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Purpose: To evaluate the antibacterial and anti-inflammatory properties of SiOx:H nanocoatings using a plasma-deposition technique.
Materials and Methods: Four groups of SiOx:H nanocoatings were prepared by plasma nanocoating technique using different
deposition gases and durations, specifically trimethylsilane (TMS) for groups A1 and A2 and a mixture of TMS and oxygen for groups
B1 and B2. Changes in surface chemistry and physical properties were measured. Staphylococcus aureus and Streptococcus mutans
were cultured on plasma SiOx:H nanocoatings to evaluate antibacterial and antibiofilm formation activities. Human gingival
fibroblasts (HGFs) and HaCaT human keratinocytes were cultured and stimulated with tumor necrosis factor-α (TNF-α). Cell viability
was measured using a Cell Counting Kit-8 (CCK-8) assay. Quantitative real-time polymerase chain reaction (qRT-PCR) and enzyme-
linked immunosorbent assay (ELISA) were used to evaluate anti-inflammatory properties, including the mRNA and protein levels of
inflammatory mediators and proinflammatory cytokines.
Results: The carbon content was dominant in group A nanocoatings and the oxygen and silicon elements were dominant in group B
nanocoatings. Groups A2 and B2 were approximately threefold thicker than groups A1 and B1. The plasma SiOx:H nanocoatings
decreased bacterial growth and biofilm formation by 30–70% (p < 0.05). Scanning electron microscopy (SEM) revealed damaged
biofilm structures. Moreover, the antibacterial properties of group B were greater than group A, and the antibacterial properties of
groups A2 and B2 were more effective than A1 and B1, respectively. CCK-8 assays revealed the plasma SiOx:H nanocoatings had
good biocompatibility. Furthermore, under TNF-α-induced inflammation, the mRNA and protein levels of interleukin-6, interleukin-8,
cyclooxygenase-2, and monocyte chemoattractant protein-1 were downregulated in the plasma SiOx:H nanocoating groups (p < 0.05).
Conclusion: Plasma SiOx:H nanocoatings exerted antibacterial and anti-inflammatory effects with excellent biocompatibility.
Therefore, the plasma SiOx:H nanocoating technique has potential for implant materials and other medical devices.
Keywords: plasma SiOx:H nanocoating technique, biomaterial-related infection, bacterial adhesion, biofilm formation, anti-
inflammation

Introduction
In dentistry, clear aligners must be worn for 20–22 h daily, whereas dental implants last a lifetime. Both types of devices
are ideal substrates for bacterial adhesion and biofilm formation, inducing sustained inflammatory processes and failure
of biomedical devices.1 Bacteria attach to biomaterial surfaces and form biofilm.2 Pathogenic biofilms are involved in
≥65% of nosocomial infections.3 A mature biofilm is more difficult to eliminate than planktonic bacteria. Furthermore,
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bacteria in biofilms activate innate and adaptive host defenses, triggering immuno-inflammatory responses. Upon
bacterial invasion, inflammatory mediators are secreted, including cytokines that attract leukocytes and neutrophils,
inducing inflammation.4 In addition, host cells produce reactive oxygen species, cytokines, and other small molecules
that amplify and sustain the inflammatory response, while causing progressive tissue destruction.5

Biomaterial-associated infections usually require difficult and expensive treatments. Infections can be prevented by surface
modification of biomaterials with antibiotics and other agents, but such modified surfaces tend to degrade.6 Nanomaterials
coated by various physical and chemical methods with functional groups, such as metal/metal oxide nanoparticles, have been
successfully applied to improve the anti-bacteria and biological effects. The controllable metal ions release of metal/metal
oxide nanoparticles presents an opportunity to eliminate resistance and surges of bacteria, and to enhance their antibacterial
activities leading to potential clinical applications.7 Metal nanoparticles, such as AuNPs and Cu2O, showed good inhibitory
effects against bacteria and fungi.8–10 Ag nanospheres with sustained and controllable release of Ag ions exhibited significant
antibacterial ability and also showed good cytocompatibility.11 A review article reported that gold nanoclusters are promising
antimicrobial agents due to their high biocompatibility, ease of modification, and photothermal stability.12 In addition, attempts
have been made to improve biological properties, including biocompatibility and osteogenic activity, by methods such as
coating poly-L-lactic acid scaffolds coated with Zn-doped mesoporous silica.13 Recent studies have been focusing on
improving the anti-inflammatory properties of biomaterials. Biomimetic chitosan-based scaffolds have been reported to
improve bone tissue regeneration and control the inflammatory responses.14 Visalakshan used a plasma polymerization
technique to create a nanothin model of biomaterial coatings and achieved a desirable innate immune response.15

