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ABSTRACT: Polyetheretherketone (PEEK) is regarded as one of the most potential
candidates of biomaterials in spinal implant applications. However, as a bioinert material,
PEEK plays a limited role in osteoconduction and osseointegration. In this study,
recombinant human bone morphogenetic protein-2 (rhBMP-2) was immobilized onto the
surface of collagen-coated PEEK in order to prepare a multi-functional material. After
adsorbed onto the PEEK surface by hydrophobic interaction, collagen was cross-linked
with N-(3-dimethylaminopropyl)-N'-ethyl carbodiimide hydrochloride (EDC) and N-hydro-
xysuccinimide (NHS). EDC/NHS system also contributed to the immobilization of rhBMP-
2. Water contact angle tests, XPS and SEM clearly demonstrated the surface changes.
ELISA tests quantified the amount of rhBMP-2 immobilized and the release over a period
of 30 d. In vitro evaluation proved that the osteogenesis differentiation rate was higher
when cells were cultured on modified PEEK discs than on regular ones. In vivo tests were
conducted and positive changes of major parameters were presented. This report
demonstrates that the rhBMP-2 immobilized method for PEEK modification increase
bioactivity in vitro and in vivo, suggesting its practicability in orthopedic and spinal
clinical applications.

KEYWORDS: polyetheretherketone (PEEK); spinal implantation; bone morphogenetic
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1 Introduction

Polyetheretherketone (PEEK) is a considerable suitable
biomaterial for orthopedic applications and spinal implants
with many great properties such as chemical stability, wear
resistance, radiolucency, non-cytotoxicity, non-genotoxi-
city and non-immunogenesis [1–4]. Compared with
conventional metal biomaterials used in orthopaedics,
PEEK exhibits excellent elastic modulus closely matching
cortical bone, which could prevent stress-shielding effect
and consequently reduces the risks of bone resorption and
implant loosening [5]. However, biological inertness
makes PEEK relatively low osseointegration. For that,
different strategies have been used to modify PEEK in
order to enhance its bioactivity. Traditionally, modifica-
tions were mainly conducted by blending or coating some
relatively bioactive materials such as hydroxyapatite and
titanium [6–7]. Immobilization of bioactive molecule on
polymer surfaces is another strategy and seems to be more
efficient [8].
Collagen is an important constituent of extracellular

matrix (ECM) consisted by 19 isotypes. Up to 96% of them
is type-I isotype. Because of the dimensions and self-
assembling properties, collagen could offer promising
perspectives for preparing protein coatings on biomaterials
[9]. Although some reports are conflicting about the effect
of collagen-coating on the cell attachment and differentia-
tion, collagen-coating has been widely used in the
modification of titanium [10–13]. The hydrophobic surface
of PEEK is also noticed with the contact angle of water
reported more than 75° [14]. According to the report by
Ying et al., hydrophilic surface is not suitable for the

absorption of protein [15]. When the contact angle
increased from 50° to 85°, much more adsorption amount
of collagen would be adsorbed because of the strong
hydrophobic interaction between collagen and hydropho-
bic surface. Poly(ethylene terephthalate) (PET) and poly-
styrene (PS) with similar molecular structure and
hydrophobicity to PEEK were reported emerging irrever-
sible collagen physical absorption on the surface [16–18].
To improve the resistance against enzymatic degrada-

tion, cross-linking is necessary for collagen used in vivo
[19]. Many cross-link agents are optional such as
glutaraldehyde, epoxy compound, genipin and carbodii-
mide. Among those, the non-cytotoxic water-soluble N-(3-
dimethylaminopropyl)-N'-ethyl carbodiimide hydrochlo-
ride (EDC), a kind of amidating agents, is well suitable
for cross-linking proteins for biomaterials. Because of the
intermediate is unstable in aqueous solutions, N-hydro-
xysuccinimide (NHS) is required in the reaction [20]. EDC/
NHS is also suitable to immobilize bioactive molecule that
containing amino and carboxyl functional groups like
heparin and bone morphogenetic protein-2 (BMP-2) to
biomaterials surface [21].
The BMPs are a group of growth factors which could

