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Abstract: In this study, we applied argon plasma treatment to titanium surfaces with nanostructures
deposited by concentrated alkali treatment and investigated the effects on the surface of the material
and the tissue surrounding an implant site. The results showed that the treatment with argon plasma
removed carbon contaminants and increased the surface energy of the material while the nanoscale
network structure deposited on the titanium surface remained in place. Reactive oxygen species
reduced the oxidative stress of bone marrow cells on the treated titanium surface, creating a favorable
environment for cell proliferation. Good results were observed in vitro evaluations using rat bone
marrow cells. The group treated with argon plasma exhibited the highest apatite formation in
experiments using simulated body fluids. The results of in vivo evaluation using rat femurs revealed
that the treatment improved the amount of new bone formation around an implant. Thus, the results
demonstrate that argon plasma treatment enhances the ability of nanostructured titanium surfaces to
induce hard tissue differentiation and supports new bone formation around an implant site.

Keywords: argon plasma treatment; titania nanosheets; reactive oxygen species; hard tissue
differentiation; rat bone marrow; bone formation; simulated body fluid

1. Introduction

Improving the performance of dental implants by facilitating and maintaining their
attachment to hard and soft tissues has attracted considerable attention in terms of expand-
ing their range of applications [1,2]. Titanium and its alloys have been widely utilized as
implant materials because of their excellent biocompatibility [3,4]. Additionally, the thin
oxide layer deposited on the titanium surface has been shown to exhibit excellent corrosion
resistance [1]. The long-term clinical success rate of such implants has been reported as
89.23% at the 10-year follow-up period [5]. Early osseointegration, long-term stability of
the bone-implant interface, and reduction of peri-implantitis are necessary to increase the
long-term success rate of such implants, and the mechanical and chemical properties of the
material surface play a vital role in implant osseointegration [6–9].

The surface properties of implant materials have a remarkable impact on the speed
and coverage of their ability to induce hard tissue differentiation [10,11]. Vandrovcova
et al. [12] reported that modifying the surface of a titanium implant improved the initial
adhesion ability of rat bone marrow (RBM) cells, enhanced their ability to induce hard tissue
differentiation, and ensured secondary stability. Various methods have been developed to
modify the titanium surfaces, which have primarily focused on the surface structure and
the properties of biomaterials for enhancing the osseointegration of dental implants [1–3].
The results of our previous studies have shown that the implant surface characteristics have

Int. J. Mol. Sci. 2024, 25, 149. https://doi.org/10.3390/ijms25010149 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25010149
https://doi.org/10.3390/ijms25010149
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0001-5400-8479
https://orcid.org/0000-0002-6605-9166
https://orcid.org/0000-0002-6388-2288
https://doi.org/10.3390/ijms25010149
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25010149?type=check_update&version=5


Int. J. Mol. Sci. 2024, 25, 149 2 of 15

a remarkable impact on cell adhesion and proliferation, as well as on cell differentiation and
osteogenesis-related gene expression [13–15]. Titania nanosheets (TNSs), i.e., nanometer-
scale structures, can be formed on the material surface by treating titanium with alkali
to create a rough surface at nanoscale. Furthermore, the precipitated nano-modified
titanium surface is useful for improving the initial adhesion ability of rat bone marrow
cells (RBMCs) and inducing hard tissue differentiation [16–19]. Further, TNSs have been
reported to be more hydrophilic than untreated titanium surfaces [13,14]. Therefore, they
can be considered valuable for the initial adhesion of proteins and RBMCs, as well as
for hydroxyapatite formation. These factors result in excellent bone conduction ability.
However, their clinical application has been limited by several issues such as the high
rate of bacterial adhesion, risk of peri-implantitis, and insufficient amount of new bone
formation in vivo [15]. Hence, generating a superhydrophilic material surface emerges as a
potential solution to resolve these concerns.

