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a b s t r a c t

The long-term success of dental implants relies not only on stable osseointegration but also on the
integration of implant surfaces with surrounding soft tissues. In our previous work, titanium plasma
immersion ion implantation (PIII) technique was applied to modify the carbon-fiber-reinforced poly-
etheretherketone (CFRPEEK) surface, constructing a unique multilevel TiO2 nanostructure thus
enhancing certain osteogenic properties. However, the interactions between the modified surface and
soft-tissue cells are still not clear. Here, we fully investigate the biological behaviors of human gingival
fibroblasts (HGFs) and oral pathogens on the structured surface, which determine the early peri-implant
soft tissue integration. Scanning electron microscopy (SEM) shows the formation of nanopores with TiO2

nanoparticles embedded on both the sidewall and bottom. In vitro studies including cell adhesion,
viability assay, wound healing assay, real-time PCR, western blot and enzyme-linked immunosorbent
assay (ELISA) disclose improved adhesion, migration, proliferation, and collagen secretion ability of HGFs
on the modified CFRPEEK. Moreover, the structured surface exhibits sustainable antibacterial properties
towards Streptococcus mutans, Fusobacterium nucleatum and Porphyromonas gingivalis. Our results reveal
that the multilevel TiO2 nanostructures can selectively enhance soft tissue integration and inhibit bac-
terial reproduction, which will further support and broaden the adoption of CFRPEEK materials in dental
fields.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

The replacement of missing teeth by means of endosseous
dental implants has been accepted as a promising method. As an
alternative biomaterial to titanium and its alloys in orthopedics,
tics, Ninth People's Hospital
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quanj@aliyun.cn (X. Jiang).
carbon-fiber-reinforced polyetheretherketone (CFRPEEK) is
considered an ideal material for dental endosseous implants due to
a set of outstanding characteristics, including excellent mechanical
properties, natural radiolucency and even magnetic resonance
imaging (MRI) compatibility [1e7]. To improve the inherent bio-
inertness of CFRPEEK, considerable effort has been made, mainly
focusing on the enhancement of osseointegration, whereas effects
on soft tissue healing and maintenance have been somewhat
neglected [8e12].

Recent studies demonstrate that the successful long-term
function of a dental implant relies not only on steady osseointe-
gration but also on effective interaction with the surrounding
mucosal tissues [13,14]. More importantly, even the long-term
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survival of osseointegrated implants will partially depend on the
healing and stability of the soft tissue around the implant abutment
(namely the transmucosal portion) [15]. Ideal soft tissue integration
around the implant can act as a protective seal between the oral
environment and the alveolar bone, preventing the invasion of
bacteria which has been considered as the vital trigger for irre-
versible marginal bone loss [16e18]. Therefore, early establishment
of a closed soft tissue loop around the transmucosal portion turns
to be the critical link for achieving stable osseointegration and
long-term survival of endosseous implants (Scheme 1).

As the major cells in peri-implant connective tissue, human
gingival fibroblasts (HGFs) can secrete extracellular matrix (ECM)
containing plenty of collagen fibers, which contribute to gingiva
wound healing repair and regeneration [19]. Consequently, the
amount and bioactivity of HGFs existing on the implantemucosa
interface are of great importance in forming peri-implant soft tis-
sue seals. However, compared to natural tooth, fewer HGFs are
normally present in soft tissue around dental implants and the
bioactivity is compromised [20]. Moreover, unlike the natural
periodontal fibers that are radially located, the collagen fibers
around common dental implants align parallel to the material
surface, leading to ineffective attachment which is vulnerable to
oral bacteria invasion [18,20e22]. Therefore, to improve the bio-
function of soft tissue around the dental implant, the surface
characteristics of biomaterials used in the abutment are pivotal for
the quality of attachment between the mucosa and implant inter-
face [23e25]. For instance, studies have shown that abutment with
nano-topography surfaces can encourage the early attachment and
proliferation of gingival fibroblasts in a predetermined manner, as
well as promote the secreted collagen fiber bundles running
perpendicularly to the surface which would provide a tighter seal
against the ingress of oral pathogens [19,20].

In our previous study, titanium plasma immersion ion implan-
tationwas used tomodify CFRPEEK surface, formingmultilevel TiO2
nanostructures that promote the adhesion and osteodifferentiation
of rat bone mesenchymal stem cells (bMSCs). However, the in-
teractions between the multilevel TiO2 nanostructures and peri-
Scheme 1. The experimental schematic of enhanced HGFs adhesion and anti-bacterial abili
implant soft tissue are still not clear. Indeed, numerous studies
have been conducted to investigate the physical and chemical
properties of CFRPEEK as implant abutment [26e30], but limited
information about the CFRPEEK in the soft tissue integration has
been disclosed. Hence, the investigation for the effects of modified
CFRPEEK on soft tissue integration will be essential for the further
adoption of CFRPEEK material as dental implants in clinic.

