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ARTICLE INFO ABSTRACT

Keywords: Due to its unique properties, yttrium-stabilized tetragonal zirconia (Y-TZP) is well-known as a high-performance
Z?rCOHi?_i material in dental medicine. However, some issues are still open: the interaction of the implant materials with
Zinc 'OXIde surrounding tissues (osseointegration), the coupling with different biomaterials in the final device assembly (e.g.
f\iztiit;iterial metal-ceramic dental restorations), and the ability to control bacterial colonization. Herein, we were focused on
Biocompatibility developing SiO2/ZnO layers deposited by a co-sputtering technique on Y-TZP substrate and investigating the
Magnetron sputtering antifouling effects of the layer. The morphological and chemical characterization of the samples was performed
Dentistry using conventional characterization techniques including FESEM, EDS, XPS, FTIR, water contact angle, and

release tests. The hardness of the samples was investigated using the nanoindentation test. The results confirmed
the successful deposition of the SiO3/ZnO layer on the surface of Y-TZP and an increase in the hardness (19 %) of
the SiOy-coated sample by introducing ZnO. The cytocompatibility of the coating was investigated on adipose-
derived mesenchymal stem cells (ASCs) evidencing that the developed coating has basic requirements for bio-
logical and dentistry applications due to its cytocompatibility. The antibacterial effect of the coating on Y-TZP
was investigated against an oral bacterial strain of Enterococcus faecalis of clinical interest, used as a model or-
ganism with a significant positive outcome (~70 % of bacteria biofilm reduction).

g. metal-ceramic dental restorations). Furthermore, the resistance of the
implant and prosthetic surfaces against bacterial colonization is still an

1. Introduction

Nowadays, yttrium-stabilized tetragonal zirconia (Y-TZP) is well
known in medicine due to outstanding biocompatibility, high mechan-
ical performance, and aesthetic characteristics (color and opacity) that
mimic natural teeth appearances [1,2]. Also, it is the main dental ma-
terial in dental implant abutments and indirect restorations [3]. The
range of applications of Y-TZP in the dental-medicine field is constantly
expanding including implant fixtures, implant abutments, and crown
restoration [4.,5].

However, the success of Y-TZP in permanent implants and prosthesis
is dependent on numerous factors including the interaction of the
implant materials with the surrounding tissue (osseointegration), and
the coupling with different biomaterials in the final device assembly (e.

unmet clinical request [6]. Clinical studies show bacterial colonization
of surfaces and subsequent biofilm formation during and immediately
after implant surgery [7]. These bacterial infections and biofilm for-
mation lead to the destruction of adjacent tissue and ultimately possible
implant failure [8]. Also, they are the main reasons for dental caries,
periodontal, and peri-implantitis disease [5,9]. On the other hand, bio-
film that forms on a surface provides a protective barrier for bacterial
infections. Thus, disinfection treatments are not easy to perform after
the biofilm formation [10].

Numerous strategies have been performed by scientists to inhibit the
biofilm formation on the implant and prosthetic surfaces [11-14]. These
studies include using antioxidants [15], biofilm matrix-degrading agents
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[16], quorum sensing inhibitors [17], and antibiofilm coatings [18]
which inhibit biofilm formation. Among them, the most commonly used
strategy entails an antibiofilm coating approach for preventing the first
steps of biofilm infections. The strategy focuses on the surface properties
of the material itself and comprises preventing bacteria attachment on
the surface and killing the bacteria that come into contact with the
surface of the material. In this strategy, the chemical composition, sur-
face topography, roughness, wettability, and charging of material sur-
faces are improved by coating the surface with antibacterial materials
[19,20].

Many metals have been tested as antimicrobial coatings, including
silver, zinc, copper, gold, and their oxide-based particles. Due to their
small size and large surface-to-volume ratio, these materials provide
prolonged and strong antimicrobial and antibiofilm properties [21,22].
The main unmet clinical request is to find a balance between cyto-
compatibility and antibacterial action. Zinc oxide attracted attention for
its distinctive properties in dentistry applications including non-toxicity
to mammalian cells, great resistance to corrosion, cost-effectiveness,
widespread availability, environmental stability, and transparency for
visible light. Zn and its compounds are used in different forms for oral
application including oral hygiene products such as toothpaste and
mouth rinse to inhibit dental plaque, reduce halitosis, and prevent cal-
culus formation [23]. Also, Zn is one of the most effective elements for
the inhibition of Streptococcus mutans as the main cariogenic bacteria in
dental caries. However, the antibacterial properties of zinc oxide are
higher than those of Zn, and it is more commonly used compared to Zn.
[24-26]. Overall, the three main mechanisms of antimicrobial activity
of ZnO are the release of Zn®" ions, formation of free radicals and ROS,
and direct attachment between ZnO and bacteria by electrostatic in-
teractions which damage the cell membrane [25]. These mechanisms
are of great relevance because they are less prone to the development of
bacterial resistance than specific biological pathways.

