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— Effect of atmospheric pressure plasma treatment on titanium
surface on the initial behavior of vascular endothelial cells
Chikako TASAKI, Satoshi KOMASA, Seiji TAKAO, Joji OKAZAKI
Abstract : Early osseointegration is important for achieving initial stability after implant

placement, and our collaborators used atmospheric pressure plasma treatment as one of the methods
to make the titanium surface super hydrophilic. According to the researchers, this was useful for
improving the initial adhesion of rat bone-marrow cells and their ability to induce hard-tissue
differentiation without changing the properties of the material surface. Therefore, in this study, we
compared and investigated the effects of atmospheric pressure plasma treatment of titanium surface
on the behavior of rat vascular endothelial cells (ECs). The experimental material was a JIS grade 2
titanium surface. The untreated surface served as the control group, and the one irradiated with
atmospheric pressure plasma via a piezo brush served as the experimental group. X-ray
photoelectron spectroscopy (XPS) was used to analyze the elemental composition of the sample
surface. Furthermore, the contact angle of distilled water on the surface of each group was
measured. Subsequently, ECs were isolated from the descending thoracic aorta of an 8-week-old
male SD rats and cultured in primary cultures. The number of cell adhesions between the
experimental and control groups and the expression of genes related to the initial adhesion of ECs
was measured 2 and 5 days after the culture began. Student’s t-test was used for statistical analysis
on various measured values, with the significance level set to 5% or less. In the experimental group,
XPS observations revealed a decrease in carbon peak intensity and hydroxide formation. When the
cell adhesion numbers were compared, the experimental group exhibited significantly higher values
at all measurement times. Furthermore, the experimental group exhibited significantly higher gene
expression values, indicating an initial adhesion to the material surface at all measurement times.
When compared to the control group, fluorescent microscopic images revealed that the experimental
group had longer and more widely attached cell processes. These findings indicate that atmospheric-
pressure plasma treatment of titanium is beneficial for improving EC adhesion and gene expression

of adhesion factors.
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Introduction We have studied the structural control of the

material surface to maintain good implant

The concept of quality of life has permeated occlusion"™. However, for implants placed in the
implant treatment, and comfort, aesthetics, and jawbone to maintain good occlusion, initial and
mastication satisfaction has become necessity' ™. secondary stability after placement is critical,
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as it is the key to long-term stability. This
results in osseointegration, which can maintain
masticatory function. In recent years, there has
been development of implants with various surface
properties and methods of bone augmentation
for lack of bone mass, and the methods for
implant treatment are expanding®™'®. We
precipitated a nano-network structure on each
metal surface and promoted early hard-tissue
formation of rat bone marrow cells (RBMCs) by
modifying titanium metal and alloys with
concentrated alkali®”. It has also been
demonstrated that osteogenesis can be induced.
In other words, roughening the surface of the
material to improve bone marrow cell adhesion
and the ability to induce hard tissue
differentiation is a well-accepted therapeutic
method. While dental implants cemented their
place as a viable option for replacing missing
teeth, the onset of peri-implantitis associated
with long-term use has become a concern'*'?.
Treatment for peri-implantitis is different from
treatment for periodontal disease in natural
teeth, and no clear evidence has been obtained
for any treatment method due to differences in
the material, shape, and surface properties of

1419 Peri-implantitis is caused by an

implants
infection of periodontal pathogenic bacteria
around implants due to poor oral hygiene.
Because of the implant body’s structure, tissue
resistance to inflammatory reactions caused by
bacteria and biofilm is much lower than that in
in natural teeth, and inflammation is known to
progress rapidly. In other words, future
implant-material surface development will
necessitate a treatment method that imparts
antibacterial properties while also retaining a
high ability to induce hard tissue differentiation.
The hydrophilic treatment technique imparts
hard-tissue differentiation-inducing ability and
antibacterial properties to the material surface.

