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Abstract Biomaterial surfaces with satisfied antibacterial
activity and appropriate cytocompatibility are a pressing
clinical need for orthopedic and dental implants. Fluorine-
containing biomaterials have been demonstrated to obtain
antibacterial activity and osteogenic property, while the
effect of fluorine chemical compositions on antibacterial
property and cytocompatibility is rarely studied. To this
end, the coatings with different fluorine chemical compo-
sitions on titanium surface were prepared by plasma
treatment to verify the antibacterial ability and cytocom-
patibility of fluorinated surfaces. Their antibacterial ability
was evaluated by using Staphylococcus aureus, and the cell
compatibility was investigated with MC3T3-El cells
in vitro. The results show that both fluorocarbon coating
and metal fluorides coating exhibited a hydrophilic and
nano-scaled roughness. Rather than the fluorocarbon coat-
ing, the coating composed of metal fluorides presented
satisfied bactericide effect and excellent cytocompatibility.
The antibacterial mechanism is associated with the metal
fluorides and released fluoride ion. This work would pro-
vide novel sight in optimizing the surface modification
method of fluorinated biomaterials for biomedical
applications.

M. Chen*, X.-Q. Wang, Y.-Z. Wan, J. Hu*

Jiangxi Key Laboratory of Nanobiomaterials, Institute of
Advanced Materials, East China Jiaotong University, Nanchang
330013, China

e-mail: chenmian2016@163.com

J. Hu
e-mail: 642688789@qq.com

E.-L. Zhang

Key Laboratory for Anisotropy and Texture of Materials (ATM),
School of Material Science and Engineering, Northeastern
University, Shenyang 110819, China

Keywords Titanium; Plasma-based technology; Fluorine;
Antibacterial property; Cytocompatibility

1 Introduction

Among metallic biomaterials for orthopedic and dental
implants, titanium and its alloys are widely used because of
their good biocompatibility, mechanical properties, and
great corrosion resistance in the physiological environment
[1], while titanium does not have intrinsic antibacterial
characteristics and bacterial infection is one of the most
serious complications after surgery nowadays [2, 3]. It has
been reported that 90% and 50% of all implants showed
signs of inflammation and irreversible tissue destruction,
respectively [4]. For dental implants, a mean prevalence of
peri-implantitis was 22% [5], and the infection rates of
peri-prosthetic joint infections were 0.5%-2% [6], 2%—9%
[7], and 0.3%—1.7% [8] after total joint replacement of the
knee, hip, and ankle, respectively. In particular, Staphylo-
coccus aureus (S. aureus) was the most common pathogen
[8]. Bacterial infections associated with implants are a
critical complication that often leads to further surgical
intervention and even cause the failure of the implants [9].
Therefore, altering the inert biomaterial surface character-
istics by surface modification should be an interesting and
primary strategy to prevent implant-related infection.
Over the past decades, several antibacterial reagents
have been incorporated to titanium surface to enhance its
antibacterial properties, such as Ag nanoparticles [10, 11],
Cu*t [12], and Zn*t [13], while the long-term biological
safety of metal ions in vivo still needs to be verified.
Fluorine, as a necessary trace element in the human body,
has been widely used to prevent dental caries in clinics due
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to its good antibacterial activity [14]. Meanwhile, various
surface modification approaches have been applied to
convert the surfaces of biomedical devices into antimi-
crobial surfaces with fluorine elements, including plasma-
based treatment [15] and anodizing [16, 17]. Moreover, the
fluorine-containing biomaterials have been confirmed to
stimulate osteoblastic activities in terms of cell prolifera-
tion and differentiation in vitro and even promote
osteoblastic bone formation in vivo [18, 19]. Therefore,
modifying titanium surface with fluorine should be a
potential way to endow it with improved antibacterial
properties and even contribute to bone formation.

