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Abstract: It was recently reported that implant osseointegration is affected by surface wettability.
The relationship between hydrophilicity and cell adhesion was corroborated by numerous in vivo
studies. Concentrated alkali improves the biocompatibility of pure titanium. Research was conducted
on the mechanism by which this treatment increases hydrophilicity. In the present study, we used
atmospheric pressure plasma processing to enhance the hydrophilicity of the material surface. The aim
was to assess its influences on the initial adhesion of the material to rat bone marrow and subsequent
differentiation into hard tissue. Superhydrophilicity was induced on a pure titanium surface with a
piezobrush, a simple, compact alternative to the conventional atmospheric pressure plasma device.
No structural change was confirmed by Scanning electron microscope (SEM) or scanning probe
microscopy (SPM) observation. X-ray photoelectron spectroscopy (XPS) analysis presented with
hydroxide formation and a reduction in the C peak. A decrease in contact angle was also observed.
The treated samples had higher values for in vitro bovine serum albumin (BSA) adsorption, rat
bone marrow (RBM) cell initial adhesion, alkaline phosphatase activity (ALP) activity tests, and
factors related to bone differentiation than the untreated control. The present study indicated that
the induction of superhydrophilicity in titanium via atmospheric pressure plasma treatment with a
piezobrush affects RBM cell adhesion and bone differentiation without altering surface properties.
Keywords: osseointegration; piezobrush; rat bone marrow cell; superhydrophilicity