Surfaces of implant materials can be modified
using various methods. Chemical methods used

so far include sodium hydroxide aqueous

solution treatment, blasting treatment, acid
etching treatment, and peroxide aqueous solution
treatment. UV and low-temperature atmospheric-
pressure plasma treatment are examples of
physical methods'®'?. They are known to reduce
reactive oxygen species on the material surface,
making the material surface super hydrophilic
and promoting implant material bioactivity.
Furthermore, the environment of the material
surface is assumed to inhibit bacterial adhesion,
and both are expected to impart antibacterial
properties to the material surface. Low-
temperature atmospheric-pressure plasma
treatment has significantly more energy than
UV  treatment and can achieve ultra-
hydrophilicity in a very short time. Piezo-Brush
as atmospheric pressure plasma device is
recommended because it is extremely small in
comparison to the conventional plasma devices
and is practically suitable for clinical applications.
Low-temperature atmospheric-pressure plasma-
treated surfaces, such as UV-treated material
surfaces, have high hard-tissue differentiation-
inducing ability and antibacterial properties®”
*® This paper is also available to the public on
the Relyon website in Germany, and it is
expected that this information will be shared
with researchers worldwide.

Bone formation at the implant body/bone
interface occurs during wound healing, which
begins after implant placement®®®”. In other
words, it is critical to ensure smooth wound
healing after implant placement to achieve early
primary fixation®". The significance of endothelial
cells (ECs) in tissue formation around implant
materials has received considerable attention.
Several cells involved in osteogenesis originate

32,33
). Furthermore,

in the capillary endothelium
ECs are involved in recruiting cells to sites of
inflammation, chemotaxis, cell adhesion, and
extravasation. Implant is incorporated into a
fibrin clot, which is broken down in a complex
sequence during fibrinolysis. The interaction

between the coagulation and fibrinolytic enzyme
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pathways are centered on the vascular
endothelium. ECs play an important role in the
fibrinolytic pathway via various direct and

32,33 . ..
). Angiogenesis is a

indirect mechanisms
critical process in the early stages of healing.
Identifying the responses of cells involved in
angiogenesis and osteogenesis adjacent to
implants is critical for understanding how they
promote implant biocompatibility and improve
implant stability. If atmospheric-pressure plasma
treatment on the titanium surface affects the
initial behavior of ECs, the previously reported
correlation with hard-tissue differentiation-
inducing ability will be clarified. Therefore, the
aim of this study was to evaluate how
atmospheric-pressure plasma treatment of
titanium surfaces affected the initial adhesion,
proliferation, and gene expression of various
functional factors of ECs involved in wound

healing.

Materials and Methods

Sample Preparation

Commercial grade 2 titanium disks (diameter:
15 mm; thickness: 1 mm) were developed by
machining (Daido Steel, Osaka, Japan). The
disks were polished with abrasive SiC paper
(Nos. 1,000 and 1,500), ultrasonically rinsed in
acetone, ethanol, and distilled water for 10
minutes each, and air-dried. For coating the
disks, Piezobrush PZ2 (Relyon Plasma GmbH,
Regensburg, Germany) was used as the active
gas at atmospheric pressure and for low-
temperature plasma treatment under irradiation
(0.2 MPa for 30 seconds at 10 mm). The disks in
the test group were subjected to plasma

treatment, whereas the control disks were not.

Characterization of materials

A combination of X-ray photoelectron
spectroscopy (XPS; Kratos Analytical Axis
Ultra DLD electron spectrometer; Kratos

Instruments, Manchester, UK) with a

monochromatic Al K« X-ray source was used to
examine the chemical composition of the sample
coating. To eliminate any surface contaminant,
each sample was etched with Argon ions for 2
minutes (evaporation rate: 5 nm min™). A video
contact angle measurement system (SImage
Entry 6; Excimer Inc., Kanagawa, Japan) was
used to measure contact angles on the titanium

surface.

