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A B S T R A C T

Poor osseointegration ability and the release of worn debris after implantation are the main issues impeding the
clinic application of polyether ether ketone (PEEK) as orthopedics. To address these problems, we expect that the
initial deposition of diamond-like carbon (DLC) coating on PEEK substrate and the subsequent introduction of
amino groups onto sample surface using plasma immersion ion implantation (PIII) have the potential to simul-
taneously improve the mechanical performance and osseointegration. On one hand, the surface hardness is raised
from 0.38 GPa to 2.99 GPa and the elastic modulus reaches 35 GPa after DLC deposition, while no failure is
observed in the scratch tests even the loading force is up to 100 N. On the other hand, the introduced amino
groups facilitate the adhesion, proliferation, and osteogenic differentiation of the osteoblasts in vitro, and further
enhanced the peri-implant bone regeneration in vivo. With the merits of low cost, clean approach, and ease of
operation, the approach described here holds great potential for biomedical applications.
1. Introduction

Polyether ether ketone (PEEK) is a promising candidate for orthope-
dic implants since its elastic modulus makes closely match the human
cortical bones, which can avoid the stress-shielding problem caused by
traditional metallic materials [1,2]. Additionally, it can be repeatedly
sterilized without thermal degradation, easily processed and flexibly
shaped by machining and heat contouring to fit the shape of bones [3].
Although PEEK possesses the above merits, its application as
load-bearing orthopedic devices still has a long way to go, owing to the
detrimental effect of the generated worn debris on the surrounding tis-
sues after long-term implantation [4,5]. Besides this drawback, the
naturally bio-inertness of PEEK may also lead to poor bone-implant
integration, which hampers its wide clinical application [6,7]. To solve
these problems, several approaches have been proposed such as
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PEEK-based blends or fiber-reinforced composites, porous PEEK surface
generated by sulfonation, and photo-induced surface grafting [8–11].
However, none of them has met clinical demands either due to the poor
compatibility between matrix and filler, cumbersome preparation pro-
cess, or raising biosafety concerns. Coating PEEKwith foreignmaterials is
an alternative method to improve the properties of pristine PEEK,
because of its easy processing and commercial potential [12,13].
Considering the high hardness, low friction coefficient, and good
chemical stability, diamond-like carbon (DLC) is commonly selected as a
highly biocompatible coating material for biomedical implants, which is
desirable for the surface functionalization of PEEK implants [14,15].

Among various surface modification techniques, plasma immersion ion
implantation (PIII) provides many advantages such as simple operation,
non-use of chemical reagent as well as the non-light-of-sight characteristics
[16,17]. By energetic ion bombardment during the process of PIII, a
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gradual transition between DLC coating and PEEK has been achieved in
our previous study, and the fabricated DLC coating is found to be iso-elastic
to the cortical bones [18]. Despite the encouraging results, the current
understanding of the DLC/PEEK system is limited to its osteogenic per-
formance in vitro, which is quite different from the complex environment in
vivo [19]. Furthermore, the optimal pH condition for osteogenesis is weak
alkaline (nearly 8), slightly higher than that of the body fluid (pH ¼ 7.4)
[20]. Encouragingly, the microenvironment around the implanted devices
can be readily adjusted by tuning the parameters of gas PIII and better
osteogenic functions have been achieved [21,22].

Taking the above-mentioned aspects into consideration, we initially
deposit DLC coating with desirable mechanical properties onto PEEK
substrate using C2H2 þ Ar PIII and further aminate the DLC coating via
NH3 PIII to enhance the osteogenic performance. The approach described
here holds great potential for clinical applications.