The surface energy and wettability of titanium change owing to the deposition of
carbon on the material surface, leading to a phenomenon called “aging” [20,21]. Carbon
adheres to the titanium surface, reducing its hydrophilicity and the adsorption of proteins
involved in osseointegration, which decreases the contact rate between the bone and the
implant. The amount of carbon on the material surface is reduced by hydrophilic treatment
of the surface, which increases the surface energy [22,23]. Physical and chemical treat-
ment methods have been proposed as superhydrophilic treatments for titanium surfaces.
Physical treatment methods such as atmospheric pressure plasma and ultraviolet (UV)
treatment do not change the surface shape [24,25]. The superhydrophilic properties are
imparted by decomposing the hydrocarbons on the surface and introducing hydroxyl
groups [26–28]. No difference was observed between atmospheric-pressure plasma and
UV treatments. It was proposed that the hydrocarbon adsorbed on the titanium surface
decomposed, and hydroxyl groups were introduced onto the titanium oxide surface, result-
ing in superhydrophilicity [29–31]. Matsumoto et al. used a quartz crystal microbalance
(QCM) device to compare the effects of atmospheric-pressure plasma and UV treatments
on titanium surfaces [32] and inferred that both the treatments imparted hydrophilicity
to the titanium surface, which increased the amount of protein and cell attachment, in-
dicating that atmospheric pressure plasma treatment could be effective. This could be
attributed to the higher energy of the plasma treatment compared to UV irradiation, and
a superhydrophilic surface could be obtained in an extremely brief time. Consequently,
we focused on atmospheric-pressure plasma treatment and investigated its effect on the
bone conductivity of titanium and zirconia. Ujino et al. demonstrated that the in vitro
and in vivo atmospheric-pressure plasma treatment of titanium surfaces was effective in
improving the adhesion ability of RBMCs and inducing hard tissue differentiation [31].
Further, atmospheric-pressure plasma treatment of the zirconia material surface was found
to be as effective as titanium in improving bone conduction performance, as reported in
our previous studies [33,34]. Several studies have revealed that rendering the material
surface superhydrophilic decreases the carbon and oxidative stress, thus affecting the
behavior of RBMCs [29,35]. In this study, we used a small and lightweight plasma device.
Therefore, this approach can be highly useful in clinical applications. Additionally, the
device was equipped with a gas nozzle, which enabled it to contain various gases. Higher
bone conductivity was imparted to the titanium surface by including argon gas in the
atmospheric-pressure plasma as compared to that using only atmospheric-pressure plasma.
Hence, implant materials with higher osteoconductivity can be developed by subjecting
the nanostructured titanium surface to atmospheric-pressure plasma treatment containing
argon gas. Therefore, we compared and examined the effects of atmospheric-pressure
plasma treatment containing argon gas on titanium surfaces treated with an alkali in this
study and considered its subsequent effects on bone conduction performance.
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2. Results
2.1. Surface Characterization

Figure 1 shows scanning electron microscopy (SEM) micrographs of titanium samples,
which show a well-interconnected and homogeneous nanoporous network structure with
an average diameter of 50–100 nm on the titanium surface after alkali treatment. No
change was observed on the titanium surface owing to the TNS, TNS-P and TNS-ArP
groups (Figure 1). Further, an analysis using scanning probe microscopy (SPM) showed no
change in the surface roughness of test disks (Figure 1). Analysis by X-ray photoelectron
spectroscopy (XPS) suggested an increase in the O1s peak intensity and a decrease in
the C1s peak height on the titanium surface, which could be attributed to the plasma
treatment (Figure 2). The C1s peak of the TNS-ArP group showed the lowest intensity. The
contact angle of the material surface was reduced by the plasma treatment, which exhibited
the lowest value in the TNS-ArP group (Figure 2). Further, the number of polar surface
components substantially increased for both the TNS-P (74.2 ± 0.9 mJ/m2) and TNS-ArP
(77.1 ± 1.2 mJ/m2) samples, which exhibited higher surface energies compared to a control
group (60.2 ± 5.2 mJ/m2). The hydrogen bond components increased owing to plasma
treatment and were highest in the TNS-ArP group.