Cell culture

The aortas of 8-week-old Sprague Dawley
rats were used to isolate rat vascular ECs. The
rats were euthanized after intraperitoneal
anesthesia with sodium pentobarbital, and the
thoracic aorta was dissected, removed, and
carefully cleaned of connective tissue from the
distal end of the aortic arch to the
diaphragmatic level. ECs were cultured in 75
em® culture flasks coated with type I collagen
(Asahi Technoglass Inc., Tokyo, Japan) in
endothelial growth medium (HuMedia-MvG,
Kurabou, Osaka, Japan) supplemented with 5%
fetal bovine serum, 10 ng/ml recombinant
human epithelial growth factor, 1 pg/mL
hydrocortisone hemisuccinate, 50 pg/mL
gentamicin, 5 ng/mL amphotericin B, 5 ng/mL
recombinant basic human fibroblastic growth
factor, 10 g g/mL heparin, and 39.3 pg/mL
dibutyryl-cAMP (Kurabou).

The cells were cultured at 37 °C in a
humidified 5% CO2/95% atmosphere. Every 3
days, the medium was changed, and the
harvested cells were seeded and grown until
they reached sub-confluence. In subsequent
experiments, cells from passages four to six
were used. The cells were trypsinized from the
flasks, washed twice in phosphate-buffered
saline (PBS), resuspended in culture medium,
and seeded into 24-well tissue culture plates
(Falcon, Becton Dickinson, Franklin Lakes, NJ)
containing test and control titanium disks. The
study protocol was performed in accordance

with the Guidelines for Animal Experimentation
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at Osaka Dental University (Approval No. 22 -
02019).

Cell adhesion

ECs were harvested as demonstrated
previously and seeded in 24-well microplates
containing test and control titanium disks at a
density of 4 X 10" cells/well. Following a PBS
rinse, cell proliferation and viability were
determined using the Cell Titer-Blue™ Cell
Viability Assay (Promega, Madison, WI, USA),
an MTS assay, following 1, 3, 6, and 24 hours of
incubation, according to the manufacturer’s
protocol. Following supernatant aspiration, 100
1L of Cell Titer-Blue™ reagent diluted 6-fold
in PBS was added to each well and incubated for
an hour at 37 °C. A multi-mode microtiter
reader was used to measure fluorescence
intensity (excitation: 560 nm, emission: 590 nm)
(SpectraMax M5, Molecular Device Inc.,

Sunnyvale, CA).

Cell morphology

ECs were seeded at a density of 4 X 10*
cells/well on the samples. After 6 hours,
samples with attached cells were washed with
PBS, fixed with 4% paraformaldehyde for 20
minutes at room temperature, and permeabilized
with 0.2% Triton X-100 for 30 minutes at room
temperature. Cells were incubated for 30
minites at room temperature with Blocking One
reagent (Nacalai Tesque, Kyoto, Japan) before
being stained with Alexa Fluor 488-phalloidin
(Invitrogen/Life Technologies, Carlsbad, CA,
USA) and DAPI at 37 °C in the dark for an
hour. Confocal laser scanning microscopy was

used to visualize F-actin and cell nuclei

(LSM700; Carl Zeiss, Oberkochen, Germany).

RT-PCR analysis

After 2 and 5 days, total RNA was extracted
from the cells and ¢cDNA was synthesized from 1
ng RNA using a high-capacity ¢cDNA archive kit
(Applied Biosystems, Foster City, CA, USA).

The expression of CAM-1, von Willebrand
factor, and thrombomodulin mRNA was measured
using real-time quantitative reverse transcription
polymerase chain reaction on a StepOne Plus
Real-Time reverse transcription polymerase
chain reaction system (Applied Biosystems,
Foster City, CA, USA). Tagman Fast Universal
PCR Master Mix (10 pL), primer-probe set (1
nl) (20 X TagMan Gene Expression Assays),
sample cDNA (2 nLl.), and diethylpyrocarbonate-
treated water (7 nlL) (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, USA). The plate
was subjected to 40 reaction cycles of 95 °C for
1 second and 60 °C for 20 seconds. The 2-
A A Ct method was used to calculate target gene
expression levels relative to the negative

control group.