Plasma nanocoating is a new technology for biomaterial surface modification and is controllable and stable Plasma
nanocoating produces stable biomaterial surfaces by covalent bonding to the substrate.16 Surface modification can be
readily achieved by controlling the plasma gas composition, system pressure, gas flow rate, and deposition time. Plasma-
derived coatings can be deposited on practically any type of substrate material.15 Plasma coatings deposited using
oxygen, argon, or nitrogen are applied to dental materials to facilitate osseointegration, inhibit bacterial attachment, and
reduce inflammation.17 Recently, plasma coating with non-stoichiometric silicon oxides (SiOx) have been widely used
for biomaterial surface modification. Plasma SiOx:H nanocoating using trimethylsilane (TMS) and O2 at different molar
ratios could yield well-controlled surface chemistry and wettability by controlling the plasma gas compositions.18 Plasma
SiOx:H nanocoatings exhibit stable chemical and mechanical properties in electronics applications.16 In addition, plasma
SiOx:H nanocoatings have good biocompatibility19 and accelerate re-endothelialization.20

Nanoscale plasma coating of TMS and oxygen on the surfaces of silicone rubber can inhibit the formation of
Staphylococcus aureus (S. aureus) biofilm. The mechanismmay involve altered surface protein adsorption caused by changes
in surface chemistry, including albumin, fibrinogen, and fibronectin.21 However, few studies have evaluated the antibacterial
effects of SiOx:H nanocoating using different plasma deposition conditions. The most common oral pathogen, Streptococcus
mutans (S. mutans), can adhere to teeth or dental biomaterials.6 Here, we evaluated the antibacterial properties of plasma SiOx:
H nanocoatings using S. mutans and S. aureus. Furthermore, the biological effects of plasma coatings, including SiOx:H
nanocoatings, on inflammatory cells are unclear. Few studies have explored whether plasma coatings enhance antibacterial
activity and biocompatibility simultaneously, which are associated with the long-term success of biomaterials. However, the
antibacterial activity and biocompatibility, especially anti-inflammatory properties, are sometimes contradictory because
cytotoxicity is often associated with the antibacterial activity.21 The key requirements of surface modification are to achieve
good biocompatibility, while inhibiting bacteria, to balance the race between bacteria and cells. Therefore, we investigated the
antibacterial and anti-inflammatory properties of plasma SiOx:H nanocoatings simultaneously.

Materials and Methods
Plasma Nanocoating Preparation
Zendura FLX dental aligner membranes of dimensions 0.76×125 mm (thickness × diameter) were purchased from Bay
Materials (Fremont, CA, USA). Argon gas (purity >99.999%) and oxygen gas (purity >99.6%) were purchased from
Airgas (Columbia, MO, USA). TMS (purity >97%) was purchased from Gelest, Inc. (Morrisville, PA, USA).
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An 80 L bell jar-type plasma reactor was used to deposit plasma nanocoatings on Zendura FLX dental aligner
membrane surfaces. Plasma discharge was initiated and sustained using a 13.56 MHz RF power supply (RFX-600;
Advanced Energy Industries, Inc. Fort Collins, CO, USA). Before introducing plasma gases, the plasma reactor was first
evacuated to a base pressure of 1 mTorr using a pump group consisting of mechanical and booster pumps connected in
series. The flow rate of plasma gases was controlled using MKS mass flow controllers (MKS Instruments, Andover, MA,
USA) and an MKS Model 247C readout. The pressure inside the plasma reactor was stabilized and sustained using an
MKS pressure controller.

Prior to plasma coating, the dental aligner membrane surfaces were first cleaned by pretreatment with argon plasma
for 5 min at a 1 sccm argon flow rate, 50 mTorr pressure, and 20W RF power. Next, plasma nanocoatings were deposited
using trimethylsilane (TMS) or a mixture of TMS and oxygen at a 50 mTorr pressure and 30W RF power. Dental aligner
membranes plasma-nanocoated using TMS plasma were designated as groups A1 and A2, which had coatings of
different thicknesses. Plasma-nanocoated using a mixture of TMS and O2 were designated as group B1 and B2, which
had coatings of different thicknesses. During plasma coating process, Si wafers (1cm×1cm) were attached to the dental
aligner surfaces to monitor the nanocoating thickness of plasma SiOx:H nanocoatings.