Figure 1. Scanning electron microscopy (SEM) and scanning probe microscopy (SPM) micrographs of
TNS, TNS-P, and TNS-ArP groups.

Figure 2. X-ray photoelectron spectroscopy (XPS) analysis and contact angle of TNS, TNS-P, and
TNS-ArP groups. (Titanium; Ti2p, carbon; C1s, oxygen; O1s, nitrogen; N1s).

2.2. Evaluation of Protein Adsorption on the Plasma and Nano-Modified Titanium Surface

Bovine serum albumin (BSA) adhesion was examined in three groups at 1, 3, 6, and
24 h after cell seeding (Figure 3). The BSA adsorption was considerably higher in the test
group compared to the control group. Additionally, the highest value was observed for the
TNS-ArP group.
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Figure 3. The adhesion examination results of BSA with the three groups. (n = 4, ** p < 0.01,
*** p < 0.001, **** p < 0.0001). It was evaluated 1, 3, 6, and 24 h after drops of albumin were placed on
the various samples.

2.3. Effects of Plasma and Nano-Modified Titanium Surfaces on Cell Adhesion and Morphology in
RBMCs

Fluorescence microscopy was used to determine the morphology of RBMCs on the
titanium surface after 24 h of culture (Figure 4). The RBMCs adhered to the surfaces of the
materials in all three groups. RBMCs adhesion was examined in three groups at 1, 3, 6, and
24 h after cell seeding (Figure 5). The number of adhered RBMCs after plasma treatment of
the material surface was observed to be considerably higher than that in the control group,
as shown. Additionally, the highest value of the number of adhered RBMCs among all
three groups was observed for the TNS-ArP group.
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Figure 5. Number of adhered RBMCs for the three groups at various time intervals. (n = 4, ** p < 0.01,
*** p < 0.001, **** p < 0.0001). It was evaluated 1, 3, 6, and 24 h after drops of RBMCs were placed on
the various samples.
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2.4. In Vitro Argon Plasma Treatment-Induced Bone Differentiation on the Nano-Modified
Titanium Surface

Bone differentiation on the nano-modified titanium surface was studied for all the
groups. Among the three groups, alkaline phosphatase (ALP) activity in bone marrow cells
7 and 14 d after the start of culture was the highest on the material surface of the TNS-ArP
group (Figure 6). Additionally, the amount of calcium deposited on the material surface
21 and 28 d after culture incubation was highest for the TNS-ArP group. Gene expression
related to the induction of hard tissue differentiation on the material surfaces of the samples
in the test and control groups was analyzed (Figure 7). The assay was performed at specific
time intervals for each gene. A remarkably higher gene expression was achieved on the
material surfaces of the samples in the TNS-ArP group as compared to that for the rest of
the groups at all measured time intervals.
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Figure 7. Gene expression related to the induction of hard tissue differentiation on the material
surfaces of the samples in the test and control groups was analyzed. (n = 4, ** p < 0.01, *** p < 0.001,
**** p < 0.0001). Gene expression levels related to the ability to induce hard tissue differentiation were
analyzed 3, 7, 14, and 21 days after RBMCs were dropped on the surface of the material in each group.
(Runx2 mRNA expression after 3 days, ALP mRNA expression after 7 days, OPN mRNA expression
after 14 days, BMP mRNA expression after 21 days).

2.5. Cell Intracellular Reactive Oxygen Species (ROS) Level of RBMCs on Nano-Modified
Titanium Surface

The RBMCs on the control group exhibited the highest levels of intracellular ROS
among the three groups, whereas the lowest ROS levels were observed in the TNS-ArP
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group, indicating that argon plasma treatment enhanced the antioxidant properties of
nano-modified titanium surfaces (Figure 8).
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Figure 8. Fluorescence microscopy images of RBMCs on the nano-modified titanium surface for all
the groups showing levels of intracellular ROS.

