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Purpose: As a dental material, polyetheretherketone (PEEK) is bioinert that does not induce 
cellular response and bone/gingival tissues regeneration. This study was to develop bioactive 
coating on PEEK and investigate the effects of coating on cellular response.
Materials and Methods: Tantalum pentoxide (TP) coating was fabricated on PEEK sur-
face by vacuum evaporation and responses of rat bone marrow mesenchymal stem (RBMS) 
cells/human gingival epithelial (HGE) were studied.
Results: A dense coating (around 400 nm in thickness) of TP was closely combined with 
PEEK (PKTP). Moreover, the coating was non-crystalline TP, which contained many small 
humps (around 10 nm in size), exhibiting a nanostructured surface. In addition, the rough-
ness, hydrophilicity, surface energy, and protein adsorption of PKTP were remarkably higher 
than that of PEEK. Furthermore, the responses (adhesion, proliferation, and osteogenic gene 
expression) of RBMS cells, and responses (adhesion and proliferation) of HGE cells to 
PKTP were remarkably improved in comparison with PEEK. It could be suggested that the 
nanostructured coating of TP on PEEK played crucial roles in inducing the responses of 
RBMS/HGE cells.
Conclusion: PKTP with elevated surface performances and outstanding cytocompatibility 
might have enormous potential for dental implant application.
Keywords: polyetheretherketone, tantalum pentoxide, nanostructured coating, 
cytocompatibility, dental implant applications

Introduction
Dental implants are surgically placed into the upper or lower jaw, where they 
function as a fixture for replacing missing teeth.1 The success of dental implants 
requires integration with not only bone tissue to achieve osteointegration but also 
gingival tissues to obtain biological sealing that maintains the long-term stability of 
implants.1,2 Dental implants are commonly made of titanium (Ti) and its alloys.3 

However, due to the high modulus of elasticity, Ti-based implants generate stress- 
shielding, which leads to periodontal bone resorption, and thereby causing loosen-
ing, and even failure of implants.3,4 In addition, because of corrosion, the slow 
release of some metal ions (eg, aluminum and vanadium) from Ti-based implants 
may be toxic to the human body.5 Polyetheretherketone (PEEK) with outstanding 
mechanical strengths, biocompatibility, and bio-stability as well as easy processing 
is extensively applied as implants in dental and orthopedics.6 The molecular back-
bone of PEEK includes the combination of ketone and ether groups in the aryl 
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rings.7 This peculiar structure of PEEK causes its high 
mechanical strength, and biostability in biological envir-
onments, which elicits no toxic, inflammatory, or muta-
genic responses in the human body.7

Generally, Ti-based implants with high elastic modulus 
produce stress shielding effects that cause bone resorption, 
while the modulus of elasticity of PEEK approximates that 
of human cortical bone, thereby PEEK is a preferred 
implantable material to replace metal implants for dental 
application.9 However, PEEK is a biologically inert mate-
rial that cannot induce cell attachment, proliferation, and 
differentiation, as well as bone regeneration.10 Moreover, 
PEEK may hardly induce osteogenesis and 
osseointegration.11 Consequently, one of the challenges is 
to enhance the osteogenesis and osseointegration of PEEK 
for dental application. The surface characteristics such as 
composition and topography can effectively regulate the 
biological properties of implants.12 Recently, PEEK has 
been functionalized to create a nanotopography surface, 
which improved surface bioactivity and other 
performances.13,14 Some ways, such as plasma immersion 
ion implantation, electron beam deposition, gas plasma 
etching, and spin-coating, have been used to treat the 
PEEK surface at micro-nano levels to enhance its osteo-
genic bioactivity.13–16 However, surface treatment of 
PEEK produced by these ways did not obviously improve 
the surface bioactivity of PEEK, which exhibited low 
osteogenic bioactivity.13–16

Due to excellent osteogenic bioactivity for stimulating 
cell responses/bone tissues growth, tantalum (Ta) is con-
sidered as one of the most promising biomaterials for 
dental and orthopedic applications (such as artificial joints, 
cranioplasty plates, and porous structures for bone 
repair).17 A thin layer of tantalum pentoxide (Ta2O5) natu-
rally formed on a Ta surface plays crucial roles on its 
outstanding corrosion resistance, biocompatibility, and 
bioactivity.18 Therefore, tantalum pentoxide (TP) coating 
was fabricated on Ti surface, which exhibited wonderful 
biocompatibility, bioactivity, and osseointegration.19 TP 
coating was also prepared on the Ta surface that possessed 
admirable characteristics of good adherence and low mod-
ulus of elasticity compared with Ta substrate.20 TP has 
been incorporated into the hydroxyapatite and bioglass to 
improve bioactivity and mechanical strengths.21 Therefore, 
the noteworthy attributes of TP (eg, outstanding biocom-
patibility, bioactivity, and corrosion resistance as well as 
high hydrophilicity) exhibited its advantages for bone 
regeneration.22

As a dental implant in vivo, it should be closely com-
bined with not only bone tissue to obtain osseointegration 
but also gingival tissue to achieve bio-sealing.1,2 The 
achievement of bio-sealing of gingival tissue with dental 
implants can prevent bacterial invasion, which could avoid 
the occurrence of peri-implantitis and protect 
osseointegration.2,23 Surface nanotopography of biomater-
ials plays key roles in regulating the cell/tissue responses, 
and biomaterials with surface nanostructure could provide 
the cells with binding sites, which were good for cell 
adhesion, spreading, and growth.24,25 Therefore, creating 
a nanostructured surface on biomaterial would have great 
potential to improve the cell/tissue responses, and thereby 
promote tissue regeneration in vivo.

