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Purpose: Polyetheretherketone (PEEK) exhibits high mechanical strengths and outstanding
biocompatibility but biological inertness that does not excite the cell responses and stimulate
bone formation. The objective of this study was to construct submicro-nano structures on
PEEK by femtosecond laser (FSL) for exciting the responses of MC3T3-El cells and
gingival epithelial (GE) cells, which induce regeneration of bone/gingival tissues for long-
term stability of dental implants.

Materials and Methods: In this study, submicro-nano structures were created on PEEK
surface by FSL with power of 80 mW (80FPK) and 160 mW (160FPK).

Results: Compared with PEEK, both 80FPK and 160FPK with submicro-nano structures
exhibited elevated surface performances (hydrophilicity, surface energy, roughness and
protein absorption). Furthermore, in comparison with 80FPK, 160FPK further enhanced
the surface performances. In addition, compared with PEEK, both 80FPK and 160FPK
significantly excited not only the responses (adhesion, proliferation, alkaline phosphatase
[ALP] activity and osteogenic gene expression) of MC3T3-El cells but also responses
(adhesion as well as proliferation) of GE cells of human in vitro. Moreover, in comparison
with 80FPK, 160FPK further enhanced the responses of MC3T3-E1 cells/GE cells.
Conclusion: FSL created submicro-nano structures on PEEK with elevated surface perfor-
mances, which played crucial roles in exciting the responses of MC3T3-E1 cells/GE cells.
Consequently, 160FPK with elevated surface performances and outstanding cytocompatibil-
ity would have enormous potential as an implant for dental replacement.

Keywords: polyetheretherketone; PEEK, surface modification, submicro-nano structures,
functional group, cell responses

Introduction

Due to outstanding biocompatibility, biostability and mechanical performances, poly-
etheretherketone (PEEK) have been widely applied in surgical treatments for bone
defects/fractures, joint arthroplasties, spinal fusions, craniofacial applications.’
Recently, PEEK has been received increasing interest as dental implants because of its
high mechanical strength and elastic modulus similarity to human cortical bone that can
avoid the stress shielding effects in comparison with titanium (Ti) based implants.> As an
implant for dental application, integration with the host bone (known as osseointegration)
is considered as the gold standard for a successful implantation, which has long been
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regarded as a prerequisite for implant loading in the early and
late stages.’ Unfortunately, PEEK is a bioinert biomaterial that
does not excite the cells responses, displaying no osteogenic
bioactivity. As a result, PEEK does not have the ability to
stimulate bone regeneration and integrate with host bone, and
thereby decreases initial fixation as well as long-term stability
of implants.® As an implant for dental application, it should not
only bond with bone tissues to obtain osseointegration but also
be integrated with gingival tissues to achieve bio-sealing.® The
formation of bio-sealing of gingival with implants can prevent
the bacterial from invasion that can avoid peri-implantitis
occurrence.”

The surface characteristics of PEEK implants have long
been the object of research aimed at elevating surface bio-
performances that could excite cells responses as well as
stimulate new bone formation.® The most common method
for improving the surface bio-performances of PEEK
implants is surface modification (e.g., physical-chemical or
biological methods), typically, surface coating.” Various
bioactive coatings (e.g., hydroxyapatite, biomolecules,
drugs, etc.) on PEEK surface have been developed, which
have shown to be effective in promoting new bone formation
and osseointegration.”'' Although great progress has been
made by various surface modifications of PEEK implants,
there are still many aspects which could be further upgraded.
The surface features (such as morphology, micro or nano
topography, hydrophilicity, roughness, functional groups and
so on) of dental materials play key roles in facilitating osteo-
blasts responses (such as adhesion, proliferation and differ-
entiation and so on).'"? Topographic surface patterning is
regarded as a powerful tool for controlling cells behaviours
and functions.'® For topographic patterns, micron or nano
topography determines whether specific cell reactions occur.
Regulating scale and pattern in chemical as well as topo-
graphic patterning can help to remarkably create purpose-
specific cells-regulating cues for different applications such
as biomedical implants and tissue engineering, so on.'* The
micro or nano topography exhibited special effects on cells
responses (such as attachment, proliferation, and
differentiation).'” The cell responses affected by differently
sized surface patterns can provide key insights regarding
pathological and biological as well as immunological
processes. '

Femtosecond laser (FSL) irradiation is an effective tech-
nology to fabricate periodical features with micro or nano
topography on biomaterials surfaces.'® This technology is
suitable to fabricate micro or nano structures on various mate-

rials surfaces (including ceramics/glasses, metals and

polymers).'® The advantages of FSL include the simplicity
in varying processing conditions, rapid scanning speed, high
accuracy and reproducibility, and minimal oxidation of mate-
rial surface during processing.'” Importantly, minimizing
polymer surface oxidation is very valuable in the surface
treatment of polymeric biomaterials, such as PEEK.'
Consequently, in the present study, to optimize the surface bio-
properties of PEEK for dental application, a strategy of surface
modification by FSL with power of 80 mW (80FPK) and 160
mW (160FPK) was proposed to create submicro-nano struc-
tures on PEEK surface. The objective of this study was to
construct submicro-nano structures on PEEK by FSL for
exciting the responses of MC3T3-El cells and GE cells,
which would induce regeneration of bone/gingival tissues for
long-term stability of dental implants. Consequently, in com-
parison with PEEK, the surface performances (e.g., micro-
nano morphology, hydrophilicity, surface energy, roughness
and protein absorption) of FPK (both 80FPK and 160FPK)
were investigated after FSL treatment. Moreover, the
responses of MC3T3-El cells and human GE cells to FPK
were evaluated in vitro.