induce the differentiation of various types of cells including
osteoblasts, chondrocytes and osteoclasts [22–23]. Among
them, BMP-2 has been widely used in bone regeneration
and repair with a strong osteoinductive activity [24].
However, the clinical application of BMPs is limited by its
short half-life, rapid degradation and large doses required.
Therefore a series of methods such as surface immobiliza-
tion or preparation of controlled release systems have been
utilized for making BMPs more efficient in the application
[25–28].
In this study, the bioactive modification of PEEK via

immobilization of recombinant human bone morphoge-
netic protein-2 (rhBMP-2) was investigated and its
application in bone regeneration was evaluated. Firstly,
acid soluble type-I collagen was chosen as the coating
protein because of its excellent bioactivity. Strong hydro-
phobic interactions between PEEK surface and acid soluble
type-I collagen fibers would result in an irreversible
absorption layer of collagen. Coupling reaction between
amine groups and carboxyl groups facilitated the immo-
bilization of rhBMP-2 into the collagen coatings. The
bioactivity of modified PEEK was investigated in vitro by
measuring cell proliferation and differentiation ability of
MC3T3-E1 cells and in vivo by implanting these PEEK
prostheses into a rabbit lumbar vertebrae model. MicroCT
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and mechanical tests were used to analyze the difference
between the modified and unmodified PEEK disc pros-
theses.

2 Materials and methods

2.1 Materials

The PEEK raw materials (VESTAPEEP@ i4 R 400�8 mm
and 1000�18 mm) were acquired from Evonik Specialty
Chemicals (Shanghai) Co., Ltd. For in vitro tests, the
unmodified PEEK samples were machined to thin discs
and then underwent polishing processing. For in vivo tests,
simplified intervertebral disc prostheses were manufac-
tured according to the dimension measured in advance. The
type-I collagen was purchased from Gibco (Collagen I, Rat
Tail Cat. # A10483-01), and the rhBMP-2 was purchased
from Prospec (Cat. # cyt-261).

2.2 Coating of type-I collagen

The type-I collagen solution (3 mg/mL) was dissolved in
phosphate buffer saline (PBS; Gibco, USA) to a final
concentration of 1 mg/mL. The samples with diameters of
8 and 18 mm were deposited in 48-well and 12-well plates,
respectively. Then 500 μL and 2 mL of collagen solution
were added to 12-well and 48-well cell culture plates
respectively for 24 h before the samples were rinsed 6
times and dried overnight.

2.3 Collagen cross-linking and grafting of rhBMP-2

The type-I collagen coating were cross-linked using EDC
and NHS (Aladdin, China). First 50 mL PBS solution
containing 1.15 g EDC and 0.28 g NHS was prepared, and
the samples were immersed in the buffer. After 1 h, the
samples were carried out carefully by tweezers and
transferred to another wells. Then 100 and 20 μL
rhBMP-2 solution (1 μg/mL) was added to the surface of
the samples and let the solution spread over the entire
surface of the PEEK samples. After 1 h, when the reaction
was completed, the samples were washed with 0.1 mol/L
Na2HPO4 solution for 2 h and deionized water 4 times and
dried overnight. Finally, all the samples were sterilized
with ethylene oxide for following experiments.
The collagen-coated PEEK and BMP-2 immobilized

collagen-coated PEEK were hereafter abbreviated as
CCPEEK and BIPEEK, respectively.

2.4 Characterization of PEEK discs

The surface phases were observed by a field emission
scanning electron microscope (FEI Nova NanoSEM 450,
USA) at an acceleration voltage of 5 kV after sputter-
coating with gold/palladium. Surface elements of different
samples were analyzed using X-ray photoelectron spectro-
scopy (XPS; Thermo Scientific ESCALAB 250XI, USA)
with an Al anode (15 kV, 150 W) and a quartz
monochromator. The order of peak analysis was: survey
scan, C 1s, O 1s and N 1s. A drop-shaped contact angle
measurement instrument (Solon SL200B, China) was used
to compare the wettability of PEEK, CCPEEK and BIPEEK
samples. Discs were put on a flat plate, and a drop of
distilled water was applied. The contact angle was then
calculated from a charge-coupled device camera image.