In this work, the biological effects of the CFRPEEK surface with
multilevel TiO2 nanostructures on HGFs are fully investigated. The
expression of focal adhesion protein molecules and activation of
adhesive-related signal pathways are tested to address the related
molecular mechanism of HGFs activity on the modified surface.
Moreover, the antibacterial activity of the modified surface against
common oral bacteria, including Streptococcus mutans (S. mutans),
Fusobacterium nucleatum (F. nucleatum) and Porphyromonas gingi-
valis (P. gingivalis), is further assessed.
2. Materials and methods

2.1. Sample preparation

Samples were prepared as previously described [31]. Briefly,
square samples with different sizes (10 mm � 10 mm � 1 mm and
20 mm � 20 mm � 1 mm) were machined from biomedical grade
CFRPEEK with 30% (v/v) carbon fibers. All samples were one side
polished followed by ultrasonically cleaned before plasma immer-
sion ion implantation (PIII). Then, titanium ions were implanted
into CFRPEEK using a filtered cathodic arc source housing a 99.99%
pure titanium rod under a pressure of 5 � 10�3 Pa. Samples treated
with Ti-PIII at 30 kV for 120 min are denoted Ti-120.
2.2. Surface structure

The surface morphology of the CFRPEEK samples was examined
by field-emission scanning electronmicroscopy (FE-SEM, Hitachi S-
4800, Japan).
ty on CFRPEEK with multilevel nanostructured TiO2 for achieving early soft tissue seal.
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2.3. Human gingival fibroblasts response to surfaces

2.3.1. Cell culture
Primary human gingival fibroblasts (HGFs) used in this study

were obtained from gingival biopsies of healthy patients without
periodontal disease. All experimental protocols concerning human
were approved by the Independent Ethics Committee of Shanghai
Ninth People's Hospital affiliated to Shanghai JiaoTong University
School of Medicine. Briefly, the collected tissues were rinsed with
phosphate buffered saline (PBS) supplemented with antibiotics
immediately after separation from gingiva and then cut into small
pieces with sterile scissors. After being dampened with Dulbecco's
modified Eagle medium (DMEM; GIBCO Laboratories, Grand Island,
NY), tissue fragments were evenly spread out on the dish. Then, the
petri dish was inverted in an incubator for 4 h. Finally, the dish was
flipped upright and filled with 10 mL DMEM containing 10% fetal
bovine serum (FBS, GIBCO), 100 U/mL of penicillin/streptomycin
and 2mM glutamine at 37 �C in a 5% CO2 humidified atmosphere. It
required about twoweeks for the primary cells to reach confluence,
and then, the cells were washed with PBS and passaged with 0.25%
trypsin/ethylenediaminetetraacetic acid (trypsin/EDTA). Cells from
passages 2e6 were used for the experiments.

2.3.2. Cell viability and proliferation
The viability of HGFs was evaluated using a Live/Dead viability/

cytotoxicity kit (BioVision, USA) according to the manufacturer's
protocol. The HGFs were seeded on the samples in 24-well plates at
a density of 1 � 105 cells per well. After 24 h, the samples were
rinsed twice with PBS and then incubated in the Live/Dead solution
(1 mM Live-Dye and 1 mM PI) for 15 min at 37 �C.

To investigate the proliferation ability of HGFs on different
samples, the Counting Kit-8 (CCK-8, Dojindo Laboratories Inc.,
Kumamoto, Japan) assay was conducted. Briefly, cells were seeded
on each sample in 24-well plates at a density of 5 � 104 cells per
well and cultured for 1, 3, 5 and 7 days, respectively. At each time
point, samples were washed twice with PBS and then incubated in
600 mL of DMEM with a supplement of 60 mL of CCK-8 solution for
an hour. The collected solution was carefully transferred to a 96-
well plate with 200 mL per well. Then, the absorbance was read at
the wavelength of 450 nm according to the manufacturer's in-
structions by a microplate spectrophotometer (Benchmark Plus,
Tacoma, Washington, USA). All experiments were performed in
triplicate and the results were shown as units of optical density
(OD) absorbance value.

2.3.3. Morphological observation by scanning electron microscopy
(SEM)

SEM (Hitachi S-3400, Japan) was employed to observe the cell
adhesion morphology. Briefly, the HGFs were seeded on the sam-
ples in a 24-well plate at a density of 1 � 104/well. After incubating
for 1, 4 and 24 h, all samples were fixed with 2.5% glutaraldehyde
overnight at 4 �C. Ethanol with a series of concentration gradient of
30, 50, 75, 90, 95, and 100 v/v % was used sequentially to dehydrate
the samples. The samples were finally dehydrated in hexame-
thyldisilazane (HMDS) ethanol solutions with different concentra-
tions and dried in a fume cupboard. All samples were sputter
coated with platinum for observation. For each group, three sam-
ples were measured at each time point.

2.3.4. Cell adhesion ability assay
Cell counts in the initial seeding period (1, 4 and 24 h) were

measured to represent the adhesive cells on different samples [32].
HGFs at a density of 5 � 104 cells per well were incubated on
different samples in 24-well plates. At each time point, cells
remained on the plates were fixed in 4% paraformaldehyde at 4 �C.
For fluorescence staining, the cell nuclei was stained with DAPI for
5 min at room temperature and then observed under a confocal
laser-scanning microscope. Each sample was selected to obtain a
relatively uniform distribution of five different horizons for images.
To count the number of cells attached, five separate samples were
detected for each group. Thereafter, cells on each plate were de-
tached with 0.25% trypsin-EDTA solution and analyzed using a flow
cytometry system (Beckman Coulter, USA).
2.3.5. Wound healing assay
To study the cell migration ability on both samples, a wound