Surface Characterization

The thickness of plasma SiOx:H nanocoatings was determined using a Filmetrics F40 microscope thin-film analyzer. The
surface wettabilities of plasma-nanocoated and uncoated dental aligner membranes were assessed based on water contact
angle measurements using a Contact Angle Meter/Goniometer (DMe 210; Kyowa Interface Science Co., Ltd., Eden
Prairie, MN, USA) with FAMAS software. At least six measurements were obtained per condition and used to determine
the mean contact angle and standard deviation. Membrane composition was evaluated using an X-ray photoelectron
spectrometer (XPS; Kratos Analytical Inc., Chestnut Ridge, NY, USA). Data were analyzed using Casa XPS software.
The surface morphologies and roughness of different plasma SiOx:H nanocoatings were examined by atomic force
microscopy (AFM; PI3800/SPA400, Seiko Instruments, Japan) and five fields were randomly selected from each sample
for analysis. Bovine serum albumin (BSA) at a concentration of phosphate-buffered saline (PBS) was used for protein
adsorption assay. Aliquots of 200 uL were deposited onto the nanocoated membranes in 24-well tissue culture plates, and
were incubated at 37°C for 6h. Nonadherent proteins were detached by rinsing with PBS three times, and then 200 uL of
2% sodium dodecyl sulfate (Thermo Scientific, Rockford, IL, USA) was added to each well. Protein concentrations were
determined by measuring the optical density (OD) at 570 nm on a microplate reader (Bio-Tek Instruments, Winooski,
VY, USA) using Pierce Micro BCA Protein Assay kits (Thermo Scientific, Rockford, USA) in accordance with the
manufacturer’s instructions.

Antibacterial Assays
Bacterial Culture
S. aureus (25923; ATCC, Manassas, VA, USA) and S. mutans (UA159; ATCC) were used to evaluate the antibacterial
properties of the nanocoatings. Both bacteria were cultured on samples in brain heart infusion broth (BHI; 37 g/L, Sigma-
Aldrich, Darmstadt, Germany) in an incubator under 5% CO2 at 37°C.

Quantitative Measurement of Bacterial Adhesion and Proliferation
The Microbial Viability Assay Kit-WST (Dojindo, Kumamoto, Japan) was used to quantitatively assess bacterial
adhesion and proliferation on nanocoatings. Samples were incubated in 1 mL of bacterial suspension (106 cfu/mL) for
12 or 24 h. Next, the samples were gently rinsed with PBS (pH 7.4) to remove non-adherent bacteria. WST reagent with
culture medium at a ratio of 1:20 (v/v) was added to each well, followed by incubation at 37°C for 2 h in darkness. Next,
100 μL of supernatant were transferred to a 96-well plate followed by measurement of the OD at 450 nm on a plate
reader (Bio-Tek).
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Assessment of Biofilm Formation by Crystal Violet Staining
Biofilm formation was assayed by crystal violet staining. Aliquots (1 mL) of diluted bacterial suspensions were cultured
with samples at 37°C for 12 or 24 h. The samples were gently washed with PBS three times to remove planktonic
bacteria. Biofilms were dried at 37°C for 1 h and stained with 200 μL of 1% (wt/vol) crystal violet (Solarbio, Beijing,
China) at room temperature for 15 min. The samples were rinsed three times with PBS to remove excess stain. After
drying at 37°C for 30 min, biofilm formation was quantified by solubilization of crystal violet in 95% ethanol for 15 min
with agitation at 300 rpm. The crystal violet concentration was determined by measuring the OD at 570 nm on a
microplate reader (Bio-Tek). The experiment was performed three times to obtain means and standard errors of the
means.

Assay of Bacterial Adhesion and Biofilm Formation by Scanning Electron Microscope (SEM)
SEM was carried out to visualize the biofilms. Samples were incubated with bacterial suspensions (106 cfu/mL) in BHI
for 12 or 24 h. The substrates were gently washed three times to remove nonadherent bacteria and fixed with 2%
glutaraldehyde at 4°C overnight. After being washed in ultrapure distilled water, the biofilm samples were dehydrated by
replacing the buffer with increasing concentrations of ethanol (20%, 50%, 70%, 90%, 95%, 100%, 100%, and 100%) for
15 min each. The samples were subsequently dried with a critical point dryer, sputter coated with gold, and observed
using a SEM (Hitachi, Tokyo, Japan).