2.5 Determination of binding rhBMP-2

The rhBMP-2 immobilized PEEK (BIPEEK) discs with a
diameter of 18 mm were placed at the bottom of a 12-well
plate (n = 7). The total rhBMP-2 amount immobilized onto
the discs and the released amounts at different 8 time points
(1 h and 1, 3, 5, 7, 13, 16 and 30 d) were measured by the
enzyme-linked immunosorbent assay (ELISA) method. At
the specific time points, 1 mL PBS was added to each well
and rinsed the samples 3 times, then the supernatant was
transferred to a 2 mL centrifuge tube and reserved under
– 80°C until concentration assay. Human BMP-2 ELISA
Development Kit (PeroTech, USA) and related materials
and reagents including ELISA microplates (Corning,
USA), Tween-20 (Sigma, USA), BSA (Sigma, USA),
ABTS Liquid Substrate Solution (Sigma, USA) were used
to determine the contents of rhBMP-2 in PBS following the
manufacturer’s instructions. The absorbance of the reaction
products at 405 nm with correction set at 650 nm was
determined by microplate reader (BioTek Synergy 4,
USA).

2.6 Osteoblast cell culture

Mouse preosteoblast cells (MC3T3-E1 Subclone 14) were
used to investigate the cell behavior on the surface of
PEEK, CCPEEK and BIPEEK. The proliferation medium
for MC3T3-E1 cell is α-minimum essential medium (α-
MEM; Invitrogen, USA) supplemented with 10% fetal
bovine serum (FBS; Bioind, Israel) and 1% penicillin-
streptomycin (Gibco, USA). Cells were cultured in a
humidified atmosphere of 95% air and 5% CO2 at 37°C.
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2.7 Cell proliferation assay

The PEEK, CCPEEK and BIPEEK discs with a diameter of
8 mm were placed into a 48-well plate and 250 μL of
MC3T3-E1 cell suspension with a cell density of 5�104

cells/mL was seeded on each substrate. The culture
medium was changed every 2 d. The cell proliferation on
different materials was assessed at days 1, 3, 5 and 7.
At each time point, after the culture medium was

aspirated, 200 μL of CCK-8 solution (10% v/v in α-MEM)
was added to each well. After incubation at 37°C for 1 h,
100 μL of incubated CCK-8 solution from each well was
transferred from 48-well plate to 96-well plate after enough
mixing by pipette. The absorbance of solution in each well
was measured at a wavelength of 450 nm by microplate
reader (BioTek Synergy 4, USA).

2.8 Alkaline phosphate (ALP) activity assay

PEEK, CCPEEK and BIPEEK discs with the diameter of
18 mm were placed into a 12-well plate and 1 mL of
MC3T3-E1 cell suspension with the cell density of 1�105

cells/mL was seeded on the facilitated ach substrate. After
1 h, proliferation medium was aspirated, and osteogenic
differentiation medium (proliferation medium supplemen-
ted with 50 μg/mL ascorbic acid and 10 mmol/L β-
glycerophosphate) was introduced. The culture medium
was changed every 2 d, and the ALP activity was assessed
at days 7 and 14.
At each time point, after the culture medium was

aspirated, the materials discs were wash with PBS and
200 μL cell lysates (Zomanbio, China) supplemented with
protease inhibitors (1% v/v) was added in each well. After
incubation on ice for 30 min, the solution was collected
into centrifuge tubes and centrifuged for reserve. Alkaline
Phosphatase Assay Kit (Beyotime, China) and Coomassie
(Bradford) Protein Assay Kit (Thermo Scientific, USA)
were used to measure the ALP activity of the intracellular
protein according to manufacturer’s instruction. For an
absolute quantitative analysis, the unit of ALP activity
converted uniformly into μmol (para-nitrophenyl phos-
phate)/min (incubation time)/μg protein (intracellular total
protein).