2. Material and methods

2.1. Sample preparation

Medical grade PEEK samples (GEHR Plastics Inc, Germany) with the
dimensions of Φ15 mm � 2 mm were used as received and abraded with
sandpapers progressively up to 3000 grits, and ultrasonically cleaned in
acetone, ethanol, and deionized water sequentially. Before DLC deposi-
tion, the PEEK substrate was cleaned by Ar plasma for 3 min by using the
PIII&D instrument. During the deposition process, a mixture of C2H2 and
Ar (20:5 sccm) was pumped into the PIII chamber, until the pressure
reached 0.1 Pa constantly. The plasma was ignited by a 200 W radio
frequency (RF) power source subsequently, followed by the DLC coating
for 60 min using the following conditions: negative bias voltage¼�5 kV,
pulse duration ¼ 200 μs, and the frequency ¼ 40 Hz. The obtained
samples were denoted as DLC-PEEK. Afterwards, NH3 PIII was conducted
in the same vacuum chamber and the product was denoted as NH2-DLC-
PEEK. The NH3 PIII parameters were: working pressure ¼ 0.1 Pa, RF
power ¼ 200 W, bias voltage ¼ �2 kV, pulse duration ¼ 50 μs, pulse
frequency ¼ 1000 Hz, treatment time ¼ 120 min.

2.2. Characterization

The surface morphology of various samples was determined by field-
emission scanning electron microscopy (FE-SEM; Supra 55, Zeiss, Ger-
many) after coated with platinum. The surface chemical composition was
determined by X-ray photoelectron spectroscopy (XPS; Escalab 250Xi,
Thermo Fisher, USA). The surface hydrophilicity was measured with 5 μL
of distilled water by the sessile drop method on the Rame-Hart instru-
ment (USA) under ambient conditions. The surface zeta potential was
measured on the Surpass electrokinetic analyzer (Anton Parr, Austria).
The KCl solution (0.001 M) was used as the medium and its pH was
adjusted to the range (4.0–10.0) by HCl or NaOH. The zeta-potential was
measured and calculated according to the Helmholtze-Smoluchowski
equation described in previous studies [23,24].

The nano-hardness and elastic modulus of the DLC and NH2-DLC
coatings were determined using a Keysight Nano Indenter G200
equipped with a Berkovich indenter. All the performances were cali-
brated by the nanoindentation measurements using a fused silica wafer
as the reference sample over a wide load range. Ten nanoindentations
to a depth of 1000 nm were performed on each sample at a velocity of
10 nm/s. The test locations were at least 50 μm apart. The adhesion
strength of various coatings was evaluated using a commercial scratch
tester, which was performed by sliding a diamond indenter along the
surface with progressive loads from 0 N to 100 N for a transverse
scratch length of 5 mm under ambient conditions. The scratch tester
was equipped with an acoustic emission monitoring sensor to detect the
failure of the coatings. After scratching, the tracks on both samples were
also examined by FE-SEM. Tribological tests were performed using a
ball-on-disk microtribometer with the cyclic reciprocating mode. A
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spherical steel ball with a diameter of 2 mm was used as the sliding
body. The total distance of 180 m was performed under the constant
normal load of 10 N. The coefficient of friction (COF) was calculated
from the ratio of friction force vs. applied normal load.

2.3. In vitro studies

2.3.1. Cell culture
The human bonemarrowmesenchymal stem cells (hBMSCs) obtained

from the American Type Culture Collection (ATCC) were maintained in
the alpha minimum essential medium (α-MEM, Hyclone) supplemented
with 10% fetal bovine serum (FBS, Corning) and 1% penicillin-
streptomycin (Invitrogen). The cells were cultured in a humidified at-
mosphere of 5% CO2 at 37 �C and the media were refreshed every other
day. The hBMSCs were seeded on the samples with a density of 2 � 104

cells/well in a 24-well tissue culture plate, and the pristine PEEK was
employed as the control. For osteogenic induction, the hBMSCs seeded
onto different samples were cultured for 3 days, and the medium was
further supplemented with 50 μg/mL ascorbic acid, 10 mM β-glycer-
ophosphate, and 10 nM dexamethasone. To detect cell apoptosis, the
cells were harvested after culturing for 1 day, and incubated with fluo-
rescent dyes (Annexin V-FITC apoptosis detection kit, C1062 M, Beyo-
time, China) for 15 min in the dark. Cell apoptosis was analyzed using
flow cytometry at 488 nm.