1. Introduction
Concerted efforts are being made among material scientists and clinicians worldwide to improve
the performance of dental implants by accelerating and maintaining their integration into hard and soft
tissues and/or expanding their coverage [1]. The surface properties of the implant material affect the
speed and extent of its osseointegration. Recently, Vandrovcova et al. reported that surface-modifying
materials could substantially improve cell adhesion, growth, and osteogenic differentiation. In this
way, they could promote implant integration into bone and maintain its secondary stability [2].
Osseointegration is the rapid, direct incorporation of bone into an implant. It is an important
factor in functional implant loading. Several approaches and strategies have been devised to enhance
osseointegration and stabilize implants [3,4] For example, chemical or mechanical abrasion of the
implant surface significantly improved bone bonding [5–7] compared to untreated implant surfaces.
It is believed that these treatments induce the adsorption of fibronectin or other proteins on the
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implant surface which, in turn, triggers osteoblasts to form focal adhesions via an integrin-mediated
mechanism [8,9].
Titanium has been widely used as an implant material because of its biocompatibility. Moreover,
the thin surface oxide layer it produces has excellent corrosion resistance [10]. Several titanium surface
modification strategies have been tested. They focused on the surface properties of biomaterials in
order to enhance dental implant osseointegration [10–12]. Sterilization is the final step in surface
modification as the biomaterial must be aseptic prior to its implantation. Depending on the biomedical
device or material, secondary cleaning or sterilization may be performed at the clinical site [13]. The
biomaterial may be subjected to several uncontrolled washing and/or sterilization steps. When the
implant device is approved for reuse, the key steps in its reconditioning are cleaning and sterilization.
However, these processes may alter its initial surface properties [14]. Therefore, material surface
cleaning is a vital component of the surface treatment strategy.
Plasma biology is a new interdisciplinary research area [15]. The scope of applications for physical
plasma is expanding. At present, it is being used to functionalize biomaterial surfaces, improve
their biocompatibility, and enhance their bioequivalent coatings [16–18]. The relationship between
plasma treatment of implant material surfaces and hard tissue differentiation has been reported in
several papers [19–22]. For past decades, several techniques have been used for generating plasmas
at atmospheric pressure and with a temperature close to ambient, such as Radio-frequency plasmas
(RF) [23], Dielectric barrier discharges (DBD) plasmas [24], Corona discharge plasmas [24–26], and
Gliding arc discharge plasmas [27]. The general advantage of these techniques is that the formation of
a large number of reactive species could be obtained which was used for the treatment of surface, gases
and aqueous solutions. Meanwhile, the miniaturization of the generator employed to create plasma
has always been an important subject of research. The aim of these technologies, such as Piezoelectric
direct discharge plasmas [28,29], is to generate plasmas as “thin and small” as possible in terms of
clinical application. However, the devices performing plasma processing are very large and may be
impractical for clinical application. In contrast, the plasma apparatus used in the present study was
comparatively small and easy to use.
The aim of the present study was to investigate the mechanism by which piezobrush plasma
treatment of a pure titanium surface affects its initial adhesion and ability to induce hard tissue
differentiation in rat bone marrow cells. The results of this study may prove to be invaluable in the
fields of dentistry and prosthodontics.
2. Materials and Methods
2.1. Sample Preparation
Titanium disks (diameter: 15 mm; thickness: 1 mm) of commercially pure grade 2 titanium were
prepared by machining (Daido Steel, Osaka, Japan). The disks were polished with abrasive SiC paper
(Nos. 1000 and 1500), ultrasonically rinsed in acetone, ethanol, and distilled water for 10 min each, and
air-dried. A Piezobrush® PZ2 (Relyon Plazma GmbH, Regensburg, Germany) was used to coat the
disks by using active gas in atmospheric-pressure, low-temperature plasma treatment under irradiation
at 0.2 MPa for 30 s at 10 mm. The disks of the test group were subjected to plasma treatment whereas
the control disks were untreated.
2.2. Characterization of Materials
The surfaces of the plasma-treated samples were observed under a scanning electron microscope
(SEM, S-4800; Hitachi, Tokyo, Japan) and a scanning probe microscope (SPM, SPM-9600, SHIMADZU).
The chemical composition of the surface coating was analyzed by X-ray photoelectron spectroscopy
(XPS, Kratos analytical axis ultra DLD electron spectrometer; Kratos Instruments, Manchester, UK) with
a monochromatic Al Kα X-ray source. Each sample was etched with Ar ions for 2 min (evaporation
rate: 5 nm min−1 ) to remove surface contaminants.
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Contact angle measurements in ultrapure water were performed at room temperature using a
video contact angle measurement system (VSA 2500 XE; AST Products, Tokyo, Japan).
2.3. Protein Adsorption Assay
Bovine serum albumin (BSA) fraction V (Pierce Biotechnology, Rockford, IL, USA) was used as a
model protein. A protein solution (300 µL, 1 mg mL−1 protein in saline) was pipetted onto each sample.
After incubation for 1, 3, 6, or 24 h at 37 ◦ C, the nonadherent proteins were removed and mixed with
bicinchoninic acid (BCA; Pierce Biotechnology, Rockford, IL, USA) at 37 ◦ C for 1 h. The released and