Consequently, in the present study, to endow PEEK 
surface with bioactivity for dental applications, TP coating 
was deposited on PEEK surface by utilizing vacuum eva-
poration (VE). The purpose of this work was to develop 
bioactive TP coating on PEEK surface to induce responses 
of rat bone marrow mesenchymal stem (RBMS) cells for 
bone regeneration and human gingival epithelial (HGE) 
cells for gingival regeneration that could achieve both 
osseointegration and bio-sealing for success of dental 
implant. We supposed that TP coating on PEEK could 
activate the responses of both RBMS cells and HGE 
cells. To test this hypothesis, the responses of RBMS 
cells (attachment, proliferation, and osteogenic differentia-
tion) as well as HGE cells (attachment and proliferation) 
to TP coating of PEEK were studied in vitro.

Materials and Methods
Preparation and Characterization of TP 
Coating on PEEK
The specimens of PEEK (2 mm in thickness and 6 inches 
in diameter) were obtained from Victrex (450 G, Victrex, 
UK). TP coating on the PEEK surface was fabricated in 
vacuum coating equipment (OTFC-900, OPTORUN Co., 
Ltd, Japan). Typical parameters of vacuum coating pro-
cess: evaporator source was Ta2O5 (degree of purity of 
99%), working vacuum degree was 2×10−2 Pa, total power 
of the equipment was 80 KVA, working temperature was 
100°C, the reaction gas is of high purity oxygen (O2) and 
argon (Ar), the deposition rate was 18 nm/min and deposi-
tion time was 20 minutes. The specimens of PEEK with 
TP coating (PKTP) and PEEK without coating (used as 
controls) were cut into pieces (size of 10×10×2 mm), 
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which were cleaned with ethanol solution as well as deio-
nized water 3-times, and dried at 70°C.

The surface morphology of the specimens (PEEK and 
PKTP), and cross-section morphology of PKTP were char-
acterized by field-emission scanning electron microscopy 
(FESEM, S-4800, Hitachi Co., Japan). The element dis-
tributions of the specimens were characterized by utilizing 
energy dispersive spectrometry (EDS, S-4800, Hitachi 
Co., Japan) and X-ray photoelectron spectroscopy (XPS, 
ESCALAB 250Xi, Thermo Fisher Co., UK). In addition, 
the compositions and structures of specimens were ana-
lyzed by Fourier Transform Infrared Spectrometry (FTIR, 
Nicolet 6700, Nicolet Co., USA) and X-ray diffraction 
(XRD, 18KW/D/max2550VB/PC, Rigaku Co., Japan) 
with Cu-Kα source at 40 kV and 100 mA.

Roughness and Binding Strength of TP 
Coating
3D surface morphology as well as surface roughness of Ra 
(arithmetical mean deviation) of specimens (PEEK and 
PKTP) were investigated by utilizing atomic force micro-
scopy (AFM, Multimode8, Bruker, Germany). The adhe-
sion property of the coating to substrates was determined by 
scratch technique. For PKTP, the binding strength of the TP 
coating on PEEK was tested by Revetest® Scratch Tester 
(ST, Anton Paar Co., Austria). A standard conical Rockwell 
diamond spherical indenter (radius 100 µm) was utilized as 
a scratch counterpart to move across the PKTP surface with 
a linearly increasing normal load (Fn=0.01 N~20 N, speed 
was 5 N/s) at a constant speed (4 mm/min) with a length of 
total scratch of 2 mm. The scratches were determined by 
using an optical microscope of scratch platform to evaluate 
failure of the coating associated with the load.

Hydrophilicity, Surface Energy, and 
Protein Adsorption
The contact angles of water and diiodomethane of PEEK 
and PKTP were determined by utilizing a contact angle 
measurement (JC2000D2, Shanghai Zhongchen Digital 
Technology Equipment Co., Ltd., China). The surface ener-
gies of PEEK and PKTP were calculated according to 
Owen-Wendt theoretical formula.23 Adsorption of protein 
on PEEK and PKTP was evaluated by using BSA. The 
specimens were placed into a 48-well cultured plate with 
BSA-PBS (1 mL, 10 µg/mL) solution (Shanghai Yuejin 
Medical Devices Co., Ltd., China) for 2 hours (37°C). The 
specimens were washed by utilizing deionized water 3-times 

to remove the unadsorbed proteins. After that, sodium dode-
cyl sulfate solution (Shanghai Yuanmu Biological 
Technology Co., Ltd., China) (2%, 0.5 mL) was added into 
detaching proteins from the specimen surface and the eluate 
was collected. Then the protein concentration in the eluate 
was evaluated by utilizing bicinchoninic acid assay (Beijing 
Solarbio Science & Technology Co., Ltd., China) through 
BCA Protein Assay Kit (Pierce Co., USA). The absorbance 
at 562 nm was tested by utilizing a microplate reader 
(Varioskan Flash, Thermo Scientific Co., USA) to get the 
protein adsorption amounts on the specimens.