2.6. Simulated Body Fluid Immersion Experiment

The results obtained using SEM revealed that a small amount of apatite was formed
on the titanium surface (Figure 9). Furthermore, when comparing the TNS, TNS-P, and
TNS-ArP groups at ×500 magnification, the amount of apatite formed was the lowest in
the TNS group, moderate in the TNS-P group, and highest in the TNS-ArP group (Figure 9).
Additionally, under high magnification (×20,000), the shape of the apatite was observed
to differ on the titanium surfaces of the TNS, TNS-P, and TNS-ArP groups. Moreover,
comparing the TNS, TNS-P, and TNS-ArP groups revealed that the apatite shape was
smallest in the TNS and largest in the TNS-ArP group. X-ray diffraction (XRD) profiles
showed a characteristic peak for apatite in the control and experimental groups, which was
barely observed on the titanium surface (Figure 10).
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Additionally, the measurement collected using Fourier transform infrared (FTIR)
spectroscopy revealed the presence of apatite, hydroxide, and phosphate in the control and
experimental groups, which were absent on the titanium surface (Figure 10).

2.7. Evaluation of the Amount of New Bone Formation in the Tissue Surrounding the
Nano-Modified Titanium Implant Placement In Vivo

The trabecular microarchitectures for all the groups, which were observed to be more
prominent on the material surfaces of the test groups than on that of the control group
(Figure 11). Furthermore, the ratio of bone mass to total mass (BV/TV) and the average
trabecular thickness (Tb.Th) were the highest for the material surface of the TNS-ArP group
among all three groups. These implants promoted osteogenic activity. The amount of new
bone formation was determined using longitudinal sections (Figure 12). Among all three
groups, a greater amount of newly formed bone was observed around the implants in the
TNS-ArP group. Bone morphometric analysis showed that the bone area ratio (BA) and
bone-to-implant contact (BIC) were the highest on the material surface of the TNS-ArP
group among the three groups.
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Figure 12. The amount of new bone formation was confirmed based on the longitudinal sections.
Bone morphometric analysis showing that the bone area ratio (BA) and bone-to-implant contact
(BIC) on the material surfaces of all three groups. (n = 8, * p < 0.05, ** p < 0.01, *** p < 0.001,
ns: not significant).

3. Discussion

We evaluated the effects of atmospheric-pressure plasma treatment on titanium sur-
faces. Upon irradiation with oxygen radicals via atmospheric-pressure plasma treatment,
the carbon compounds combine with the radicals on the titanium surface, forming carbon
dioxide, which was decomposed and removed. Therefore, our results confirm that titanium
restores its original surface activity, induces the attachment and proliferation of proteins
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and RBMCs, and promotes bone formation. Argon gas, which is known to be inert, chemi-
cally unreactive to other elements, and exhibit a high sputtering rate, is sometimes used to
generate plasma in a vacuum device. Argon gas is chemically unreactive, therefore, it can
be used to suppress damage to the electrodes that come in contact with the plasma. We
reported previously that treating titanium surfaces with concentrated alkali precipitates
nanostructures and forms a network structure to which RBMCs can easily adhere, thus
improving biocompatibility [13]. Therefore, it was hypothesized that atmospheric-pressure
plasma treatment containing argon gas could improve the ability to induce hard tissue
differentiation while maintaining the characteristics of the nanostructures deposited on the
titanium surface. In the present work, we investigated the effects of atmospheric-pressure
plasma treatment containing argon gas on the bone conductivity of nanomodified titanium
surfaces. In vitro and in vivo evaluations were conducted using Sprague Dawley (SD) rats,
and the apatite formation behavior was investigated in simulated body fluids.