total quantities of inoculated BSA were quantified in a microplate reader at 562 nm.
2.4. Cell Culture
Rat bone marrow (RBM) cells were isolated from the femurs of 8-week Sprague-Dawley rats.
This study was approved by the Guidelines for Animal Experimentation of Osaka Dental University
(Approval No. 18-03007). The rats were euthanized by 4% isoflurane inhalation and their bones were
aseptically excised from their hind limbs. The proximal ends of the femurs and the distal ends of the
tibiae were clipped and flushed with Eagle’s minimal essential medium (MEM; Wako Pure Chemical
Industries Ltd., Osaka, Japan). A 21-gauge needle (Terumo, Tokyo, Japan) was used to aspirate the
bone marrow. The marrow pellets were dispersed by trituration. Cell suspensions from all bones
were combined in one centrifuge tube. The RBM cells were cultured in 75-cm2 Falcon culture flasks
(BD Biosciences, Franklin Lakes, NJ, USA) at 37 ◦ C under a 5% CO2 atmosphere in a growth medium
containing MEM supplemented with 10% fetal bovine serum (FBS; Invitrogen/Life Technologies,
Carlsbad, CA, USA), penicillin (500 U mL−1 ; Cambrex Bio Science, Walkersville, MD, USA), and
Fungizone (1.25 µg mL−1 ; Cambrex Bio Science, Walkersville, MD, USA). When the cells reached
confluence, they were removed from the flask by trypsinization, washed twice with phosphate-buffered
saline (PBS), resuspended in culture medium, and seeded at a density of 4 × 104 cm−2 in 24-well Falcon
tissue culture plates (BD Biosciences, Franklin Lakes, NJ, USA) containing either a test or a control
titanium disk.
2.5. Cell Adhesion
Cell adhesion was measured with a Cell Titer-Blue Cell viability assay kit (Promega, Madison, WI,
USA) according to the manufacturer’s protocol. RBM cells were seeded onto the samples at a density
of 4 × 104 cm−2 and allowed to attach for 1, 3, 6, or 24 h. At each time point, the nonadherent cells were
removed by rinsing with PBS. CellTiter-Blue Reagent (50 µL) and PBS (250 µL) were then added to
each well. After incubation at 37 ◦ C for 1 h, the solution was removed and 3 × 100 µL (triplicates) of it
was transferred to a new Falcon 96-well tissue culture plate (BD Biosciences, Franklin Lakes, NJ, USA).
Absorbances of the remaining solution were measured at OD560/590.
2.6. Cell Morphology
RBM were seeded onto the samples at a density of 4 × 104 cm Samples with attached cells were
washed with PBS, fixed by incubation with 4% paraformaldehyde for 20 min at room temperature,
and permeabilized with 0.2% Triton X-100 for 30 min at room temperature after 6 h. Cells were
incubated with Blocking One reagent (Nacalai Tesque, Kyoto, Japan) for 30 min at room temperature
and stained with Alexa Fluor 488-phalloidin (Invitrogen/Life Technologies, Carlsbad, CA, USA) and
4’,6-diamidino-2-phenylindole (DAPI) at 37 ◦ C in the dark for 1 h. F-actin and the cell nuclei were
visualized by confocal laser scanning microscopy (LSM700; Carl Zeiss, Oberkochen, Germany).
2.7. RT-PCR Analysis
Total RNA was extracted from the cells and cDNA was synthesized from 1 µg RNA using
a high-capacity cDNA archive kit (Applied Biosystems, Foster City, CA, USA) after 3, 7, 14, and
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21 d. Runt-related transcription factor 2 (Runx2), ALP, bone morphogenetic protein 2 (BMP-2), and bone
gamma-carboxyglutamate (gla) protein (Bglap) mRNA expression were evaluated by qRT-PCR on a StepOne
Plus Real-Time RT-PCR system (Applied Biosystems, Foster City, CA, USA). Taqman Fast Universal
PCR Master mix (10 µL), 1 µL primer probe set (20 × Taqman Gene Expression Assays), sample cDNA
(2 µL), and 7 µL diethylpyrocarbonate-treated water (Nippongene, Toyama, Japan) were added to
each well of a fast 96-well reaction plate (0.1-mL well volume; Applied Biosystems, Foster City, CA,
−ΔΔ
USA). The plate was subjected to 40 reaction cycles of 95 ◦ C for 1 s and 60 ◦ C for 20 s. The target gene
expression level was calculated relative to the negative control group by the 2−∆∆Ct method.
2.8. ALP Activity
RBM cells at 7 and 14 d culture were washed with PBS and lysed with 200 µL of 0.2% Triton X-100
(Sigma-Aldrich, St. Louis, MO, USA). The lysate was transferred to a microcentrifuge tube containing a
hardened 5-mm steel ball. The tube was agitated on a shaker (Mixer Mill Type MM 301; Retsch GmbH,
Haan, Germany) at 29 Hz for 20 s to homogenize the contents. ALP activity was measured with an
alkaline phosphatase luminometric enzyme-linked immunosorbent assay (ELISA) kit (Sigma-Aldrich,
St. Louis, MO, USA) according to the manufacturer’s protocol. The reaction was terminated by adding
3 N NaOH until a final concentration of 0.5 N NaOH was achieved. Then p-nitrophenol production
was determined on a microplate reader (Molecular Devices, Sunnyvale, CA, USA). DNA content
was measured with a PicoGreen dsDNA assay kit (Invitrogen/Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s protocol. The amount of ALP was normalized to the amount of DNA
in the cell lysate.
2.9. Mineralization
Mineralization was assessed with a calcium E-test kit (Wako Pure Chemical Industries Ltd., Osaka,
Japan). At each time point (21 or 28 d culture), 1 mL calcium E-test reagent and 2 mL buffer were
added to 50 µL of the medium. Absorbance of the reaction products was measured at 610 nm in a
96-microplate reader (SpectraMax M5; Molecular Devices, Sunnyvale, CA, USA). The calcium ion
concentration was calculated from the absorbance value relative to a standard curve.
2.10. Statistical Analysis
All samples were prepared in triplicate. All data are means ± SD. Statistical significance was
determined with a paired two-tailed Student’s t-test. P < 0.05 was considered statistically significant.
3. Results
3.1. Sample Preparation
Scanning electron microscopy (SEM) disclosed no structural changes on the titanium disk surface
after plasma irradiation (Figure 1).