Responses of RBMS Cells to TP Coating 
in vitro
The RBMS cells were isolated from femurs of 1-month- 
old male Sprague-Dawley rats (Laboratory Animal Center, 
Shanghai Ninth People’s Hospital, School of Medicine, 
Shanghai Jiaotong University, China), which were applied 
to evaluate cells responses to the specimens (PEEK and 
PKTP). All animal procedures were approved by the 
Animal Care and Experiment Committee of Shanghai 
Ninth People’s Hospital affiliated to Shanghai Jiaotong 
University (Shanghai, China), and the National Institutes 
of Health guidelines for the Care and Use of Laboratory 
Animals (NIH Publication No. 85–23, revised 1985) was 
followed. The RBMS cells were cultured in α-Modified 
Eagle Medium supplemented with fetal bovine serum 
(10%) and 1% double antibodies (streptomycin/penicillin) 
with CO2 (5%) at 37°C. The specimens were co-cultured 
with the RBMS cells from passages 3–5. Before the cell 
experiments, the specimens were sterilized by utilizing 
ethyl alcohol (75%) for 30 minutes and then washed 
with PBS three times.

Morphology of RBMS Cells on TP Coating
The specimens were placed into a 24-well cell plate. The 
RBMS cells (density of 2×104 cells per well) were then 
seeded on the specimens. At 6, 12, and 24 hours after cultur-
ing, the liquid in the plate was removed and the specimens 
were washed with PBS. According to the manufacturer’s 
instruction, the cell adhesion was quantitatively assessed by 
CyQUANT® assay kit (Life Technologies Co., USA). The 
cells (2×104 cells/well) were seeded on the specimens, and 
after cultured for 1, 3, and 5 days, the specimens with cells 
were washed by using PBS and fixed with glutaraldehyde 
(2.5 v%) for 24 hours at 4°C. After that, the cells were 
dehydrated with ethanol (10%, 30%, 50%, 70%, 85%, 90%, 
and 100%) for 8 minutes each time, and then dried at room 
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temperature. The cell morphology on the specimens was 
investigated with scanning electron microscopy (S-3400, 
Hitachi Co., Japan). Moreover, at 1, 3, and 5 days after 
culturing, the cells on the specimens were stained with FITC- 
phalloidin isothiocyanate (Sigma-Aldrich Co., China) as well 
as 4ʹ,6-Diamidino-2-phenylindole dihydrochloride (Sigma- 
Aldrich Co., China). The cell morphology of fluorescence 
images of stained cells was obtained with a confocal laser 
scanning microscope (A1R, Nikon Co., Japan) to observe.

Adhesion and Proliferation of RBMS Cells on TP 
Coating
The adhesion and proliferation of RBMS cells on the 
specimens were assessed by a cell counting kit-8 
(Beyotime-Biotech Co., China) assay. The cultured med-
ium with 2×104 cells was inoculated on the specimen. 
The culture plates were placed in an incubator for 6, 12, 
and 24 hours for adhesion, while the time point was 1, 3, 
and 7 days for proliferation. At specific cultured times, 
the cultured medium in the wells was moved away, and 
then the specimen was washed by utilizing PBS three 
times. Then a working solution of medium (400 μL) and 
cell counting kit-8 (40 μL) were added into the well, and 
then incubated for 3 hours. The supernatant was pipetted 
into a 96-well plate, and a microplate reader (Synergy 
HT, Bio-Tek Co., USA) was utilized to read optical 
density (OD) at 450 nm.

ALP Activity of RBMS Cells on TP Coating
Alkaline phosphatase (ALP) activity of the cells on the 
specimens was determined by ALP assay kit (Beyotime 
Biotechnology, China) according to manufacturer’s instruc-
tions. BMS cells (2×104 cells/well) were seeded on the 
specimens in 24-well plates for 7, 10, and 14 days, and 
then the specimens were washed with PBS three times. 
After that, 500 μL Nonidet P-40 (1%, Sigma-Aldrich, 
China) solution was added into per well to get cell lysate. 
Then p-nitrophenyl phosphate (Sigma-Aldrich, China) was 
added, and then incubated for another 30 minutes. After the 

incubation, the reaction was stopped by utilizing NaOH 
aqueous solution (0.1 mol/L). A microplate reader 
(Varioskan Flash, Thermo Scientific, USA) was utilized to 
assess the OD values of the cells at 405 nm wavelength. 
BCA Protein Assay Kit was utilized to assess the total 
protein contents in the cell lysate. The ALP activity was 
defined as the OD value (405 nm)/total protein contents.