2.3.2. Cell morphology and cell proliferation
The morphology of cells cultured on the samples was inspected by FE-

SEM. After seeding for 24 h, the cells were gently washed with the
sterilized phosphate buffer saline (PBS), fixed with 2.5% glutaraldehyde,
dehydrated in graded ethanol series, freeze dried, coated by platinum
sputtering, and observed by FE-SEM. The cell images from SEM obser-
vation were proceeded by ImageJ software for cell preading area anal-
ysis. Cell proliferation was determined using cell counting kit-8 (CCK-8,
Donjindo) after 1 and 3 days of cell culture. At each time point, the
medium was refreshed with serum-free medium containing 10% CCK-8
and incubated at 37 �C for another 4 h. Subsequently, 100 μL superna-
tant was collected and the absorbance was measured by a microplate
reader at a wavelength of 450 nm.

2.3.3. Osteogenic differentiation
The osteogenic differentiation of hBMSCs cultured on different sam-

ples was evaluated by determining the osteogenesis-related gene
expression, alkaline phosphatase (ALP) activity, osteogenesis-related
protein secretion and the mineralization of extracellular matrix (ECM).
For determining the gene expression, the total RNA was extracted from
the hMSCs using the TRIzol Reagent (Ambion) after 7 and 14 days of
osteogenic induction. The obtained RNA was reversely transcribed into
cDNA by a RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher)
according to the manufacture's instruction. Real-time polymerase chain
reaction (RT-PCR) was performed on a Bio-Rad CFX 96 real-time system
using a mixture of SYBRGreen Realtime PCR Master Mix (TOYOBO),
cDNA templates, and the forward and reverse primers listed in Table S1.
The gene expressions of ALP, runt-related transcription factor 2
(RUNX2), osteopontin (OPN), and osteocalcin (OCN) were quantitatively
determined with the glyceraldehyde phosphate dehydrogenase (GAPDH)
serving as the house-keeping gene for normalization. The ALP activity
was assessed after osteogenic induction for 7 and 14 days, respectively.
At each time point, cells cultured on the samples were lysed and the ALP
activities in cell lysis were quantitatively assayed using an ALP assay kit
(Beyotime, China) according to the manufacture's instruction. The total
protein content was also analyzed by the bicinchoninic acid (BCA) pro-
tein assay kit (Pierce, Thermo Fisher, USA), and the results of ALP ac-
tivity were normalized accordingly. After osteogenic culture of hBMSCs
on different samples for 7 and 14 days, the secreted level of OCN and
OPN in the culture medium was quantitatively measured following the
protocol of ELISA assay (R&D System). After osteogenic induction for 21
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days, the hBMSCs on different samples were fixed with 75% ethanol for 1
h and stained with 1% alizarin red S solution (pH ¼ 4.2, Solarbio, China)
at room temperature for 30 min. Subsequently, the samples were rinsed
with distilled water to remove the dissociative dye. For the quantitative
assay, the residual dye on the samples was eluted with 500 μL/well of
10% cetylpyridinium chloride in 10 mM sodium phosphate and the
absorbance of the solution was measured using a microplate reader at
570 nm to determine the degree of ECM mineralization.

2.4. In vivo osseointegration

2.4.1. Surgical procedure
The animal experiments were approved by the Ethics Committee for

Animal Research, Shenzhen Institute of Advanced Technology, Chinese
Academy of Sciences. The 12 weeks old female Sprague Dawley rats
(weighted about 350 g) were randomly assigned into three groups cor-
responding to PEEK, DLC-PEEK, and NH2-DLC-PEEK for the in vivo study.
After general anesthesia, a hole with a diameter of 2.0 mm was drilled
close to the tibia plateau of the femurs. Subsequently, the rod-shaped
samples (Φ 2.0 mm � 7 mm) before and after surface modifications
were implanted and the contingent gaps were padded with bone wax. 10
weeks after surgical operation, the bilateral femurs containing cylindrical
implants were harvested and fixed in 4% polyformaldehyde for the
following micro-computed tomography (Micro-CT) imaging and histo-
logical analyses.