Materials and Methods

Preparation of Specimens

The PEEK powders (450 G, Victrex, UK) were added into
stainless-steel mold (® 10x2 mm) and then shaped by
a compressing machine (YP-15T, Jinfulun Technology Co.,
Ltd, China) under the pressure of 6 MPa. The obtained PEEK
specimens (® 10x2 mm) were sintered by applying a muffle
furnace (345°C) for 4 hours. Afterwards, the surface of
PEEK was treated by utilizing FSL instrument (GLX-
200HP-1053, Time-Bandwidth Products AG, Switzerland)
with various processing power of 80 mW (named 80FPK)
and 160 mW (named 160FPK). Other process parameters of
the FSL instrument: scanning speed was 800 pm/s, and pulse
width was 120 fs. All the specimens (PEEK, 80FPK and
160FPK) were separately ultrasonic cleaned with deionized
water and absolute ethanol for 3 times, and subsequent dried
at 40°C for 24 hours.

Characterization of Specimens

The surface morphology as well as composition of the sam-
ples (PEEK, 80FPK and 160FPK) were characterized using
scanning electron microscope (SEM; GeminiSEM 500,
ZEISS Co., Germany), laser confocal microscope (VK-X
110, Keyence Co., Japan), atomic force microscope (AFM;
DiMultiMode, Veeco Co., USA), Fourier transform infrared
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spectrometer (FTIR; Frontier, PerkinElmer Co., USA) by the
KBr disc methods, X-ray diffraction (XRD; D8 Advance,
Bruker Co., Germany) and X-ray photoelectron spectroscope
(XPS; K-Alpha, Thermo Scientific Co., USA). The element
composition of the samples (PEEK, 80FPK and 160FPK)
was measured by utilizing energy dispersive spectrometry
(GeminiSEM 500, ZEISS Co., Germany). The water and
diiodomethane contact angle of the samples (PEEK, 8OFPK
and 160FPK) were determined by applying droplet shape
analyzer (DSA100, KRUSS Co., Germany). The surface
energy of the samples (PEEK, 80FPK and 160FPK) was
determined by utilizing the attached software of droplet
shape analyzer.

Protein Adsorption
Bicinchoninic acid (BCA) assay was performed to evaluate
the adsorption of proteins on the specimens (PEEK, 80FPK
and 160FPK)." Briefly, bovine serum albumin (BSA, Sigma
Co., USA) and fibronectin (FN, Sigma Co., USA) solutions
were diluted by phosphate buffered saline (PBS, Gibco Co.,
USA) to obtain BSA (100 pg/mL) and FN (25 pg/mL) solu-
tions, respectively. Then the specimens were placed into 12-
well plate, and 2 mL of BSA and FN solutions was separately
added onto the specimen surface at 37°C for 4 hours.
Afterwards, the specimens were rinsed with fresh PBS to
wash off the unabsorbed protein. Then the specimens were
immersed in 2% sodium dodecyl sulphate in PBS and soni-
cated for 20 min to completely detach the BSA adsorbed from
the surface of the specimens. The concentration of protein of
supernatant was tested by BCA kit (Sigma Co., USA), and the
protein adsorption was calculated by following formula:

Protein adsorption = Cs/Cp x 100%

Cs is the protein concentration of the supernatant while
Cp is the protein concentration of BSA/FN solution.

Responses of MC3T3-El Cells to

Specimens in vitro

The MC3T3-El cell lines were purchased from Procell
Life Technology Co., Ltd., Wuhan, China. The responses
of the cells to the specimens (PEEK, 80FPK and 160FPK)
were determined. UV radiation and 75% ethanol were
utilized to sterilize the specimens respectively, followed
by placing specimens into 12-well plates. The cells were
cultured with 5% CO, at 37°C in o-minimum essential
medium (a-MEM, Wisent Co., Canada) with 10% (v/v)
fetal bovine serum (FBS, Wisent Co., Canada) and 1% (v/

v) penicillin/streptomycin  (Procell Life Science &

Technology Co., China), while the medium was replaced
every 3 days. The 0.25% trypsin EDTA (Sigma-Aldrich
Co., USA) and centrifugation were utilized to collect cells
before cells achieved 90% confluence. Before seeding on
specimens, the cells were resuspended in fresh medium,
and the MC3T3-E1 cells at 3—5 passages were carried out.
The cells were seeded at an initial density of 2 x 10* cells/

mL in culture media.