Figure 1. Surface morphology of titanium and plasma-modified titanium by SEM. SEM disclosed no
structural changes on the titanium disk surface after plasma irradiation.
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No changes in surface roughness were detected on the test disks observed by scanning probe
microscopy (SPM) (Figure 2).

.
Figure 2. Scanning probe microscopy of titanium and plasma-modified titanium. No changes in surface
roughness (titanium; Ra = 7.5, plasma-modified titanium; Ra = 8.2) were detected on the test disks
observed by scanning probe microscopy (SPM) (Figure 2).

X-ray photoelectron spectroscopy (XPS) revealed that the intensity of the O1s peaks increased
while that of the C1s peaks decreased in response to plasma irradiation (Figure 3).

Figure 3. X-ray photoelectron spectroscopy analysis of titanium and plasma-modified titanium. It
showed the intensity of the O1s peaks increased while that of the C1s peaks decreased in response to
plasma irradiation.

There was a clear difference between the contact angle of the plasma-treated titanium disks
(titanium; 32◦ , plasma-modified titanium; 0) and those of the untreated disks (Figure 4).

Figure 4. Contact angle of titanium and plasma-modified titanium. There was a clear difference
between the contact angles (titanium; 32◦ , plasma-modified titanium; 0◦ ) of the plasma-treated titanium
disks and those of the titanium disks (Figure 4).

3.2. Protein Adsorption
We measured the quantity of bovine serum albumin (BSA) adsorbed to the plasma-treated and
untreated titanium disk surfaces after incubation for 1, 3, 6, and 24 h. More BSA was adsorbed to the
plasma-treated than the control disks at every time point. (Figure 5).
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Figure 5. Bovine serum albumin (BSA) adsorption of titanium and plasma-modified titanium. More
BSA was adsorbed to the plasma-treated than the titanium disks at every time point.

3.3. Cell Adhesion and Morphology
RBM cell adhesion to the sample disks was evaluated after 1, 3, 6, and 24 h incubation.
Plasma-treated titanium disks showed greater RBM cell adhesion than the untreated disk surfaces at
every time point (Figure 6).

Figure 6. Rat bone marrow (RBM) cell adhesion of titanium and plasma-modified titanium.
Plasma-treated titanium disks showed greater RBM cell adhesion than the titanium disk surfaces at
every time point.

Cell morphology was observed using Alexa Fluor 488-phalloidin and 4’,6-diamidino2-phenylindole (DAPI) staining after 24 h incubation. The RBM cells adhering to plasma-treated
titanium showed greater F-actin expression and more filopodia and lamellipodia than those on the
untreated titanium surface (Figure 7).
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Figure 7. RBM cell morphology of titanium and plasma-modified titanium. The RBM cells adhering to
plasma-treated titanium showed greater F-actin expression and more filopodia and lamellipodia than
those on the titanium surface.

3.4. qRT-PCR Analysis
The mRNA expression levels of osteogenesis-related genes, including Runx2, ALP, BMP-2, and
Bglap in RBM grown on the specimens for 3, 7, 14, and 21 d, were evaluated by qRT-PCR. All genes in
the cells grown on plasma-treated titanium disk surfaces were upregulated compared to those in the
cells on untreated titanium (Figure 8).

Figure 8. qRT-PCR analysis of titanium and plasma-modified titanium. All genes in the cells grown on
plasma-treated titanium disk surfaces were upregulated compared to those in the cells on titanium disk.

3.5. Alkaline Phosphatase Activity
ALP activity was measured in RBM cells grown on various disks for 7 d and found to increase
with time. There were major differences in ALP activity between the plasma-treated and untreated
titanium surfaces at days 7 and 14 (Figure 9). ALP was upregulated in the former relative to the latter.
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Figure 9. Alkaline Phosphatase (ALP) activity of titanium and plasma-modified titanium. There were
major differences in ALP activity between the plasma-treated and titanium surfaces at days 7 and 14.

3.6. Mineralization
As a metric of osteogenic differentiation, calcium deposition was evaluated for the cells on the
various surfaces at 21 and 28 d culture (Figure 10). Mineralization was greater in the cells on the
plasma-treated specimens than the untreated specimens.

Figure 10. Calcium deposition of titanium and plasma-modified titanium. Mineralization was greater
in the cells on the plasma-treated specimens than the untreated titanium disk.