healing assay was conducted. In this experiment, 1 � 105 cells were
grown on samples and allowed to reach confluence. Before being
wounded, the samples were incubated overnight in a medium
containing 2% FBS, and then, the cell monolayers were carefully
wounded with a plastic pipette [33]. Then, cells were incubated for
another 6, 12 and 24 h. At each time point, cells from both samples
were transferred to a new plate and fixed with 4% para-
formaldehyde for 30 min. The cells were then permeated by 0.1%
Triton X-100 for 10 min and incubated with Rhodamine-phalloidin
(Enzo Life Sciences, Exeter, UK) for 30 min at room temperature
after being washed three times with PBS. Finally, samples were
incubated in DAPI (Invitrogen. USA) for 5 min. Images of cells on all
samples were taken using confocal laser-scanning microscope
(Leica, Hamburg, Germany). The areas between the cell layer bor-
ders were measured. Cell numbers in the wounding region were
calculated using fluorescence images.
2.3.6. Immunofluorescence of adhesion-related proteins
HGFs were seeded at a density of 1 � 104 cells per well on

different samples for 4 and 24 h of incubation in 24-well plates.
Followed by twice PBS washes, the remained cells were fixed with
4% paraformaldehyde for 30 min at 4 �C and then treated with 0.1%
Triton X-100 for 10 min. Then, after being blocked by bovine serum
albumin, BSA (1 wt% in PBS, Sigma Aldrich, MO, USA) for 1 h, the
samples were incubated with specific primary antibody targeting
Integrin b1 and Vinculin (Abcam, Cambridge) at room temperature
for 1 h, respectively. After twice PBS washes, all samples were
incubated in DyLight 488-conjugated anti-mouse IgG antibody
(Invitrogen) for another hour at room temperature in the dark.
Then, a rhodamine-phalloidin antibody was applied to the samples
for 1 h in dark. After washing twice with PBS, the nuclei were
stained with DAPI for another 5 min, and all specimens were
observed using the confocal laser-scanning microscope.
2.3.7. RNA isolation and gene expression by quantitative real-time
PCR analysis

Real-time PCR assay was performed to investigate the relative
gene expression level of HGFs seeded on CFRPEEK plates. Cells were
seeded on samples (20mm� 20mm� 1mm) in 6-well plates with
2 � 105 cells per well and incubated for 4 and 24 h. The total RNA
was extracted using TRIzol reagent (Invitrogen, Carlsbad, USA), and
cDNA was generated using PrimeScript 1st Strand cDNA Synthesis
kit (TaKaRa, Japan) according to the manufacturer's instructions.
The gene expression of FAK, Integrin a2 (ITGA2), Integrinb1
(ITGB1), Vinculin (VCL), Fibronectin1 (FN1) and collagen type 1
(Col-1A1) were detected by the Bio-Rad Quantitative Real time PCR
system (qRT-PCR; Bio-Rad, MyiQ, USA). Specific gene primers were
synthesized commercially (Shenggong Co., Ltd. Shanghai, China),
and the genes, accession numbers, primer sequences, and amplicon
sizes were listed in Table 1. All mRNA values were normalized
against glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
expression.



Table 1
Primer pairs used in real-time PCR analysis.

Gene Primers (F ¼ forward, R ¼ reverse) Amplicon

FAK F: CTCCTACTGCCAACCTGGAC 140 bp
R: GCCGACTTCCTTCACCATAG

ITGA2 F: GCACCACATTAGCATACAGA 138 bp
R: GGCATCATACAGGAGAGGAA

ITGB1 F: TGGAGGAAATGGTGTTTGC 107 bp
R: CGTTGCTGGCTTCACAAGTA

VCL F: CGAATCCCAACCATAAGCAC 158 bp
R: CGCACAGTCTCCTTCACAGA

FN1 F: GACCGAAATCACAGCCAGTAG 101 bp
R: CATCTCCCTCCTCACTCAGC

COL-1A1 F: AAGACATCCCACCAATCACC 120 bp
R: CGTCATCGCACAACACCTT

GAPDH F: TGTGTCCGTCGTGGATCTGA 150 bp
R: TTGCTGTTGAAGTCGCAGGAG
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2.3.8. Western blot
For the western blot assay, the HGFs were seeded on both

samples in 6-well plates at a density of 2 � 105 cells/well and
cultured for 4 and 24 h. After being collected from sample surfaces,
cells were lysed with a protein extraction regent containing pro-
tease inhibitor cocktail, phosphatase inhibitor cocktail and phe-
nylmethanesulfonyl fluoride (PMSF) (Kangchen, China). The
obtained protein concentration was measured using a Bio-Rad
protein assay kit [34]. Then, equal amounts of protein from
different samples were separated on SDS-polyacrylamide gel
electrophoresis (PAGE) and electrotransferred to a polyvinylidene
difluoride membrane (PVDF, Pall, USA). Membranes were incu-
bated with specific primary antibodies, including rabbit antibody
phospho-FAK (p-FAK, Tyr397), FAK (CST, USA, dilution, 1:1000) and
mouse anti-Fibronectin (Santa Cruz Biotechnology, dilution,
1:4000), and mouse anti-actin (Sigma, USA, dilution, 1:5000)
overnight at 4 �C. Finally, the membranes were visualized using
horseradish peroxidase (HRP)-conjugated goat anti-rabbit, and
rabbit anti-mouse (Beyotime, China) using the ECL plus reagents
(Amersham Pharmacia Biotech, USA) by an UVItec ALLIANCE 4.7 gel
imaging system.
2.3.9. Enzyme-linked immunosorbent assay for the type I collagen
COL-1 concentrations were determined by an enzyme-linked