2.9 Alizarin red S staining

The sample for the assessment of calcifying nodules was

prepared as described in the section on ALP activity assay.
Alizarin red S (Sigma, USA) was used to stain calcifying
nodules at day 14. Briefly, after the culture medium was
aspirated, the samples was washed twice by PBS, then the
cells were fixed with 10% paraformaldehyde in PBS for
30 min and washed by deionized water 3 times. Then
500 μL 0.1% alizarin red S solution (pH = 8.3) was added
to each well and incubated for 30 min. The stained samples
were washed by deionized water several times. For semi-
quantitative analysis, 500 μL (1-hexadecyl)pyridinium
chloride monohydrate (Alfa Aesar, USA) aqueous solution
(100 mmol/L) was added to each sample and incubated
over night. The absorbance of solution was measured at a
wavelength of 562 nm by microplate reader (BioTek
Synergy 4, USA).

2.10 In vivo study

The in vivo study was approved by Animal Ethics
Committee in Shenzhen Institute of Advanced Technology
(SIAT), Chinese Academy of Sciences (CAS) (No. SIAT-
IRB-131111-YGS-SPENG-A0029). The animals were
maintained on a normal, solid lab diet and regular tap
water. For the in vivo tests, simplified PEEK intervertebral
disc prostheses were manufactured according to the
metrical data measured before (Fig. 1). One half of these
prostheses were modified following the previous modifica-
tion method of BIPEEK. For all the studies, 28 adult female
New Zealand White rabbits (3.2–3.7 kg) were used. The
animals were randomly divided into two groups: 14
implanted with rhBMP-2 immobilized PEEK prostheses
(experimental group) and 14 implanted with non-modified
PEEK prostheses (control group).
An anterior extraperitoneal approach was adopted.

Firstly, the animals were anesthetized with 3% pentobarbi-
tal sodium by ear marginal vein injection. Shaved skin of
hypogastrium was prepared with betadine, and then the L5,
L6 vertebra was exposed by pushing fascia aside through
about 5 cm abdominal midline incision. The L5/6 inter-
vertebral discs were taken out with small detacher and
micro spatula. Prostheses were implanted into L5/6
intervertebral disc area. Finally, both the skin and fascial
layers were sutured with resorbable sutures. The same
surgeon inserted all implants. After the surgery, penicillin
sodium (800 000 units per day) was given to the animals by
intramuscular injection for 3 d. After surgery for 4 and 8
weeks, the animals were sacrificed by injecting overdose
pentobarbital sodium.
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2.11 MicroCT analysis

High-resolution images of all the specimens were obtained
from a MicroCT scanner (Bruker SkyScan 1173, Belgium)
selecting Cu+Al filter and running at 80 kV and 313 μA
with the scanning resolution of 18 μm. Software NRecon,
CTAn, CTVol and CTVox were used for reconstruction and
analysis. In the reconstruction process, the dynamic range
image log value was set from 0 to 0.02. After reconstruc-
tion, horizontal line of the highest point of L6 vertebra was
set as the center mark (the red midline in Fig. 2), and 100
cross-section images area above and below center mark
were conducted as the analyzed area (the non-fluorescent
area in Fig. 2). In the analyzed area, region of interest (ROI)
circled carefully (Fig. 3) with the gray threshold value was
set from 100 to 250. The selected bone area was analyzed
by bone mineral density (BMD), the percent of bone
volume (bone volume/total volume, BV/TV), the bone
surface/bone volume ratio (BS/BV), trabecular thickness
(Tb.Th), trabecular separation (Tb.Sp), trabecular number
(Tb.N), and trabecular bone pattern factor (Tb.Pf).

