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Purpose: This study aimed to confirm the synergy effect of these two materials by evaluating osteoblast and antibacterial activity by
applying a double-layered hydroxyapatite(HA) zirconium oxide(ZrO,) coating to titanium.

Methods: The specimens used in this study were divided into four groups: a control group (polished titanium; group T) and three
experimental groups: Group TH (RF magnetron sputtered HA deposited titanium), Group Z (ZrO, ALD deposited titanium), and
Group ZH (RF magnetron sputtered HA and ZrO, ALD deposited titanium). The adhesion of Streptococcus mutans (S.mutans) to the
surface was assessed using a crystal violet assay. The adhesion, proliferation, and differentiation of MC3T3-E1 cells, a mouse
osteoblastic cell line, were assessed through a WST-8 assay and ALP assay.

Results: Group Z showed a decrease in the adhesion of S. mutans (p < 0.05) and an improvement in osteoblastic viability (p < 0.0083).
Group TH and ZH showed a decrease in adhesion of S. mutans (p < 0.05) and an increase in osteoblastic cell proliferation and cell
differentiation (p < 0.0083). Group ZH exhibited the highest antibacterial and osteoblastic differentiation.

Conclusion: In conclusion double-layered HA and ZrO, deposited on titanium were shown to be more effective in inhibiting the
adhesion of S. mutans, which induced biofilm formation, and increasing osteoblastic differentiation involved in osseointegration by the
synergistic effect of the two materials.

Keywords: zirconium oxide, hydroxyapatite, atomic layer deposition, radio frequency magnetron sputter, osteoblast activity,
antibacterial effect

Introduction
As the population ages, the number of people suffering from bone defects or bone diseases is increasing, resulting in the
rising demand for various biomedical implants. Titanium (Ti) is the most widely used implant material due to its
mechanical strength and good biocompatibility. However, the lack of bioactivity and antibacterial properties of titanium
can lead to loose fixations with bones and postoperative infections.' Moreover, the oxidized TiO, layer formed on the Ti
surface is stable enough to make the surface bio-inert.” Surface modifications are widely used to enhance the bioactivity
and improve the antibacterial properties of the Ti surface of dental implants.’

Surface modifications to create bioactive and antibacterial dental implant surfaces have been attempted, and several
biological properties have been shown to be improved. Zirconium oxide is used for dental materials due to its tooth-like
appearance and unique mechanical properties, such as the ability to decrease peri-implant inflammation.* Scarano et al
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reported that zirconium oxide-coated titanium surfaces had a reduction in bacterial attachment and biofilm accumulation,
thereby reducing the occurrence of inflammatory reactions.” Atomic layer deposition (ALD) is a surface modifying
method based on two consecutive and cyclic self-saturating reactions. It is used to fabricate nanometer-scaled layers on
different substrates such as bioinert and rough materials. It provides precise thickness control and has excellent
uniformity.®” Due to the surface morphology of dental implants, which have regular threads on their surface, it is
critical to form a uniform layer that remains stable on complex structures. Jo et al fabricated titanium surfaces with
zirconium oxide using ALD. Zirconium oxide ALD on titanium surfaces has been shown to inhibit bacterial adhesion
and improve osteoblastic viability.®

Hydroxyapatite (HA, Ca;o(PO4)s(OH),) is one of the natural components of bone and teeth and has structural and
chemical similarities to natural bone. HA is a bioactive material with high biocompatibility, making it a commonly used
coating material for surface modifications of dental implants.' Radio frequency (RF) magnetron sputtering is a deposition
technique that can be used to form dense, uniform, and solid HA coatings at a thickness of less than 1 pm, with equally
distributed structure and composition. These sputtered HA coatings have been shown to have in vivo and in vitro
bioactive characteristics on Ti surfaces.” Previous studies have reported that the three main advantages of preparing
a coating by magnetron sputtering are a controlled thickness and uniform coating, a tightly bonded film, and various
types of ingredients can be added to the coating and the morphology of the coatings can be easily controlled.'®