Statistical analysis

All experiments were performed in triplicate.
The data is presented as the mean £ standard
deviation. The student’s t-test was used to

determine statistical significance in all analyses

(P <0.095).

Result

Characterization

XPS revealed that the intensity of the
Oxygenls (Ols) peaks increased while the
intensity of the Carbonls (Cls) peaks decreased
in response to plasma irradiation. The contact
angles of the plasma-modified titanium disks
differed greatly from those of untreated disks
(Figures 1 and 2).

Cell adhesion

In the harvested ECs, immunofluorescence
staining for CD31 produced a distinctive
marginal staining pattern. We concluded that
these cells were ECs. Figure 3 depicts the

effects of the plasma-modified titanium surface
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Figure 1 X-ray photoelectron spectroscopy (XPS) revealed that the intensity of the Ols
peaks increased while that of the Cls peaks decreased in response to plasma irradiation.
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Figure 2 Contact angles of the plasma-modified and untreated titanium disks.
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Figure 3 Fluorescence intensity of the untreated and plasma-modified groups after
incubation for 1, 3, 6, and 24 hours (3 < 0.05).
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on EC proliferation as measured using the MTS
assay. The fluorescence intensity of the plasma-
modified groups was significantly higher than

that of the untreated group following incubation

for 1, 3, 6, and 24 hours (P < 0.05).

Cell morphology

Figure 4 depicts fluorescence images of the
test and control groups. The untreated groups
exhibited flat cell adhesion, whereas the plasma-

modified group exhibited extended adhesion and

100 pm

Untreated titanium

cell outgrowth.

RT-PCR analysis

Figures 5 and 6 depict the influence of the
plasma-modified titanium surface on the gene
expression of ECs. After 2 and 5 days of culture,
ICAM-1 mRNA levels were significantly higher
in the test group than in the untreated group (P
< 0.05). After 5 days of culture, Von Willebrand
factor and thrombomodulin mRNA expression

levels were significantly higher in the plasma-

100 pm

Plasma-modified titanium

Figure 4 Flat cell adhesion in the untreated group but extended adhesion and cell
outgrowth in the plasma-modified group.
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Figure 5 ICAM-1 mRNA was significantly higher in

the plasma-modified group than in the untreated
group at 2 and 5 days of culture (3<0.05).
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Figure 6 Von Willebrand factor and
thrombomodulin mRNA expressions were also
significantly higher in the test group than in the
control group after 5 days of culture (*<0.05).
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modified group than in the control group (P <

0.05).

Discussion

Blood supply and circulation by new blood
vessels to the bone-regenerating tissues are
required for implants to function. Early
osteogenesis and microvascular construction are
important. In this study, we used atmospheric
pressure plasma treatment to impart
hydrophilicity to the titanium surface, and a
previous study clarified that it improved the
ability of RBMCs to induce hard tissue
differentiation. Therefore, we investigated the
effect of an atmospheric-pressure plasma-
treated material surface on the behavior of ECs
is an 1initial reaction following implantation.
Titanium surface was made hydrophilic by
applying atmospheric-pressure plasma treatment,
and a reduction in the carbon peak and the
formation of hydroxides were observed.
Furthermore, it was demonstrated that the
initial adhesion of ECs was improved on the
pure titanium metal surface treated with
atmospheric-pressure plasma, and cell processes
were lengthened. It was also discovered to be
effective in increasing the expression of genes
involved in early adhesion and angiogenesis.

According to the findings of this study,
atmospheric-pressure plasma treatment of the
titanium surface converts it to a superhydrophilic
surface with a contact angle of approximately
0°. Furthermore, the XPS analysis demonstrates
that the reason for this is the removal of
contaminants on the surface of the material and
the introduction of hydroxyl groups. Our
previous study revealed no mechanical changes
on surfaces treated with atmospheric-pressure
cold plasma. Hydrophilic functional groups are
introduced into inert inorganic materials such as
zirconia and titanium via atmospheric-pressure
low-temperature plasma treatment. Wettability

. . . . 34.38
is known to increase cell- protein adhesion®?.