immunosorbent assay (ELISA) using a human anti-type I collagen
IgA antibody assay kit (Chondrex Inc.; Redmond, WA, USA). After
incubating for 1, 4, 7 and 10 days, the cell supernatant from each
sample were collected. Briefly, 100 mL of the standard solution or
sample was added to a 96-well plate from the kit and placed at
37 �C for 120 min. Then, the plate was washed six times with
washing buffer and then COL-1 antiserum was added. After incu-
bating at 37 �C for 1 h, the plate was subjected to six washes again.
Next, 100 mL of streptavidin horseradish peroxidase reagent was
added and incubated for another 30 min. After washing six times,
100 mL of a substrate solution (TMB solution: hydrogen peroxide
solution ¼ 1:1) was added and incubated for 15 min at 37 �C in the
dark. Finally, a stop solution was added to terminate the reaction.
The COL-1 concentrations were measured using the absorbance at
450 nm. For each group, three samples weremeasured at each time
point.
2.3.10. Fibronectin adsorption on surfaces
Cell responses to the implant surface occur after proteins

adsorption from physiological solutions and material surface
properties significantly affect protein adsorption [19]. In this study,
ELISA was used to measure the amount of fibronectin adsorbed on
the CFRPEEK and Ti-120 surfaces. Samples were placed in 24-well
plates and immersed in 1 mL of DMEM supplemented with 10%
FBS for 1 and 4 h at 37 �C in a 5% CO2 humidified atmosphere. After
rinsingwith PBS, all samples were incubated in 1% BSA before being
treated with mouse monoclonal anti-fibronectin primary antibody
(Santa Cruz Biotechnology, dilution, 1:50) for 1 h at room temper-
ature. After rinsing 3 times with 0.1% Tween 20 for 15 min, samples
were incubated for 45 min with anti-mouse secondary antibody
conjugated with horseradish peroxidase (HRP, Bio-Rad, MD, USA).
Finally, the amount of fibronectin adsorbed to the surfaces was
measured with the ABTS substrate kit (Vector Laboratories, CA,
USA). Light absorbance was measured at 405 nm. Both samples
were performed in triplicate, and the results were shown as units of
optical density (OD) absorbance value.

2.4. Bacteria response to surfaces

2.4.1. Bacteria culture
Oral bacteria, S. mutans (UA159), F. nucleatum (ATCC 10953) and

P. gingivalis (ATCC 3377), were used in the antibacterial tests.
S. mutans was cultivated in tryptic soy broth (TSB) and agar (TSA).
F. nucleatum and P. gingivaliswere cultivated in brain heart infusion
(BHI, Oxoid) and BHI agar with 0.0005% hemin, 0.0001%menadione
and 5% defibrinated sheep blood [35]. The bacteria were obtained
and centrifuged at 5000 rpm for 4 min and then resuspended in
saline for using.

Both samples were placed in 24-well plates and then incubated
in 1 mL of bacteria-containing medium (106 CFU/mL) under stan-
dard anaerobic conditions (80% N2, 10% H2, 10% CO2 at 37 �C) for
different time duration [36].

2.4.2. The spread plate test
After incubating with bacteria for 24 h, samples were placed in

1 mL PBS, and adherent bacteria on the surfaces were collected
ultrasonically for 5 min in a 150-W ultrasonic bath (B3500S-MT,
Branson Ultrasonics Co., Shanghai, China) at a frequency of 50 Hz
after rapid vortex mixing (Vortex Genie 2, Scientific Industries,
Bohemia, NY, USA) at the maximum power for 1 min [37]. Then, the
bacterial suspensions were diluted to reach the concentration of
1 � 106 to 1 � 107 CFU/mL. Then, S. mutans, F. nucleatum, and
P. gingivalis were incubated in an anaerobic system at 37 �C for 2 h.
With 10-fold series dilution, every 100 mL of bacterial samples were
plated in triplicate onto Petri dishes. After incubating for enough
time, colony counts of S. mutans, F. nucleatum, and P. gingivaliswere
photographed.

2.4.3. Fluorescence staining
The bacteria on samples were collected ultrasonically after 24 h

incubation and then centrifuged at 5000 rpm for 4 min. Next, the
collected bacteria were re-suspended in 500 mL of combination dye
(Live/Dead BacLight bacteria viability kits, Invitrogen) and incu-
bated for 15 min. The stained bacteria solution was dispersed
evenly onto a glass slide and examined under confocal laser-
scanning microscopy. The viable bacteria with intact cell mem-
branes were stained green, while nonviable ones with damaged
membranes were stained red.

2.4.4. Morphological observation by SEM
The samples were fixed with 2.5% glutaraldehyde for 4 h after

incubating with bacteria for 24 h, dehydrated in a series of ethanol
concentration gradient of 30, 50, 75, 90, 95, and 100 v/v %, freeze
dried, coated with gold, and examined by SEM.