From the chemical and physical standpoints, the presence of Zn and
ZnO in a coating leads to increased toughness, mechanical reinforce-
ment, and chemical stability. Nevertheless, a too high content of Zn may
have some inverse effect decreasing the mechanical properties of the
coating [27]. More importantly, when trying to achieve maximum
antimicrobial performance through an increase in Zn and ZnO content,
the cytocompatibility of the layer may be lost. So, the balance of the
layer composition is always a key factor to have both antimicrobial and
cytocompatibility properties [28].

One of the potential materials that can be used alongside Zn in a
dental coating is silicon dioxide. SiO; coating on dental materials,
including Y-TZP, is widely used due to its potential to improve the
surface hardness of the substrate, increase the adhesion of Y-TZP to
other implant and prosthetic materials, and reduce susceptibility to
bacterial adhesion [29-31].

The deposition of a nanometric silica layer onto zirconia for dental
crowns to improve the bonding strength with resin has been explored by
means of sol-gel deposition [32] and atomic layer deposition [30]
coupled with silanization. An alternative solution, reported for
improving bonding strength, is represented by alumina-based nano-
coatings obtained by a chemical route [33]. In any case, no antibacterial
activity is expected for these strategies. The use of non-thermal atmo-
spheric pressure plasma (NTAPP) treatment has been proposed to
combine an enhancement in the bonding strength of zirconia to resin
together with the reduction of bacterial contamination [33], however,
this technique has a limited duration (max. 48 h).

Herein, we were focused on developing SiO»/ZnO layers deposited
by a co-sputtering technique on Y-TZP substrate and investigating the
mechanical properties, cytocompatibility, and antifouling effects of the
layer. The approach is novel because the explored silica coatings on
zirconia for prosthetics or implants lack in stability and have no anti-
bacterial properties. Still, the combination of zinc oxide, widely inves-
tigated as an antibacterial material in many biomedical applications
[34], with silica has never been explored in a coating on zirconia.
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Moreover, the sputtering technique has not yet been used for the
obtainment of these composite-coating on dental zirconia for this
purpose.

The combination of silica and zinc oxide has been reported for
antimicrobial coatings on textiles [27], but not on dental zirconia, to the
best of the authors’ knowledge. The presence of the silica matrix is ex-
pected to protect zinc oxide from an excessive release and stabilize it on
the zirconia surface. In addition, co-sputtering represents a green
approach for coating deposition which avoids the employment of toxic
chemicals and the production of chemical waste. More precisely, a co-
sputtering technique was used to depose a SiO/ZnO layer with
different Zn contents (11 and 44 wt%) on a commercial Y-TZP substrate.
The biofilm formation on developed SiO5/ZnO layers was compared to
pristine Y-TZP substrate using clinical oral bacterial strains. In the final
step, the cytocompatibility and mechanical strength of our developed
SiO2/ZnO layers were investigated.

2. Materials and Methods
2.1. Surface coating on Y-TZP

In this work, a co-sputtering process was employed as a source for the
surface coating of Y-TZP. A preliminary work was performed to optimize
co-sputtering conditions and experimental parameters for the coating: it
is described in the Supplementary section. The parameters used for the
optimized samples are listed in Table 1. F1 is the control sample (zir-
conia substrate without coating), the F2 sample is a pure SiO; coating
without zinc, and the F3 and F4 samples are SiO5 coatings enriched with
different amounts of zinc, a low amount for F3 and a high amount for F4.
Samples were polished sequentially using a polishing machine with
silicon carbide papers of increasingly finer grit sizes, commencing with
400 grit and progressively refining the surface finish through the use of
800, 1200, and 4000 grit. Silicon dioxide (Sigma-Aldrich, 99.99 % pu-
rity) and zinc (Sigma-Aldrich, 99.99 % purity) targets were used for
depositions. Depositions were performed with a Kenosistec™ custom
design sputtering equipment with three independent cathodes powered
by separate generators of different types (DC and RF) and with different
powers. A radio frequency (RF) power supply with a constant power of
250 W power was applied to the magnetron cathode with the SiO»
target, while direct current (DC) powers with different powers (5 W, and
40 W) were applied to the magnetron cathode of the zinc target. The
working pressure was 1072 mbar to reduce the Zn evaporation. Argon
(Ar) and Oxygen (O5) gases with a purity of 99.9 % were used as the feed
gases for the ignition of the plasma with a flow rate of 50 sccm, and 10
sccm, respectively. Also, all the depositions were performed for 90 min
under a pressure of 5.5 dPa. Before the coating by co-sputtering, the
substrates were ultrasonically cleaned with ethanol 99 % for 5 min, in
deionized water for 10 min, and dried under atmospheric pressure.

Table 1
Co-sputtering conditions and experimental parameters for the coating of
different samples (F1, F2, F3, and F4).

F1 F2 F3 F4
Sputtering gas flow Argon — 10 10 10
rate (sccm)
Oxygen - 50 50 50
(sccm)
Power supplied to SiO, Sputtering - RF RF RF
Target
Sputtering power of the SiO5 (W) - 250 250 250
Power supplied to Zn Sputtering - — DC DC
Target
Sputtering power of the Zn (W) - - 5 40
Base Pressure (mbar) of the deposition ~ — 1.2x 1.2x 1.2x
1072 102 102
Deposition time (min) — 90 90 90
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2.2. | physical and chemical characterizations

The morphological analysis of the samples was performed by Field-
Emission Scanning Electron Microscope (FE-SEM, QUANTA INSPECT
200, Zeiss SUPRA 40), at different magnifications at 3 kV. Compositional
analysis (both area analysis and maps acquisition) was performed by
energy dispersive spectroscopy (EDS, EDAX PV 9900TM) at 15 kV and
the magnification of 100 x.