High-energy ions collide with the sample surface
during atmospheric-pressure plasma treatment,
dissolving the carbon bonds of organic
contaminants and volatilizing them. Surface
properties of titanium implants, such as chemistry,
wettability, and morphology, influence osteoblast
proliferation, extracellular matrix and local factor
production, and osteogenic microenvironment
stimulation®*”. Mechanical piezoelectric resonance
is used to amplify electrical energy and produce
high voltages in devices that produce these
conditions. The active gas or surrounding
atmosphere is therefore ionized, and plasma is
generated. Conventional plasma equipment
requires a vacuum, which limits processing and
increases costs. In contrast, the piezo-brush
device used in this study is small and simple to
develop. Therefore, they are appropriate for
chairside use in dentistry.

In this study, we demonstrated that
atmospheric-pressure plasma treatment of
titanium surfaces influenced EC adhesion and
morphology. Many reports show that seeded
cells easily adhere to the titanium surface that
has been hydrophilized, and the morphology is
easily elongated*™". Tt is useful for improving
the initial adhesion ability of RBMCs on
titanium and zirconia surfaces treated with
atmospheric pressure plasma, as reported in our
previous study®*?". This is attributed to the
hydrophilicity of the material surface, the
presence of active oxygen species, and an
increase in surface energy. Similar results were
obtained in rat vascular ECs in the current
study. Early EC response is critical for
inducing stable wound healing following implant
placement. The findings in this study were
satisfactory immediately after cell seeding,
indicating that titanium surfaces treated with
atmospheric-pressure plasma may promote
angiogenesis during the post-implantation wound
healing stage. ICAM-1 is an endothelial- and
leukocyte-associated transmembrane protein

that has long been recognized for its critical
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role in cell-cell interactions and leukocyte-

45-47
' Because these

endothelial cell migration
adhesion protein molecules can modulate the
adhesion of ECs to implant materials and the
initiation of inflammatory responses, we
demonstrated that these adhesion protein
molecules after endothelial contact with
titanium surfaces subjected to atmospheric-
pressure plasma treatment. When ECs are
grown on titanium surfaces that have been
treated with atmospheric-pressure plasma,
ICAM-1 is highly expressed. It is assumed that
the hydrophilized material surface stimulated
the expression of ECs adhesion molecules,
increasing cell adhesion. It has demonstrated
that surface energy and hydrophilicity of the
material surface promote the expression of
angiogenic factors and adhesion molecules in
human ECs. It is assumed that the findings of
this study are consistent with the findings by An
et al.” ECs play a critical role in angiogenesis
by secreting various bioactive factors and
constructing  endothelial  structures. Von
Willebrand factor, which mediates platelet
adhesion to the vessel wall. The thrombin
receptor, thrombomodulin 1is constitutively
expressed on the EC surface and promotes
wound healing via complex mechanisms involving
inflammation

angiogenesis stimulation and

suppression’®”. In this study, mRNA expression
Willebrand  factor and

thrombomodulin were discovered to be higher

levels of von
after incubation on atmospheric-pressure
plasma-treated titanium surfaces compared to
untreated titanium surfaces. Through the
expression and release of various factors, ECs
play a critical role in angiogenesis during wound
healing. Similarly, imparting hydrophilicity to
the surface of a material may act as a growth
factor for ECs and play an important role in
regulating inflammation and revascularization.
The adhesion and proliferation of ECs, as
well as the composition of the vascular wall, are

critical factors in the wound healing process of

the surrounding tissue following implantation.
Early results show that this structure improves
previously reported RBMCs initial adhesion and
the ability to induce hard tissue differentiation.
It was demonstrated that atmospheric-pressure
plasma treatment of titanium surface is useful
for the behavior of various cells during the

initial stages of implantation.
Conclusion

These findings indicate that atmospheric-
pressure plasma treatment of titanium surface is
useful for improving the adhesion of vascular
ECs and the gene expression of adhesion

factors.
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