Osteogenesis Genes Expressions of RBMS Cells on 
TP Coating
The osteogenic related genes expressions were evaluated by 
real-time PCR. After the RBMS cells were cultured on 
specimens (1×105 cells/well) for 3, 7, and 14 days, accord-
ing to the manufacturer’s instructions, total RNA was iso-
lated from the cells using Trizol reagent (Invitrogen Co., 
USA). Afterwards, 1 μg of total RNA was reversely tran-
scribed into complementary DNA (cDNA) using 
PrimeScript First Strand cDNA Synthesis Kit (TaKaRa 
Co., Japan). Bio-Rad real-time PCR system (Bio-Rad Co., 
USA) was used to perform the real-time PCR analysis on 
markers of runt-related transcription factor 2 (Runx2), alka-
line phosphatase (ALP), osteopontin (OPN), and osteocalcin 
(OCN). In addition, glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) was used as the house-keeping gene for 
normalization. The forward and reverse primer sequences 
for the selected genes are listed in Table 1.

Responses of HGE Cells to TP Coating
Cells responses to specimens were determined by using 
HGE cells, which were obtained from the School of 
Medicine, Shanghai Jiaotong University, China. The 
HGE cells were cultured in Dulbecco’s modified eagle 
medium (Shanghai XP Biomed Co., Ltd., China) with 
CO2 (5%) at 37°C. The cultured mediums were supple-
mented with fetal bovine serum (10%) from Shanghai XP 
Biomed Co., Ltd., China, and double antibiotics (1%) 
containing penicillin and streptomycin.

Table 1 Primers Used for RT-PCR Analysis

Gene Forward Primer Sequence (5ʹ-3ʹ) Reverse Primer Sequence (5ʹ-3ʹ)

Runx2 ACTTCCTGTGCTCGGTGCT GACGGTTATGGTCAAGGTGAA

ALP ACCATTCCCACGTCTTCACATTT AGACATTCTCTCGTTCACCGCC
OPN GAGACCGTCTGAAACAGCGT AACCACTGCCAGTCTCATGG

OCN CCTCACACTCCTCGCCCTATT CCCTCCTGCTTGGACACAAA

GAPDH TGTTCCTACCCCCAATGTATCCG TGCTTCACCACCTTCTTGATGTCAT

Abbreviations: RT-PCR, reverse transcription-polymerase chain reaction; Runx2, runt-related transcription factor 2; ALP, alkaline 
phosphatase; OPN, osteopontin; OCN, osteocalcin; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Morphology of HGE Cells on TP Coating
The specimens were firstly sterilized by using high- 
temperature autoclave. Briefly, HGE cells (2×104 cells/well) 
were seeded on the specimens in 24-well plates. At 1 and 3 
days after culturing, the specimens were washed by using 
PBS three times and maintained in glutaraldehyde solution 
(2.5%) for 2 hours. The specimens with the cells were stained 
with fluorescein isothiocyanate phalloidin (Sigma-Aldrich 
Co., China) for 30 minutes, then stained with 2-(4-amino-
phenyl)-6-indoleformamide dihydrochloride (Sigma-Aldrich 
Co., China) for 10 minutes. The cell morphology was 
observed by confocal laser scanning microscope (CLSM, 
A1R, Nikon Co., Japan). Furthermore, the specimens with 
cells were dehydrated with various concentrations (10%, 
30%, 50%, 70%, 85%, 90%, and 100%) of ethanol for 15 
minutes. The cell morphology was observed by SEM.

Adhesion and Proliferation of HGE Cells on TP 
Coating
The cell counting kit-8 (Beyotime-Biotech Co., China) assay 
was used to determine adhesion as well as proliferation of 
HGE cells on the specimens. The cultured medium with 
2×104 cells was inoculated on the specimens. The cell cul-
tured plates were placed in an incubator for 6, 12, and 24 
hours for cell adhesion, while the incubation time point was 
1, 3, and 7 days for cell proliferation. At specific time points, 
the medium in the wells was moved away, and the specimen 
was washed by using PBS three times. After that, a working 
solution of medium (400 μL) and cell counting kit-8 (40 μL) 

were added into the well, and then incubated for 3 hours. The 
supernatant was pipetted into a 96-well plate, and optical 
density (OD) was read at 450 nm by utilizing a microplate 
reader (Synergy HT, Bio-Tek Co., USA).

Statistical Analysis
The clearance related to statistical analysis was applied to all 
the experiments by one-way analysis of variance (ANOVA) 
followed by Tukey’s test, and all values were expressed as 
mean±standard deviations (SD). P<0.05 represented the dif-
ferences, which were regarded as statistically significant.