2.12 Tensile strength test

There were six specimens per group (8 weeks groups) were
used for tensile testing. Tensile testing was performed with
a wire was glued to the polymer prostheses and stretched in
horizontal direction. The tensile test was conducted using a
self-making tensile machine based on electricity measure
principle, with a tensile speed of 1 mm/s (Fig. 4(b)).

2.13 Statistical analysis

Results were expressed as mean� standard deviation (SD).
Statistical analysis was performed by using Student’s t-test.
Results were considered statistically significant with
P< 0.05.

3 Results

3.1 Surface characterization

The scanning electron microscopy (SEM) images clearly
showed the surface condition of unmodified PEEK
(Fig. 5(a)) and CCPEEK (Figs. 5(b)–5(d)). Limited by the

Fig. 1 The dimension of intervertebral disc space was measured by microCT (a) cross-section image and (b) side image.

Fig. 2 The red midline was the center mark which was set
according to the highest point of L6 vertebra and the non-
fluorescent area was the scanning area containing 100 cross-
section images above and below the red line.
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resolution of SEM, the structure of small triple helix could
not be seen clearly, but collagen fibrils were obvious with
the diameter of about 50–200 nm (Fig. 5(d)). The contact
angles of different samples are tabulated in Table 1,
showing a significant difference of hydrophilicity between
PEEK and modified PEEKs. The contact angle of
unmodified PEEK was measured to be (82.48�0.82)°
with water. With the coating of cross-linked type-I
collagen, CCPEEK was more hydrophilic with the water
contact angle significantly decreased to (38.26�3.07)°.
The contact angle of BIPEEK seemed to have no obvious
difference compared to that of CCPEEK, which was
(38.58�2.38)°.
The appearance of N 1s absorption peak in the survey

XPS spectrum at 398 eV of CCPEEK and BIPEEK
indicated that collagen was successfully coated onto the
surface of PEEK (Fig. 6). No obvious difference in survey
scan and narrow scan between CCPEEK and BIPEEK was
observed because only a trace amount of rhBMP-2 was
employed and it has a similar chemical constitution with
collagen. Higher oxygen contents were detected on the
surface of CCPEEK and BIPEEK compared with the

unmodified PEEK. The C/O ratio of the unmodified PEEK
was 5.76, which was different to the theoretical value of
6.33 calculated based on the PEEK repeat unit. The reason
should be contributed to unavoidable oxidation reactions
happened during the processing. With collagen coating, the
C/O ratios of CCPEEK and BIPEEK were decreased to
3.46 and 3.33, respectively.
The C 1s spectra of unmodified PEEK surface could be

fitted by two peak components attributable to the aliphatic
carbon (C–C/C–H) and ether bond (C–O–C) (Fig. 7(a)).
The main difference between BIPEEK and unmodified
PEEK in C 1s spectra was the presence of carbonyl carbon
(C = O), which is the characteristic group of protein (Fig. 7
(b)). The O 1s peak was attributed to ether bond (C–O–C)
and carbonyl carbon (C = O) (Fig. 7(c)). More contribution
of carbonyl carbon (C = O) to the O 1s peak was confirmed
on the surface of BIPEEK compared to the unmodified
PEEK (Fig. 7(d)). The results of narrow scans of XPS
analysis of three discs confirmed the protein-coating was
successful on the surface of PEEK.
The measured content of rhBMP-2 tested by ELISAwas

1420 pg/well. After 1 h, approximately 1323.62 pg of

Fig. 3 The ROI was circled carefully with the gray threshold value set from 100 to 250: (a) the cross-section image above the center
mark; (b) the cross-section image on the center mark; (c) the cross-section image below the center mark.