The surface roughness of the samples was measured using a coher-
ence scanning interferometer (NewView9000, Zygo, Middlefield (CT),
USA) with a 20 x magnification Mirau objective. According to ISO
25178-2, raw data were corrected for planarity, by implementing as F-
operator a least square first order fitting corrected by subtraction, and
LS-surface surface topography height parameters evaluated — as per ISO
25178-2 — considering the application of S-filter and L-filter, both
implemented as Gaussian filters of order 1 robust to end-effect, with a
nesting index of 1.5 um and 0.150 mm, respectively, as per ISO 25178-3.
Ten random locations per sample were measured and analyzed.

The chemical characterization was conducted by X-ray photoelec-
tron spectroscopy (XPS, PHI 5000 VERSAPROBE, PHYSICAL ELEC-
TRONICS). Both survey spectra and high resolution of C, Si, O, and Zn
regions were acquired. All the high-resolution spectra were referenced
by setting the hydrocarbon Cls peak to 284.80 eV for charging effect
compensation.

Fourier Transform InfraRed (FTIR-ATR) spectra were acquired in the
range of 500-4000 cm ™! with a resolution of 4 cm — 1 using an atten-
uated total reflectance (ATR) spectrometer (Thermo Scientific Nicolet
iS50, Thermo Fisher Scientific, Milano, Italy) equipped with a diamond
crystal ATR accessory.

Static mode contact angle measurements were used to assess the
wettability of the uncoated and coated Y-TZP substrates with a Kruss
G10 instrument device. The contact angle measurement was performed
by depositing a 5 pl ultra-pure water droplet (ARIUM PRO UV SARTO-
RIUS; specific resistivity 18.2 MQcm; TOC < 2 ppb; y = 72 mN/m) onto
the surface of the samples, under atmospheric conditions at room tem-
perature, and capturing an image after 5 s.

2.3. Mechanical surface properties

The mechanical surface properties of the samples were evaluated
using an Anton Paar NHT3 nanoindenter, compliant with the ISO
14577-4 standard. The platform frame compliance and indenter ge-
ometry were calibrated using NPL SiO2 and W reference material
showing a relative measurement uncertainty of 6 % for the indentation
hardness and 2 % for the indentation modulus. The continuous multi-
cycle (CMC) loading mode was employed for the nanoindentation test,
with 16 indentations performed on each sample and 15 cycles
comprising 10 s of load, 15 s of hold, and 10 s of unloading, which is
necessary to compensate for creep. The quadratic load step was main-
tained within the range of 0.5 to 10 mN to ensure consistent and accu-
rate measurement of the samples’ surface mechanical properties. The
CMC mode allows a profile of the mechanical properties as a function of
depth. Each unloading curve is fitted with a power law, as per ISO
14577-1, fitting from 98 % to 80 % of the maximum force reached
during the cycle to estimate the contact stiffness. The trend of the in-
depth mechanical characterization is then analyzed as per ISO
14577-4 to deconvolute the effect of the substrate and achieve the
characterization of the coating.

2.4. Leaching test in water.

The amount of zinc ions released by the coatings on Y-TZP was
evaluated by means of leaching tests in ultra-pure water droplet (ARIUM
PRO UV SARTORIUS; specific resistivity 18.2 MQcm; TOC < 2 ppb).
Samples of an average size of 0.5 x 1cm? were immersed in 30 mL of
ultrapure water at 37 °C, with the coated surface face up. The solutions
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were analyzed from the time until 7 days using a photometer for zinc
ions (Hanna Instruments, Woonsocket, RI, USA). The concentration of
zinc ions was determined in ppm. Each measurement was repeated two
times to ensure accuracy, and the average amount was reported.

2.5. Cell viability assays

ASCs (adipose-derived mesenchymal stem cells) are an established
cell model for in vitro characterizing the biological response elicited by
dental materials, as they represent the precursors of osteoblast and os-
teocytes, i.e. bone-forming cells, the major tissue interface of the dental
fixtures. ASC52telo (ATCC, Manassas, VA, USA) were used to evaluate
the toxicity of the coated layers. Cells were kept in a Mesenchymal Stem
Cell Basal Medium supplemented with Mesenchymal Stem Cell Growth
Kit (ATCC). Sample F1 was used as the control sample. 25,000 ASCs
were plated on discs and maintained in culture. The cell viability was
evaluated after 24 h, 48 h, and 72 h by CellTiter-Glo® (Promega,
Madison, WI, USA) which allows for a dose of the luminescence (by
luminometer) associated with the ATP release in the cell medium, which
is related to viability of the cells. For fluorescent imaging, cells were
seeded on different surfaces and fixed with a 4 % paraformaldehyde
solution after 24 h. Cells were then permeabilized with TBS 0.1 % Triton
X-100 (Sigma-Aldrich, St. Louis, MA, USA) and stained with Alexa 488-
Phalloidin (Life Technologies, Carlsbad, CA, USA) to detect the cyto-
skeleton and DAPI (Sigma-Aldrich, St. Louis, MA, USA) for the nuclei.
Images were acquired with a Nikon Eclipse Ti-E microscope using a
Nikon Plan 40x/0.10 objective (Nikon Instruments, Amsterdam, the
Netherlands).