Recently, plasma-based technology has attracted much
attention to prepare the functional coatings due to that it
has the potential to change the physicochemical properties
of implant surfaces. Plasma treatment can clean titanium
surfaces [20] and increase surface hydrophilicity [21, 22],
thereby being able to improve the adhesion and spreading
of osteoblastic cells on titanium surfaces [21]. Meanwhile,
the advantage of low-temperature operation can guarantee
some low-temperature film structures [23]. In our previous
study, fluorine has been incorporated on titanium to obtain
antibacterial activity and cytocompatibility by plasma-
based method. The antibacterial property was enhanced
with the fluorination level (composed of titanium fluorides)
of titanium surface with the fluoride ion release concen-
tration increasing [24]. However, due to the strong elec-
tronegativity of the fluorine atom, the material surface was
prone to cover with the polymer-like films composed by
CF, groups during the plasma process. Interestingly, it has
been reported that the CF,-modified surface obtained
antibacterial properties and satisfied cytocompatibility due
to its low surface energy [25], such as fluorine incorporated
diamond-like carbon (F-DLC) films [26, 27] and fluori-
nated graphene [28]. The antibacterial property was
enhanced with the fluorine content [27], while other reports
demonstrated that the CF, films only obtain strong
antibacterial properties when incorporated with strong
antibacterial regent of nitric oxide [29]. All these contra-
dictory results suggested that the antibacterial property of
fluorine-containing material surface was not only related to
the fluorine content but also closely related to the fluorine
chemical compositions.

With the consideration of above results, in this work, the
coatings with different fluorine chemical compositions on
titanium surfaces were prepared by plasma-based deposi-
tion method to verify the antimicrobial property and
cytocompatibility of fluorination surfaces. Their antibac-
terial ability against S. aureus was evaluated by using plate
colony-counting method, live/dead bacterial staining, and
scanning electron microscopy (SEM) observation, and the
cell compatibility was investigated with MC3T3-E1 cells
in vitro. This work may provide novel sight in surface

aQ

modification method of fluorine-containing biomaterials
for biomedical applications.

2 Experimental
2.1 Samples preparation

Titanium discs (cp-Ti, Grade 2, Xi’an Saite Metal Mate-
rials Development Co. Ltd, China) with the thickness of
2 mm and diameter of 15 mm were used in this experi-
ment. The samples were mechanically ground with silicon
carbide papers and polished with diamond suspension, then
ultrasonically cleaned and dried for further surface treat-
ment. The pre-treated samples were modified by a plasma
treatment system [30]. The detailed parameters of plasma
treatment are listed in Table 1. Before the plasma treat-
ment, samples were sputtering with argon plasma for 2 min
to clean the sample surface. CF4 and O, were used as the
fluorine and oxygen source. The obtained samples are
designed as TiF-I and TiF-II, respectively.

2.2 Material characterization
2.2.1 Surface topography and chemical compositions

Field-emission scanning electron microscopy (SEM, JSM-
7001F, JEOL, Japan) and atomic force microscopy (AFM,
Dimension, Bruke, Germany) were applied to assess the
surface morphology and roughness of TiF samples. The
fluorine chemical compositions of the TiF coatings were
determined by X-ray photoelectron spectroscopy (XPS,
Thermo Scientific™, USA) with sputtering rate of

0.1 nm-s— ..

2.2.2 Contact angle

The water contact angles of different TiF surfaces were
determined with an optical contact angle instrument

Table 1 Parameters of plasma treatment

Parameters TiF-I TiF-Il
Peak power/W 100 300
Bias voltage/V 0 — 500
Gas pressure/Pa 30 30
Gas rate/(ml-min~")

Ar/(ml-min~") 15 10

CF4/(ml-min~") 15 5

Og/(ml-min~") 0 10
Treat time/min 20 20
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(SL200KS, Kino, USA) by vertically dropping 3 pl
deionized water onto each surface.

2.2.3 Fluoride ion release

Immersion tests were carried out in physiological saline
(PS) with an area/volume ratio of 1 cm?/2.8 ml at 37 °C
according to the National Standard of China GB/T
16,886.12, the PS changed every day. The concentration of
fluoride ion in daily liquid was examined by ion chro-
matography (ICS-2100, ThermoFisher, USA).