Cell Assays
Cell Culture
Human gingival fibroblasts (HGFs) and HaCaT immortalized human keratinocytes (ATCC) were used. HGFs were
harvested from the middle third of extracted wisdom teeth or premolar roots extracted for orthodontic treatment. The
study was approved by the Review Board and the Ethics Committee of Peking University Health Science Center
(IRB00001052-08010) in accordance with the Declaration of Helsinki. All clinical specimens were obtained from
patients who provided written informed consent to use their tissues for research purposes. They were used for
experiments at passages 4–8. HaCaT cells are well characterized and standardized human keratinocytes that are readily
manageable in vitro. HaCaT cells were provided by the Central Laboratory of Stomatology Hospital, Peking University.
Both cells were cultured in Dulbecco’s modified Eagle’s medium (Gibco, Grand Island, NY, USA) containing 10% fetal
bovine serum (Gibco) and 1% penicillin/streptomycin (Gibco). After reaching confluence, the cells were washed with
PBS and passaged with 0.25% trypsin/ethylenediaminetetraacetic acid (Gibco). Both cell types were seeded on nano-
coatings in 24-well culture plates under humidified conditions at 37°C and 5% CO2. The medium was changed every 2–3
days.

Cell Proliferation Assay
Cell proliferation was determined using the Cell Counting Kit-8 assay (CCK-8; Dojindo, Kumamoto, Japan) according to
the manufacturer’s instructions. Briefly, at 1, 3, and 5 days, samples were rinsed three times with PBS, and CCK-8
reagent was added to each well with fresh culture medium at 1:10 v/v. After 2 h of incubation in darkness at 37°C, the
supernatant (100 μL) from each well was added to a 96-well plate and the OD at 450 nm was read using a plate reader
(Bio-Tek). All experiments were performed in triplicate.

Tumor Necrosis Factor-α (TNF-α)-Induced Inflammation and Evaluation of Anti-Inflammatory Activity
HGFs and HaCaTs were seeded on nanocoatings at 2×105 cells per well and incubated to approximately 80% confluence.
After washing with PBS, 10 ng/L TNF-α was added; untreated cells were used as the control. Cells and supernatants were
collected for mRNA and protein assays, respectively.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Assay
Total RNAwas extracted using TRIZOL reagent (Invitrogen, Carlsbad, CA, USA) in accordance with the manufacturer’s
instructions. RNA concentrations were determined spectrophotometrically at 260 nm using a NanoDrop ND-2000
spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA). Next, RNA was used for cDNA synthesis with
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a Reverse Transcription System (Toyobo, Osaka, Japan). qRT-PCR was performed using an SYBR Green Detection
System with an ABI PRISM 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA). The amplifica-
tion conditions consisted of an initial 10 min denaturation step at 95°C, followed by 40 cycles of denaturation at 95°C for
15s, annealing at 60°C for 60s, and elongation at 72°C for 30s. All reactions were carried out in triplicate. Table S1 lists
the primer sequences (5′–3′); the housekeeping gene GADPH was used as an internal control. Cycle threshold (Ct) values
were used to determine fold differences by the ΔΔCt method.

Enzyme-Linked Immunosorbent Assay (ELISA)
Culture supernatants were collected, centrifuged, and stored at −80°C. Interleukin-6 (IL-6) and interleukin-8 (IL-8)
protein levels in supernatants were measured using ELISA kits (Meimian Industrial, Jiangsu, China) according to the
manufacturer’s instructions.

Statistical Analysis
All experiments were repeated at least three times. Data are reported as means ± standard deviation (SD).
Statistical analyses were performed using SPSS 20.0 software (SPSS Inc., Chicago, IL, USA). The statistical significance
of differences was examined using a Student’s t test or one-way analysis of variance combined with the Student–
Newman–Keuls post hoc test. Values of p < 0.05 were considered significant, and p < 0.01 and <0.001 were considered
highly and very highly significant, respectively.

Results
Surface Characterization of Plasma SiOx:H Nanocoatings
Figure 1 presents the XPS survey spectra and Table 1 lists the elemental compositions (wt%) of the samples. The O1s
concentration was dominant in groups B1 and B2, and in groups A1 and A2 the plasma nanocoating C1s peaks were
higher than the other peaks. The O1s peaks in B1 and B2 samples were attributed to the presence of O2 in the mixture of
TMS and O2. The O1s peaks in B1 and B2 were comparable (55.85 and 55.34 wt%, respectively), although the
deposition time of sample B2 was twice that of sample B1, implying that deposition time does not affect O1s
concentration. Similarly, the percentages of C1s in A1 and A2 were 64.86 wt% and 64.88 wt%, respectively, indicating
that deposition time does not affect C content. In XPS spectra, Si 2s and Si 2p peaks were observed at approximately 152
and 103 eV, respectively. The concentrations of Si2s and Si2p were almost twofold higher in samples B1 and B2

Figure 1 XPS spectra of groups A1, A2, B1, and B2.
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compared to samples A1 and A2. In plasma deposition process, adding O2 will create oxygen plasma species to etch
Carbon elements by forming volatile CO or CO2 that will be pumped out of the deposition chamber. On the other hands,
oxygen plasma species will react with Si elements to deposit SiOx:H nanocoatings. As a result, the relative Si
concentrations for B1 and B2 groups were higher due to the significant reduction of C content in the coatings than
that for A1 and A2 groups.