Morphology of MC3T3-E| Cells on Specimens

At different time after culturing, the medium was
removed, and the specimens were rinsed by using PBS
solution for 3 times and fixed with 2.5% glutaraldehyde
China) for 2 hours.
Moreover, glutaraldehyde solution was removed, and the
specimens dehydrated by using ethanol (10, 20, 30, 50, 70,
85, 90 and 100%). The time applied for each alcohol
concentration was 8 minutes, and time intervals between

(Leagene Biotechnology Co.,

each alcohol concentration was 5 minutes. The final etha-
nol solution (100%) was replaced by isoamyl acetate,
followed by supercritical drying. The morphology of
MC3T3-El cells on the specimens at day 1 and 3 after
culturing was observed by using a SEM.

Attachment and Proliferation of MC3T3-El Cells on
Specimens

The attachment and proliferation of MC3T3-E1 cells on
the specimens was investigated by utilizing methylthiazol
(MTT) at different
culturing. 2! After the specimens were placed into the
plates, 0.1 mL of the MTT solution (0.5 mg/mL) was
added into the plates, and the specimens were incubated
at 37°C with 5% CO, for 4 hours. After incubation,
500 pL dimethyl sulfoxide (Sigma-Aldrich Co., USA)
was added into the plates to dissolve the purple formazan,

tetrazolium  test time after

and then mixed by pipetting the solution. Then, the solu-
tion was incubated for 10 minutes (at 37°C). The optical
density (OD) values of MC3T3-El cells on specimens
were determined at 570 nm by using automated plate
reader (Varioskan LUX, Thermo Scientific Co., USA).
Furthermore, the specimens were separately stained by
utilizing fluorescein isothiocyanate (Abcam Co., UK) and
4',6'-diamidino-2-phenylindole (Abcam Co., UK) for 40
minutes and 5 minutes, and the cell morphology of
MC3T3-El cells on the specimens at 24 hours was
observed by using confocal laser scanning microscope
(CLSM; Nikon A1R, Nikon Co., Japan).
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ALP Activity of MC3T3-E| Cells on Specimens

The MC3T3-E1 cells were cultured on specimens (PEEK,
80FPK and 160FPK). At 7, 10, and 14 days after culturing,
the medium was removed, and the specimens were cleaned
by using PBS for 3 times. The cells on the specimens were
lysed by 1% NP-40 for 1 hour, and then centrifuged for 10
minutes at 2000 rpm. Every sample was mixed with pNPP
in ALP solution for 15 minutes, and the reaction was then
arrested by addition of NaOH (5 mol/L). The OD values of
MC3T3-El cells on specimens was tested at 405 nm using
microplate reader (AMR-100, Allsheng Co., China), while
the total protein amount was detected by protein quantita-
tive kit (BCA assay, Abbkine Co., USA). ALP activity
was defined as OD values per total protein amount.

Osteogenic Gene Expressions of MC3T3-El Cells on
Specimens

Osteogenic genes expressions of MC3T3-E1 cells were
quantified by utilizing real-time quantitative polymerase
chain reaction, including mRNA expressions of alkaline
phosphatase (ALP), runt-related transcription factor 2,
Osteopontin (OPN) and Osteocalcin (OCN). The specimens
were removed at 3, 7, and 14 days after culturing, the total
RNA was extracted by utilizing Trizol reagent (Life
Technologies Co., USA). According to manufacturer’s
instructions, PrimeScript 1 Strand cDNA Synthesis kit
(TaKaRa Co., Japan) was used to reverse the transcribe the
obtained RNA into the complementary DNA (cDNA).
These osteogenic genes expressions were measured by the
quantitative real-time PCR (CFX96, Hercules Co., US).
Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was
selected as the housekeeping gene to normalize the results.
Moreover, Primer sequences used are listed in Table 1.

Responses of GE Cells to Specimens

in vitro
The GE cell lines were obtained from School of Medicine,
Shanghai Jiaotong University, China. The use of the GE cell

lines has been approved by the Human Ethics Committee of
Shanghai Jiaotong University. The specimens were sterilized
by 75% ethanol and UV radiation, and were subsequently
placed into 12-well plate. The GE cells were cultured in
Dulbecco’s modified eagle medium (Gibco Co., USA) with
10% (v/v) FBS and 1% (v/v) penicillin/streptomycin. The
specimens were co-cultured with cells at 37°C with 5%
CO,, while the medium was replaced every 3 days. Before
cells reached 90% confluence, 0.25% trypsin EDTA (Gibco
Co., USA) was used to collect cells. Before seeding on
specimens, the cells were resuspended in fresh medium,

and the GE cells at 2—4 passages were used.

Morphology and Adhesion of GE Cells on Specimens
The GE cells were cultured on specimens (PEEK, 80FPK,
and 160FPK) at an initial density of 1 x 10* cells/mL. After
cultured for 6, 12, and 24 hours, the medium was removed,
and the specimens were lightly washed by PBS for 3 times
and fixed with 2.5% glutaraldehyde (Leagene Biotechnology
Co., China) for 2 hours. After that, glutaraldehyde solution
was removed, and the specimens were dehydrated in graded
ethanol (10, 20, 30, 50, 70, 85, 90, and 100%). The time
applied for each alcohol concentration was 8 minutes, and
time intervals between each alcohol concentration was 5
minutes. The final ethanol solution (100%) was replaced
by isoamyl acetate, followed by supercritical dried, and the
cell morphology of GE cells was analyzed by SEM.