SEM and SPM analyses revealed a nanoscale network structure on the titanium sur-
face regardless of the plasma treatment. Previous reports have established that the surface
roughness of this nanostructure is useful for improving the adhesion ability of RBMCs. It
was observed that neither plasma treatment destroyed the nanostructures formed on the
titanium surface, thereby maintaining the effectiveness of the argon gas-containing plasma,
which is consistent with previous reports [36–40]. The production of many high-energy
species through energy transfer reactions in a low-temperature plasma environment con-
taining argon and oxygen in a specific ratio led to high surface energy on the nano-modified
titanium, demonstrating that nano-modified titanium’s surface energy can be enhanced
by atmospheric-pressure plasma treatment that contains argon gas. The wettability of the
material surface was improved, leading to the lowest contact angle for the argon plasma
treatment group and improved surface energy. Superhydrophilic surfaces have been ob-
served in plasmas generated with argon as the input gas [41,42]. However, XPS analysis
verified that the material surface’s chemical composition changed following the argon
gas-containing plasma treatment. After plasma treatment, the amount of carbon decreased
relative to the nano-modified titanium surface, and a significant number of polar oxygen
groups formed; this phenomenon may be related to the increased hydrophilicity of the
nano-modified titanium surface. The implant surface layer’s C–H bonds are broken by
plasma treatment, which produces radicals and has enough activity to combat ROS on the
material surface. The presence of oxygen and nitrogen on the material surface is reported
to be associated with the induction of myeloid cell differentiation. Implant treatment al-
ways involves surgical procedures, leading to oxidative stress due to inflammation around
the implant. However, excessive amounts cause delayed cell apoptosis, tissue healing,
and implant failure. Therefore, suppression of ROS generation is essential to successful
implant treatment. Carbon is found because carbon-containing atmospheric components
inevitably adhere to these surfaces. However, the adsorption of carbon on the surface
reduces biological activity; therefore, carbon must be reduced to improve activity [43–45].
The material’s surface acquires active oxygen due to treatment with argon plasma. In
this study, argon plasma treatment of the nanostructured titanium surface suppressed the
formation of oxidative stress on the material surface according to the ROS evaluation using
RBMCs.

Immersion experiments in simulated body fluids have been reported as an effective
methodology for evaluating the osteogenic ability of biomaterials [46–49]. Carbonate-
containing apatite precipitates on the titanium surface upon immersion in Hank’s so-
lution. In this study, the precipitation of hydroxyapatite crystals was observed on the
nano-modified titanium surface. An apatite layer similar to that of bone is formed by
immersing titanium with an alkali solution in a simulated body fluid with an inorganic ion
concentration approximately equal to that of human body fluid [50,51]. The amount and
shape of apatite formed on the titanium surface after both plasma treatments were large.
Furthermore, compared to that of titanium after plasma treatment, the apatite shape was
observed to be the largest in the TNS-ArP group. There have been no reports on plasma
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treatment affecting the ability of titanium surfaces to form apatite. However, the ability
to form apatite was determined to be high on material surfaces with high surface energy,
which is in agreement with the results of this study [52,53]. Furthermore, Hayakawa et al.
confirmed that the apatite-forming ability of Hank’s solution correlated with bone-forming
ability in animal experiments, which is also in agreement with our results [54–57].

The implant surface must be coated with protein before performing osseointegration.
Albumin is known to be the most abundant plasma protein [58–60]. In this study, more
albumin was adsorbed by performing plasma irradiation than in the TNS group, with the
TNS-ArP group exhibiting the highest value. Furthermore, the nano-modified titanium
surface treated with argon plasma improved the initial adhesion ability of osteoblasts
and elongated the cell processes. This could contribute to the increased hydrophilicity
of the nano-modified titanium surface subjected to the argon plasma treatment. The
RBMCs on the nano-modified titanium surfaces treated with argon plasma exhibited
higher ALP activity, calcium deposition, and osteogenesis-related gene expression than
the RBMCs on the surfaces of other groups. The in vitro evaluation revealed that the
nanostructure-precipitated titanium surface in the argon plasma-treated group exhibited the
highest initial adhesion ability to RBMCs. Therefore, these results demonstrated that argon
plasma treatment remarkably enhances the ability of nanostructures to induce hard-tissue
differentiation. The in vivo analysis results were in agreement with the results of the in vitro
evaluation. In this study, micro-CT and histological diagnosis exhibited increased BV/TV
and Tb.Th values around the argon plasma-treated nano-modified implants. Based on
these results, it can be considered that the surface of the nanostructure-precipitated implant
material with argon plasma surface control substantially increased protein adsorption
owing to the superhydrophilicity of the material surface and increased the bone contact
rate after contacting the surface bone of the rat femur. Further studies are needed to clarify
this assumption.