Figure 2 shows AFM images that illustrated the surface morphology and surface roughness of different nanocoatings.
The uncoated sample had a smooth surface morphology (Ra = 6.44 ± 1.32 nm) and group A1 and BI showed a litter
rougher (Ra = 12.75 ± 1.50 nm and 11.13 ± 2.02 nm, respectively) than group A2 and B2 (Ra = 7.12 ± 0.99 nm and 6.70
± 2.01 nm, respectively), while there was no statistical difference among the five groups.

Table 2 lists the thicknesses and water-contact angles of plasma SiOx:H nanocoatings. The plasma nanocoating
thickness of groups A1, A2, B1 and B2 were 23 ± 3.1, 63 ± 5.3, 22 ± 3.9, and 60 ± 4.8 nm, respectively. Group A2 and
B2 plasma nanocoatings with deposition time of 15 min and 40 min, respectively, were approximately 3-fold thicker than
those of group A1 and B1, respectively. The water contact angles of groups A1 and A2 were 98° ± 1° and 101° ± 1°, and
those of groups B1 and B2 were 45° ± 2° and 43° ± 1°, respectively. The water contact angle of uncoated membranes was
83° ± 2°. The water contact angle differed significantly between groups A and B (p < 0.05). After plasma SiOx:H
nanocoating, group A became hydrophobic, whereas group B remained hydrophilic.

The amount of BSA adsorbed on plasma SiOx:H nanocoatings was decreased after 6 h incubation. Group A showed
18.63% reduction compared to the uncoated group, while group B showed 32.65% reduction nearly doubled to group A.
The reduction between group A1 and A2, B1 and B2 did not show significant difference as shown in Figure 3.

Table 1 Surface Elemental Composition of Plasma Nanocoatings as Determined by XPS

Sample C 1s (wt%) O 1s (wt%) Si 2p (wt%)

A1 64.9 8.6 26.5
A2 64.9 8.6 26.5

B1 3.4 55.9 40.8

B2 3.7 55.3- 41.0

Figure 2 (A) Representative AFM images of nanocoatings. (B) The quantitative analysis of surface roughness of nanocoatings.
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Bacterial Adhesion and Biofilm Formation
The plasma SiOx:H nanocoatings had an antibacterial effect on S. aureus and S. mutans (p < 0.05) (Figure 4A and B).
The numbers of viable S. aureus and S. mutans cells on the plasma SiOx:H nanocoatings were significantly lower than
those on uncoated membranes. At 24 h after nanocoating, the number of viable S. aureus decreased by 28–75% (p <
0.05). The growth rate in group B was significantly lower than in group A, and the growth rate in group B2 was
significantly lower than in group B1. S. mutans proliferation decreased by 20–50% after 12 and 24 h, respectively (p <
0.05). Similarly, the antibacterial effect in group B was greater than in group A, and the antibacterial effects of groups A2
and B2 were greater than those of groups A1 and B1, respectively.

Crystal violet staining was significantly decreased in the plasma SiOx:H-nanocoating groups compared to the
uncoated controls (Figure 4C and D). After 24 h, groups B1 and B2 exhibited a > 60% reduction in S. aureus biofilm
staining. The biofilm formation rates in groups A1 and A2 were 65.55% and 39.89%, respectively. S. mutans biofilm
formation was reduced by 45–80% after 12 and 24 h, with group B2 exhibiting the greatest reduction (43%). The
antibiofilm effect in group B was greater than that in group A, and the antibacterial effects of groups A2 and B2 were
greater than those of groups A1 and B1, respectively.

Bacterial adhesion and biofilm formation on the nanocoatings were observed at 12 and 24 h by SEM. The plasma
SiOx:H nanocoatings reduced the number of colonies (Figure 5). Multiple bacterial colonies clustered together to form
biofilms (Figure 6). In untreated group, S. mutans formed a multilayered biofilm containing long chains of bacterial cells
with numerous interstitial channels and spaces (Figure 6A). On the plasma-nanocoating group, bacterial morphology was
altered and the biofilm was disrupted and discontinuous.