2.4.2. In vivo evaluation
The new bone formation around the implants was evaluated by

Micro-CT (Quantum FX, PerkinElmer). After scanning, the 3D images
were reconstructed with CTvol program (SkyScan). The bone volume/
total volume (BV/TV) ratio was determined by 3D bone morphometric
analysis.

The new bone mineralization process was evaluated by the poly-
chrome sequential fluorescent labeling assay. After 3, 6, and 9 weeks of
implantation, 3 different fluorochromes were intraperitoneally admin-
istered into the rats at a sequence of 30 mg/kg alizarin red S, 25 mg/kg
tetracycline hydrochloride, and 20 mg/kg calcein, respectively.

After micro-CT, the retrieved femur specimens were dehydrated in a
graded series of ethanol and embedded in polymethylmetacrylate, fol-
lowed by being cut into longitudinal sections with a thickness of 100 μm
using the Exakt system (310 CP, Exakt). The sections were then grounded
and polished to a final thickness of about 50 μm. The fluorescence
observation was performed on a confocal laser scanning microscope (TCS
SP8, Leica, Germany). The excitation/emission wavelengths used to
observe the chelating fluorochromes were 543/620 nm, 405/575 nm,
and 488/520 nm for alizarin red S (red), tetracycline hydrochloride
(yellow), and calcein (green), respectively. Also, the sections were
stained with methylene blue/acid fuchsin and observed under a light
microscope for histological evaluation.

2.5. Statistical analysis

All the experiments were performed at least in triplicate. The quan-
titative results were presented as mean � standard deviation. One-way
analysis of variance (ANOVA) followed by the Student-Newman-Keuls
post hoc test was performed to determine the statistical significance.
The difference at *p < 0.05 and **p < 0.01 was considered to be sig-
nificant and highly significant, respectively.

3. Results

3.1. Surface properties

The appearance of various specimens and their surface morphologies
are presented in Fig. 1a. It is clear that the sample surface shows original
light brown, bright black after DLC coating and finally turns into matt
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black after surface amination. Besides the color change, the surface
morphology is also altered. The minor scratches on the surface of pristine
PEEK disappear after DLC coating and further amination. Instead, the
smooth surface with different nanoscale textures is observed at high
magnification. Granular nanostructures on the surface of DLC-PEEK are
changed to uniformly distributed nanopores after NH3 PIII. This change
can be ascribed to the energetic ion bombardment during the NH3 PIII
treatment [25]. The morphology of DLC coatings and the DLC/PEEK
interface are also confirmed by the cross sections, showing the approxi-
mate thickness of 60 μm for the coatings (Fig. 1b).

Surface chemical composition is determined by XPS and the survey
spectra are displayed in Fig. 1c. As expected, the deposited DLC coating
greatly enhances the C content (Fig. 1d). After NH3 PIII treatment, the N
content is increased owing to the introduction of N-containing groups, as
indicated by the high-resolution N 1s spectra (Fig. S1). It is thus
confirmed that the surface of DLC-PEEK is successfully ammoniated after
the NH3 PIII treatment. The O content is also enhanced because the active
radicals on the surface of the sample can react with atmospheric oxygen
after air exposure [26].

The changes in surface chemistry are also reflected in water wetta-
bility. As shown in Fig. 1e, the pristine PEEK displays a water contact
angle of 87.5 � 1.19�. A minor increase in hydrophilicity is observed on
both DLC-PEEK and NH2-DLC-PEEK with the contact angles of 67 �
2.67� and 65 � 1.38�, respectively.

The zeta potential is further examined for various samples. As shown
in Fig. 1f, all the surfaces display a descending trend with the increase of
electrolyte pH values. At the pH value of 7.4 close to that in a physio-
logical environment, the zeta-potential of NH2-DLC-PEEK is more posi-
tive than the other two samples, which can be ascribed to the existence of
terminal amino groups.

3.2. Mechanical properties

The mechanical properties of pristine PEEK and the coated samples
are assessed by nanoindentation. Fig. 2a and b plot the nano-hardness
and elastic modulus respectively as a function of the indentation
depths. It is clear that the surface hardness increases from 0.38 GPa to
2.99 GPa after DLC deposition, and remains nearly unchanged after
further NH3 PIII treatment. A similar change of elastic modulus is also
detected for the three samples. In a word, both the surface hardness and
elastic modulus of PEEK substrate are significantly enhanced after DLC
coating and the subsequent amination has little effect on the desirable
mechanical properties of DLC coating.