4. Materials and Methods
4.1. Sample Preparation

Titanium screw implants (1.2 mm external diameter and 12 mm length; Daido Steel,
Osaka, Japan) and grade 2 titanium discs were purchased (15 mm diameter and 1 mm
thickness; Daido Steel, Osaka, Japan). Incremental SiC abrasive sheets (800 #, 1000 #,
and 1500 #) were used to polish the disks. All the samples were ultrasonically rinsed
using acetone, ethanol, and deionized water (10 min each) and dried at room temperature
overnight. To achieve porous, homogeneous, and uniform nanonetwork structures (TNS)
on the titanium surfaces, all samples were immersed in a 10 M NaOH solution at 30 ◦C
for 24 h. They were then repeatedly washed with ion-exchanged water (200 mL) until the
conductivity of the solution reached 5 µS/cm3. Finally, they were dried at room temperature
for an entire night. The plasma treatments on the titanium surfaces were carried out with a
piezobrush® PZ2 (Relyon Plazma GmbH, Regensburg, Germany). The plasma treatment
was carried out using an active gas under atmospheric pressure. The low-temperature
plasma treatment was carried out under irradiation at 0.2 MPa for 30 s at 10 mm (TNS-P),
and the argon-based atmospheric-pressure plasma (2SLM, gas flow) treatment was carried
out under irradiation at 0.1 MPa for 30 s at 10 mm (TNS-ArP). Alkali-modified titanium
(TNS) discs were used as the control group, whereas TNS-P and TNS-ArP were used as the
experimental groups.

4.2. Surface Characterization

The materials’ surface topographies were qualitatively evaluated using SEM (S-4000;
Shimadzu, Kyoto, Japan) and SPM (SPM-9600; Shimadzu, Kyoto, Japan). Using a monochro-
matic Al Kα X-ray source, the coating composition was examined using XPS (Kratos An-
alytical Axis Ultra DLD electron spectrometer; Kratos Instruments, Manchester, UK). To
remove surface impurities, each sample was etched with argon ions for two minutes at
a rate of five nanometers per minute. Using the Multipak software tool (Multipak v9.6.1;
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ULVAC-PHI, Kanagawa, Japan), the elements were analyzed using the Shirley background
and relative sensitivity coefficients supplied by the instrument manufacturer. To measure
the contact angles and surface energies of samples from each group, one-microliter droplets
of diiodomethane and deionized water were applied to their surfaces at room temperature
(23–25 ◦C) using a surface measuring device (Drop-Master DMs-401, Kyowa Interface
Science Co., Ltd., Tokyo, Japan). An interface measurement and analysis system (FAMAS,
Kyowa Interface Science Co., Ltd., Tokyo, Japan) was used to analyze the images of the
sample surfaces and assess each sample’s surface energy using the Owens–Wendt–Rabel–
Kaelble method.

4.3. Protein Adsorption

The model proteins that were utilized were Bovine serum albumin (BSA) fraction V
(Pierce Biotechnology, Rockford, IL, USA). Each specimen received 300 microliters of a
protein solution (1 mg/mL protein in saline) pipetted onto it. After incubation for 1, 3,
6, and 24 h at 37 ◦C, nonadherent proteins were removed and mixed with bicinchoninic
acid (Pierce Biotechnology, Rockford, IL, USA) at 37 ◦C for 1 h. Using a microplate reader
set at 562 nm, the amount of BSA withdrawn and the total amount of BSA injected were
measured. The amount of BSA that was adsorbed onto the specimen in relation to the total
amount was used to compute the BSA adsorption.