Fig. 4 (a) The geometry design of simplified PEEK intervertebral disc prostheses by SolidWorks 2013 software. (b)Awire was glued to
the polymer prostheses and elongated in horizontal direction.
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BMP-2 retained on the surface of BIPEEK in each well,
and the residual rate was about 93.23% (Fig. 8). After 1 d,
the residual rate declined to 86.86%, which was the most
significant decrease besides the initial burst. Then the
release of rhBMP-2 slowed down in a period of 30 d. After
30 d, the residual rate of rhBMP-2 on the surface of
BIPEEK remained higher than 80%. The amide bond
formed by EDC/NHS would be stable in PBS, so the
release of rhBMP-2 may be mainly contributed to

desorption. Therefore, rhBMP-2 was immobilized onto
the collagen-coating by both covalent bonding and
physical absorption.

3.2 Cell proliferation and differentiation

Cell proliferation on PEEK, CCPEEK and BIPEEK discs
was determined by the CCK-8 assay (Fig. 9). Cells were
more proliferative on surfaces of CCPEEK and BIPEEK in
the early stage (1–3 d). On day 1, a relatively higher level
of cell proliferation on CCPEEK and BIPEEK was
observed compared with PEEK, which may be contributed
to the collagen-coating. Early attachment of cells on the
collagen-coatings was reported in Ref. [28]. On day 3, the
differences seemed more obvious, especially for the
difference between BIPEEK and PEEK (P< 0.05). On

Fig. 5 SEM images of (a) unmodified PEEK and (b)(c)(d) BIPEEK. Collagen fibrils were obvious with the diameter of about
50–200 nm in (b)–(d).

Table 1 Contact angles of different samples
Sample (n = 3) Contact angle /(° )

PEEK 82.48�0.82

CCPEEK 38.26�3.07

BIPEEK 38.58�2.38
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days 5 and 7, three kinds of discs showed similar
proliferation rates.
The ALP activity was conducted to investigate the

differentiation of osteoblast on different materials (Fig. 10).
The ALP activities of cells on all three kinds of materials
increased with time. Cells on BIPEEK expressed the
highest ALP activities and remarkable differences were
observed on the both time points compared with
unmodified PEEK (P< 0.05). On day 7, ALP activity of
cells on CCPEEK was also higher than that of cells on
unmodified PEEK significantly (P< 0.05). Although a
much higher numerical value was measured on BIPEEK
than that on CCPEEK, there was no significant difference
between them (P> 0.05). On day 14, ALP activities of the
cells cultured on PEEK and CCPEEK presented similar
values, while the ALP activity with BIPEEK was
significantly higher than those with PEEK and CCPEEK.
Alizarin red S staining showed positive results of three

materials at day 14 (Fig. 11). Visible calcifying nodule
staining emerged on all the samples. Semi-quantitative
analysis (Fig. 12) proved that CCPEEK and BIPEEK
showed similar values, which were significantly higher
than those with PEEK (P< 0.05).

Fig. 6 The survey XPS spectra of PEEK, CCPEEK and
BIPEEK.

Fig. 7 C 1s spectra of (a) PEEK and (b) BIPEEK; O 1s spectra of (c) PEEK and (d) BIPEEK.
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3.3 MicroCT analysis

Lumbar spine specimens from prostheses implanted
animals were analyzed by microCT. From the 3D
reconstruction images (Fig. 13), a larger callus was formed
in the experimental group (Fig. 13(b)) than that in the
control group (Fig. 13(a)) after 4 weeks. At 8 weeks, both
experimental group and control group showed similar size
of callus.
Control and experimental groups showed some differ-

ences in the bone tissue near the implants at both 4 and 8
weeks after implantation (Table 2). Statistical difference

Fig. 8 The residual rate of rhBMP-2 on the surface of BIPEEK.

Fig. 9 Cell proliferation of MC3T3-E1 cells cultured on PEEK,
CCPEEK and BIPEEK after 1, 3, 5 and 7 d. (* denotes significant
difference: P< 0.05)

Fig. 10 ALP activity of MC3T3-E1 cells cultured on PEEK,
CCPEEK and BIPEEK after 7 and 14 d. (* denotes significant
difference: P< 0.05)

Fig. 11 Alizarin red S staining of PEEK, CCPEEK and
BIPEEK cultured with MC3T3-E1 cells after 14 d.