Previous studies have reported that zirconium oxide-based surfaces inhibit bacterial adhesion compared with
untreated titanium surfaces. Also, zirconium oxide is known to be an inert biomaterial.* However, there have been no
studies that have fabricated and evaluated the combination of zirconium oxide ALD titanium treated and RF magnetron
sputtered HA surfaces. Thus, this study aimed to confirm the synergy effect of these two materials by evaluating the
osteoblast and antibacterial activity by applying a double-layer hydroxyapatite zirconium oxide coating to titanium. In
this study, HA coating was formed on titanium surfaces and zirconium oxide-coated titanium surfaces by the RF
magnetron sputtering technique. There were two null hypotheses. The first null hypothesis was that double-layered
hydroxyapatite zirconium oxide coating on titanium would not inhibit biofilm formation. The second null hypothesis was
that double-layered hydroxyapatite zirconium oxide coating on titanium would have no effect on osteoblast activation.

Materials and Methods

Experimental Materials

Specimen Preparation

A total of 48 pure titanium (ASTM Grade 1V, Kobe Steel, Kobe, Japan) discs 15 mm in diameter and 3 mm thick were
prepared for each group. The titanium discs were polished with 600-, 800-, and 1000-grit SiC abrasive papers under
running water. The titanium discs were ultrasonically cleaned in acetone, ethanol, and distilled water for 15 minutes each
and then dried.

Zirconium Oxide Atomic Layer Deposition

An ALD system (Compact ALD 150, ULTECH Co., Ltd., Daegu, Korea) was used to deposit nanoscale zirconium oxide
onto the titanium surface. TEMAZr (tetrakis[ethylmethylamido]zirconium(IV)); Zr40-001, UP Chem., Gyeonggi-do,
Korea) was used as a precursor, HO was used as a reactant, and high-purity Ar (99.999%) was used as a carrier gas. The
processing temperature was set to 200°C to maintain a constant growth rate and avoid impurities forming due to thermal
decomposition. A total of 150 cycles were performed on the titanium surface (Table 1).

Table | Processing of Atomic Layer Deposition Zirconium Oxide

Processing Temperature Ar, Flow rate ALD Sequence Growth
(°C) (SCCM) Cycle
TEMAZr Ar, H,O Pulse(s) Ar,
Pulse(s) Purge(s) Purge(s)
200 350 0.05 50 0.5 50 150
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Hydroxyapatite Deposition

The magnetron sputtering mechanism involves HA target and the interaction of ions with the substrate. The basic
sputtering is processed as following: (1) the neutral gas is ionized by an external power supply, producing a glow
discharge (ie a partially ionized gas) or plasma; (2) a source (the target) is bombarded with gas ions in high vacuum; (3)
atoms from the target are ejected and then diffuse through the chamber; (4) a thin layer is formed by atomic deposition on
the substrate (Figure 1).

The Ti surfaces were deposited with HA by an RF magnetron sputtering unit (ATS-MC-STD-300, A-Tech system,
Korea) with the use of HA target and argon gas. The argon gas flow rate was 30 SCCM. The base pressure and working
pressure was 7.0x10”" Pa. The sputtering distance between substrate and HA target was 8 cm. The process was
performed with RF power of 100 W, for 60 minutes after pre-sputtering of 5 minutes. After the formation of the HA
coating, the specimens were not heat-treated.

Double-Layered Hydroxyapatite and Zirconium Oxide Depositions
HA was additionally deposited onto the ZrO, deposited discs to create a double-layer hydroxyapatite zirconium oxide
coating surface.

Classification of the Experimental Groups

The specimens used in this study were divided into a control group (polished titanium; Group T) and three experimental
groups: Group TH (RF magnetron sputtered HA deposited titanium), Group Z (ZrO, ALD deposited titanium), and
Group ZH (RF magnetron sputtered HA and ZrO, ALD deposited titanium) (Table 2).