2.3 Antibacterial assay

Gram-positive S. aureus (ATCC 6538) provided by the
Center for Typical Culture Collection of China was chosen
to assess the antibacterial ability of TiF samples. The
bacteria strain was prepared at a concentration of
1 x 10’ CFU-ml™" in Lysogeny broth (LB) medium m
(1% tryptone, 0.3% yeast extract, 0.5% NaCl; w/v) and
diluted to a concentration of 1 x 10° CFU-ml~" with PS.
The samples were placed on a 12 well plate, and 100 pl S.
aureus suspension was seeded on each sample and incu-
bated at 37 °C.

2.3.1 Quantitative assessment

The plate colony-counting method was used to assess the
quantitative antibacterial property. Briefly, after cultured
for 24 h, 2 ml PS was added to each well and vortexed for
2 min. Afterward, 100 pl bacterial suspension was col-
lected and inoculated into a standard agar culture plate.
Then further incubated at 37 °C for 24 h, the active bac-
teria were counted and the antibacterial rate (AR) was
calculated using the following formula:

AR = (Ncnmrnl - Nqample) /Ncontrol X 100% (l)

where Neonirol and Ngample are the bacterial colony number
on the cp-Ti and TiF samples, respectively. In order to
evaluate the long-lasting antibacterial property, samples
were immersed in PS for 1, 3 and 7 days and the degraded
AR was assessed by plate colony-counting method as
mentioned before.

2.3.2 Bacteria live/dead staining

After cultured for 24 h, live/dead BacLight kit (L13152,
Invitrogen, USA) was further applied to further assess the
bacteria viability according to the instrument [24]. The
imaging of bacteria on different surfaces was carried out
via fluorescence microscope (FCS, 90i, Nikon, Japan).
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2.3.3 Morphology of bacteria

After cultured for 24 h, glutaraldehyde solution (2.5 vol%)
was used to fix the bacteria. Afterward, the bacteria were
dehydrated in a graded ethanol series (30%, 50%, 75%,
90%, 95% and 100%; v/v), freeze-dried, and sputter coated
with gold. The morphology of S. aureus was examined by
SEM.

2.4 Cytocompatibility assay

Mouse pre-osteoblasts cell (MC3T3-El) was selected to
investigate the cytocompatibility of samples. The cells
were cultured in a dish with the medium composed of o-
MEM (HyClone, USA) containing 10% fetal bovine serum
(HyClone, USA) and 1% penicillin-streptomycin
(HyClone, USA) in an incubator containing 5% CO, at
37 °C. Cells were seeded at a density of 2 x 10°
cells-well ™' with sterilized samples pre-placed in a 24 well
plate.

2.4.1 Cell initial adhesion

After cultured for 1, 4 and 24 h, the cells were washed by
phosphate-buffered saline (PBS, HyClone, USA), then
fixed with 4% paraformaldehyde (Sigma-Aldrich, USA) for
20 min followed by permeabilized with 0.5% Triton X-100
(Beyotime, China) for 5 min. Afterward, cells were double
stained by rhodamine phalloidin (Sigma-Aldrich, USA)
and 4,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich,
USA) solution. The cell F-actin and nuclei were finally
observed by FCS.

2.4.2 Cell proliferation and morphology

After cultured for 1, 3 and 7 days, the cells were rinsed
with PBS twice followed by incubated with 300 pl 10%
cell counting Kit-8 (CCK-8, Beyotime, China) medium for
2 h at 37 °C in the dark. Then, 100 pl culture medium was
collected to a new 96-well plate and the optical density
(OD) was determined at 450 nm on a microplate reader
(Infinite 200, Tecan, Switzerland). For cytotoxicity evalu-
ation, the cells relative viability (RV) was calculated using
the following formula:

RV = (ODsample - ODblank)/(ODcontrol - ODblank)
x 100% (2)

For cell morphology observation, the cells were fixed
with 2.5% glutaraldehyde after cultured for 1 and 3 days.
Afterward, cells were dehydrated and observed by SEM as
the protocols displayed in antibacterial test.
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2.5 Statistical analysis

The experimental results were expressed as mean =+ stan-
dard deviations (SD) and compared according to fisher’s
least significant difference in one-way analysis of variance.
p < 0.05 was considered to be statistically significant.