The adhesion of GE cells on specimens (PEEK, 80FPK,
and 160FPK) was quantitative analyzed by MTT assay.
After cultured for 6, 12, and 24 hours, 100 uL MTT solution
(0.5 mg/mL) was added into the medium, which was
removed after incubation for 4 hours at 37°C with 5%
CO,. Subsequently, 500 puL. dimethyl sulfoxide (Sinopharm
Co., China) was added into medium to solubilize the for-
mazan product. Moreover, 100 mL aliquot from each well
was taken and transferred to fresh 96-well plate, and the OD

value was tested at 570 nm by using microplate reader.

Table | Primer Sequences Used for the Quantitative Real-Time PCR

Gene Forward Primer Sequence (5'-3) Reverse Primer Sequence (5'-3')
ALP CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT
Runx2 GGACGAGGCAAGAGTTTCA TGGTGCAGAGTTCAGGGAG
OPN TGGATGAACCAAGCGTGGA TCGCCTGACTGTCGATAGCA
OCN GCCCTGACTGCATTCTGCCTCT TCACCACCTTACTGCCCTCCTG
GAPDH TGCACCACCAACTGCTTAGC GGCATGCACTGTGGTCATGAG

Abbreviations: PCR, polymerase chain reaction; ALP, alkaline phosphatase; Runx2, runt-related transcription factor 2; OPN, osteopontin; OCN, osteocalcin; GAPDH,

glyceraldehyde-3-phosphate dehydrogenase.
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Proliferation of GE Cells on Specimens

The GE cells were cultured on specimens (PEEK, 80FPK,
and 160FPK) for different time. After cultured for 1, 3,
and 5 days, the medium was removed, and the specimens
were lightly washed by using PBS for 3 times and fixed
with 2.5% glutaraldehyde for 2 hours. Afterwards, the
specimens were separately stained by using fluorescein
isothiocyanate (Beyotime Biotech Co., China) and 4',6'-
diamidino-2-phenylindole (Beyotime Biotech Co., China)
for 40 minutes and 5 minutes. The cell morphology of GE
cells was observed using the CLSM (Nikon A1R, Nikon
Co., Japan). Subsequently, the proliferation of GE cells
was quantitative analyzed by MTT assay.

Statistical Analysis
All values were expressed as the means + standard devia-
tions (SD). Significant differences between two groups

were measured by one-way analysis of variance
(ANOVA) followed by Tukey’s test. p<0.5 and p<0.05
were considered statistically significant.

Results
Surface Morphology and Composition of

Specimens

Figure 1 is the SEM images of surface morphologies of the
specimens (PEEK, 80FPK, and 160FPK). The surface of
PEEK was relatively flat and smooth under different magnifi-
cation, as shown in Figure 1A, D, and G. However, after FSL
treatment, 80FPK (Figure 1B and E) revealed rough surface
with a few pores and many strip-shape bulges while 160FPK
(Figure 1C and F) also exhibited rough surface with some
pores and many grain-shape bulges. Under high magnification,
80FPK (Figure 1H) surface exhibited submicro structures of
a few submicron pores (size of around 400 nm) and bulges

Figure | SEM images of surface morphologies of PEEK (A, D and G), 80FPK (B, E and H) and 160FPK (C, F and I) under different magnification.
Abbreviations: SEM, scanning electron microscope; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone with processing power of 80
mW; 160FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW.
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(size of around 400 nm). In addition, 160FPK (Figure 1I)
surface also revealed submicro structures of some submicron
pores (size of around 400 nm) and bulges (size of around 400
nm). Moreover, for both 80FPK and 160FPK, many nanopar-
ticles (around tens of nm) were found on the surface of the
bulges (submicro structures). Therefore, both 80FPK and
160FPK surface exhibited submicro-nano structures.

Figure 2A-C) displays the AFM images of surface
morphologies of the specimens. The surface of both 80FPK
and 160FPK was obviously rougher than PEEK, and the sur-
face of 160FPK was slightly rougher than 80FPK. The rough-
ness values Ra of PEEK (17.2 + 6.6 nm), 80FPK (146.6 + 7.7
nm) and 160FPK (151.7 + 12.1 nm) were shown in Figure 2D.

Figure 2E is the FTIR spectra of the specimens. For
PEEK, the peaks appeared at 1646 cm ' and 928 cm '
were attributed to carbonyl stretching vibration, and the
peak at 1591 cm™' was originated from C=C in the benzene
ring*> After FSL treatment, the peak positions of 80FPK
and 160FPK were almost same as PEEK. Figure 2F illus-
trates the XRD patterns of the specimens. Compared PEEK
with 80FPK and 160FPK, it was found that the characteristic
peaks positions of PEEK (20 = 18.7°, 20.8°, 22.8°, and
28.8°) did not change after FSL treatment.*

The XPS spectra of PEEK (Figure 3A and B) and
160FPK (Figure 3C and D) are displayed in Figure 3. The

200

wide-scan XPS spectra of PEEK (Figure 3A) and 160FPK
(Figure 3C) show the signals of O and C elements were the
major constituents, indicating the surface modifications did
not change the element composition. The Cls core-level
XPS spectrum of PEEK (Figure 3B) shows C element
existed in the form of C-C=C, C-O-C, and C=0, which
were attributed to the structure of PEEK. After FSL treat-
ment, the peaks of C-C=C, C-O-C, and C=0O decreased
while the peak of simple substance carbon appeared on
160FPK surface (Figure 3D).