Assessment of Surface Characteristics

The surface morphology and thickness of HA and zirconium oxide deposited on the specimens were observed using
a field emission scanning electron microscope (FE-SEM; S-4700, Hitachi, Horiba, Japan). The elemental changes of the
surfaces after HA and zirconium oxide deposition were observed using FE-SEM equipped with energy-dispersive X-ray
spectroscopy (EDS; EX-220, Horiba, Ltd., Kyoto, Japan)(n = 1) and X-ray photoemission spectroscopy (XPS; MultiLab
2000, Thermo Electron Co., England) (n = 1). Surface roughness tests were performed using a 2D contact stylus
profilometer (DIAVITE DH-8, ASMETO LTD, Biilach, Switzerland). Average roughness (Ra) was measured at three
points on each specimen. The average surface roughness of each group was calculated as the average Ra of three
specimens per group (n = 3). The comparison of surface hydrophilicity of each group was performed through a contact
angle measurement (n = 6). Distilled water, as a polar liquid, and diiodomethane (99%), as a nonpolar liquid, were used
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Figure | Schematic diagram of the sputtering mechanism.
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Table 2 Experimental Groups in This Study

Group Zirconium Oxide Deposition HA Deposition

T No treatment No treatment

TH No treatment RF magnetron sputtered HA coating
z Zirconium oxide ALD No treatment

ZH Zirconium oxide ALD RF magnetron sputtered HA coating

as solvents. Each solvent was dispensed on the surface of the specimen in the amount of 15 pL, and the contact angle was
measured with a video contact angle measuring device (Phoenix 300, SEO, Yongin, Korea). The average was calculated
by measuring the contact angle of three specimens per each experimental group in each solvent. Surface free energy
(SFE) was also calculated with the obtained contact angle values. The calculation was performed using the Owens-Wendt
method."" Table 3 lists the previously reported values for the SFE of water and diiodomethane.'?

Assessment of Inhibition of Bacterial Formation
Bacterial Culture

The inhibition of biofilm formation was assessed using the gram-positive bacterium Streptococcus mutans (KCOM
1504), which causes early biofilm formation. S. mutans strains were purchased from the Korean Collection for Oral
Microbiology (KCOM, Gwangju, Korea). Brain Heart Infusion broth (BHI, Becton, Dickinson and Company,
Sparks, MD, USA) was used as the culture medium. A single colony of S. mutans formed on the solid medium
was transferred into the liquid medium and cultured in an incubator (LIB-150M, DAIHAN Labtech Co., Korea)
at 37°C.

Bacterial Inoculation
Seven specimens per group were located in a 24-well plate, and S. mutans suspension was prepared at a concentration of
1.5x10” CFU/mL. S. mutans were inoculated on the specimens and cultured for 24 hours in a 37°C incubator.

Bacterial Formation Assessment

Biofilm formation was assessed using a crystal violet staining assay. S. mutans were cultured on the surface of the
specimens. After 24 hours, the unattached bacteria were washed out twice with a PBS solution, 0.3% Crystal violet
solution (Sigma-Aldrich, St. Louis, MO, USA) was dispensed onto the specimens, and the specimens were dyed for 10
minutes. The crystal violet solution was then removed, and the specimens were washed three times with PBS and dried
for 15 minutes. A destaining solution (80% ethyl alcohol and 20% acetone) was dispensed onto the dried specimens and
stirred for one hour. Then destaining solution was placed into a 96-well plate. The absorbance was measured at 595 nm
using a microplate spectrophotometer (Epoch2, BioTek, Winooski, VT, USA).

Table 3 Surface Energies (y) and Their
Dispersive (y4) and Polar (y,) Components

Liquid Surface Energy (mN/m)
Y Td Te
Water 728 21.8 51
Diiodomethane 50.8 50.8
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Assessment of Osteoblast Viability
Cell Culture

The mouse preosteoblastic cell line MC3T3-E1 Subclone 4 (ATCC CRL2593, Rockville, MD, USA) was purchased from
the American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured in o-Minimum Essential
Medium (a-MEM; Gibco-BRL, Grand Island, NY, USA) supplemented with 10% fetal bovine serum (FBS) and 100 U/
mL of penicillin. The cells were cultured at 37°C in a 5% CO2 incubator (SafeGrow Pro incubator, EuroClone, Pero,
Italy). The culture media was replaced every three days, and the MC3T3-E1 cells were subcultured until the number of
cells needed for the experiment was obtained.