Results
Characterization of TP Coating
From the photos of the specimens, in comparison with PEEK 
(Figure 1A), the surface of TP coating on PKTP (Figure 1E) 
slightly became dark. Figures 1(B, C, F, and G) revealed the 
EDS of element distribution maps of PEEK and PKTP. No Ta 
signal was seen on PEEK surface (Figure 1C). However, 
many red (Ta signals, Figure 1G) dots were seen on PKTP 
surface. Moreover, Figures 1(D and H) revealed the EDS 
spectrum of PEEK and PKTP. The C and O peaks were seen 
on the PEEK surface (Figure 1D) while Ta peaks appeared on 
the PKTP (Figure 1H). Figure 2 showed the SEM images of 
surface morphology of PEEK (Figure 2A and D) and PKTP 
(Figure 2B and E). The PEEK surface was smooth, and no 
particle was seen under different magnification. However, 
the PKTP surface was rough (Figure 2B). Under high 

Figure 1 Digital photos of PEEK (A) and PKTP (E), and EDS of element distribution maps (B, C, F, G) of O (B, F) and Ta (G) and EDS spectra (D, H) of PEEK (D) and 
PKTP (H); and green dots (B, F) represent O signals and red dots (G) represent Ta signals. 
Abbreviations: PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide coating; EDS, energy dispersive spectrometry; O, oxygen; Ta, tantalum.
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magnification, the surface of PKTP contained many irregular 
bulges with a size of 10 nm (Figure 2E). Additionally, 
Figures 2(C and F) revealed the cross-sectional morphology 
of PKTP. The TP coating with a thickness of about 400 nm 
was dense, which was tightly bonded with PEEK substrate.

Figure 3A was the FTIR patterns of PEEK and PKTP. For 
PEEK, the peaks of diphenylketone bands appeared at 
1650 cm−1, 1490 cm−1, and 925 cm−1, the peak band of C=C 
in the benzene ring was found at 1600 cm−1, and the peaks of 
C-O-C stretching vibration of diaryl groups were seen at 
1158 cm−1 and 1190 cm−1.26 For PKTP, an apparent absorb 
peak appeared at 3304 cm−1 was attributed to the telescopic 
vibration peak of Ta hydroxyl group (Ta-OH), and the peak 
around 687 cm−1 belonged to the characteristic peak of TP. 
Figure 3B illustrated the XRD patterns of PEEK and PKTP. 
No characteristic peak of TP appeared in the XRD of PKTP in 
comparison with PEEK, indicating that the coating was non- 
crystalline TP (amorphous state). The XPS spectrum of PKTP 
was revealed in Figure 3C, and the signals of O, C, and Ta 
elements were seen. The Ta4f core-level XPS spectrum of 
PKTP (Figure 3D) was curve-fitted into two peaks with the 
binding energies of 25.6 eV and 27.5 eV, which were due to the 
Ta oxygen group (Ta-O) on the PKTP surface. The quantita-
tive analysis of atom percentage of TP coating by XPS showed 
that the atom percentages of Ta and O were 28.17 at% and 
39.21 at%. As a result, the atom ratio of Ta to O was 0.72, 

which was closed to the stoichiometric Ta2O5, confirming that 
the TP coating was stoichiometric Ta2O5. The FTIR and XPS 
revealed that the TP coating was deposited on PEEK.

Roughness and Bonding Strength of TP 
Coating
Figure 4 shows the AFM images of surface morphology of 
PEEK (Figure 4A) and PKTP (Figure 4B). The surface of 
PKTP was much rougher than PEEK. Furthermore, the sur-
face roughness of PEEK and PKTP were 12.7±0.7 nm and 
22.5±0.9 nm, as shown in Figure 4C. The load on delamina-
tion of TP coating was defined as the binding strength between 
coating and PEEK. The lower critical load (Lc1) indicated 
crack initiation of the coating while the higher critical load 
(Lc2) showed failure of the coating, which reflected the bond-
ing strength of TP coating. As shown in Figure 4D, Lc1 and 
Lc2 of PKTP were 0.26 N and 1.08 N. Figure 4(E) was optical 
images of the scratch on the TP coating.

Hydrophilicity, Surface Energy, and 
Protein Adsorption
Figure 5A revealed the contact angles of water and diiodo-
methane of the specimens. The water contact angle of PEEK 
and PKTP was 88.5±2.6° and 70.5±4.1°, revealing that the 
hydrophilicity of PKTP with TP coating significantly 
increased compared with PEEK. Moreover, the 

Figure 2 SEM images of surface morphologies of PEEK (A, D) and PKTP (B, E), and cross-section morphologies of PKTP for TP coating (C, F) under different 
magnifications. 
Abbreviations: SEM, scanning electron microscopy; PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide coating; TP, tantalum pentoxide.
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diiodomethane contact angle (Figure 5B) of PEEK and PKTP 
was 59.0±2.9° and 50.5±4.1°. Furthermore, Figure 5C was the 
surface energy of the specimens. The surface energy of PEEK 
and PKTP was 29.7±2.3 mJ/m2 and 38.7±2.9 mJ/m2. 
Figure 5D exhibited the adsorption of protein on specimens 
after being soaked into BSA-PBS solution for 2 hours. The 
adsorption of protein on PEEK and PKTP was 0.062±0.013 
μg/mm2 and 0.180±0.012 μg/mm2.