Water Contact Angles, Surface Energy

and Protein Adsorption
Figure 4A is water contact angles of the specimens. The
water contact angles of PEEK, 80FPK, and 160FPK were
88.5 £ 1.9° 454 + 3.3° and 27.5 + 2.8°. The results indi-
cated that the hydrophilicity of both 80FPK and 160FPK
obviously increased compared with PEEK, Moreover, the
hydrophilicity of 160FPK slightly increased compared with
80FPK. Figure 4B is the surface energies of the specimens.
The surface energies of PEEK, 80FPK, and 160FPK were
274 + 1.4 mJ/m®, 59.4 + 1.7mJ/m* and 68.1 + 1.9 mJ/m”.
Figure 4C displays the adsorption of protein (BSA) on
the specimens. The adsorption of BSA on PEEK, 80FPK
and 160FPK were 12.3 + 2.1 pg/cm?, 38.6 + 2.4 pg/em?,
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Figure 2 AFM images (A—C) and roughness (D) of PEEK (A), 80FPK (B) and 160FPK (C); FTIR (E) and XRD (F) of specimens (*p < 0.05, vs. PEEK).
Abbreviations: AFM, atomic force microscope; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone with processing power of 80 mW;
160FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW; FTIR, Fourier transform infrared spectrometer; XRD, X-ray diffraction.
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Figure 3 Wide-scan XPS spectrum (A and C) and Cls core-level XPS spectrum (B and D) of PEEK (A and B) and 160FPK (C and D).
Abbreviations: XPS, X-ray photoelectron spectroscope; PEEK, polyetheretherketone; 160FPK, femtosecond laser treated polyetheretherketone with processing power of

160 mW.

and 47.2 + 2.3 pg/em®. Figure 4D is the adsorption of
protein (Fn) of the specimens. The adsorption of Fn on
PEEK, 80FPK, and 160FPK were 5.0 + 1.4 ug/cmz, 252+
2.6 pg/em?, and 28.5 + 3.6 pg/em?.

Morphology and Adhesion of MC3T3-E|

Cells on Specimens
Figure 5SA-C) reveals the CLSM images of cells on the
specimens at 24 hours after culturing. Only several cells
were seen on PEEK surface while more cells were found
on both 80FPK and 160FPK surface. The number of cells
on 160FPK were more than 80FPK, and more cells on
160FPK spread better than 80FPK.

Figure 6A-F) illustrates the SEM micrographs of
morphologies of MC3T3-El cells on the specimens at dif-
ferent time after culturing. The number of cells on PEEK,

80FPK and 160FPK increased with time. At day 1 and 3, the
cells on PEEK were spherical morphology and the number
of cells on PEEK were less than those of 80FPK and
160FPK. In addition, the adhesion and spreading of the
cells on both 80FPK and 160FPK were better than PEEK.
At day 3, more cells on 160FPK spread better than 80FPK.

Proliferation and ALP Activity of

MC3T3-El Cells on Specimens

Figure 7A is attachment ratio of MC3T3-E1 cells on the
specimens at 6, 12, and 24 hours. The attachment ratio of
the cells on both 80FPK and 160FPK remarkably
increased with time. At 6 and 12 hours, the attachment
ratio of the cells on 80FPK and 160FPK was significantly
higher than PEEK. Moreover, the attachment ratio of the
cells on 160FPK was slightly higher than 8OFPK.
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Figure 4 Water contact angles (A) and surface energies (B) of specimens, and adsorption of BSA (C) and Fn (D) on specimens (*p < 0.05, vs. PEEK).
Abbreviations: BSA, bovine serum albumin; Fn, fibronectin; PEEK, polyetheretherketone.

Figure 5 CLSM images of morphologies of MC3T3-El cells on PEEK (A), 80FPK (B) and 160FPK (C) at 24 hours after culturing.
Abbreviations: CLSM, confocal laser scanning microscope; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone with processing power
of 80 mW; 160FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW.

Figure 7B displays the OD values (for proliferation)
of cells on the specimens at day 1, 3, and 5. The pro-
liferation of cells on both 80FPK and 160FPK remark-
ably increased with culturing time. Additionally, at each

time point, the proliferations of cells for 80FPK and
160FPK were obviously higher than PEEK. Moreover,
the proliferation of cells for 160FPK was slightly higher
than 80FPK.
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Figure 6 SEM micrographs of morphologies of MC3T3-E| cells on PEEK (A and D), 80FPK (B and E) and 160FPK (C and F) at | (A—C) and 3 days (D-F) after culturing.
Abbreviations: SEM, scanning electron microscope; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone with processing power of 80
mW; |160FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW.

Figure 7C is the ALP activities of cells on the speci-
mens at day 7, 10, and 14 after culturing. The ALP
activities of cells on both 80FPK and 160FPK significantly
increased with time while no significant increase was seen
for PEEK. Furthermore, the ALP activity for 80FPK and
160FPK was obviously higher than PEEK at every time
point. Moreover, the ALP activity for 160FPK was slightly
higher than 80FPK.