Table 2 Membrane Thickness and Water Contact Angle

A1 A2 B1 B2

Thickness (nm) 23 ± 3.1 63 ± 5.3 22 ± 3.9 60 ± 4.8
Water contact angle (°) 98 ± 1 101 ± 1 45 ± 2 43 ± 1

Note: Data are means ± SD.
Abbreviations: SiOx, non-stoichiometric silicon oxides; TMS, trimethylsilane; S. aureus, Staphylococcus aureus; S. mutans, Streptococcus mutans;
XPS, X-ray photoelectron spectrometer; AFM, atomic force microscopy; BSA, bovine serum albumin; PBS, phosphate-buffered saline; OD,
optical density; BHI, brain heart infusion; SEM, scanning electron microscope; HGFs, human gingival fibroblast cells; CCK-8, cell counting kit;
TNF-α, tumor necrosis factor-α; qRT-PCR, quantitative real-time polymerase chain reaction; ELISA, enzyme-linked immunosorbent assay; IL-6,
interleukin-6; IL-8, interleukin-8; SD, standard deviation; COX-2, cyclooxygenase-2; MCP-1, monocytechemoattractantprotein-1.

Figure 3 The average protein adsorption concentration of nanocoatings. Data are means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control group.
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Plasma SiOx:H Nanocoatings Had Good Biocompatibility
Plasma SiOx:H nanocoatings did not reduce HGFs growth and promoted HaCaT growth up to 5 days (Figure 7). HGFs
viability was slightly increased in group A2 on day 3 (p < 0.05). HaCaT proliferation in groups B1 and B2 was
significantly higher than in groups A1 and A2, and in the uncoated control (p< 0.05).

Plasma SiOx:H Nanocoatings Downregulated the mRNA and Protein Levels of
Proinflammatory Cytokines
After TNF-α stimulation, the mRNA levels of the inflammation-related cytokines IL-6 and IL-8 and the inflammatory
mediator cyclooxygenase-2 (COX-2) and monocyte chemoattractant protein-1 (MCP-1) in HGFs and HaCaTs were
significantly upregulated (p < 0.05) in the uncoated control group. The mRNA levels increased 6-fold for IL-6 and up to
33-fold for IL-8 (Figure 8). At 24 h of TNF-α stimulation, these cells had converted into an inflamed condition. In
contrast, the mRNA levels of the inflammation-related cytokines in groups A1, B1, and B2 were significantly lower (p <
0.001). In group A2, although the MCP-1 mRNA level was downregulated, those of interler-6, IL-8, and COX-2 were
higher than the control.

After TNF-α treatment, cells in the uncoated control group released more IL-6 and IL-8 than untreated cells (p < 0.05)
(Figure 9). The IL-6 and IL-8 concentrations in groups A1, A2, B1, and B2 were lower than the uncoated control group,
although some of the differences were not significant.

Figure 4 (A) Proliferation of S. aureus after 24 h. (B) Proliferation of S. mutans after 12 and 24 h. (C) S. aureus biofilm formation after 24 h. (D) S. mutans biofilm formation
after 12 and 24 h. Data are means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control group; #p < 0.05, ##p < 0.01, ###p < 0.001.

https://doi.org/10.2147/IJN.S339000

DovePress

International Journal of Nanomedicine 2022:17388

Han et al Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Discussion
Surface modification by plasma SiOx:H nanocoatings resulted in higher antibacterial activity in terms of bacterial
adhesion and biofilm formation with excellent biocompatibility. Moreover, the proinflammatory cytokines and inflam-
matory mediator levels were decreased by the plasma SiOx:H nanocoatings, suggesting suppression of inflammatory
responses without cytotoxicity, which extended the study on biological properties of the plasma SiOx:H-nanocoatings to

Figure 5 Representative scanning electron micrographs of S. mutans after 12 h of control (A), A1 (B), A2 (C), B1 (D), B2 (E).

Figure 6 Representative scanning electron micrographs of S. mutans after 24 h control (A), A1 (B), A2 (C), B1 (D), B2 (E).
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a potential anti-inflammatory activity. Therefore, plasma SiOx:H nanocoating on biomedical devices has great potential
for resolving biomaterial-related infections.