2.4.5. Longevity and stability of antibacterial activity
To assess the long-term antibacterial activity, the samples were

incubated in PBS for 7, 14, 21 and 28 d. At each time point, samples
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were supplied with three kinds of bacteria suspension at a con-
centration of 1 � 106 CFU/mL for 24 h. To evaluate the stability of
antibacterial activity, the samples were incubated with the above
bacteria suspension for 24 h, ultrasonically cleaned, sterilized and
re-inoculated as previously mentioned. This procedure was
repeated seven times on alternating days. At each time point, the
bacteria on both samples were collected ultrasonically after 24 h of
incubation, and the optical density at 600 nm was measured by
spectrophotometer (Shimadzu, Japan). The antibacterial rates (Ra)
for adhered bacteria on the samples were calculated based on the
following formula: (Ra) (%)¼ (A-B)/A� 100%where A indicated the
OD value of the adhered bacteria on the CFRPEEK and B was the OD
value of the adhered bacteria on the Ti-120 specimens.
2.5. Statistical analysis

Statistically significant differences (p) between groups were
measured by one-way analysis of variance and Tukey's multiple
comparison tests. All of the statistical analyses were determined
with the GraphPad Prism 5 statistical software package.
3. Results

3.1. Characterization of the surface

The surface morphologies of the CFRPEEK and Ti-120 samples
are shown in Fig. 1. Nanopores with diameters of approximately
150e200 nm can be observed from Ti-120, as shown in Fig. 1b.
From the cross-sectional image in Fig. 1d, it can be seen that the
nanopore layer on Ti-120 is composed of ordered tunnels pene-
trating the entire modified layer. Besides, small nanoparticles fully
cover both the side wall and bottom of the nanopores.

In our previous study, it was verified that the small nanopores
are stoichiometric TiO2 from the elemental chemical states of the
sample surface (Supplementary Fig. S1). As shown in Fig. S1. e, the
Ti concentration is about 31 at.% at a depth of 5 nm and Ti can be
Fig. 1. SEM micrographs of samples (a) surface view of CFRPEEK at low magnification, (b) su
low magnification, (d) cross-sectional morphology of Ti-120 at low magnification. The inse
detected up to 400 nm.
3.2. Human gingival fibroblasts response to surfaces

3.2.1. Cell viability and proliferation ability
HGFs are incubated on both samples to mimic peri-implant soft

tissue seals around transmucosal area in vitro. As shown in Fig. 2a,
the percentages of dead cells in both groups are low and with no
significant difference after culturing for 24 h, suggesting both
CFRPEEK and Ti-120 possess good biocompatibility to HGFs. In
addition, the number of adhesive cells on the Ti-120 surface at 24 h
is obviously greater than that on unmodified CFRPEEK. These re-
sults indicate that the nanostructure on Ti-120 is more favorable for
HGFs adherence.

The time-related proliferation of HGFs cultured on both samples
is presented in Fig. 2b. Cell numbers on both surfaces increase in a
time-dependent manner during the culture period. There is no
statistically significant difference between CFRPEEK and Ti-120
groups at 1 day. As the culturing time extends to 3 and 5 days,
cell proliferation on the Ti-120 surface is clearly higher (p < 0.05
and p < 0.001) than the control group.
3.2.2. SEM analysis of cell morphology
The SEMmorphologies of the HGFs cultured on both samples for

1, 4 and 24 h are shown in Fig. 3a. On the CFRPEEK surface, adherent
cells appear spherical configurations at 1 h after seeding and have
few microvilli with thinly spread filopodium-like processes at 4 h.
In contrast, HGFs on the Ti-120 exhibit flat morphologies with
cytoplasmic projections extending toward the surface after 1 h, and
4 h later, those cells tend to be spindle-like in shape and display
more extensively spread cytoplasm bound closely to the substrate.
After 24 h of incubation, the cells on both plates show elongated in
shape; however, the cells on Ti-120 spread more evenly compared
to the control groups. This result indicates that the nanoporous
structure facilitates the initial HGFs adherence.
rface view of Ti-120 at low magnification, (c) cross-sectional morphology of CFRPEEK at
rt in the top right corner is higher magnification.



Fig. 2. Cell viability and proliferation assay: (a) Cells incubated for 24 h on both samples were stained with two well-described probes, indicating live cells (green) and dead ones
(red) (�100). (b) HGFs proliferation activity on both surfaces was detected by CCK-8 for 1, 3, 5, and 7 days. *p < 0.05; **p < 0.01; ***p < 0.001 when compared with CFRPEEK group.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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3.2.3. Early cell adhesion
The adhesive cells on both samples are quantified using the

DAPI assay. As shown in Fig. 3b, the numbers of HGFs on the Ti-120
plates are much greater than those of the control groups after in-
cubation for 1, 4 and 24 h. In addition, the statistical analysis of cell
counting results consistently indicates more adherent cells on Ti-
120 at three time points, especially at 24 h (p < 0.001) (Fig. 3c).

3.2.4. Validation of migration by wound healing experiment
Awound healing assay is conducted to analyze the impact of the

Ti-PIII nanostructure on HGFs migration activity. Cells on the
CFRPEEK surface show no apparent migration tendency until they
are cultured for 12 h. In comparison, cells on Ti-120 surfaces begin
migrating into the wounded area after 6 h of incubation and
gradually form a cell monolayer in this area at 24 h (Fig. 4a). The
number of migrating cells is calculated (Fig. 4b).