Cell Adhesion and Proliferation

In total, ten specimens per group were added to a 24-well plate. The osteoblastic cell suspension was prepared at
a density of 4x10? cells/mL for each well with a-MEM, and the plates were cultured at 37°C in a 5% CO, incubator. The
cells were cultured for 24 hours for the cell attachment analysis and five days for the cell proliferation analysis. For the
cell attachment and proliferation analyses, a WST-8 assay (EZ-Cytox, Itsbio Inc., Seoul, Korea) was used. The WST-8
reagent was dispensed into each well, and the plates were incubated at 37°C in a 5% CO, incubator. When the medium
color changed to orange, 100 pL of the culture medium containing the reagent from each well was transferred into a 96-
well plate. The absorbance was measured at 450 nm using a microplate spectrophotometer (Epoch2, BioTek, Winooski,
VT, USA).

Cell Differentiation

The MC3T3-E1 cells used in the differentiation assay were conditioned the same as the attachment and proliferation
assay. The cells were cultured for 14 days. For the analysis of cell differentiation, an Alkaline phosphatase (ALP) assay
was used. The ALP assay buffer reagent (200 pL; Biovision Inc., Milpitas, CA, USA) was distributed to each specimen,
and the plate was incubated at 37 °C in a 5% CO, incubator for one hour. The pNPP solution (50 pL; Biovision Inc.,
Milpitas, CA, USA) was added to each well and cultured in an incubator for one hour. The stop solution (Biovision Inc.,
Milpitas, CA, USA) was added to each well. The absorbance was measured at 405 nm using a microplate
spectrophotometer.

Statistical Analysis

All statistical analyses in this study were performed using SPSS version 27.0 (SPSS Inc., Chicago, IL, USA). In case of
biofilm formation data, normality was satisfied according to a Shapiro—Wilk test, a one-way ANOVA was used to test the
parameters. A Duncan test was used as the post-hoc test. The significance level was 95% and was considered statistically
significant when the p-value was less than 0.05. In case of osteoblast activation data, normality was not satisfied,
statistical differences between the test groups were evaluated using the Kruskal-Wallis test as a nonparametric method.
A Mann—Whitney test was followed as the post-hoc test to perform a comparison between groups. Type I errors were
corrected using Bonferroni’s method. The significance of all data collected was tested at a significance level of p <
0.0083.

Results

Surface Characteristics

In the FE-SEM observations, nanoparticles of zirconium oxide were observed to form a monogenous layer in group Z. It
was also observed that in Group TH and ZH, particles of HA were deposited uniformly and that in Group ZH, the
zirconium oxide particles formed on the surface were covered by the deposited HA (Figure 2). As a result of depositing
zirconium oxide and HA on Si-wafers and observing the thickness, the thickness of zirconium oxide and HA was 26nm
and 77 nm, respectively, and the thickness of the double layered zirconium oxide and HA was about 103nm (Figure 3). In
the EDS analysis, it was confirmed that the zirconium oxide and HA layers were formed through zirconium (Zr), calcium
(Ca), and phosphate (P) peaks on the surface (Figure 4).
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Figure 2 Field emission-scanning electron microscopy images on group (a) T, (b) TH, (c) Z, and (d) ZH (magnification = 50,000).

Figure 3 Field emission-scanning electron microscopy images of deposition thickness on Si-wafers (magnification = 100,000).

The results of the chemical composition analysis of the zirconium oxide and HA deposits are shown in Figure 5. The
general XPS survey spectrum of the zirconium oxide and HA deposits exhibited the Zr3d, Ca2p and P2p bands
(Figure 5a and b). After zirconium oxide deposition, the spin-orbit doublet Zr3d peak (182.1, 184.9 eV) detected in
the Ti samples reflects zirconium oxide (Figure 5c). After HA deposition, the Ca2p (346.7, 350.2 eV) and P2p (132.8)
peaks detected in the Ti samples reflect HA (Figure 5d and e). The peak at 346.7 eV indicates the possibility of one or
more calcium-containing compounds, such as Ca3(POy),, CaO, CaHPO,, or HA. The binding energy peak at 350.2 eV
corresponds to the energy peak of Ca in CaCOs. In the case of P2p3/2, the peak observed at 133.6 eV corresponds to
(POy4); (Figure Se). In Group ZH, the Zr3d peak was not detected, and the P2s (190.1 eV) peak detected in Group ZH
reflects (PO4); . In the case of Ca2p and P2p, the same binding energy peaks in group TH were detected.