To minimize risk of infection, biomaterial surfaces can be modified by various physical and chemical methods.
Plasma coating is suitable for biomaterial surface modification because of its controllability and stability. Plasma
nanocoating produces a stable surface by covalently bonding to the biomaterial surface.16 In addition, the plasma
nanocoating deposition conditions (gas composition, system pressure, gas flow rate, and input power) determine the
material properties, including surface chemistry and wettability. Moreover, plasma nanocoating is environmentally
friendly and cost-effective. Plasma nanocoating can be achieved by adjusting plasma gas compositions and plasma
deposition parameters for surface modification of various biomaterials with stable surface chemistry and mechanical
properties without significantly changing the topography and roughness of the substrate, thus provide good biocompat-
ibility and wide applicability of medical biomaterials.17 Plasma nanocoating on biomaterials with different surface
chemistries have been investigated. In dentistry, plasma has been used for surface modification of various materials such
as titanium, ceramics, and dentin. In this study, we used plastic dental aligner membranes as the substrate.

We successfully modulated biomaterial surface chemistry of plasma SiOx:H nanocoatings by altering the plasma gas
compositions and conditions by introducing oxygen. We also controlled the plasma SiOx:H nanocoating thickness by
changing the deposition time. Plasma SiOx:H nanocoatings have been applied as optical coatings, passivation layers, and

Figure 7 Proliferation of (A) HGFs and (B) HaCaTs after 1, 3, 5 days. Data are means ± SD; *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control group; ##p < 0.01.

Figure 8 mRNA levels of (A) IL-6, (B) IL-8, (C) COX2, (D) MCP1 in HGFs and HaCaTs (E–H) treated with 10 ng/mL TNF-α for 24 h. Data are relative to the control
group + TNF-α. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control group; #p < 0.05, ##p < 0.01, ###p < 0.001.
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interlayers in electronics because of their low dielectric constant.18 Altering the plasma gas composition enables
modulation of surface wettability. The O% and Si% concentration was dominant on the surface of group B, resulting
in markedly increased hydrophobicity, and the C% concentration was dominant in group A. The Si% concentration was
twofold higher in group B than in group A. The nanocoatings in groups A2 and B2 were approximately threefold thicker
than those in groups A1 and B1, respectively, because of the doubled deposition time. Therefore, plasma SiOx:H
nanocoating enables biomaterial surface modification by adjusting the deposition conditions.

Implant materials are substrates for bacterial adhesion and biofilm formation, which are closely related to implant
infections. Therefore, reducing bacterial adhesion during the initial period following implantation is important to prevent
implant-associated infection.23 Implant-infecting bacteria are typically not sparsely distributed, single, adherent cells but
form biofilms – a serious medical problem.24 Biofilms are complex systems of microorganisms embedded within a self-
produced extracellular matrix, which stabilizes the biofilm architecture and provides some resistance to environmental
threats.25 Further, chronic inflammation arises because host immune defenses and conventional antimicrobial therapies
are often ineffective against biofilm bacteria.26 The surface of biomaterials can be altered to prevent biofilm formation. In
this study, the plasma SiOx:H nanocoating groups had a greater antibacterial effect on planktonic S. aureus and S. mutans
and biofilms.

Interactions between biomaterial surfaces and bacteria are affected by surface hydrophobicity, roughness, topography,
and chemistry.27 The antibacterial effect was greater in group B than in group A with 30–70% reduction, and those in
groups A2 and B2 were greater than those in A1 and B1, respectively. Strong anti-bacterial effects have also been
reported in TMS-coated wafers that showed >98% reduction of biofilm staining, and the number of bacterial cells on
TMS-coated wafers was <1% that of uncoated controls,28 while coating the surfaces of silicone rubber with TMS and
oxygen reduced biofilm formation inhibition by 90%.21 The differences in antibacterial effects may thus be a combined
result of changes in chemical compositions, surface wettability and protein adsorption. Mandracci et al reported that

Figure 9 IL-6 and IL-8 levels in supernatant. Data are relative to the control group + TNF-α. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control group; ##p < 0.01.
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silicon-oxygen thin film coatings led to a reduction of bacterial adhesion on dental composite resins.29 Hu et al reported
that functional silicon-carbon nanohybrids showed strong bacteria inhibitory effects.30 Another study showed that
increasing the ratio of oxygen enhanced inhibition of S. aureus biofilm formation.22 Our results showing better
antibacterial effects in group B (with higher O% and Si%) are in good agreement with these previous findings.
Furthermore, the plasma SiOx:H nanocoating could improve the hydrophilicity of group B to a water contact angle of
43–45°, which could be ascribed to the higher O%. Hydrophilic biomaterials exhibit good resistance to bacterial
adhesion.31 Moreover, in our study, the plasma SiOx:H nanocoating decreased protein absorption on the surface to
67–80% compared to the uncoated group. Protein adsorption is sensitive to the underlying surface wettability, and the
increasing wettability can reduce protein adsorption capacity.32 Group B with more hydrophilic showed enhanced
inhibition of protein adsorption. It also has been previously reported that the adsorption of human serum albumin or
BSA is reduced on hydrophilic surfaces.33 Biomaterials become coated with proteins from blood and interstitial fluids
within nanoseconds, facilitating subsequent bacterial attachment. The interaction among proteins with bacteria plays a
pivotal role in bacterial adhesion.31 A key virulence mechanism of S. aureus is binding to human extracellular proteins.25

