectively. The presence of these
bonds in plasma-polymerized coatings derived from HMDSN
can be attributed to the inherent organosilicon nature of the
monomer, which contains a silazane (-Si-N-Si-) backbone and
trimethylsilyl (-Si(CH3);) groups. During the plasma-induced
polymerization process, incomplete oxidation and recombina-
tion of the monomer promote the retention of Si-C, Si-O-C,

This journal is © The Royal Society of Chemistry 2025

and Si-N bonds within the polymerized matrix, thereby imped-
ing the formation of a pure silica phase. Conversely, the
development of a silica-like matrix is driven by partial oxidation
and the crosslinking of silicon-containing species, facilitating
the formation of Si-O-Si bonds. As a result, such incomplete
removal of carbon and nitrogen prevents the formation of a
stoichiometric silica structure (SiO,), yielding an organosilicon
structure of the deposited SiO, coatings. On the other hand,
introduction of APS into the precursor mixture leads to the
emergence of an additional peak at 103.5 eV, corresponding to
Si-O-S bonds with a significant increase in the Si-N peak
(Fig. 5e and f).*>*?

To further analyze how the APS concentration influences the
binding states of elements during deposition, the area under
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the deconvoluted curves was quantified, as illustrated in
Fig. S3a, ESL.{ In the SiO, coating without APS, the representa-
tive area percentages for Si-C, Si-O-C, and Si—O-Si are 10.43%,
65.56%, and 15.48%, respectively. However, with the introduc-
tion of 0.4 wt% APS in the precursor mixture, a noticeable
decrease in the Si-C and Si-O-C fractions to 4.41% and 51.95%,
respectively, was observed, accompanied by an increase in the
Si-O-Si content to 21.57%. With a further increase in the APS
concentration to 0.8 wt%, Si—-C and Si—-O-C continued to decrease
to 3.30% and 44.71%, respectively, while the Si-O-Si content
further increased to 24.36%. Concurrently, the Si-N peak exhibited
an upward trend, rising from 9.87% at 0 wt% APS to 19.38% at
0.4 wt% and reaching 22.41% at 0.8 wt%, while the Si-O-S peak,
emerging with APS incorporation, increased from 2.69% at
0.4 wt% to 5.21% at 0.8 wt% in the silica matrix.

Examining the deconvoluted N 1s spectrum, as shown in
Fig. 5g-i, the coatings deposited without APS exhibit two peaks
at 396.82 eV and 398.74 eV, corresponding to Siz-N and Si,-NH,
respectively. These peaks indicate nitrogen bonded to silicon
groups, suggesting the presence of residual nitrogen on the
coating surface due to the unfragmented monomer. With the
introduction of APS into the precursor mixture, two additional
peaks appear at 400.5 eV (Si-NH,') and 401.7 eV (Si-NH;'/
NH,"), which are attributed to APS-derived species, indicating
increased nitrogen incorporation into the silica network. The
representative percentages of these deconvoluted peaks, as
compared in Fig. S3b, ESL reflect the changes in nitrogen
species within the coating structure. The data show that
Si-NH;"/NH," and Si-NH," increase from 14.46% and 64.51%
at 0.4 wt% APS to 16.31% and 68.11% at 0.8 wt%, respectively.
Conversely, Si;—-N and Si,-NH exhibit a slight decrease, with
their area percentages reducing from 4.72% and 16.30% at
0.4 wt% APS to 3.23% and 12.35% at 0.8 wt%. These results
clearly indicate the increasing level of nitrogen/ammonium ion
incorporation within the silica matrix with an increase in the
APS concentration in the precursor mixture.

Finally, the high-resolution S 2p spectra, deconvoluted
in Fig. 5j-1, reveal the sulfur incorporation trends within the
coatings. As expected, the SiO, coating prepared without APS
exhibits no detectable S 2p peak, confirming the absence of
sulfur-containing compounds in the reaction mixture. With the
introduction of APS, two characteristic sulfur oxidation states
emerge, as shown in Fig. 5k and 1. A smaller peak at a higher
binding energy of 168.4 eV is attributed to sulfate groups that
are ionically bonded, whereas a larger peak at 167.2 eV is most
likely due to sulfate ions chemically integrated within the silica
network.*®** The representative area percentages of these
peaks indicate a slight increase in the sulfur content with rising
APS concentration (Fig. S3c, ESIt). These findings collectively
suggest that carbon-containing residual groups from the mono-
mer remain attached to the silica network in the absence of
APS in the precursor mixture. However, as APS is introduced
into the precursor mixture, these carbon-containing groups are
progressively replaced by nitrogen- and sulfur-containing spe-
cies, further modifying the chemical composition of the result-
ing coating.
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Then the effect of variation of the APS concentration on the
coating thickness was analyzed. Fig. S4a-c of the ESI{ displays
the transverse scanning line, the direction of the stylus,
and representative thickness measurements obtained from
the stylus scans across the edge of the deposited coatings.
The measured thickness distribution (Fig. S4c, ESIT) shows that
the average height of the SiO, coating, without any APS in the
precursor mixture, is 756 nm. In comparison, when varying
amounts of APS, ranging from 0.1 wt% to 1.0 wt%, are intro-
duced to the plasma stream, the thickness of the AF-SiO,
coatings increases slightly, ranging from 790 nm to 860 nm.
However, at 1 wt% APS content, the AF-SiO, film exhibits a
higher standard deviation, indicating greater surface rough-
ness. This increase in roughness is attributed to the higher
concentration of APS in the precursor mixture, which leads to
excessive nucleation in the reaction area that disrupts the
formation of uniform film making the surface rougher.