Scratch tests are applied to evaluate the adhesion strength of DLC and
NH2-DLC coatings on PEEK. Fig. 2c and d shows the acoustic emission
intensity and friction force as functions of normal loading force. It can be
seen that the acoustic signals from DLC-PEEK and NH2-DLC-PEEK remain
low throughout the scratch test, which can be ascribed to the background
noise [27]. Also, the friction force increases linearly with the loading
force without any obvious fluctuation. Corresponding to these results,
neither cracks nor spallation can be found around the scratch tracks
(Fig. 2e). No failures of the deposited DLC coatings can be visible even a
loading force of 100 N is applied, indicating the excellent adhesion be-
tween the coatings and PEEK substrates [28].

The friction coefficient of various samples is further determined. As
shown in Fig. 2f, the friction coefficient of PEEK increases progressively
with the increase of sliding distance until a platform value of 0.28. In
contrast, the friction coefficients of DLC-PEEK and NH2-DLC-PEEK are
maintained at relatively low levels throughout the scratch test with the
values reaching 0.17 and 0.20, respectively. The decreased friction coef-
ficient indicates the improved wear resistance of PEEK after coatings [29].

3.3. In vitro cytocompatibility and osteogenesis

After culturing for 24 h, the morphology of hBMSCs on various
samples is observed by FE-SEM. As shown in Fig. 3a, the cells on pristine



Fig. 1. Surface properties. (a) SEM images of the samples with the optical micrographs of samples shown in the top left corner and the high magnification images
shown in the top right corner; (b) The cross sectional images of the samples; (c) XPS survey spectra; (d) Atomic ratios determined by XPS assay; (e) Water contact
angles; (f) Zeta potentials versus pH plots.
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Fig. 2. Mechanical properties. (a) Nano-hardness and (b) Elastic modulus as a function of indentation depth. (c, d) Scratch induced acoustic emission density and
friction force with the increase of normal loading force. (e) SEM images of the scratch tracks. (f) Friction coefficient of PEEK, DLC-PEEK, and NH2-DLC-PEEK as a
function of the sliding distance.
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PEEK show a lathy shape indicative of poor spreading. In comparison,
those cultured on DLC-PEEK are extended with high surface coverage,
while the NH2-DLC-PEEK surface is most favorable for cell adhesion and
spreading as indicated by the larger spreading area (Fig. S2). Fig. 3b
displays the apoptosis of hBMSCs cultured on the three samples for 1 day
with over 95% cell viability, and no significant differences can be found
among the 3 groups (Fig. S3). The cell proliferation is further analyzed by
CCK-8 assay. Although no obvious difference is observed among the
groups on the 1st day, cells cultured on NH2-DLC-PEEK show the highest
223
viability on the 3rd and 7th day, which indicates the best biocompati-
bility of NH2-DLC-PEEK (Fig. 3c).

With regard to the osteogenic performance as shown in Fig. 4, all the
osteogenesis-related gene expression including ALP, RUNX2, OPN, and
OCN of hBMSCs cultured on DLC-PEEK is much higher than those detected
on pristine PEEK after 7 and 14 days of osteogenic induction. This is in line
with our previous study that DLC coating is favorable to the osteogenic
performance [18]. Noteworthily, the expression of osteogenesis-related
gene is further enhanced on NH2-DLC-PEEK at both time points,



Fig. 3. In vitro cytocompatibility. (a) The morphology of hBMSCs cultured on different samples for 1 day, and the enlarged cells are shown in pseudo-color. (b) Flow
cytometric analysis of hBMSCs cultured on different samples for 1 day. (c) The proliferation of hBMSCs after culturing on different samples for 1, 3, and 7 days. **
denotes p < 0.01.
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indicating the positive effect of amino group (Fig. 4a–d). Fig. 4e and f
shows significantly higher secretion of OCN and OPN in the
NH2-DLC-PEEK group, followed by DLC-PEEK, compared to the level
detected from PEEK group. Correspondingly, the ALP activity of different
groups shows a similar trend (Fig. 4g). After osteogenic culture of hBMSCs
on different samples for 21 days, the ECMmineralization based on alizarin
red S staining is quantified as shown in Fig. 4h. As expected, the ECM
mineralization of hBMSCs cultured on NH2-DLC-PEEK is higher than the
other 2 groups. Overall, the DLC coating and the subsequent NH3 PIII
treatment jointly endow PEEK substrates with osteogenic functions.