Cells Responses to TP Coating in vitro
Morphology of RBMS Cells on Specimens
Figure 6 was the SEM images of morphology of RBMS cells 
on PEEK and PKTP at different times after culturing. At day 1, 
sparse cells with round morphology (no spreading) were seen 
on PEEK while the cells with obvious pseudopods were seen to 
spread on PKTP. At days 3 and 5, more cells with more 

filopodia were seen to attach and spread on the PKTP surface 
than PEEK. Apparently, the attachment and spreading of cells 
on PKTP was much better than PEEK. The CLSM images of 
RBMS cells on PEEK and PKTP at different time after cultur-
ing were shown in Figure 7. At days 1 and 3, sparse cells with 
round morphology (no spreading) were seen on PEEK surface 
while more cells with prominent pseudopods were seen to 
attach and spread on the PKTP surface. At day 5, more cells 
with more filopodia were seen on PKTP than PEEK. 
Apparently, the cell attachment and spreading on the PKTP 
surface were much better than PEEK.

Attachment, Proliferation and ALP Activity of RBMS 
Cells
Figure 8A was the attachment ratio of RBMS cells on the 
specimens at 6, 12, and 24 hours. The attachment ratio of cells 

Figure 3 FTIR (A) and XRD (B) patterns of PEEK and PKTP, and wide-scan XPS spectrum (C) and N1s core-level XPS spectrum (D) of PKTP (*Represent the XRD peaks of PEEK). 
Abbreviations: FTIR, Fourier transform infrared spectrometry; XRD, X-ray diffraction; PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide 
coating; XPS, X-ray photoelectron spectroscopy.
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on PKTP increased with time while there was a slight increase 
for PEEK from 6 to 24 hours. Moreover, the attachment ratio 
of cells on PKTP were remarkably higher than PEEK. Figure 
8B was the proliferation (expressed by OD values) of cells on 
the specimens at different times. The proliferation of cells on 
PKTP obviously increased with time while there was a slight 
increase for PEEK from day 1 to day 5. Moreover, the pro-
liferation of cells on PKTP were significantly higher than 
PEEK. Figure 8C exhibited the ALP activity of cells on the 
specimens at 7, 10, and 14 days. The ALP activity of cells on 
PKTP obviously increased with time, while no significant 
increase was seen for PEEK. Furthermore, the ALP activity 
of cells on PKTP were remarkably higher than PEEK.

Osteogenic Genes Expressions of RBMS Cells
The expressions of osteogenic genes (Runx2, ALP, OPN, and 
OCN) of RBMS cells on PEKK and PKTP were shown in 
Figure 9. The genes expressions for PKTP increased with 
time while there was no significant increase for PEEK. 
At day 3, there were no obvious difference in the expression 
of Runx2, ALP, OPN, and OCN for both PEEK and PKTP. 
At days 7 and 14, the expressions of Runx2, ALP, OPN, and 
OCN for PKTP were significantly higher than PEEK.

Morphology of HGE Cells on Samples
Figure 10 was the SEM images of HGE cells on the 
samples at day 3 after culturing. The attachment and 

Figure 4 AFM images (A, B) and roughness (C) of PEEK (A) and PKTP (B) (*P<0.05, vs. PEEK), Frictional force–normal force curves (D) and optical microscopic images of 
the scratch (E) of PKTP. 
Abbreviations: AFM, atomic force microscopy; PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide coating.
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spreading of the cells on PKTP were better than PEEK. In 
addition, more cells with numerous filopodia were seen on 
PKTP than PEEK. Figure 11 was the CLSM images of 
morphology of HGE cells on the samples at different 
times after culturing. It was seen that the number of the 
cells on PKTP obviously increased with time while there 
was a slight increase for PEEK at different times. 
Furthermore, more cells were observed on PKTP than 
PEEK.

Attachment and Proliferation of HGE Cells on 
Specimens
Figure 12A was the adhesion ratio of HGE cells on the 
specimens at different time after culturing. At 6, 12, and 
24 hours, the adhesion ratio of cells on PKTP was sig-
nificantly higher than PEEK. Figure 12B was the prolif-
eration (expressed by OD values) of cells on the samples. 
It was seen that cell proliferation on PKTP obviously 
increased with time while only slightly increasing for 

PEEK. Moreover, the cell proliferation on PKTP were 
significantly higher than PEEK.