Expressions of Osteogenic Related Genes
of MC3T3-El Cells on Specimens

The expressions of osteogenesis genes of ALP, runt-related
transcription factor 2 (Runx2), OPN and OCN of the cells on
the specimens were shown in Figure 8A-D). The genes
expressions for both 80FPK and 160FPK increased with
time but no significant increase for PEEK. At day 3, there
were no remarkable difference in the expression of ALP,
Runx2, OPN, and OCN for all specimens. At day 7 and 14,
the expressions of these genes for both 160FPK and 80FPK
were significantly higher than PEEK, and 160FPK were
higher than 80FPK.

Morphology of GE Cells on Specimens

Figure 9A-F) reveals the CLSM images of GE cells on the
specimens at 12 and 24 hours after culturing. The number
of cells on both 160FPK than 80FPK obviously increased

with culturing times. Moreover, more cells on both
160FPK and 80FPK attached better than PEEK. At 24
hours, the cells on 160FPK were more than 80FPK.

Figure 10A—F) is the SEM micrographs of morpholo-
gies of GE cells on the specimens at 3 days after culturing.
The number of cells on PEEK was less than 80FPK and
160FPK. Under high magnification, the cells on PEEK
were spherical morphology while the cells with irregular
flat morphology on both 160FPK and 80FPK. Moreover,
the cells on both 160FPK and 80FPK spread better than
PEEK, and the pseudopods of cells on both 160FPK and
80FPK were more obvious than PEEK.

Attachment and Proliferation of GE Cells

on Specimens

Figure 11A shows the attachment ratio of GE cells on the
specimens at 6, 12, and 24 hours. The attachment ratio of
cells on 80FPK and 160FPK remarkably increased with
time. Additionally, at each time point, the attachment ratio
of cells on 80FPK and 160FPK was remarkably higher
than PEEK. Moreover, the attachment ratio of cells on
160FPK was slightly higher than 80FPK.

Figure 11B displays the OD value (for proliferation) of
GE cells on the specimens at day 1, 3, and 5. The pro-
liferation of cells on both 80FPK and 160FPK obviously
increased with culturing time. Additionally, at day 3 and 5,
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Figure 7 Attachment ratios (A), OD values (B) and ALP activities (C) of MC3T3-E| cells on PEEK, 80FPK and 160FPK at different times after culturing (*p < 0.05, vs.

PEEK).

Abbreviations: OD, optical density; ALP, alkaline phosphatase; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone with processing
power of 80 mW; 160FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW.

the proliferation of cells on 80FPK and 160FPK was
significantly higher than PEEK. Moreover, the prolifera-
tion of cells on 160FPK was slightly higher than 80FPK.

Discussions

Because of high mechanical strength and admirable bio-
compatibility, PEEK has become commonly implantable
material, and extensively used as biomedical implants for
bone substitutes. However, PEEK 1is bioinert material that
does not excite cells responses and promote new regenera-
tion, exhibiting no bioactivity.>*** Surface features (e.g.,
micro-nano morphology, roughness, hydrophilicity and
composition) have remarkable effects on the biological
performances of dental materials.”> Therefore, in this
study, a strategy of surface modification by FSL with
power of 80 mW (80FPK) and 160 mW (160FPK) was

proposed to fabricate submicro-nano structures on PEEK
surface. After FSL treatment, compared to PEEK with
smooth surface, 80FPK surface revealed submicro-nano
structures of submicron pores (~ 400 nm) and bulges (~
400 nm), and 160FPK surface also showed submicro-nano
structures of submicron pores (~ 400 nm) and grain-shape
bulges (~ 400 nm). Moreover, for both 80FPK and
160FPK, there were many nanoparticles (around tens of
nm) on the surface of bulges. As a result, after FSL
treatment, both 80FPK and 160FPK with rough surface
exhibited submicro-nano structures.

Surface roughness of dental implants is one of the vital
factors that affects the cells functions and behaviors.?® In
this study, in comparison with PEEK (17.2 nm), the sur-
face roughness of both 80FPK (146.6 nm) and 160FPK
(151.7 nm) significantly increased due to the formation of

https:

3210

Dove!

International Journal of Nanomedicine 2021:16


https://www.dovepress.com
https://www.dovepress.com

Dove Xie et al
6 : 7 8
B PEEK A J W PEEK
" A B 30FPK ;] B N 80FPK x
L [N 160FPK B 160FPK =

Fold increase
in ALP expression

3 7 14
Time (day)

(N PEEK
. C mmmsorPK
1 (I 160FPK
9z
3 Z
- 9
= Z
o B
s

7 14
Time (day)

-
a

Fold increase
in Runx2 expression

3 7 14
Time (day)
" B PIEK
D |mmmsorrk s
B 1 GOFPK

Fold increase
in OCN expression

7 14
Time (day)

-
n

Figure 8 Expressions of osteogenic genes of ALP (A), Runx2 (B), OPN (C) and OCN (D) of MC3T3-E| cells on the specimens at different time after culturing (*p < 0.05,

*p < 0.01, vs. PEEK; #p < 0.05, |60FPK vs. 80FPK).