Fig. 12 Semi-quantitative analysis of alizarin red S staining of
PEEK, CCPEEK and BIPEEK cultured with MC3T3-E1 cells
after 14 d. (* denotes significant difference: P< 0.05)
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(P< 0.05) of the percent of BV/TV between the experi-
mental group and the control group appeared as early as 4
weeks after surgery, while the differences in other
parameters were not statistically significant (P> 0.05). At
8 weeks after implantation, compared with the control
group, BIPEEK implants displayed a more significant
difference in the percent of BV/TV (P< 0.001). In the
meantime, the BMD value of BIPEEK implants was
significantly higher than that of the control group
(P< 0.05), and the BS/BV value of BIPEEK implants
was significantly lower than that of PEEK implants
(P< 0.05). Compared with the control group, the Tb.Sp
value of the experimental group was significantly lower
than that of unmodified implants (P< 0.05), and the Tb.Pf
of BIPEEK prostheses were significantly higher than that
of untreated ones (P< 0.05).

3.4 Tensile strength test

After 8 weeks after implantation, a significant higher
strength was observed on the experimental group
((17.06�5.48) N) than that on the control group
((8.37�5.16) N) (P< 0.05).

4 Discussion

The bioinertness of PEEK limits its application in spinal

implantation. To overcome this, BMP-2 was considered to
modify the surface of PEEK in this study. However, it is
difficult to immobilize BMP-2 onto PEEK due to lack of
available functional groups on the surface of PEEK.
Irradiation treatments such as plasma ion immersion
implantation (PIII) technology have been developed to
introduce different functional groups to the surface of
PEEK, but subsequent processing cannot effectively solve
the problem. Traditional covalent bond linking strategy is
quite inefficient [29–30] and surface-initiated polymeriza-
tion technology is sophisticated for industrial mass
production [31–32]. In this study, a simple and viable
method to modify PEEK was investigated.
Hydrophobic surface of PEEK makes it suitable for

stable collagen-coating by hydrophobic interaction. More-
over, acid-soluble type-I collagen does not dissolve well in
neutral liquid, which would benefit the physical adsorption
process. Thus, collagen-coating was designed to facilitate
the immobilization of BMP-2 onto the surface of PEEK. As
no in-depth study has been conducted to explore the
optimal collagen concentration for PEEK adsorption, we
investigated the concentrations ranging from 1 μg/mL to 1
mg/mL and found that the concentration of 1 mg/mL was
the optimized concentration for the PEEK coating.
Further studies are required to confirm the cross-linking

mechanism of collagen cross-linking by EDC/NHS. The
increasing concentration of EDC/NHS would result in

Fig. 13 Calluses in specimens in (a) the control group and (b) the experimental group after implanting prostheses for 4 weeks.

Table 2 Differences between control and experimental groups at the time of 4 and 8 weeks after implantation
Time /week Group (n = 6) BMD /(mg$cc–1) (BV/TV) /% (BS/BV) /mm–1 Tb.Th /μm Tb.N /mm–1 Tb.Sp /μm

4

control group 174.35�6.43 68.40�3.78 11.12�1.22 0.29�0.02 2.37�0.11 0.19�0.02

experimental group 179.60�9.78 76.40�3.82 9.33�1.37 0.32�0.02 2.41�0.11 0.17�0.02

P-value 0.364 0.016 0.076 0.094 0.560 0.149

8

control group 170.95�5.00 66.33�3.17 11.44�1.36 0.29�0.02 2.27�0.10 0.19�0.01

experimental group 178.28�4.35 76.40�12.84 9.78�1.22 0.31�0.04 2.45�0.21 0.16�0.01