2.6. | bacterial biofilm evaluation

Quantification of bacterial biofilm was performed by a direct method
as described in Genova et al., 2022 [34]. A single colony of standard E.
faecalis (ATCC 29212) was grown overnight in 10 mL of Luria Bertani
(LB) broth (Sigma Aldrich, St. Louis, MO, USA) at 37 °C in agitation 220
rpm. The day after, bacteria were subcultured until an optical density
(0OD600) of 0.6 was reached, corresponding to 2 x 108 colony-forming
units (CFU)/mL, approximately. Each sample was incubated with 1 ml of
bacterial suspension in a 24-well plate by using a shaking rotator (80
rpm) at 37 °C for 24 h. To remove non-adherent bacteria, samples were
rinsed in a sterile phosphate-buffered saline solution (PBS, pH 7; Sigma
Aldrich, St. Louis, MO, USA) four times and then placed in a sterile
eppendorf containing 1 ml saline and vortexed for 10 s, at 25 Hz two
times. Each sample was, then, transferred to a sterile tube containing 1
ml saline solution and sonicated at 80 kHz with a power output of 250 W
x 5 min. Then, samples were vortexed for 5 s again, and afterwards, a
volume of 0.4 ml of 10-fold dilutions of each suspension was plated by
spread-plating onto an LB agar plate for colony counting at 37 °C for 24
h. Following incubation, the colony-forming units per milliliter (CFU/
mL) were calculated using the formula: CFU/mL = [Number of colonies
x Dilution factor]/Volume plated (mL). One well per plate was inocu-
lated with bacterial suspension, that was vortexed and sonicated as
described above, as a control for bacteria vitality after the procedure
used.

2.7. Statistical analysis

One-way analysis of variance (ANOVA) and Bonferroni test were
utilized to compare the mean of variables in different sections of the
paper using SPSS Statistics software (v.25 IBM, USA). For that, the sig-
nificance level for all trials was set to a < 0.05.
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3. Results and discussion
3.1. Compositional and morphological characterization

A preliminary work for optimizing the process parameters was per-
formed and it is described in the Supplementary section. At the end of
this work, samples F3 and F4 were selected as the most interesting in
terms of different coating compositions and they were fully character-
ized: results are here reported. The surface morphology of the pristine
substrate and selected SiO2/ZnO coated samples is shown in Fig. 1. The
pristine Y-TZP (sample F1) had a relatively smooth surface with some
small striations due to the polishing of the substrate.

After the deposition of SiO3/ZnO coating, a dense granular
morphology was formed on the surfaces of all deposited samples (sam-
ples F2, F3, and F4) with a similar appearance that is the typical struc-
ture for sputter deposited coatings [35]. For all coated samples, the FE-
SEM images showed a uniform coverage of the layers on the surface.

By comparing the images, higher agglomeration on the surface was
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observed for sample F4. This may be related to the presence of ZnO
submicrometric particles embedded within the SiO5 matrix.

The results of surface topography are detailed in Table 2 and confirm
the FESEM findings. In surface topographical images (Fig. 1), there is no
significant difference between the roughness of control and coated
surfaces. The coating using the co-sputtering technique did not

Table 2
Average roughness, kurtosis, and skewness of the surfaces. Measurements were
performed on a 400 pm x 400 pm area.

Samples  Average Standard deviation of Kurtosis Skewness
roughness Sa Sa (um) Ssk Sku
(pm)

F1 0.103 0.041 5.8 -1.1

F2 0.121 0.049 5.8 -0.9

F3 0.141 0.099 2.9 1.9

F4 0.136 0.058 5.8 -1.4

Fig. 1. FE-SEM images of a) F1 b) F2, c¢) F3, and d) F4 samples at different magnifications (markers of 1 pm and 100 nm) along with surface topographical images

(400 pm x 400 pm area).
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significantly affect roughness but accurately reproduced the substrate
topography, as previously observed by the authors [36], and confirmed
by one-way ANOVA on the treatment (p-value > 0.05). The measured
average roughness, assessed in terms of Sa, agreed with polishing with
grit 4000 silicon carbide papers. An average roughness lower than 0.2
um is requested to investigate biofilm formation on surfaces comparing
different chemical compositions and avoiding any increase in bacterial
colonization due to morphological issues. The prepared samples respond
to this requirement. Standard deviations are low, compared to the

Applied Surface Science 690 (2025) 162590

average roughness, evidencing uniformity of surfaces; a polishing defect
was present on F3 affecting a bit the results. Kurtosis values around 5
evidence that the distribution of the heights of points on the surfaces had
heavier tails than a normal Gaussian distribution (expected Kurtosis
value equal to 3) but this is usual for hand-polishing. A negative value of
skewness was expected for sample F1 (control) because hand-polishing
is based on material removal and introduces valleys on the surface
rather than asperities. On the contrary, positive values of skewness on
coated samples agreed with a coating method based on the deposition of

Fig. 2. EDS data analyses of all samples i.e., (a) atomic percentage for O, Zr, Si, and Zn elements (b) calculated Zn/(Zn + Si) and Si/(Zn + Si) ratios based on the EDS

data, and c) elemental map analysis of all samples.
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material on the surface as magnetron sputtering is (Table 2).