3.4. In vivo bone regeneration

In the next step, various PEEK samples (Fig. S4) are implanted into the
bone defects of rat femurs for 10 weeks, and then evaluated for in vivo
osseointegration by Micro-CT, sequential fluorescent labeling, and tissue
histological analysis [30]. Fig. 5a displays the reconstructed 3Dmicro-CT
images in different groups. It is clear that the newly formed bone has
almost fully covered the surface of NH2-DLC-PEEK after 10 weeks of
implantation, whereas the discontinuous adjacent bone is found around
the pristine PEEK implant. Correspondingly, BV/TV in NH2-DLC-PEEK
group even exceeds 80%, wheras that in pristine PEEK group just rea-
ches nearly 50% (Fig. 5b). Other parameters including the
trabecular-number (Tb.N), trabecular-thickness (Tb.Th), and trabecular
separation (Tb.Sp) also confirm the excellent osteogenic properties of
NH2-DLC-PEEK in comparison with the other samples (Fig. 5c–e). The
process of new bone formation is tracked by sequential fluorescent la-
beling (Fig. 5a). Consistent with the micro-CT results, the fluorescent
stained area in different groups follows the order of NH2-DLC-PEEK
(9.07%) > DLC-PEEK (6.33%) > PEEK (4.86%) as shown in Fig. 5f,
which corroborates that NH2-DLC-PEEK is better than DLC-PEEK and
PEEK for facilitating the peri-implant bone generation [31].

The quality of newly formed bone is also examined from the histo-
logical perspective. As shown in Fig. 5a, discontinuous bone apposition is
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observed along the surface of PEEK and DLC-PEEK implants, while NH2-
DLC-PEEK generates a dense bone layer that bonds well with the
implant. According to the quantitative analysis shown in Fig. 5g, the NH2-
DLC-PEEK group provides the highest ratio of bone-implant contact (BIC)
among the 3 groups. All in all, these results indicate that the NH2-DLC
coating on PEEK is favorable to the osseointegration of the implant in vivo.

4. Discussion

Various strategies of surface modifications have been proposed either
to promote osteogenesis or to reduce the worn debris released from PEEK
substrates [32–34]. A distinctive strategy of surface amination of DLC
coating on PEEK is proposed in our study to address the worn debris issue
and improve the osteogenic performances of PEEK simultaneously.

The first physiochemical change after PIII treatment is the improved
hydrophilicity. The hydrophilic property makes the implants for bone
replacement easier to access blood and related tissues, which may
contribute to the desirable osseointegration ability of NH2-DLC-PEEK
[35,36]. The changes of surface chemistry also relate to the biological
performances of biomaterials. In our study, the C–N functional groups are
generated on the surface of DLC coating after NH3 PIII, which can readily
interact with free Hþ ions nearby and generate a weakly alkaline and
favorable micro-environment for the osteogenic differentiation in vitro
[20,37,38]. Therefore, the NH2-DLC-PEEK sample is better than
DLC-PEEK for facilitating osteogenesis.