4. Discussion
The aim of this study was to establish whether RBM cells respond differently to titanium implants
that have undergone surface modification by plasma treatment. The results showed that adhesion and
osteogenic differentiation increased in cells grown on plasma-treated disks compared to those raised
on untreated disks. Titanium disks modified by plasma treatment promoted RBM cell adhesion and
osteogenic differentiation.
Titanium implant surface properties, such as chemistry, wettability, and morphology, affect
osteoblast proliferation, extracellular matrix and local factor production, and stimulation of the
osteogenic microenvironment [30,31]. Thus, it is important to understand how material surface
cleaning affects these physicochemical properties [32]. The optimal surface characteristics for clinically
placed dental implants and orthopedic endoprostheses have not yet been determined. However,
it is clear that removing contaminants from the material surface and imparting hydrophilicity to it
are both useful [33–35]. In the present study, we investigated changes in titanium surfaces treated
with atmospheric-pressure, low-temperature plasma. The device generating these conditions utilizes
mechanical piezoelectric resonance to amplify electrical energy and generate high voltage. In this way,
it ionizes the active gas or the surrounding atmosphere and produces plasma. Conventional plasma
devices require vacuum and processing is both constrained and costly. In contrast, the piezobrush
device used in the present study was compact and readily generated plasma. Therefore, it is suitable
for chairside use in dentistry.
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There were no perceivable differences in the SEM or SPM analysis between the untreated surface
and that treated with atmospheric low-temperature plasma. On the other hand, the contact angle
experiment test disclosed that atmospheric low-temperature plasma treatment increased the wettability
of the titanium relative to that of the control [36,37]. Atmospheric-pressure, low-temperature plasma
treatment introduces hydrophilic functional groups to resinous organic materials and inactive inorganic
substances such as zirconia and titanium [38]. Adhesion between cells and proteins increases with
wettability. The XPS analysis revealed that the atmospheric pressure, low-temperature plasma treatment
effectively removes the carbon content derived from organic contaminants on the material surface.
Under atmospheric pressure, low-temperature plasma, high-energy ions collide with the sample
surface, dissociate the carbon bonds in the organic contaminants, and cause them to volatilize. Analysis
of the surface of the pure titanium material showed that low-temperature, atmospheric-pressure
plasma treatment cleaned it, increased its hydrophilicity, and improved its biocompatibility.
In the in vitro culture media and in vivo biological fluids, all implant surfaces are immediately
covered with a layer of protein. This interface modulates a cascade of cellular responses and
behaviors [38]. To examine the relationships among implant surface properties, opsonization, and
phagocytosis in vivo, phagocytic experiments were conducted on a cell line grown in a culture medium
supplemented with BSA and human opsonizing serum factors [39]. Albumin is the most abundant
plasma protein. It inhibits the adsorption of proteins that stimulate inflammation and bacterial
colonization [39,40]. In the present study, the test group adsorbed more albumin than the control
group. Indirect improvement of surface topography could involve the adsorption of proteins or
ions that act as bridges between the nanostructured surface and the cells [41]. To the best of our
knowledge, the present study is to compare RBM cell proliferation on plasma-treated titanium surfaces
with that on unprocessed controls. Plasma treated titanium surface enhances the adhesion of cells
such as osteoblasts and fibroblasts. Thus, it was proposed that altered material surface energy may
promote tissue growth because it increases the adsorption of certain proteins relative to materials with
microscale features [41]. The adsorption of certain proteins may, in turn, induce cell adhesion on the
implant surface and perform other functions. Numerous studies demonstrated that the stimulation
of cell adhesion and proliferation on modified surfaces could be beneficial for various therapeutic
bladder, bone, vasculature, and nervous system applications [16–18].
The RBM cells on plasma-treated titanium surfaces presented with greater ALP activity, calcium
deposition, and bone formation-related gene expression than those on the untreated control surfaces.
ALP activity is a marker of bone differentiation at the early stages, bone formation, and osteoblast
activity [42]. There were significant differences between plasma-treated and untreated titanium
implant surfaces in terms of the expression levels of osteoblast-specific markers. Furthermore,
plasma-treated surfaces upregulated ALP, Bglap, BMP-2 and Runx2 (important transcription factors
mediating osteoblast differentiation) in RBM cells. Plasma treatment maintains the viability of adherent
stromal cells and promotes their differentiation into osteoblasts.
According to the experimental results, low-temperature, atmospheric-pressure plasma treatment
removes contaminants from pure titanium metal surfaces, increases its hydrophilicity, enhances the
initial adhesion of protein and rat bone marrow cells, and induces hard tissue differentiation. The
piezobrush plasma device used in the present study is invaluable to clinicians because it is smaller
and easier to operate than conventional plasma devices. Moreover, the findings of the in vitro efficacy
assays performed in the present study suggest that this novel technology could be highly useful in
dental practice.
5. Conclusions
The present study clarified that low-temperature, atmospheric-pressure plasma treatment imparts
hydrophilicity to the surface of pure titanium metal and removes contaminants from it. The results
also disclosed that plasma treatment induces the initial adhesion of rat bone marrow cells and proteins
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to the material surface and may trigger hard tissue formation. It is expected that this technology will
be extensively applied in clinical settings because it is compact and easy to use.
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