Fig. 2 depicts the results of EDS data analysis for pristine and sputter-
coated Y-TZP samples. The atomic percentage ratio of Zr, O, Si, and Zn
elements was calculated based on the EDS spectra and reported in
Fig. 2a. Only Zr and O were detected on the pristine Y-TZP sample,
which were related to Y-TZP, whereas Si and Zn peaks appeared in the
spectra after the deposition of SiO3 / ZnO coatings. The amount of Zr has
a decreasing trend comparing F2 and F4, evidencing an increase in the
coating thickness on this sample. The Zn/(Zn + Si) and Si/(Zn + Si)
atomic ratios were calculated from the EDS data and reported in Fig. 2b
for the three deposited samples (F2, F3, and F4). The composition of the
F2 sample, analyzed by EDS, confirmed the deposition of bare silica on
the surface of Y-TZP, whereas the samples F3 and F4 revealed 89 % Si/
(Zn + Si) and 11 % Zn/(Zn + Si) or 56 % Si/(Zn + Si) and 44 % Zn/(Zn +
Si), respectively.

Fig. 2c depicts the spatial distribution of coated elements through
elemental map analysis. Based on the results, the F2 sample was
composed of pure silica, and the F3 and F4 samples also contained Zn
and Si. The elements were uniformly distributed on all samples and
coatings completely covered surfaces. The atomic ratio and elemental
maps for all samples were related to average values obtained from three
different EDS scan repeats at low magnification (at 100 x ).

FTIR studies were carried out to acquire an insight into the surface
composition of the deposited layers on the Y-TZP substrate. The infrared
spectra of F1 to F4 samples in the range of 400 cm™! to 4000 cm ™! are
shown in Fig. 3a. All samples showed almost similar spectra. However,
some alterations in the peak intensity and positions can be seen in the

Applied Surface Science 690 (2025) 162590

overlay view of the spectra within the ranges of 400 cm ™ '-1500 cm ™! in
Fig. 3b. In all samples, an intense unresolved band between 520 cm™?
and 800 cm™!, with the center at 632.8 cm ™!, exists, which was
attributed to the Zr-O stretching modes of the substrate [37,38]. After
the sputter deposition, a wide peak between 1000 and 1250 cm™!
intensely grew. The peaks at ~1076 cm ™!, along with an associated peak
at ~1217 cm™!, were assigned to the in-phase and out-of-phase
stretching modes of Si-O groups [39,40]. The results suggested the for-
mation of the SiO; coating layer on the surface of the F2 to F4 samples.
Also, some shoulders started to grow in the range of 500 cm ™! to 750
cm™! for the sample F4. These peaks were located at ~554 cm ™!, ~575
em ™}, and ~592 cm ™!, which arises from the stretching mode of Zn — O
[41-43] which confirms the presence of zinc oxide in the F4 sample.
These shoulders did not appear in the F3 sample because of the low
content of zinc elements in this sample and the thinner coating (as was
confirmed by EDS results in Fig. 2a and 2b). As depicted from the FTIR
results, a SiO2/Zn0 coating was successfully deposited on the surface of
the samples with better evidence of ZnO on the F4 sample.

XPS analyses were performed for additional insight into the depos-
ited layer on the Y-TZP substrate. The full survey XPS data of the F1 to F4
samples are depicted in Table 3. The F1 sample (control) showed the
signals of Zr3d5, Zr3pl, Zr3p3, Ols, and OKLL peaks at ~181 eV, ~345
eV, ~331 eV, ~525 eV, and ~977 eV respectively, which correspond for
Zr and O elements in the control Y-TZP substrate, as expected. For the F2
sample, two main peaks at about ~101 eV, and ~153 eV were added to
the spectrum which can be assigned to Si2p and Si2P. The presence of Si
indicated the successfully deposited pure silica layer on the surface of

Fig. 3. Full-range ATR spectra of the F1-F4 samples, overlay view of the F1-F4 samples within the ranges of a) 500-4000 cm™1; b) 800-1400 cm ™2, ¢) 500-750 cm 1.
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Table 3
Elemental Composition (%) from Survey XPS Spectrum for Samples F1, F2, F3,
and F4 samples.