Discussion
Because of outstanding biocompatibility and mechanical 
strengths, PEEK has been widely used as biomedical 
implants for replacing bone tissue, which is also 
a promising implantable material for dental 
applications.27 However, because of bioinert and hydro-
phobicity, PEEK does not induce adhesion, proliferation, 
differentiation, mineralization of osteoblasts, or promote 
bone regeneration both in vitro and in vivo.28 Bioactive- 
coated PEEK implants have become a promising bone 
replacement material, which combines the advantage of 
both bioactive coating and PEEK.29 In this study, to endow 
PEEK surface with bioactivity for tissue regeneration, TP 
was coated on PEEK (PKTP) by VE. The results showed 
that the dense TP coating of PKTP (thickness of around 
400 nm) was stoichiometric TP, which was tightly bonded 

Figure 5 Water contact angle (A), diiodomethane contact angle (B), surface energy (C), and protein adsorption (D) of PEEK and PKTP (*P<0.05, vs PEEK). 
Abbreviations: PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide coating.
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Figure 6 SEM images of morphology of RBMS cells on PEEK (A–C) and PKTP (D–F) at day 1 (A, D), 3 (B, E), and 5 (C, F) after culturing. 
Abbreviations: SEM, scanning electron microscopy; RBMS, rat bone marrow mesenchymal stem; PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum 
pentoxide coating.

Figure 7 CLSM images of morphology of RBMS cells on PEEK (A–C) and PKTP (D–F) at day 1 (A, D), 3 (B, E) and 5 (C, F) after culturing. 
Abbreviations: CLSM, confocal laser scanning microscope; RBMS, rat bone marrow mesenchymal stem; PEEK, polyetheretherketone; PKTP, polyetheretherketone with 
tantalum pentoxide coating.
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with PEEK. Furthermore, the coating of PKTP was non- 
crystalline TP, showing amorphous phase. PEEK revealed 
a smooth surface while PKTP exhibited a rough surface 
duo to the TP coating containing many irregular bulges 
with sizes of around 10 nm. Therefore, the coating of 
PKTP was nanostructured TP.

The surface features (eg, composition, micro-nano mor-
phology, roughness, hydrophilicity) of dental materials have 
remarkable impacts on the responses of cells/tissues.30,31 In 
the present study, the TP coating with nanostructure signifi-
cantly improved the surface roughness of PKTP compared 
with PEEK. The increase of surface roughness of implants 
for inducing cell attachment was due to the improvement of 
surface-to-volume ratio that provided more sites for cell 
attachment.32 Moreover, in comparison with PEEK, the 
hydrophilicity of PKTP obviously increased because of the 

hydrophilicity of TP as well as formation of the hydrophilic 
group of hydroxyl (-OH) on the TP coating.33 Furthermore, 
compared with PEEK, the surface energy of PKTP obviously 
increased due to the TP with high surface energy. The 
adsorption of proteins was the initial pivotal step that affected 
the cell behaviors on the dental implant surface, because the 
cells sense the layer of adsorbed protein on the foreign 
surface.34 The adsorption of proteins would alter the physi-
co-chemical properties of the implant surface, and thereby 
inducing cellular response.35 In this study, due to the TP 
coating, the adsorption of proteins on PKTP was obviously 
enhanced compared with PEEK. The adsorption of protein 
strongly depended on some surface factors such as chemical 
composition, nanostructure, and roughness as well as 
hydrophilicity.36 Consequently, the enhancements of proteins 
adsorption on PKTP were due to not only the improved 

Figure 8 Attachment ratio (A), OD values (B) and ALP activity (C) of RBMS cells cultured on PEEK and PKTP for different time (*P<0.05, vs PEEK). 
Abbreviations: OD, optical density; ALP, alkaline phosphatase; RBMS, rat bone marrow mesenchymal stem; PEEK, polyetheretherketone; PKTP, polyetheretherketone with 
tantalum pentoxide coating.
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roughness and hydrophilicity but also nanostructured surface 
of TP coating. The hydrophilic and rough surface with 
nanostructure of PKTP adsorbed more proteins, which 
might result in a favorable osteogenic microenvironment.37

The adhesion of cells mainly depended on surface 
performances (eg, topological structure, hydrophilicity) 
of dental implants.33 During bone remodeling procedure, 
the proliferation of cells on the implants was the second 
key stage after cell adhesion, which determined the sub-
sequent osteogenic differentiation of cells and new bone 
regeneration.38 In this study, the RBMS cells adhesion on 
PKTP was remarkably higher than PEEK, and the cells 
revealed better spreading on PKTP in comparison with 
PEEK. Moreover, the proliferation of the RBMS cells on 
PKTP was obviously higher than PEEK. It could be sug-
gested that the inducing of adhesion, spreading, and pro-
liferation of cells on TP coating of PKTP were due to the 

improvements of surface performances (eg, roughness and 
hydrophilicity as well as adsorption of proteins) as well as 
the presence of nanostructured TP. ALP was generally 
regarded as a marker for early osteogenic differentiation, 
and the increase of ALP activity revealed the osteogenic 
differentiation of cells.39 In the present study, the ALP 
activity of the cells on PKTP was remarkably higher 
than PEEK, indicating the TP coating of PKTP promoted 
osteogenic differentiation of RBMS cells. The expressions 
of osteogenic related genes (Runx2, ALP, OPN, and OCN) 
played key roles in the osteogenic differentiation of 
osteoblasts.8,13 In this study, the expressions of Runx2, 
ALP, OPN, OCN, of RBMS cells on PKTP were signifi-
cantly higher than PEEK. Consequently, the TP coating of 
PKTP remarkably stimulated expressions of osteogenic 
related genes, and thereby exciting osteogenic differentia-
tion of the RBMS cells.