3 Results
3.1 Characterization of samples

The detailed morphology of the cp-Ti and TiF samples
obtained by SEM is exhibited in Fig. la—c. The surface of
cp-Ti was smooth although little small grind defects can be
observed. In contrast, TiF-I samples show a uniformly
nano-raised structure (50 — 100 nm in dimension), while
countless of nano-pits (100 — 200 nm in dimension)

cp-Ti

Height sensor Height sensor

TiF-I TiF-Il

emerge on TiF-II samples. The fluorine peak has been
detected by the corresponding energy dispersive spec-
troscopy (EDS) area test of TiF samples (Fig. 1g), but it is
worth noticing that the EDS quantitative analysis is not
precise for the light elements; therefore, other technologies
are needed to further analyze the composition of TiF
samples. The higher magnified AFM images (Fig. 1d—f) of
TiF samples show more details of the microstructures of
TiF samples. The surface of TiF-I samples presented large
number of nanoparticles with diameter of 50 nm, while the
surface TiF-II samples displayed countless nano-pits, and
the roughness results (Fig. 1h) show that the TiF-II sur-
faces exhibited relatively higher surface roughness.

XPS was further performed to probe the chemical
compositions throughout the coatings. Figure 1i shows the
top XPS survey spectra of cp-Ti and TiF samples; it can be
seen that after plasma treatment, a new peak of fluorine
appeared and the F 1s intensity of TiF-I samples was much
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Fig. 1 Surface characterization of cp-Ti and TiF samples: a-c SEM images; d-f AFM topography; g corresponding EDS results;
h corresponding roughness results; i XPS survey spectra of samples’ top surface (*p < 0.05)
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higher than that of TiF-II samples. The influence of plasma
fluorination on the chemical compositions of the coating
was further investigated with XPS high-resolution of C 1s,
O 1s, F 1s, and Ti 2p at different depths (Fig. 2). The C 1s
high-resolution spectra of TiF-II samples show that the
main components of the surface were C—C/C—H with the
binding energy (BE) of 284.6 eV. While the TiF-I exhib-
ited a high proportion of CF, and CF; components, sug-
gesting that a polymerized CF, coating was formed on the
surface. Meanwhile, the F 1Is high-resolution spectra
revealed that the organic fluorine with BE of 688-689 eV
was mainly observed on TiF-I samples; in contrast, the
metal fluorides were formed on TiF-II sample with corre-
sponding BE of 684—685.5 eV. Furthermore, the O 1s high-
resolution spectra confirmed that the surface of TiF-I and
TiF-1I samples was mainly composed of metal oxides with
corresponding BE of 529-530 eV. These suggest that
higher power energy with excessive oxygen amount during
the plasma treatment is prone to form metal fluorides on the
surface; otherwise, the surface is easy to be polymerized
with fluorocarbons.

To have a better understanding of the interface, the
evolution of Ti 2p spectra was fitted to clarify the detained
metal fluorides and metal oxides on the samples’ surface.
For TiF-I samples, the fitting results show that the

composition of the outermost surface was TiO,. After
etched by 200 s, pure Ti and titanium-oxide mixtures
(TiO,, Ti, 05, TiO) were detected. In contrast, the outer-
most surface layer of TiF-II samples was composed of
TiO,, Ti,O5; along with a small amount of TiF;. After
etched for 200 s, the fitting results of curve present that the
TiF-1I samples surface composed of a complex chemical
structure: TiO,, Ti,O3, TiO, TiF, and Ti. These suggest
that TiF; and TiF, compounds are the main fluorinated
components of the TiF-II coatings. From the above anal-
ysis, it can be concluded that the coatings with different
fluorine chemical compositions on titanium have been
prepared by plasma treatment, in which the surface of TiF-I
samples is mainly composed by the polymerized CF,
coating, while the metal fluoride is the mainly fluorinated
components of TiF-II samples.