Binging energy (eV) F1 (%) F2 (%) F3 (%) F4 (%)
Ols ~529 25.20 51.77 34.98 23.81
OKLL ~977 15.01 12.32 10.51 2.73
Cls ~283 9.56 15.04 15.52
Zr3d5 ~181 26.15 — — —
Zr3p3 ~331 14.24 - - -
Zr3pl ~345 9.84 - - -
Si2p ~101 - 9.85 5.97 0.35
Si2s ~153 — 11.02 9.50 4.24
Zn LMM ~474 - - 0.30 3.88
Zn LMM ~497 - - 4.15 15.20
Zn2p3 ~1022 — — 10.11 14.15
Zn2P1 ~1044 - - 8.98 4.99

the Y-TZP sample, which is in good accordance with the EDS and
elemental map results. In F3 and F4 samples, in addition to appearing
Si2p and Si2P at ~101 eV, and ~153 eV, four main peaks appeared at
~474 eV, ~497 eV, ~1022 eV, and ~1044 eV which were assigned to
ZnLMM, ZnLMM, Zn3pl, and Zn3p3 respectively. These spectra indi-
cated that the SiO2/ZnO layers were successfully deposited. The two
symmetric peaks at ~1021.0 eV and ~1044 eV, which correspond to the
Zn2p3 and Zn2p1, are attributed in the literature to Zn** ions in SiOy/
ZnO hybrid nano chains [44,45]. Zr peaks disappeared from the
deposited layer (F2 to F4 samples) in XPS survey spectra which can be
related to the presence of a coating thicker than the penetration depth of
XPS analysis. Moreover, the Cls peak can be detected in the survey
spectrum of all samples, which can be assigned to the residual amount of
organic additives or adventitious contaminations.

To further understand the chemical states of different elements
within the deposited layer, detailed XPS analysis was carried out on Zr,
Si2P, Ols, and Zn2p3 high-resolution peaks. Fig. 4a and 4b show
deconvolutions of the Zr 3d5 and Ols regions of the sample F1,
respectively. The Zr 3d peak of sample F1 can be fitted mainly by two
sub-peaks at ~182.1 eV, and ~184.4 eV arising from 3d5/2 and 3d3/2
spin-orbit splitting, respectively: these binding energies correspond to
ZrO,. Also, the O1s spectrum of sample F1, centered at ~529 eV binding
energy, can be fitted with two curves composed of the Zr-O bond at
~529.7 eV and O-H bond at ~531.3 eV. The peak at 531.3 eV can be
assigned to either absorbed OH due to surface contaminants of the
sample or lattice oxygen. The XPS results of sample F1 were completely
consistent with the XPS spectra of conventional Y-TZP [28,46,47]. For
the F2 sample (Fig. 4c), the fitting evidenced two sub-peaks centered at
~103.5 eV, and ~104.5 eV, which assign to the Si-O (SiO) and Si-OH
bond, respectively. Also, for the Ols spectrum of the sample F2
(Fig. 4d), the coated layer can be fitted mainly by two sub-peaks located
at ~532.7 eV and ~534.1 eV, which are assigned to the Si-O (SiO) and
Si-OH bonds, respectively.

These two sub-peaks are matched with the sub-peaks that appeared
in the Si2P fitted curve. These results indicate the formation of SiOx film
on the surface of Y-TZP [48-50]. The Si2p peak of sample F3 has been
deconvoluted into three components (Fig. 4e) at ~104.5 eV, ~103.4 eV,
and ~102.9 eV. The peaks located at ~104.5 eV, and ~103.4 eV can be
assigned to the Si-OH and Si-O (SiO3) bonds (as indicated in F2 for the
pure silica layer), while the peak at ~102.7 eV is most likely associated
with the formation of Si — O — Zn bonds [43]. Also, for the O1s spectra
of the sample F3 (Fig. 4f), the peak can be fitted mainly by four sub-
peaks located at ~533.8 eV, ~532.5 eV, ~531.7 eV, and ~530.7 eV.
The peaks located at ~533.8 and ~532.5 eV can be assigned to the Si-
OH and Si-O (SiO3) bonds (as indicated in F2 for the pure silica layer),
and the peak located at ~530.7 eV can be assigned to the lattice oxygen
of ZnO (0%7) [51]. The peak located at ~531.7 eV can be assigned to the
Si — O — Zn bonds as corroborated by an additional component revealed
in the Si 2p peak fitting curve [43,52,53]. A trend similar to the sample
F3 was detected for sample F4. The Si2P peak was deconvoluted into
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three components (Fig. 4g) at ~103.5 eV, ~102.7 eV, and ~101.9 eV.
The peak located at ~103.5 eV can be assigned to the Si-O (SiO2) bonds
(as indicated in the F2 sample for the pure silica layer), while the peaks
at ~102.7 eV and ~101.9 eV are most likely associated with the for-
mation of Si — O — Zn bonds. Moreover, in the O1s spectra of the sample
F4 (Fig. 4h), the peak can be fitted mainly by four sub-peaks located at
~534.5eV, ~532.3 eV, ~531.6 eV, and ~530.7 eV. The peaks located at
~534.5 eV, and ~532.3 eV can be assigned to the Si-OH and Si-O (SiO3)
bonds, and the peak located at 530.7 eV can be assigned to the lattice
oxygen of ZnO (0%7). Also, the peak located at 531.6 eV is most likely
associated with the formation of Si — O — Zn bonds [43,52,53]. The
high-resolution Zn3p3 spectra for samples F3 and F4 displayed peaks at
binding energies of ~1022.1 eV and ~1022.6 eV, and ~1022.4 eV and
~1023.6 eV, respectively. The binding energy of ~1022.1 eV observed
in the F3 sample corresponds to the characteristic value of Zn?* ions
(1022.1 eV [54]). However, a small shift in the binding energy was
noticed for the F4 sample. This shift can be attributed to the interaction
between ZnO and SiO; in the composite coating, as confirmed by the
additional components in the Ols and Si2p peak fitting curves for both
samples. This interaction between ZnO and SiO2 in the composite
coating is likely responsible for the enhanced properties observed, such
as increased hardness and antibacterial effects[55].