4.4. Cell Culture

Eight-week-old SD rats’ femurs were used to harvest RBMCs (SHIMIZU Laboratory
Supplies Co., Kyoto, Japan). We detailed the RBMC extraction process in our previous
report [30–34]. The Medical Ethics Committee of Osaka Dental University in Japan granted
consent for the animal tests, which were carried out in accordance with the National
Animal Care Guidelines’ ethical guidelines (approval no. 21-05002). After removal from
their individual flasks, the RBMCs were seeded into 24-well tissue culture plates (BD
Biosciences, Franklin Lakes, NJ, USA) with titanium disks belonging to each of the three
groups at a density of 4 × 104 cells/well.

4.5. Cell Adhesion

RBMCs were seeded at an initial density of 4 × 104 cells/cm2 onto the titanium
surfaces of the three groups and allowed to attach to the surface for 1, 3, 6, and 24 h. A total
of 50 µL CellTiter-Blue® Reagent (Promega Corporation, Madison, WI, USA) diluted in
250 µL phosphate-buffered saline (PBS) was used to count the number of RBMC adhesions.
The analysis was carried out in accordance with the manufacturer’s instructions. The cells
were labeled and observed after 24 h of culture, as described in our prior research [30–34].

4.6. Quantitative Reverse Transcription Polymerase Chain Reaction (Qrt-Pcr), Alp Activity, Dna
Content, and Mineralization Determination

A real-time TaqMan RT-PCR assay (Life Technologies, Carlsbad, CA, USA) was utilized
to measure the expression of genes linked to osteogenesis. Using an RNeasy Mini Kit
(Qiagen, Venlo, the Netherlands), the total RNA was extracted, and Prime Script RT
Reagent kit (TaKaRa Bio, Shiga, Japan) was used to reverse transcribe each 10-µL aliquot of
RNA sample into cDNA. To identify markers of osteogenesis, runt-related transcription
factor (Runx2) was examined on day 3, the mRNA expression of ALP was examined on day
7, osteopontin (OPN) on day 14, and bone morphogenetic protein (BMP) on day 21. After
7 or 14 days of incubation, the samples were rinsed with PBS and the cells that adhered
to the surface were dissolved in 300 µL of 0.2% Triton X-100 in order to measure the ALP
activity. Following the manufacturer’s instructions, ALP activity was measured using an
ALP luminometric enzyme-linked immunosorbent assay kit (Sigma-Aldrich, St Louis, MO,
USA). The DNA content was assessed using a PicoGreen dsDNA analysis kit (Thermo
Fisher Scientific, Waltham, MA, USA). In each sample, the amount of ALP was normalized
to the amount of DNA. Calcium deposition in the extracellular matrix was evaluated on
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day 21 or 28 of culture, after dissolving in 10% formic acid. Following the manufacturer’s
instructions, the calcium content was measured and computed using a Calcium E-test Kit
(Wako Pure Chemical Industries Ltd., Osaka, Japan).

4.7. Intracellular ROS Levels in Rbmcs

The CellROX® oxidative stress reagent (C10422, Thermo Fisher Life Technologies Ltd.,
Tokyo, Japan) was used to measure intracellular ROS levels. The cells were rinsed three
times with PBS before being incubated for 30 min at 37 ◦C in a medium containing 5 µM
CellROX® oxidative stress reagents. Trypsinization was used to collect RBMCs, which
were then transferred to a 24-well plate. ROS levels in the RBMCs on titanium discs from
the three groups were stained and observed using confocal laser scanning microscopy
(LSM700; Zeiss, Oberkochen, Germany).