Figure 3a shows the water contact angle (WCA) change
tendency of the TiF surfaces after storage in the atmo-
sphere for different days. The WCA of polished cp-Ti
remained at 60° throughout the whole storage period. In
contrast, the WCA rapidly declined to below 20° after
plasma treatment, suggesting that the fresh prepared TiF
surface exhibits a hydrophilic surface. While the WCA
increased as the storage time extended, the WCA of TiF-1I
samples gradually returned to about 60° at the sixth day.
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Fig. 2 XPS high-resolution spectra of C 1s, F 1s, O 1s, and Ti 2p of TiF samples: a TiF-l samples; b TiF-Il samples
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release from TiF samples in PS

Nevertheless, the TiF-I surface converted to hydrophobic
with the WCA of 112° at the third day. The fluoride ion
release test results (Fig. 3b) show that released fluoride
ions were only examined in TiF-II samples with a con-
centration of 10.03 mg-L™"' at the first day. Then, the
concentration of released fluoride ions reduced rapidly to
1.85 mg-L™" at the second day and continually reduced on
the next days. At the sixth day, the concentration of
released fluoride ions was undetectable (below the detect
limitation of 20 pg-L™").

3.2 Antibacterial Property

The representative S. aureus colonies (Fig. 4a) and
antibacterial rate (Fig. 4b) were quantitatively evaluated by
the plate colony-counting method. Plenty of bacterial
colonies existed on cp-Ti and TiF-1 samples, while fewer
bacterium left on the TiF-II samples and the corresponding
antibacterial rate value reached 93.7%, indicating that the

Fresh Day 1 Day 3 Day 7

Q

TiF-1 cp-Ti

TiF-ll

fresh TiF-II samples obtain satisfied antibacterial property
compared with TiF-I samples. After immersion in the PS
for different days, more bacterium left on the TiF-II sam-
ples and the corresponding antibacterial rate value was
82.1%, 73.1% and 70.2% at the first, third and seventh day,
respectively. The result suggested that the antibacterial
property of TiF sample will degrade after immersion while
still can inhibit the bacteria proliferation to some extent.
Live/dead bacterial staining results (Fig. 5a) show that a
large number of live S. aureus (stained by green) were
observed on cp-Ti and TiF-I surfaces, and dead bacteria
(stained by red) were hardly found. In contrast, the number
of live bacteria decelerated with more dead bacteria
detected simultaneously on TiF-II sample surface. The
results suggest that the TiF-II surfaces effectively pre-
vented the proliferation of S. aureus during the 24 h cul-
turing period. The above results were further confirmed by
bacteria morphology observation (Fig. 5b). The low mag-
nification image shows that plenty of S. aureus attached,

b

777)cp-Ti
100 NN TiF-I
R TiF-Il
2 80
s
s
5 602
E
2 10
<
<
0

1
Immersion time / day

Fig. 4 a Recultivated representative S. aureus colonies on agar and b corresponding antibacterial rates of cp-Ti and TiF samples

(**p < 0.01)
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[ Y]

cp-Ti

Live/dead staining

SEM

TiF-I

Fig. 5 a Fluorescent microscopic images of the live/dead staining and b SEM images of S. aureus after cultured on cp-Ti and TiF

surfaces for 24 h

proliferated, and formed biofilms on the cp-Ti and TiF-I
surfaces. The magnified images show the bacteria on cp-Ti
and TiF-I surfaces presented typical round cell morphology
with a smooth surface. In contrast, the number of S. aureus
significantly declined and the morphologies were irregular
with ruptured bacterial membrane on TiF-II surface.

3.3 Cytocompatibility

The fluorescent staining results (Fig. 6) of rhodamine
phalloidin (stained by red) and DAPI (stained by blue)
show that the cells on all samples presented sphere mor-
phology at 1 h. After cultured for 4 h, the cells showed
obvious spindle morphology with many filopodia on both
cp-Ti and TiF samples. Prolonging to 24 h, the cells pre-
sented a fibrous structure with apparent F-actin, filopodia,
and lamellipodia observed on the cp-Ti and TiF samples.
Interestingly, some of the cells spread out larger areas on
the TiF-II surface. All these suggest that the TiF samples
are biocompatible and the initial attachment behavior of
MC3T3-El cells can be best promoted by TiF-II samples.