The mechanical properties of orthopedic implants, especially the
elastic modulus, are crucial to clinical applications [39,40]. In this study,
the elastic modulus of DLC and NH2-DLC coatings is increased to >35
GPa, a little higher than that of human cortical bones (23 GPa), which
fulfills the requirement of bone substitutes. The adhesion strength of the
coating layer is another critical factor because the improvement in
osteogenesis is meaningless if the coating delaminates from the substrate
[41,42]. Furthermore, delamination induced fragments and debris may
trigger the immune response, leading to chronic inflammation and



Fig. 4. In vitro osteogenesis. The gene expression of (a) ALP, (b) RUNX2, (c) OPN, and (d) OCN after osteogenic culture of hBMSCs on different samples for 7 and 14
days. The secretion of (e) OCN and (f) OPN after osteogenic culture of hBMSCs on different samples for 7 and 14 days. (g) Normalized ALP activity after osteogenic
culture of hBMSCs on different samples for 7 and 14 days. (h) The ECM mineralization after osteogenic culture of hBMSCs on different samples for 21 days. * denotes p
< 0.05 and ** denotes p < 0.01.
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Fig. 5. In vivo bone regeneration after implantation for 8 weeks. (a) Left column: Reconstructed 3D micro-CT images of the bone with the implants inside. Middle
column: Sequential fluorescent labeling of new bone formation. (Red, yellow, and green fluorescence represent tissues labeled by alizarin red S (week 3), tetracycline
hydrochloride (week 6), and calcein (week 9), respectively). The scale bar is 200 μm. Right column: Histological observation of the peri-implant tissues stained with
methylene blue/acid fuchsin. The scale bar is 100 μm. (b–e) The values of BV/TV, Tb.N, Tb.Th and Tb.Sp calculated from the micro-CT data. (f) The percentage of
fluorochrome stained bone. (g) The ratio of BIC determined by the histological images of methylene blue/acid fuchsin staining. * denotes p < 0.05 and ** denotes p
< 0.01.
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osteoclastogenesis [43]. In our study, the energetic ion bombardment
during the process of C2H2þ Ar PIII induces a gradual transition between
the DLC coating and PEEK substrate, which can strengthen the adhesion
of DLC coating via the interfacial mixing effect [44,45]. In addition, the
NH3 PIII treatment in the same chamber following the DLC coating
process not only avoids contaminants, but also has minimal impact on the
desirable mechanical properties of DLC coating. Consequently, the ob-
tained NH2-DLC-PEEK is very promising for bone implantation with re-
gard to the increased elastic modulus, sufficient adhesion strength, and
good wear resistance.

Various biological experiments including the cell attachment, prolif-
eration, and osteogenic differentiation of hBMSCs on different samples
are performed in our study. Cell attachment is the earliest stage of the
cell-biomaterial interaction [46–48]. It is found that DLC-PEEK shows a
better cell attachment than pristine PEEK with an extended morphology,
and NH2-DLC-PEEK further improves the effect [49]. The improved cell
attachment plays a positive role in the subsequent cell proliferation as
demonstrated in our study. It is well recognized that the osteogenic dif-
ferentiation of hBMSCs is crucial to the success of bone implants [50]. In
our study, the osteogenic differentiation of hBMSCs on different samples
is evaluated from various aspects. Taking the up-regulation of
osteogenesis-related genes, proteins, and ECM mineralization into ac-
count, NH2-DLC-PEEK is demonstrated as the most promising sample in
our study for supporting osteogenesis. This is consistent with the in vivo
results that new bone formation around the NH2-DLC-PEEK implant is
more significant than that observed from the other 2 groups. In sum, the
improved osseointegration of NH2-DLC-PEEK implant meets our
expectations.

5. Conclusion

Here in this study, we have proposed a plasma based double-step
226
approach to deal with the poor osteogenesis and the worn debris
release of PEEK via DLC coating and subsequent amination. According to
our design, the interfacial mixing effect of PIII treatment can strengthen
the adhesion of DLC coating on PEEK, and the fabricated DLC coating is
desirable due to the proper elastic modulus and good wear resistance.
With the further introduction of amino functional groups, the fabricated
NH2-DLC-PEEK is favorable to the osteogenic performances of hBMSCs in
vitro and can facilitate the peri-implant bone regeneration in vivo. With
the further introduction of amino functional groups, the fabricated NH2-
DLC-PEEK is favorable to the osteogenic performances of hBMSCs in vitro
and can facilitate the peri-implant bone regeneration in vivo. These im-
provements consequently make PEEK implants more promising for or-
thopedic applications.
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