The water contact angle measurement results are reported in Fig. 5.
F2 and F3 samples showed increased water wettability compared to
pristine Y-TZP samples, while F4 showed the lowest water wettability
becoming hydrophobic. The increase in water wettability of F2 and F3
samples can be ascribed to silica-based coatings. More precisely, the
responsible functional groups were surface hydroxyl in silica-based
coatings and the high affinity of these groups for water [36,56]. How-
ever, the increase in the contact angle of F4 can be attributed to the high
zinc content of this sample as confirmed by EDS results [57]. Cyto-
compatibility is strongly associated with wettability and contact angles
around or below 60° are requested for cell adhesion [58]. The decrease
of contact angle measured on F2 and F3 vs F1 can be considered an
interesting advantage for biomedical applications, while hydrophobicity
of F4 is a potential issue.

Although the precise mechanism for the antibacterial activity of ZnO
is not clear, the release of zinc ions is one of the fundamental mecha-
nisms of its antibacterial performance. Accordingly, the zinc ions
released from the SiOy/ZnO coatings were investigated in ultrapure
water. The results are shown in Fig. 5. After 24 h, the amount of ions
detected in the water for F3 and F4 was about 0.34 and 0.99 mg/L,
respectively. Indeed, the released amount of zinc ions in deionized water
was a function of the zinc content on the sample surface. However, the
amount of ions detected in the water remained quite constant until the 7
day. It indicates that the zinc ions release happened in less than 24 h in
the samples [27]. The Minimum Inhibitory Concentration (MIC) re-
ported for zinc ions is around 768 pg/ml [59,60]. while the Lethal Dose
50 (LD50) around 0.23 mg/1 [61]. The comparison between these values
and the results of biological tests will be discussed in the following.

Fig. 5 depicts the results of EDS data analysis for F3 and F4 samples
after 1, 2, 3, and 7 days of the release test. The atomic percentage of zinc
content remained quite constant in F3, after the release at different
times, indicating the low ion release from the sample. However, the zinc
content significantly decreased for F4 after the one-day release test. It
shows that a large release of zinc ions happened quickly for the higher
content of zinc (F4) in our developed SiO2/ZnO layers.

3.2. Surface mechanical properties

Following the coating process, nanoindentation testing was con-
ducted to evaluate the surface mechanical properties of the samples.
Results report the mean and expanded uncertainty at a 95 % confidence
level. The F2 sample, composed of a pure SiOy layer, exhibited an
indentation hardness of (8.87 £ 1.10) GPa and an indentation modulus,
estimating the Young’s modulus, of (98.4 + 11.7) GPa, aligning with
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Fig. 4. Curve fitting for XPS spectra of (a) Zr in sample F1, (b) O1s in sample F1, (c) Si2p in sample F2, (d) O1s in sample F2, (e) Si2p in sample F3, (f) Ols in sample
F3, (g) Si2p in sample F4, (h) Ols in sample F4, (i) Zn3p3 in sample F3, and (j) Zn3p3 in sample F4.

previously reported values for pure SiO, layers [57]. Post-treatment,
indentation hardness and indentation modulus values for F3 and F4
samples were found to be (10.52 + 1.32) GPa, (160.8 + 14.8) GPa, and
(8.3 + 1.35) GPa, (153.9 + 18.3) GPa, respectively. Interestingly, the
observed data did not reveal a linear correspondence between ZnO
content and sample hardness as the ZnO content increased from F3 to
F4. While there was no direct relationship established between ZnO
content and hardness, the incorporation of ZnO into the SiO, layer did
result in an overall increase in hardness compared to the pure SiO5 layer
(F2 sample). The observed increase in hardness of the Si0O5/ZnO com-
posite layers compared to the pure SiO; layer can be partly attributed to
the higher hardness value of ZnO in comparison to SiO».

3.3. Cell adhesion and viability

Cell adhesion assays were carried out to analyse how the presence of
zinc on deposited samples affects the cell-material interactions: F3 and
F4 were selected to evaluate the impact of varying concentrations of ZnO
within the SiO5 matrix. Pristine Y-TZP (F1) was used as a control, being
the substrate without the coating and providing a baseline to assess the
effects of coatings. F2 was not considered of interest for the biological
characterization because silica was not expected to have antibacterial
properties considering the literature[62]. The results are depicted in
Fig. 6. Cell viability tests conducted on the F3 samples confirmed that
this sample is cytocompatible. No cytotoxicity effects were found for this
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Fig. 5. a) Water contact angles of the samples; b) measurement of the release of zinc ions into water at room temperature from SiO,/ZnO coatings; ¢) EDS data

analysis on F3 and (d) F4 samples after the 1, 2, 3, and 7 days of the release test.

coated sample and cells sustained cell growth and proliferation within
24 h, 48 h, and 72 h. There was not any statistically significant differ-
ence between the pristine Y-TZP (F1) and F3 sample.