The CCK-8 test results (Fig. 7a, b) show the cells pro-
liferated well during the 7 days culturing period and did
not show a statistical difference in the cell proliferation of
cp-Ti and TiF samples. The calculated cell viability of TiF
samples was all above 75%, indicating no material cyto-
toxicity of TiF samples. The cell adhesion and proliferation
were further evaluated by SEM (Fig. 7c). At the first day,
the cells on cp-Ti and TiF-1 samples showed a slender
shape, while those on TiF-II samples were spread larger,
exhibiting a typical polygonal shape with protruded

Rare Met. (2022) 41(2):689-699

filopodia and lamellipodia. By prolonging the culture time
to 3 days, the cp-Ti and TiF surfaces were almost com-
pletely covered by cells and the difference in the cell
morphology of cp-Ti and TiF samples became unremark-
able. The above results suggest that the TiF samples pos-
sess good biocompatibility with no significant cytotoxic
effect to MC3T3-El cells, especially for TiF-II samples,
they can even improve the attachment and spread ability of
MC3T3-El cells.

4 Discussion

Antibacterial capability and cytocompatibility play a crit-
ical role in the success of orthopedic and dental implants
[31, 32], and the surface composition of the biomaterials is
an important factor. Fluorine has been loaded on bioma-
terials to endow them with sustainable antibacterial prop-
erties during the last decades [15, 26], while the
controversial results of antibacterial ability to fluorine-
containing material surface demonstrate the necessity of
investigating the fluorine chemical compositions on bac-
tericide effects. To this end, we attempted to modify the
titanium surface with different fluorine chemical compo-
sitions by plasma-based technology. During the plasma, the
higher peak power could dissociate more reactive fluorine
atom and titanium atom [33]; on the other hand, the
excessive atomic oxygen could aid dissociate the strong
polar C-F bonds and form gaseous CO, [34]. These sug-
gest that the competing reactions among titanium atom,
fluorine atom, and oxygen atom can be adjusted by varying

a
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cp-Ti

100 ym

TiF-l TiF-ll

100 ym

Fig. 6 Fluorescent images of cells cultured on different samples for 1, 4 and 24 h

the peak power and gas amount. Therefore, different
plasma parameters were adopted on titanium surfaces to
fabricate the surface with different fluorine chemical
compositions, and their antibacterial property and cyto-
compatibility were investigated.

In this work, XPS analysis results determined that the
coatings with different surface chemistries were fabricated
on substrate. The surface of TiF-I samples is mainly
composed of the polymerized CF, coating, while the metal
fluoride is the mainly fluorinated component of TiF-1I
samples. Besides, SEM and AFM results also confirmed
that the surface morphology and roughness of TiF-I and
TiF-1I samples are much different, in which TiF-I samples
presented a nano-convex texture surface, while TiF-II
surface exhibited countless nano-pits and relative higher
roughness. Furthermore, the plasma-treated fresh surface
all showed a hydrophilic surface. Normally, the plasma
treatment could modify either polymers or metal materials
surface to hydrophilic [35]. While the surface
hydrophilicity degraded as the storage time extension, this
should be attributed to the fact that the surface defects after
plasma treatment were replaced gradually by oxygen atoms
from the atmosphere [21, 35]. Moreover, the presence of
fluorocarbon on TiF-I surfaces can effectively convert the
surface wettability from hydrophilic to hydrophobic [27].

K

The various surface topography, composition, roughness,
and hydrophilicity of biomaterials would have a significant
impact on further antibacterial property  and
cytocompatibility.

Up to now, the antibacterial ability of fluorine has been
reported by available studies [30, 36]. Among them, most
opinions focus on the role of fluoride ions and metal flu-
oride compounds, which can lead to oxidative stress, pre-
vent bacterial energy metabolism and destroy the bacterial
membrane, ultimately resulting in bacteria death [24, 37].
The antibacterial activity results of TiF samples demon-
strated that only the TiF-II sample with the surface com-
position of metal fluorides obtained the antibacterial
efficiency, which should be mainly contributed to the flu-
oride ion release, the subtle dissolution, and ionization in
aqueous solution occurring as: TiF4(s) — Ti*"(aq)
+4F~ (aq). Reportedly, the released fluoride ion concen-
tration of 4 mg-L™" can effectively inhibit bacteria adhe-
sion and colonization [19]. The ion release test shows that
10.03 mg-L~"' fluoride ions were released from TiF-II
surfaces after 24 h immersion, thereby endowing it with
the satisfied antibacterial rate (> 90%). Moreover, the
existed insoluble TiF; compounds on the TiF-II samples
surface also can result in bacteria inactivation by causing
oxidative stress, which should be the reason of the relative