4.8. Simulated Body Fluid (SBF) Test

TNS, TNS-P, and TNS-ArP specimens were soaked in 50 mL of SBF solution at
35–38 ◦C for 2 weeks to assess the production of apatite on the titanium surface (neg-
ative control, Ti). Ion concentrations in the SBF solution were similar to those found in
plasma from human blood [48,49]. Following their immersion in the SBF solution, each
specimen underwent multiple rinses in distilled water. SEM, FTIR spectroscopy (FTIR;
Spectrum One, Perkin Elmer, Massachusetts, USA), and thin-film X-ray powder diffractom-
etry (TF-XRD; RINT-2500, Rigaku Co., Tokyo, Japan) were used to examine morphological
changes on the specimens’ surfaces.

4.9. Animal Model and Surgical Procedures

In this study, eight-week-old male SD rats (Shimizu Laboratory Supplies Co., Kyoto,
Japan) were utilized. The rats were randomly divided into three groups of eight rats
each. The surgical techniques employed in this investigation were previously reported
[30–34]. Following general anesthesia and surgical cleaning, a 10-mm longitudinal incision
was made along the medial side of the right hind leg’ s knee joint. Following that, the
patella and extensors were dislocated to expose the distal femurs. Using a dental burr
and sterile saline irrigation, a 1.2-mm hole was bored into the intercondylar notch. The
titanium screw implants were inserted into the channels that had been made, the knee
joint was repaired, and the incision was sutured. To prevent postoperative infection and
postoperative pain, gentamicin (1 mg/kg) and buprenorphine (0.05 mg/kg) were injected
for 3 days postoperatively.

4.10. In Vivo Argon Plasma-Induced Bone Differentiation on the TNS-Modified Titanium Surface

The right femurs, including the implants, were immediately placed in a cold saline so-
lution and scanned with a micro-computed tomography (micro-CT) scanner (SkyScan1275,
Bruker, Billerica, MA, USA) operating at 70 kV and 118 mA; the isotropic voxel size was
10 µM in all spatial directions. The implant and surrounding tissue were rebuilt and ex-
amined using morphometric software (TRI/3D-BON; Ratoc System Engineering, Tokyo,
Japan) after tomographic capture. The ROI was defined as the 500-m wide area of bone
around the implants from 2 mm below the greatest point of the growth plate to the distal
100 slices. Within the ROI, the BV/TV and mean Tb.Th were calculated. The femoral speci-
mens were utilized to make undecalcified histological sections after micro-CT scanning.
The specimens were fixed in 70% ethanol for 7 days before being immersed in Villanueva
bone stain solution. Using a digital microscope (BZ-9000; Keyence Co., Osaka, Japan),
sections were histomorphometrically analyzed. A confocal laser scanning microscope
(LSM700; Zeiss, Oberkochen, Germany) was used for fluorescence microscopy.

4.11. Statistical Analyses

The in vitro evaluation was repeated four times. The femurs of eight rats from each
group were used for the in vivo experiments. All quantitative data are presented as means
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± SD. The results were analyzed by one-way analysis of variance and Tukey’s post hoc test
using GraphPad Prism 8.0 software (GraphPad Prism, San Diego, CA, USA). The level of
statistical significance was established at p < 0.05, with lower p values considered highly
significant.

5. Conclusions

The experimental results with argon plasma-treated titanium surfaces with deposited
nanostructures show that carbon contaminants were removed while maintaining the reticu-
late nanostructures deposited by concentrated alkali treatment, and the surface energy was
increased by increasing the reactive oxygen and nitrogen species on the surface of the mate-
rial. Reactive oxygen species on titanium treated with argon plasma reduced the oxidative
stress on RBMCs, creating a favorable environment for cell growth. The highest apatite
formation was observed in the argon plasma-treated group in the experiment using SBF.
The results of this work demonstrated the ability of the nanostructured titanium surface to
induce hard tissue differentiation enhanced by the argon plasma treatment, which could be
useful for new bone formation around implant sites.
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