3.2.5. Immunofluorescence of adhesion-related proteins
To evaluate the role of adhesion-related proteins in structure-

induced cell attachment, immunostaining specific to integrin b1
and vinculinwas performed. As shown in Fig. 5, integrin b1 of HGFs
seeded on the Ti-120 (Fig. 5a, green) is more widely distributed
along with the actin cytoskeleton (Fig. 5a, red) at 4 and 24 h
compared with those on the CFRPEEK plate. Meanwhile, Fig. 5b
shows that vinculin (Fig. 5b, green, marked by white arrows) only
locates at focal adhesion sites, where it overlapped with actin fil-
aments (Fig. 5b, red) terminating in the extending filopodium-like
processes. As exhibited, HGFs adhering to Ti-120 with more
extended cytoskeletons express much more vinculin at both time
points.
3.2.6. Real-time PCR
Real-time PCR was performed to analyze the temporal expres-

sion of relative genes of HGFs on different surfaces. Fig. 6a and
Fig. 6b display the relative gene expression at 4 and 24 h, including
FAK, ITGA2, ITGB1, VCL, FN1 and Col1A1. The difference in gene
expression between CFRPEEK and Ti-120 is consistent with the
immunofluorescence results. At both 4 and 24 h, the HGFs on Ti-
120 show higher mRNA expression of FAK, ITGA2, ITGB1, VCL and
FN1. As for Col-1A1, there is no significant difference between the
two groups until 24 h (p < 0.01).
3.2.7. Western blot
FAK expression and phosphorylation in HGFs seeding on both

surfaces are registered by western blot (Fig. 6c). The results show
that the surface topography of the Ti-120 results in a specific
modulation of FAK phosphorylation. At both time points, the FAK
phosphorylation is upregulated in response to surface modification
(Fig. 6c). Therefore, in HGFs on Ti-120, higher levels of phosphor-
FAK proteins are registered.

At the same time, a similar tendency of fibronectin (FN)
expression is observed; especially at 4 h, significantly higher
expression is detected on Ti-120.



Fig. 3. (a) SEM morphology of HGFs adhered on CFRPEEK and Ti-120 after incubation for 1, 4, and 24 h, noting that cells on Ti-120 are more extensively spread with cytoplasm
surrounded by pseudopodium bound closely to the surface than those on CFRPEEK. (b) Cell adhesion assay. Cell nuclei stained with DAPI were imaged by confocal laser scanning
microscopy for both samples at 1, 4, and 24 h after seeding (�100). (c) Statistical results for adhesive cell numbers. *p < 0.05; ***p < 0.001 when compared with the CFRPEEK group.
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3.2.8. Concentration of COL-1
The secreted concentrations of COL-1 are summarized in Fig. 6d.

The collagen secretion from the HGFs on the Ti-120 surface is
significantly higher than that of the control group after 4, 7 and 10
days of incubation (p < 0.01 and p < 0.001).
3.2.9. Protein adsorption
Fig. 6e shows that the Ti-120 surfaces increase the adsorption of

fibronectin compared to the control group at both time points,
indicating that the nanostructured surfaces favor the initial
adsorption of fibronectin (p < 0.05 and p < 0.001).
3.3. Effects on oral pathogens

S. mutans, F. nucleatum and P. gingivalis are utilized in the anti-
bacterial evaluation. Fig. 7a depicts the photo images of a re-
cultivated bacteria colony after being cultured with both samples
for 24 h. The amounts of viable S. mutans, F. nucleatum and
P. gingivalis on Ti-120 are obviously fewer than those on CFRPEEK.

During the same time frame, both samples incubated with
bacteria are assessed by SYTO 9 and propidium iodide staining with
live bacteria appearing green and dead bacteria red. As shown in
Fig. 7b, large amounts of bacteria on CFRPEEK are alive after incu-
bating for 24 h; conversely, most of the bacteria on Ti-120 are dead
as the viable bacteria fluorescing in green are few.

The morphologies of the attached bacteria are examined by
SEM. Fig. 7c shows that S. mutans, F. nucleatum and P. gingivalis all
display their normal shapes and structures (long-chain, long-rod
and short-rod) and intact surface on CFRPEEK after 24 h of incu-
bation. However, the bacteria on Ti-120 not only exhibit fewer
amounts but also impaired structures. As shown in Fig. 7c, the
S. mutans on Ti-120 lose their long-chain structures and are rarely
intact, indicating that these bacteria are inactivated; likewise,
F. nucleatum on Ti-120 exhibit shorter rod-like structures and most
P. gingivalis shrink to round-shapes from short-rods.

The long-term anti-bacterial property of the Ti-PIII samples is
determined after incubation in PBS for up to 28 days. As shown in
Fig. 8a, the antibacterial rates of Ti-120 to S. mutans, F. nucleatum
and P. gingivalis remain steady after immersing for 28 days, indi-
cating that the Ti-PIII surface can continuously keep anti-bacterial
activity. As a surgical prosthesis may be attacked repetitively by
oral pathogens, the ability of Ti-120 to resist repeated attacks by
bacteria is also evaluated. As shown in Fig. 8b, the Ti-120 samples
have stable antibacterial activities after 7 cycles of bacteria
exposure.
4. Discussion

In the present work, titanium PIII is conducted on CFRPEEK to
modify the bio-inert surface. As confirmed by SEM (Fig. 1), nano-
pores of various morphologies are fabricated on CFRPEEK after PIII,
while a secondary structure with abundant TiO2 nanoparticles fully
covers the sidewalls. Unlike coating structures, the top-down
structure acquired by Ti-PIII enjoys good continuity between the