Rare Met. (2022) 41(2):689-699
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Fig. 7 a, b Cell viability evaluated by CCK-8 after cultured for 1, 3 and 7 days (**p < 0.01); ¢ SEM images of cells cultured on different

samples for 1 and 3 days

long-lasting antibacterial property of the TiF-II samples.
Nevertheless, other reports also found that the fluorinated
hydrophobic surface can effectively prevent bacterial
adhesion, proliferation, and thereby inhibiting the forma-
tion of infectious biofilms [38, 39]. Besides, rougher and
hydrophilic surfaces are more attractive to S. aureus bac-
terial cells and facilitate their adhesion and survival
[39, 40]. Generally, the C—F bond is the most inert and
resistant to defluorination [41]. All these may be the reason
that the hydrophilic TiF-I surface with limited fluoride ion
release did not show antibacterial property.

Concerning cell compatibility, it has been reported that
micromolar fluoride ion is capable of improving osteoblast
adhesion, proliferation, and differentiation activity, while
excessive millimolar fluoride ion may lead to cytotoxicity
[42—44]. In this study, the concentration of fluoride ion
released from TiF-II sample on the first day was
10.03 mg-L™', while it significantly decreased to
1.85 mg-L ™" on the second day and continually reduced till
undetectable. Other reports confirmed that osteoblasts can
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even survive with 1200 pmol-L™" (~ 23 mg~L_1) fluoride
ion [43]. Meanwhile, the organofluoride compounds (car-
bon—fluorine bond), which have been proved to show good
biocompatibility, are increasingly used for biomedical
devices [18]. The immunofluorescence staining, CCK-8,
and SEM observation results confirm that TiF samples
possessed good biocompatibility with no significant cyto-
toxic effect on MC3T3-E1 cells viability, but the TiF-II
samples even improved cell attachment and spreading
activity. The nanostructured and hydrophilic surfaces of
TiF samples may be the other reasons for the benefited cell
activities [21, 45]. Although the detailed molecular
mechanism still needs to be verified, larger cell spreading
with apparent F-actin, filopodia, and lamellipodia expres-
sions is generally considered to facilitate communication
between cells and be beneficial to osteoblast differentiation
[46, 47]. Additionally, better cell adhesion and spreading
on material surface are favorable for the competition of
“race for the surface” against bacteria [48], thereby aiding
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to fight infection and
osseointegration.

Overall, the satisfied bactericide efficiency and excellent
cytocompatibility of fluorine-containing titanium surface
clarified that the metal fluoride is more sufficient in
antibacterial efficiency rather than fluorocarbon. However,
the microstructure of TiF samples after immersion is still
required to be investigated to clarify the fluoride dissolu-
tion kinetics and mechanisms. Moreover, the broad spectra
antibacterial ability and molecular long-term antibacterial
mechanism are also needed to be investigated in the future
to verify the differences of materials against various bac-
teria strains and the degraded antibacterial property dif-
ferences of fluorinated coating.

accelerating the final

5 Conclusion

The coatings with different fluorine chemical compositions
on titanium were successfully prepared by plasma treat-
ment. The peak power and gas amount during the plasma
process can effectively influence the chemical composi-
tions of coatings and their properties. Both fluorocarbon
coating and metal fluorides coating exhibited a hydrophilic
and nano-scaled roughness. Rather than the fluorocarbon
coating, the coating composed of metal fluorides presented
a satisfied bactericide effect and excellent cytocompati-
bility. The antibacterial mechanism is associated with the
fluoride metals and released fluoride ion. This work would
provide novel sight in optimizing the surface modification
method of fluorinated biomaterials for orthopedic or dental
clinical application.
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