The change in contact angle according to zirconium oxide and HA deposition is shown in Figures 6 and 7. The water
contact angle was measured to be 76.5 = 1.6° for Group T, 28.0 + 2.6° for Group TH, 95.6 £ 0.9° for Group Z, and 25.5 £
0.9° for Group ZH. The zirconium oxide deposited surface had an increased water contact angle, and the HA deposited
surface had a reduced water contact angle. The diiodomethane contact angle was measured to be 46.3 + 2.8° for Group T,
44.1 + 1.7° for Group TH, 44.6 + 2.6° for Group Z, and 34.6 = 1.8° for Group ZH. The change in SFE according to
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Figure 5 Chemical composition analysis of zirconium oxide and HA depositions: (a and b) survey XPS spectrum, narrow scans of (c) Zr3d, (d) Ca2p, and (e) P2p.

zirconium oxide and HA deposition is shown in Figure 8. The total SFE was calculated to be 41.5 mN/m for Group T,
68.3 mN/m for Group TH, 37.9 mN/m for Group Z, and 70.3 mN/m for Group ZH. The HA deposited surface had
a sharp increase in the polar component of the SFE and total SFE.

The Ra was measured to be 288 nm for Group T, 292 nm for Group TH, 282 nm for Group Z, and 300 nm for Group
ZH (Figure 9). The Ra of all of the groups was observed between 282 and 300 nm.
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Figure 6 Water contact angle images of group (a) T, (b) TH, (c) Z, and (d) ZH.
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Figure 7 Diiodomethane contact angle images of group (a) T, (b) TH, (c) Z, and (d) ZH.
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Inhibition of Biofilm Formation

By assessing the biofilm formation of S. mutans on the specimens, it was found that adhesion was significantly decreased
in the experimental groups (Groups TH, Z, and ZH) compared with the control group (Group T). In addition, the biofilm
formation of S. mutans in group ZH was significantly lower than in group Z (p < 0.05; Figure 10).

Osteoblast Activation

Effects on Cell Adhesion, Proliferation, and Differentiation

The adhesion of MC3T3-E1 cells was significantly increased in Groups Z and ZH compared with Groups T and TH
(p < 0.0083). There was no significant difference between Groups T and TH and Groups Z and ZH (p > 0.0083;

2.50 x ‘
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S | |
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=
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Figure 10 Percentage of absorbance level of S. mutans cultured on each group. Different uppercase letters in the graph indicate significant differences (*Significant at p < 0.05).
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Figure |1 Evaluation of the cell viability of MC3T3-El cells in each group. Outliers are denoted by circles. Different uppercase letters in the graph indicate significant
differences (*Significant at p < 0.083).

Figure 11). The proliferation of MC3T3-El cells was significantly increased in the experimental groups (Groups TH,
Z, and ZH) compared with the control group (Group T). In addition, the proliferation of the MC3T3-El cells in Group
ZH was significantly increased compared with the cells in Group Z (p < 0.0083; Figure 12). The differentiation of
MC3T3-El cells was significantly increased in the experimental groups (Groups TH, Z, and ZH) compared with the
control group (Group T) (p < 0.0083). There was no significant difference between Groups TH, Z, and ZH
(» > 0.0083; Figure 13).
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Figure 12 Evaluation of the cell proliferation of MC3T3-E| cells of each group. Outliers are denoted by circles. Different uppercase letters in the graph indicate significant
differences (*Significant at p < 0.083).
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Discussion

HA is among the most attractive biomaterials due to its chemical similarity to natural bone and excellent biological
properties. The main advantage of HA as a coating material is its bioactive properties, which promote stronger biological
fixation to bone tissues.'? The crystal structure of HA has been shown to allow small-scale replacement of Ca”* ions with
the various foreign ions, which promotes osteoblast adhesion.'