Figure 9 Expressions of osteogenic genes of Runx2 (A), ALP (B), OPN (C), and OCN (D) of RBMS cells on the specimens at different time after culturing (*P<0.05, 
**P<0.01, vs PEEK). 
Abbreviations: Runx2, runt-related transcription factor 2; ALP, alkaline phosphatase; OPN, osteopontin; OCN, osteocalcin; RBMS, rat bone marrow mesenchymal stem; 
PEEK, polyetheretherketone.
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The success of dental implants mainly depended on 
integration with not only bone tissue but also gingival 
tissue.1,2 The gingival epithelium adhesion on the implant 
surface was the initial bio-barrier to prevent bacteria and 
metabolite, while the loss of gingival tissue adhesion on the 
implant surface was one of the most key reasons for the 
failure of implantation.2,23 In the present study, compared 
with PEEK, the adhesion of HGE cells on PKTP signifi-
cantly increased. Moreover, compared with PEEK, the pro-
liferation of HGE cells on PKTP remarkably increased. As 
a result, the significant improvements of adhesion as well as 
proliferation of HGE cells on PKTP were due to the rough 
and hydrophilic PT coating with a nanostructured surface, 
which played significant roles in inducing the responses of 
HGE cells. We expected that PKTP with improved surface 
performances could stimulate the formation of bio-sealing 
at the interface of gingival tissue-implant.

The biological properties of dental implants were signifi-
cantly influenced by the surface features, which might provide 
a favorable microenvironment for adsorption of proteins, and 
thereby affect the cell behaviors and functions.40 In this study, 
compared with PEEK, the nanostructured TP coating on 
PEEK remarkably improved the surface performances of 
PKTP, which obviously induced the responses of both 

RBMS cells and HGE cells. Consequently, the significant 
enhancements of cellular responses of the two kinds of cells 
to PKTP were ascribed to the improved surface performances, 
which were the synergistic effects of several factors (eg, 
composition, nanostructure, roughness, hydrophilicity, and 
surface energy). The RBMS cells and HGE cells possess 
different physiological functions, the former will form bone 
tissue that achieves osteointegration for fixation of dental 
implants, while the latter will develop gingival tissue that 
obtains bio-sealing for preventing bacterial invasion and pro-
tecting osteointegration.41 In short, PKTP with excellent cyto-
compatibility not only induced the responses (attachment and 
proliferation as well as differentiation) of RBMS cells but also 
stimulated the responses (attachment and proliferation) of 
HGE cells. Therefore, after being implanted in vivo, it is 
expected that PKTP as a dental implant could be integrated 
with not only bone tissue but also gingival tissue to achieve 
long-term stability. Thereby PKTP would be a promising can-
didate as a dental material for replace missing teeth.

Conclusions
In the present study, nanostructured coating of non- 
crystalline TP on PEEK surface was fabricated by VE. In 
comparison with PEEK, the surface roughness, 

Figure 10 SEM images (under different magnifications) of morphology of HGE cells cultured on PEEK (A, C) and PKTP (B, D) for 3 days. 
Abbreviations: SEM, scanning electron microscopy; HGE, human gingival epithelial; PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide 
coating.
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hydrophilicity, and surface energy as well as protein 
adsorption of the TP coating of PKTP were remarkably 
increased. Furthermore, the responses (attachment, prolif-
eration, and ALP activity as well as osteogenic gene 

expression) of RBMS cells and responses (attachment as 
well as proliferation) of HGE cells to PKTP were appar-
ently enhanced in comparison with PEEK. Therefore, the 
nanostructured surface of TP coating on PEEK had 

Figure 12 Attachment ratio (A) and OD values (B) of HGE cells cultured on PEEK and PKTP for different times (*P<0.05, vs PEEK). 
Abbreviations: OD, optical density; HGE, human gingival epithelial; PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide coating.

Figure 11 CLSM images of morphology of HGE cells on PEEK (A–C) and PKTP (D–F) at 12 (A, D), 24 (B, E), and 72 (C, F) hours after culturing. 
Abbreviations: CLSM, confocal laser scanning microscope; HGE, human gingival epithelial; PEEK, polyetheretherketone; PKTP, polyetheretherketone with tantalum pentoxide coating.
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apparent effects on the physical-chemical as well as bio-
logical properties of PKTP. In short, PKTP with TP coat-
ing with outstanding cytocompatibility and improved 
surface performances significantly induced the responses 
of both RBMS cells and HGE cells, thereby PKTP might 
be a potential candidate as a dental material for replacing 
missing teeth.
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