Fig. 4. The migration of HGFs on both surfaces in the wound healing assay. (a) Nuclei (blue) and actin filaments (red) were visualized by DAPI and rhodamine-phalloidin, staining at
0, 6, 12, and 24 h after wound healing (�100). (b) The quantification of migrating fibroblasts. *p < 0.05; **p < 0.01 when compared with the CFRPEEK group. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 5. Expression of adhesion-related proteins detected by confocal laser scanning microscopy. (a) Expression of integrin b1 (green) on Ti-120 was obviously more than that on
control group at both time points. Scale bar ¼ 25 mm (b) Vinculin (green, white arrows show) only locates at focal adhesion sites, where it overlapped with actin filaments (red)
terminating in the extending filopodium-like processes (arrow shows). HGFs on Ti-120 show higher expression of vinculin at 4 and 24 h. Scale bar ¼ 25 mm. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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structured layer and substrate, minimizing concerns over abrupt
delamination. Moreover, it has been corroborated in our previous
work that the incorporation of titanium synergistically improves
mechanical properties and osseointegration ability of CFRPEEK
[31]. Nevertheless, ideal dental implant biomaterials require both
improved osseointegration and effective soft tissue integration for
long-term stability after implantation. A sound biological seal may
not only inhibit unwanted soft tissue recession and marginal bone



Fig. 6. (a) and (b) Real-time PCR detection of adhesion-related gene expression of HGFs cultured on both samples for 4 and 24 h with statistical significance by *p < 0.05, **p < 0.01,
***p < 0.001. (c) western blot for signaling protein (FAK and pFAK) and FN. (d) Concentration of COL-1 secreted by HGFs on CFRPEEK and Ti-120 surfaces (**p < 0.01, ***p < 0.001). (e)
Increased fibronectin adsorption on Ti-120 surface compared to CFRPEEK (*p < 0.05, ***p < 0.001).

Fig. 7. Short-term bacteria incubation on both samples. (a) Typical images of re-cultivated Sm, Fn, and Pg colonies from samples after 24 h of incubation. Note that the re-cultivated
bacteria colonies from CFRPEEK are numerous but those from Ti-120 are obviously fewer in number. (b) Confocal micrographs of bacteria cultured on both samples for 24 h, the
green fluorescence referred to live bacteria and red referred to dead bacteria. Scar bars for insets ¼ 75 mm. (c) SEM images of bacteria on samples after incubation for 24 h. Note that
the bacteria on CFRPEEK keep their normal shapes, while those on Ti-120 show abnormal shapes and are fewer in number. The insert in the top right corner shows high
magnification images (bacterial cells with irregular shapes are marked by white arrows). (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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resorption but also contribute to resistance against bacterial
 invasion [18]. Hence, if the modified surface meanwhile facilitates



Fig. 8. Antibacterial rates (Ra) of Ti-PIII CFRPEEK after long incubation in PBS and repeated bacterial attack and no significant changes in Ra of Ti-120 after incubation (a) for up to
28 d (b) and 7 cycles of bacteria exposure.
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the integration of peri-implant soft tissue, the application of
CFRPEEK to dental implants can be largely expedited.

Effective dental implant abutment designs and materials can
optimize soft-tissue response to the transmucosal interface
[38e44]. As presented above, both ion doping and nanostructure
fabrication are achieved on CFRPEEK by the Ti-PIII method. To
investigate the influence of the surface properties on soft tissue
integration, in vitro studies of HGFs are conducted. After Ti-PIII,
adhesion and proliferation of HGFs are both improved (Figs. 2b
and 3b), and the good cytocompatibility of Ti-120 is also
confirmed (Fig. 2a). Cell spreading, ECM secretion, fibronectin
adsorption, adhesion-related protein and gene expressions of HGFs
are qualitatively and quantitatively detected to assess HGFs bioac-
tivity in vitro. According to the SEM (Fig. 3a), HGFs on Ti-120 formed
spindles and elongated shapes at the early stage, while those on
CFRPEEK still kept round with few microvillus. As a result of this
elongated morphology induced by large diameter nanopores, a
cytoskeletal tension reflected by the presence of denser and thicker
parallel oriented stress fibers were noticed on the Ti-120 surface as
well (Fig. 5, red fluorescence). Overall, HGFs on Ti-120 exhibit an
earlier and stronger adhesion tendency on both the molecular and
genetic levels. As an important composition of ECM, collagen plays
a key role in the HGFs response to the materials surface by regu-
lating cell adhesion, supporting migration, as well as providing
tensile strength and directing tissue development [45]. In addition,
fibronectin, one of the most important matrix adhesion proteins,
allows for the connection of the collagen network to the cytoskel-
etal microfilaments by means of transmembrane receptors such as
integrins [46]. Therefore, by altering the organization of the ECM,
such as collagen and fibronectin, the bioactivity of soft tissue cells
can be affected. Our results show that the modified surface pro-
motes the adsorption of fibronectin from serum. At the same time,
Col-1 secretion and fibronectin synthesis from HGFs on Ti-120 are
also significantly enhanced compared to CFRPEEK (Fig. 6c and d),
which contributes to the initial adhesion of HGFs and may facilitate
the subsequent formation of soft tissue seals. On the other hand,
cellular interactions with the extracellular environment primarily
depend on integrin receptors, which are a family of transmembrane
glycoproteins and regulate cell adhesion by linking intracellular
cytoskeletal elements with extracellular molecules. According to
our results, both the gene expression and protein formation of
integrin b1 and a2 are upregulated on the nanoporous surface after
culturing for 4 and 24 h (Fig. 5a and Fig. 6aeb). Consequently, it can
be inferred that the microenvironment on the Ti-PIII surface is
advantageous for early adhesion of HGFs due to the denser ECM
secretion and higher expression of integrins. It has been found that
special multilayered structures activate cell responses at different
levels. The nanostructured surface can benefit cell adhesion by
fostering an interaction between integrin anchoring sites and the
edges of pores for cell attachment and produce an elongated
cellular morphology to direct the secretion of ECM from HGFs;
additionally, the small TiO2 nanoparticles provide a larger surface
area, which is favorable to the deposition of more collagen fibrils
and fibronectin. These appear to be the main reasons for the
excellent adhesion ability and high ECM synthesis of HGFs on the
Ti-120 surface.