However, sample F4 reduced cell proliferation in a statistically sig-
nificant way after 24 h, 48 h, and 72 h of cell culture. The significant
decrease in cell viability for F4 samples was due to the higher percentage
of ZnO in agreement with the literature [63,64]. Totally, it could be said
that the F3 sample had basic requirements for biological compatibility
and implant or prosthetic applications while F4 had not.

These data are in accordance with the values for LD50 (0.23 mg/1
Zn2+) reported in the literature [59,61] and the ion release data ob-
tained in this work. In fact, the ion release at 24 h for F3 was close to
LD50 while the one for F4 was significantly higher.

The immunofluorescent images of plated cells on the CTRL, F3, and
F4 samples are shown in Fig. 6b. In this figure, nuclei were depicted in
blue, and phalloidin was depicted in green. The images show that the
cells were in a good state and sprawled on the surface of the specimens.
Survived cells were well-adherent on the surfaces, even on F4, on which
cells did not proliferate according to the viability assay. The good cell
adhesion of a few ASCs combined with the high variability (higher
statistical error compared to F1 and F3) shown on F4 specimens may

find an explanation as follows. A few ion-resistant clones that were
capable of surviving during the observation time (3 days), even beyond
the DL50 threshold, were selected and F4 was not highly cytotoxic to all
mesenchymal cells.

3.4. | antibiofilm analysis

As an evaluation of the biofilm inhibition function of coated samples
compared to pristine ones, the biofilm quantification by CFU counts was
performed. The results are depicted in Fig. 6¢. The numbers of CFU/mL
x 10° of the F1 (pristine Y-TZP sample), F3, and F4 were 3.69 + 0.98,
1.19 £+ 0.88, and 1.22 =+ 0.63 respectively. There was a significant dif-
ference among the pristine sample (F1), F3, and F4 samples. F3 and F4
samples had significantly lower CFU/mL values than F1. The results
indicated the antibiofilm activity of F3 and F4 samples.

Comparing these results with ion release ones (0.34 mg/1 for F3 and
0.99 mg/1 for F4) and with the MIC reported in the literature (768 pg/
ml) [59,60], it seems that the antibacterial mechanism is not only based
on the ion release (significantly lower compared to the MIC) but also on
a contact-killing mechanism which allows the obtainment of a cyto-
compatible and antibacterial surface (F3). The similar antibacterial



E. Shakerinasab et al.

Applied Surface Science 690 (2025) 162590

Fig. 6. A) cell viability test after 24, 48, and 72 h of culture. Data represent mean =+ std. v; n = 3 independent experiments; * p < 0.05; Statistical analysis: ordinary
one-way ANOVA (RLU = relative light unit. b) Immunofluorescent images of ASCs cells seeded on the F1(CTRL), F3, and F4 specimens for 24 h. c¢) Biofilm
quantification on pristine and coated samples (Data represent mean =+ std. v; n = 3 independent experiments; * p < 0.05; Statistical analysis: ordinary one-

way ANOVA).

action of F3 and F4 which showed a significant different amount of
released zinc ions agrees with this hypothesis. This is not trivial
considering that Zn?" ions present a high MIC value and a quite low
LD50 value. This means that it is not easy to get antibacterial action and
cytocompatibility at the same time on a Zn-doped surface. Some previ-
ous studies demonstrated the effectiveness of ZnO nanowires on a silica
layer in inactivating over 99 % of bacteria through mechanical rupture
mechanisms, while maintaining good compatibility with human cells
[65]. Other studies have shown that certain types of materials exhibit
contact-killing properties and prolonged antibiofilm activity without the
significant release of antimicrobial agents [66].

4. | conclusion

In conclusion, we developed a new cytocompatible SiO5/ZnO layer
with anti-biofilm properties deposited on the Y-TZP substrate for dental
applications. For that, a co-sputtering technique was used for the
deposition of SiO2/ZnO layer with different Zn contents (11 and 44 wt
%). As a result, the successful deposition of the SiO5/ZnO layer was
confirmed by morphological and chemical characterization techniques
including FESEM, EDS, XPS, and FTIR.

The antibiofilm properties of our developed SiO2/ZnO coating on Y-
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TZP were investigated on an oral bacterial strain evidencing a combi-
nation of ion release and contact-killing mechanism. The results indi-
cated a clear and significant difference between biofilm formation on
pristine and coated Y-TZP. Also, the cytocompatibility of SiO2/ZnO
coatings on Y-TZP was investigated using cell viability assays test with
adipose-derived mesenchymal stem cells (ASCs). The results showed
that one of the developed coated samples had basic requirements for
biological compatibility and dental applications due to its cytocompat-
ibility when the zinc content was maintained at low levels. Finally, the
hardness of the samples was investigated using the nanoindentation test.
The results show an increase in the hardness of the SiO,-coated sample
by introducing ZnO. The results of this study suggest how introducing
ZnO to SiO; layers can induce antibiofilm properties on dental zirconia,
increasing its hardness, and maintaining cytocompatibility.
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