Abbreviations: ALP, alkaline phosphatase; Runx2, runt-related transcription factor 2; OPN, osteopontin; OCN, osteocalcin; PEEK, polyetheretherketone; 80FPK,
femtosecond laser treated polyetheretherketone with processing power of 80 mW; 160FPK, femtosecond laser treated polyetheretherketone with processing power of

160 mW.

submicro-nano structures on their surface after FSL treat-
ment. Compared with 80FPK, the surface roughness of
160FPK further increased by the FSL treatment with
higher power. Generally, rough surface of dental implants
facilitates cell attachment because the rough surface has
a higher surface area, which might provide more binding
sites for absorption of proteins that is an essential for cell
attachment.?” Hydrophilic surface of dental implants facil-
itates the early blood contact, protein absorption, cell
attachment, proliferation and differentiation as well as
bone regeneration.”® In this study, compared to PEEK
with hydrophobic surface, both 80FPK and 160FPK sur-
face with submicro-nano structures and simple substance
carbon showed hydrophilic surface after FSL treatment.
Moreover, in comparison with 80FPK, the hydrophilicity
of 160FPK surface further increased by the FSL treatment
with  higher The of surface

power. improvement

hydrophilicity makes the surface more favorable for pro-
tein adsorption that promotes cell attachment and
growth.” As a result, compared to PEEK with hydropho-
bic surface, both 80FPK and 160FPK with hydrophilic
surface might be better for cell attachment and growth.
Biomaterials with high surface energy can improve the
absorption of proteins in biological environment, and the
adsorbed proteins further attract surrounding cells, and
thus excite new bone regeneration.’® In this study, the
surface energy of S8OFPK (68.0 mJ/m?) and 160FPK
(71.3 mJ/m?) obviously increased in comparison with
PEEK (29.08 mJ/m?). Furthermore, compared with
80FPK, the surface energy for 160FPK further increased
by the FSL treatment with higher power. Compared with
PEEK, the improvements of hydrophilicity and surface
energy for both 80FPK and 160FPK might be attribute to
the presence of simple substance carbon (with high
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Figure 9 CLSM images of morphologies of GE cells on PEEK (A and D), 80FPK (B and E) and 160FPK (C and F) at 12 (A-C) and 24 (D-F) hours after culturing.
Abbreviations: CLSM, confocal laser scanning microscope; GE, gingival epithelial; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone
with processing power of 80 mW; |60FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW.

Figure 10 SEM micrographs of morphologies of GE cells on PEEK (A and D), 80FPK (B and E) and 160FPK (C and F) at 3 days (different magnification) after culturing.
Abbreviations: SEM, scanning electron microscope; GE, gingival epithelial; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone with
processing power of 80 mW; 160FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW.

hydrophilicity and surface energy) on their surface after energy of biomaterials could adsorb more anchoring pro-
FSL treatment according to the Cls core-level XPS spec-  teins, which might cause a favorable micro-environment
trum. The rough and hydrophilic surface with high surface  for cells responses.®’ These adsorbed proteins would serve
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Figure 11 Attachment ratios (A) and OD values (B) of GE cells on PEEK, 80FPK and 160FPK at different time after culturing (*p < 0.05, vs. PEEK).
Abbreviations: OD, optical density; GE, gingival epithelial; PEEK, polyetheretherketone; 80FPK, femtosecond laser treated polyetheretherketone with processing power of
80 mW; 60FPK, femtosecond laser treated polyetheretherketone with processing power of 160 mW.

as ligands to bind to cell membrane protein receptors
causing cell adhesion on biomaterials.*”> Fibronectin (Fn)
can specially bind to protein receptors (integrins) on cell
membranes, which plays a key role in the early cell adhe-
sion on biomaterials.>® In this study, in comparison with
PEEK (BSA: 6.4 pg/cm?, Fn: 5.1 pg/cm?), the adsorption
of proteins (BSA and Fn) on both 80FPK (BSA: 37.2 pg/
ecm?, Fn: 23.4 pg/ecm?®) and 160FPK (BSA: 56.8 pg/cm?,
Fn: 32.5 pug/cm?) surface significantly increased due to the
presence of submicro-nano structures after FSL treatment.
In comparison with 80FPK, the adsorption of proteins on
160FPK further increased by the FSL treatment with
higher power.

The surface performances (e.g., micro-nano morphol-
ogy, composition, roughness and hydrophilicity) of dental
implants have remarkable effects on the behaviors and
functions of the cells.** Efficient cell adhesion onto the
implant surface is essential for the subsequent proliferation
and differentiation.® In the present study, compared with
PEEK, the adhesion of MC3T3-E1 cells on both 80FPK
and 160FPK obviously increased. Moreover, compared
with 80FPK, 160FPK further enhanced cell adhesion.
The favorable early cell adhesion on implant surface
have great potential for further promoting spreading,
migration, proliferation as well as differentiation, which
are the vital factors for new bone formation.*® In the
present study, the proliferation of MC3T3-El cells on
both 80FPK and 160FPK were obviously higher than
PEEK. Moreover, as compared with 80FPK, 160FPK

further enhanced cell proliferation. The attachment and
proliferation of cells intensively pertain to the surface
features of the implantable materials.>’ Evidently, com-
pared with PEEK, the significant improvements of cell
adhesion and proliferation on both 80FPK and 160FPK
were attributed to the presence of submicro-nano struc-
tures after FSL treatment, which obviously improved the
surface performances (such as roughness, hydrophilicity,
surface energy and adsorption of proteins). Moreover,
compared with 80FPK, the further enhancements of cell
adhesion and proliferation on 160FPK were ascribed to the
elevated surface performances by FSL treatment with
higher power.