Integrins mediate cell motility and adhesion by activating focal
adhesion kinase (FAK) signaling to trigger downstream biochemical
signals [47]. To further address the cell-substrate signaling, protein
analysis of FAK and phosphorylated FAK (pFAK) is conducted. Pro-
tein analysis indicated that the Ti-PIII nanopore surface stimulates
phosphorylation of FAK at an early stage, which further confirms
that HGFs on the modified surface may have higher maturation of
adhesions. In accordance with the early phosphorylation of FAK,
vinculin, which is associated with adhesion strength and cell
migration, is also detected earlier and with greater expression in
HGFs from Ti-120. This behavior may provide the basis for the tight
adhesion and wound healing of soft tissue around the implant
surface.

On the other hand, the potential antibacterial properties of
dental implants are critical due to the pathogen-rich nature of oral
environments. In addition to the stress concentration on the alve-
olar ridge, bone loss around the endosseous dental implants is also
caused by the plaque accumulation on the neck of implants.
Compared to natural teeth, bacterial infection is more likely to
cause bone loss around the implant, which lacks a periodontal
ligament as a protective barrier. Therefore, if implant biomaterials
possess antibacterial properties, peri-implant infections can be
greatly reduced. Actually, other than bio-activating HGFs, the
nanopores with TiO2 walls enjoy intrinsic antibacterial properties.
In this study, three kinds of oral anaerobes, i.e., S. mutans,
F. nucleatum and P. gingivalis, are utilized in the antibacterial eval-
uation. According to Live/Dead fluorescence tests and SEM, the Ti-
PIII modified surface can effectively reduce S. mutans, F. nucleatum
and P. gingivalis adhesion and growth and directly lead to the death
of adhesive bacterial. The decreased number of adhesive bacteria
on the Ti-PIII surface might be attributed to the presence of the 20-
nm nanoparticles that inhibit the preliminary steps of bacteria
adhesion by reducing the available substrata-bacteria contact area.
This is in accordance with the discovery of Yao et al., who
demonstrated that additional nanoscale structure (less than
100 nm) inhibits bacterial adhesion [48].

Bacterial contaminationmay occur not only peri-operatively but
also hematogenously later during the lifetime of the dental implant



X. Wang et al. / Biomaterials 83 (2016) 207e218 217
[49]. Therefore, the longevity could be critical for clinical adoption
of dental material. According to our previous work, there is no
obvious release of Ti ions from the Ti-PIII-modified surface. In this
study, the modified samples show stable antibacterial properties
after incubation in PBS for 28 days (Fig. 8a) and aftermultiple cycles
of bacteria exposure (Fig. 8b). This result indicates that the anti-
bacterial action of the Ti-PIII sample is independent of ion release
and likely to be the synergetic result of physical contact with small
diameter nanoparticles. According to XPS (Fig. S1), the ratio of O to
Ti decreases with depth on the Ti-120 surface, indicating the ex-
istence of possible oxygen vacancies in the nanoparticles. Oxygen
vacancies in TiO2 are highly reactive and reactive oxide species
(ROS) are produced in the micro-environment to damage the bac-
teria when they contact with TiO2 nanoparticles [50,51].

Early studies indicated the necessity for the attached gingival
appropriately adjusting to the implant, providing a barrier to block
bacteria and oral toxins from entering the space between the
implant neck and the biological tissue [52]. The modified CFRPEEK
surface can significantly promote early HGFs adhesion and migra-
tion, indicating that it may generate strong competition against the
bacteria at the attachment site. In combination with the antibac-
terial properties of TiO2, the dual effect may provide the surface
with a more stable antibacterial effect. In addition, the enhanced
proliferation and collagen secreting ability of HGFs on Ti-120 may
help form a wide and tightly attached closed loop of connective
tissue around the transmucosal area.

5. Conclusion

In the present study, multilevel TiO2 nanostructures on CFRPEEK
are fabricated by PIII technology. The nanoscale surface can greatly
influence the synthesis of ECM and regulate the expression of
integrins, thus directly regulating cell behaviors, such as migration,
proliferation and focal adhesion formation of HGFs. Furthermore,
sustained and stable antibacterial activities against S. mutans,
F. nucleatum and P. gingivalis are observed on the modified surface.
These results will contribute to the design of the unique multilevel
nanoporous structures with TiO2 nanoparticles, and the application
of this plasma treated CFRPEEK to dental implants is expected to be
broadened and expedited. Of course, further experimentation
needs to be conducted to investigate the in vivo and clinical effects.
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