The surface roughness and the SFE are known to play significant roles in the initial adhesion of bacteria.'* Higher
surface roughness increases the surface area and tends to enhance bacterial adhesion as surface irregularities act as
a shelter for the bacteria.'*'> The average surface roughness increased with the HA coating; however, bacterial adhesion
was decreased. This result can be explained by the increased surface roughness from the HA deposition leads to an
abrasive surface texturing, which contributes to the mechanical damage on the bacterial cell membrane.'®

Additionally, S. mutans, which was used in this study, is a gram-positive coccus and has a thicker cell wall with more
peptidoglycan compared with gram-negative bacteria. Peptidoglycans have been shown to cause more Ca®' ions to be
trapped at the surface.'® The cell wall of S. mutans also consists of covalent bonded polypeptides. Studies have shown
that these proteins could be a factor that restricts proliferation.!” Therefore, it is assumed that the destruction of the cell
wall and the interactions between the cell wall, surface chemistry, and surface structure formed by HA resulted in the
inhibition of bacterial attachment on the HA-deposited surfaces.

In the contact angle observations, compared with Groups T and Z, the water contact angle was decreased, and the
surface energy was significantly increased in Groups TH and ZH. The HA-coated surfaces became hydrophilic due to the
negative surface charge formed by the abundance of surface hydroxyl groups in HA.'® This negative charge creates
a repulsive force between the surface and the bacteria.'”

Lower surface energy is known to cause less bacterial adhesion; however, the opposite tendency was observed in this
study. This result can be explained by the general conception that hydrophobic microorganisms prefer hydrophobic
substrates. Hydrophobic interactions have been reported to play an important role in microbial adherence.” Also, the
increase in surface energy is another factor that attracts more bacteria.”' Thus, the decreased surface roughness and
surface energy of the zirconium oxide ALD surfaces of this study resulted in decreased bacterial adhesion.

Surface roughness also has a strong influence on cell attachment. Al-Radha et al reported that after implantation,
proteins that mediate cell adhesion, such as fibronectin, are adsorbed onto the implant surface, and these proteins are
quickly adsorbed onto rough surfaces, increasing osteoblast adhesion.'* Additionally, rougher surfaces influence the cell
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anchoring process. Nesbitt et al reported that cells change their morphology and enlarge when settled on rough and
hydrophilic surfaces.”> Therefore, as a result of this study, cell proliferation and differentiation were significantly
increased due to increased surface roughness after HA deposition. The improved osteoblastic viability in Groups
Z and ZH was observed by increased cell attachment, proliferation, and differentiation compared with Group T. It has
been shown that zirconium oxide enhances osteoblastic cell adhesion by regulating the gene expression of cells. This
regulation could result in a difference in osteoblastic proliferation.”> This can explain the increased osteoblastic viability
of the zirconium oxide deposited groups.

In the contact angle observations, the polar surface energy of Groups TH and ZH was determined to be approximately
5 to 90 times higher than that of Groups T and Z. It has been shown that the polar component of surface energy plays
a more important role in cell-titanium interactions.”* Therefore, the higher polar surface energy affected the initial cell
attachment and resulted in the increase in cell viability seen in this study.

This study suggests that zirconium oxide and HA deposition on dental implants have the potential to be applied as
a surface modification method to inhibit bacterial adhesion and promote osteoblast activity.

However, this study has several limitations in that all experiments were conducted in vitro. The results could differ if
it was performed in an oral environment with saliva. Additionally, only a single strain of S. mutans was used in this study,
but the characteristics of bacteria itself can also affect the results.?” The cell wall composition of Gram-negative bacteria
is different from that of S. mutans, indicating that bacteria have different surface properties. Therefore, further studies are
needed considering these limitations.

Conclusions
In this study, hydroxyapatite and zirconium oxide were deposited on titanium to evaluate the surface properties and
resulting biological effects.

The results of this study can be concluded as following:

Zirconium oxide by ALD onto titanium showed decreased adhesion of S. mutans and improved osteoblastic viability.
HA by RF magnetron sputtering onto titanium showed decreased adhesion of S. mutans and increased osteoblastic cell
proliferation and cell differentiation. The RF magnetron sputtered HA deposition formed on the zirconium oxide ALD
titanium surfaces exhibited the highest antibacterial and osteoblastic properties.

Thus, double-layered hydroxyapatite and zirconium oxide deposited on titanium is proven to have positive influences
on the biological properties by the synergistic effect of the two materials.
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