In addition, the surface roughness of biomaterials has been recognized as another factor for surface-bacterium interac-
tions. Streptococcal adhesion is sensitive to surface roughness sensitive, increasing as the roughness of composite
surfaces increased from 20 nm to 150 nm.34 In our study, all plasma SiOx:H nanocoatings had roughness levels <20
nm, below the sensitive roughness range. The improvement of antibacterial properties due to plasma SiOx:H nanocoat-
ings was the outcome of various factors, and the specific underlying mechanisms require further investigation.

Implant infection involves complex interactions between pathogens and biomaterials, and the host immune response
to both. Immune inflammatory responses are the major pathogenic mechanisms of implant infections.4 Upon infection,
pathogens and their products induce the host responses including protein adsorption, leukocyte activation and secretion
of inflammatory mediators, ultimately leading to inflammation.35 Cytokines, such as interferon-γ, and interleukin-1, IL-6,
and interleukin-12, activate neutrophils and macrophages to enhance the inflammatory response and induce tissue
destruction by means of activation of collagenase and other proinflammatory factors.36 Several studies have reported
increased levels of proinflammatory cytokines, such as IL-6, IL-8 and TNF- α, in patient with peri-implant diseases.37 In
this study, therefore, TNF-α was used to stimulate inflammation of HGFs and gingival epithelial cells, which are on the
frontline of the immune defense system to mimic the in vivo peri-implant inflammatory microenvironment. After TNF-α
stimulation for 24 h, the mRNA and protein levels of IL-6, IL-8, COX-2, and MCP-1 were significantly downregulated in
the plasma nanocoating groups compared to the uncoated control group. COX-2 is the inducible isoform of cycloox-
ygenase, the enzyme involved in prostanoid biosynthesis, and thus induces a variety of inflammatory disorders and
increases susceptibility to inflammatory diseases.38 MCP-1 is a chemokine specific to mononuclear macrophages and
stimulates inflammatory events that are important for leukocyte recruitment.39 Reducing the levels of inflammation-
related factors could alleviate the immune-inflammatory response and tissue destruction, thus preventing implant-related
infection. To control the immune response, biomaterials should be capable of modulating the production of various
inflammatory mediators.15 Here, we have extended the investigation of the antibacterial properties of plasma SiOx:H
nanocoatings to potential anti-inflammatory activity. Antibacterial ability and anti-inflammatory properties are sometimes
contradictory. Therefore, the key point of surface modification is balancing the race between bacteria and cells.22 To the
best of our knowledge, this is the first study to show that plasma SiOx:H nanocoatings can simultaneously have
antibacterial and anti-inflammatory properties.

The above improvement may be a result of the changes in protein absorption. Immediately after implantation, a
biomaterial comes into contact with blood, and serum proteins adsorb to its surfaces. Therefore, the adsorption of
proteins is the key determinant of cellular responses to the material surface.27 This in turn leads to cell immune responses
and the expression of proinflammatory signaling molecules. Studies have reported the successful control of protein
adsorption on biomaterial surfaces to modulate immune responses by plasma polymerization.15 In addition, polypho-
sphoester-coated nanocarriers reduce immune reactions by discouraging protein adsorption.40 We speculate that reduced
protein adsorption may have been responsible for the reduction in proinflammatory cytokines in the present study.
However, further studies are required to characterize the cellular responses and immune reactions after plasma SiOx:H
nanocoatings.
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Conclusion
The results in our study indicated that plasma SiOx:H nanocoating technique could inhibit S. aureus and S. mutans
adhesion and the development of biofilms, and furthermore, importantly downregulate the expression levels of inflam-
matory mediators after TNF-a stimulation with good biocompatibility. Moreover, plasma SiOx:H nanocoating technique
could provide various chemical and physical properties by precisely adjusting deposition conditions, which offer an
efficient and flexible way for surface modification of biomaterials. The specific mechanisms for these improvements will
be further investigated in our future investigation. The improved antibacterial and anti-inflammatory effects demonstrated
that plasma SiOx:H nanocoating technology significantly boosts the potential for resolving biomaterial-related infection.
The successful application of plasma SiOx:H nanocoating technology will bring medical and financial benefits to
dentistry and promote the development of biomaterials application.
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