Next, the surface wettability characteristics of the SiO,
coated SS and PI surfaces with varying APS concentrations were
analyzed by performing a WCA analysis. Fig. 6a presents the
WCA droplet images obtained for the coatings deposited on PI,
with different concentrations of APS in the reaction mixture. As
observed, the SiO, coating with no APS concentration exhibits
pronounced hydrophobic characteristics with the highest WCA
values of 102.82° + 1.72°. This hydrophobic nature can be
attributed to the high prevalence of Si-C bonds from the
monomer on the surface of the pristine SiO, coating, as
confirmed by FTIR analysis.> However, as the APS concen-
tration in the reactant mixture increased from 0.1 wt% to
1.0 wt%, a decreasing trend in the contact angle was observed,
dropping from 88.79° + 0.66° to 51.07° £ 2.65°. This change
can be attributed to the increasing dominance of polar and
ionic groups, such as NH and NH,", relative to Si-O-Si and Si-C
in the films, as indicated by the FTIR and XPS results, leading
to enhanced surface wettability. Furthermore, WCA measure-
ments were recorded at different time intervals, spanning from
day-1 to day-7 post-deposition and summarized in Fig. 6b.
As observed, the SiO,-coated PI surface at APS concentrations
below 0.6 wt% exhibited a 5% increase in WCA values after 7
days of measurement. This increase can be attributed to
molecular rearrangements on the surface and the removal of
hydroxyl groups from the SiO, matrix in response to ambient
environmental conditions. In contrast, at APS concentrations
above 0.8 wt%, no statistically significant change in the WCA
was observed for the PI surface with SiO, coating. This stability
in WCA can be explained by the presence of a more stable NH,"
peak compared to the hydroxyl group, which helps preserve its
chemical wettability characteristics. Additionally, WCA mea-
surements performed on the AF-SiO, coatings on the SS sub-
strates were obtained and presented in Fig. 6¢c and d. Overall,
hydrophobic characteristics with a contact angle of ~102° +
0.86° were observed for the pristine SiO, coating on the SS
substrate, similar to those on the PI. As expected, a similar
decreasing trend in the WCA from 92° to 63° was observed with
increasing APS content in the precursor for AF-SiO, coatings
deposited on SS substrates. Interestingly, no significant change

This journal is © The Royal Society of Chemistry 2025
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test with a bacterial suspension of ~6 log CFU per mL. The
antibacterial potency of these coatings with varying APS con-
centrations in the reactant mixture is shown in Fig. 7. The
pristine SiO, surface without APS showed similar bacterial
concentrations to those of the control samples on both SS
and PI substrates. However, with increasing APS concentration
on the PI surface, a gradual decrease in bacterial population by
0.4 wt% APS was observed, as shown in Fig. 7a. On the other hand,
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Next, the antibacterial efficacy of the AF-SiO, coating on SS
and PI substrates was tested using a standard contact-killing beyond 0.6 wt% APS, a complete reduction to untraceable levels

Fig. 6 Surface wettability analysis. (a) Optical images showing the WCA of the glass coatings prepared with varying concentrations of APS deposited on
Pl, (b) summary of the change in WCA values of the glass coatings over 7 days, (c) optical images showing the WCA of the glass coatings prepared with

varying concentrations of APS deposited on SS, and (d) changes in WCA values of the coatings over 7 days.

(<2%) in WCA values was observed for the AF-SiO,-coated SS
substrates across all APS concentrations in the precursor. This
is because, unlike polymers, metallic surfaces do not experi-
ence significant change in the chemical characteristics of the
SiO, coating over time. However, regardless of substrate type,
the ammonium compound’s functionality within the SiO,
matrix ensures long-term hydrophilic properties, which are

essential for implant surfaces.

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd 60:60:€ 9202 /t7/t7 UO PaPeOUMOQ "SZ0Z Yo N T2 UO Ppaus!|and B[01Y sseooy usdO

P E. coli
W2 S. aureus

n.d.n.d. n.d. n.d. n.d.n.d.

i

7%//////////////////////////////////4

AN
A\

N\
7/////////////////////////////////

24

© 2

<
A._E\:"_o Smo._v el9)oeg

E. coli
1 S. auerus

72

n.d. n.d. n.d. n.d. n.d.n.d.