As an osteogenic marker, ALP is often expressed in
osteoblasts.>® Among the major osteogenic marks, the
improvement of ALP activity is a vital event occurring
during the early period of new bone formation.’® In the
study, both 80FPK and 160FPK revealed higher ALP
activity of MC3T3-El cells than PEEK. Moreover, in
comparison with 80FPK, 160FPK further enhanced the
ALP activity. Evidently, the submicro-nano structured sur-
face of both 80FPK and 160FPK improved the ALP activ-
ity of the cells. The expressions of mRNA (e.g., ALP,
Runx2, OPN and OCN) by osteoblasts are the important
osteogenic related genes, which are generally used to
determine the osteogenic differentiation of MC3T3-El
cells on the specimens.*® In this study, the expressions of
4 kinds of genes for both 80FPK and 160FPK were
than PEEK. Furthermore, the

remarkable higher
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expressions of 4 kinds of genes for 160FPK were signifi-
cantly higher than 80FPK. Therefore, compared with
PEEK, the obvious improvements of osteogenic differen-
tiation of MC3T3-E1 cells on both 80FPK and 160FPK
were ascribed to the presence of submicro-nano structured
surface after FSL treatment, which improved the surface
performances. Moreover, compared with 80FPK, the
further enhancements of cell differentiation on 160FPK
were attributed to the elevated surface performances by
FSL treatment with higher power.

Except for osseointegration, the dental implants should
be integrated with gingival tissue to obtain bio-sealing for
preventing bacterial from invasion, thereby avoid peri-
implantitis occur.' 718 Consequently, in the present study,
the responses of GE cells to the specimens were evaluated
in vitro. For the adhesion of GE cells on the specimens, both
80FPK and 160FPK were obviously higher than PEEK.
Moreover, 160FPK further enhanced cell adhesion as com-
pared with 80FPK. For the cell proliferation on the speci-
mens, both 80FPK and 160FPK were significantly higher
than PEEK. Furthermore, 160FPK further enhanced cell
proliferation as compared with 80FPK. Perceptibly, com-
pared with PEEK, the obvious improvements of adhesion
and proliferation of GE cells on both 80FPK and 160FPK
were attributed to the presence of submicro-nano structured
surface after FSL treatment, which improved the surface
performances. Moreover, compared with 80FPK, the further
enhancements of adhesion and proliferation of GE cells on
160FPK were ascribed to the elevated surface performances
by FSL treatment with higher power.

Surface features (e.g., micro-nano morphology and com-
position) of the dental implants, significantly influence the
behaviors and functions of osteoblasts as well as new bone
formation.*' Study have shown that a rougher surface with
high hydrophilicity as well as surface energy commonly
promoted fibrin clot attachment, protein absorption, and
cell attachment, proliferation as well as osteogenic differen-
tiation, and thereby enhancing the new bone formation.** In
this study, compared with PEEK, both 80FPK and 160FPK
with submicro-nano structured surface significantly induced
not only the responses (adherence, growth, proliferation and
osteogenic differentiation) of MC3T3-E1 cells but also the
responses (adherence and proliferation) of GE cells due to
the elevated surface performances (e.g., roughness and
hydrophilicity). Moreover, compared with 80FPK, 160FPK
further enhanced the responses of MC3T3-E1 cells/GE cells
because of the elevated surface performances by PSL treat-
ment with higher powder. In short, the FSL treatment created

submicro-nano structured surface on PEEK with elevated
surface performances, which played pivotal roles in exciting
the responses of MC3T3-El cells/GE cells in vitro. As
a result, 160FPK with submicro-nano structured surface
exhibited optimized surface performances and excellent
cytocompatibility, which could be a promising candidate as
a dental implant for oral applications.

Conclusions

In the present study, to improve the surface biological per-
formances of PEEK, and thereby stimulating cells responses,
submicro-nano structures on PEEK surface were fabricated
by FSL with power of 80 mW (80FPK) and 160 Mw
(160FPK). In comparison with PEEK, both 80FPK and
160FPK  with
improved surface performances (e.g., hydrophilicity, surface

submicro-nano structures significantly
energy and roughness). Moreover, compared to 8OFPK, the
surface performances of 160FPK further enhanced by FSL
treatment with higher power. For cell responses to the speci-
mens, in comparison with PEEK, both 80FPK and 160FPK
significantly excited adhesion, proliferation and osteogenic
differentiation of MC3T3-El cells, and remarkably stimu-
lated adhesion and proliferation of GE cells in vitro.
Furthermore, 160FPK further excited the responses of
MC3T3-El cells/GE cells compared to 80FPK. In short,
FSL constructed submicro-nano structures on PEEK surface
with elevated surface performances, which played pivotal
roles in significantly exciting cell responses. Consequently,
160FPK with submicro-nano structures exhibited outstand-
ing surface performances and excellent cytocompatibility,
which might have immense potential for dental application.
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