(@ 7

(3 N

© n <
(w/na9 °*6o7) eusyoeg

NE

0.6 0.8

APS Concentration (wt %)

 ©

roI

O

0.8

0.6

ncentration (wt

N
\

0
A

ntrol

c

%)

Co

Fig. 7 Antibacterial efficacy of the glass coatings with varying concentrations of APS in the reaction mixture deposited on (a) Pl and (b) SS, against model

Gram-positive (S. aureus) and Gram-negative (E. coli) bacteria.

n

P

J. Mater. Chem. C, 2025, 13, 16252-16264 | 16261

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5tc00520e

Open Access Article. Published on 21 March 2025. Downloaded on 4/4/2026 3:09:09 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry C

(~5.5 logCFU per mL) was observed for both the E. coli and
S. aureus bacterial populations. A similar trend in the bactericidal
properties was observed for the CAP-assisted AF-SiO, coating on
the SS substrate with complete reduction to untraceable levels
observed after 0.6 wt% of APS concentration (Fig. 7b). These
results clearly indicate a minimum of 0.6 wt% of APS is required
in the CAP assisted SiO, to achieve broad-spectrum antibacterial
efficacy against both Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria. Next, in order to evaluate the level of entrapment
of the APS molecule within the silica matrix, inhibition zone
analysis was performed. Surprisingly, no visible inhibition zone
was observed around the substrate across all the deposited
samples with varying APS concentration as shown in Fig. S5, ESL.}
However, a region of bacterial growth inhibition beneath the
substrate was observed, suggesting a contact-assisted killing of
the active antimicrobial agent entrapped within the silica matrix
below the surface.

Next, in order to assess stability of the CAP assisted SiO,
coating, the as prepared substrates were divided into two
groups: one group was incubated in simulated body fluid
(SBF) for 2 h, while the other was used as prepared, without
any further modification. To assess the performance of the
CAP-assisted coating, the same test was performed on the SS
substrate by drop-casting the SiO, precursor with increasing
concentrations of APS and drying it under ambient conditions
for 3 h. Progressively, the same contact killing test was per-
formed for all the as prepared and SBF incubated samples, as
described previously.

As observed in Fig. S6a and b, ESL,{ both the as-prepared CAP-
assisted SiO, coating and the drop-cast coating exhibited similar
antibacterial characteristics, with complete eradication of both
E. coli and S. aureus bacterial population (5.5 log CFU per mL)
at APS concentrations above 0.6 wt%. However, a significant
alteration in the antibacterial properties was observed between
the CAP-assisted and drop-cast coatings following surface washing
with SBF. While the CAP-assisted coating exhibited a complete
reduction in bacterial population (above 0.6 wt% of APS)
after washing, the drop-cast coating showed a complete loss of
antibacterial activity following the process (Fig. Séc and d, ESIT).
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These results clearly elucidate the influence of the CAP polymer-
ization process on the immobilization and entrapment of APS onto
the silica matrix, and its impact on the retention of antibacterial
activity upon exposure to fluid.

Finally, the biocompatibility and safety of the SiO,-coated
substrates with varying APS concentrations was assessed using
a cell proliferation MTT assay. In this assay, a membrane-
permeable tetrazolium salt turns purple upon interaction with
viable cell mitochondria, which can be directly correlated with
the percentage of cell viability. As shown in Fig. 8a, the optical
absorbance values of cells exposed to the SiO,-coated SS and PI
surfaces compared to control wells showed an enhanced cell
viability above 86%, demonstrating the biocompatible nature
of the SiO, coatings with different APS concentrations in the
precursor mixture. Additionally, cells exposed to the AF-SiO,
coated SS surfaces were stained with trypan blue to visualize
and compare viable cells under an inverted microscope.
As shown in Fig. 8b, no significant reduction in cell viability
compared to the control wells was observed for the SiO, coated
SS substrates with varying APS concentrations. These results
validate the biocompatible characteristics of the CAP assisted
SiO, coatings with varying APS concentration on both PI and SS
surfaces. While these results validate the in vitro safety of the
developed coating, further studies should focus on evaluating
its safety in vivo animal models before consideration for human
testing.

4. Conclusions

In this work, the CAP-assisted deposition of ammonium func-
tionalized glass coatings (AF-SiO,) with enhanced antibacterial
properties was successfully demonstrated. A systematic inves-
tigation was conducted on coatings with varying concentrations
of APS, assessing surface morphology, chemical composition,
surface characteristics, antibacterial efficacy, and biocompat-
ibility. The results indicate that higher concentrations of APS in
the reactant mixture not only functionalize the surface with
nitrogen-rich groups but also initiate polymerization, leading

Fig. 8 Biocompatibility characteristics of the glass coatings with varying APS concentrations of the reactant mixture. (a) MTT based cell viability assay for
SS and Pl surfaces, and (b) the trypan blue staining analysis of the SS surface.
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to a higher degree of polymerization within the glass coating
matrix. Among the various precursor ratios tested, at least
0.6 wt% APS is required within the glass coatings to provide
broad-spectrum antibacterial efficacy, while maintaining bio-
compatibility. This study highlights the effectiveness of
the CAP-assisted coating technology as a scalable, rapid, and
low-temperature method for producing antibacterial coatings
on a variety of polymeric and metallic implant surfaces. The
findings suggest that this approach offers a promising solution
to the growing concern of implant-associated infections.
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