P-value 0.022 < 0.001 0.05 0.026 0.075 0.003
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decreased amount of coated collagen [33]. And the
collagen fibril consists of triple helix (tropocollagen) of
approximately 300 nm in length and 1.5 nm in diameter
[34]. Five tropocollagen composed microfibers first, which
formed subfibril in the next moment with the separation
distance of 1.3–1.7 nm [35]. The diameter of microfiber is
3.5–4.0 nm, but EDC/NHS could only cross-link two
groups located within 1.0 nm, so only inter-helical cross-
linking would happen theoretically [35].
Our results of cell proliferation test proved that the

unmodified PEEK was nontoxic and there was no obvious
effect of collagen-coating on cells proliferation, which was
consisted with the results previously reported [12–13]. This
is probably because microscopic amounts of rhBMP-2
immobilized, BIPEEK also showed limited capacity
promoting cell proliferation.
ALP activity assay and alizarin red S staining was used

for cell differentiation test. ALP is a protein marker
expressed early in the development of osteoblast, while
calcifying nodules were formed in a later stage, so the ALP
activity assay was carried out on days 7 and 14 and the
alizarin red S test was done on day 14. In alizarin red assay,
the absorbance of CCPEEK mathematically higher than
that of BIPEEK, but the difference was not significant. It
was not very accurate to access the quantity of calcifying
nodules by the semi-quantitative analysis using (1-
hexadecyl)pyridinium chloride monohydrate. From the
results, equal amount of calcifying nodules on CCPEEK
and BIPEEK were observed and both of them were
significantly higher than those on PEEK. The effect of
collagen coating on cell differentiation was for sure based
on our data. It has been proved both in previous reports and
our investigation that collagen coating has a positive effect
on cell proliferation [10–11]. As a result, collagen coating
enhanced both cell proliferation and differentiation into
osteogenic leakage [10–13]. It sounds contradictory and
the reason and mechanism are still unclear. Meanwhile,
although rhBMP-2 did not show significant effect on cell
proliferation, its immobilization resulted in significant
increase of ALP activity on BIPEEK than that on CCPEEK
on day 14. By the simple immobilization method, the
bioactivity of a small amount of rhBMP-2 could preserve
for a relative long period.
MicroCT is a sensitive and effective analytic tool, which

is more and more applied in the in vivo study of orthopedic
biomaterials [36–37]. In our microCT test, the most
important parameter we concerned is the percent of BV/
TV which could perceivably reflect the change in bone

mass. The notable change of the percent of BV/TV as well
as other parameters proved a positive bone change in the
surrounding bone tissue of modified implants when
compared with the results of unmodified prosthesis.
Although the pullout force of the prostheses was very

small, the measurement reliability was guaranteed by the
high-precision tensile strength machine with the precision
of 0.1 N. As the most persuasive evidence, the results of
tensile strength test directly demonstrated the stability of
implant fixation, which was the original intention of our
modification.

5 Conclusions

In this study, we successfully prepared a CCPEEK with an
immobilization of rhBMP-2 by hydrophobic interaction
and covalent binding method. The effects of immobiliza-
tion of rhBMP-2 on collagen-coating were investigated in
vitro and in vivo. The results proved that rhBMP-2
immobilized PEEK facilitated the differentiation of
cultured MC3T3-E1 cells and promoted osteogenesis
surrounding the implanted sites of lumbar spines. This
method could be used to improve the biocompatibility of
PEEK materials for orthopedic applications.

Abbreviations

ALP alkaline phosphate
BIPEEK BMP-2 immobilized collagen-coated PEEK
BMD bone mineral density
BMP-2 bone morphogenetic protein-2
BS/BV bone surface/bone volume ratio
BV/TV bone volume/total volume
CCPEEK collagen-coated PEEK
ECM extracellular matrix
EDC N-(3-dimethylaminopropyl)-N'-ethyl

carbodiimide hydrochloride
ELISA enzyme-linked immunosorbent assay
FBS fetal bovine serum
α-MEM α-minimum essential medium
NHS N-hydroxysuccinimide
PBS phosphate buffer saline
PEEK polyetheretherketone
PET poly(ethylene terephthalate)
PIII plasma ion immersion implantation
PS polystyrene
rhBMP-2 recombinant human bone morphogenetic

protein-2

48 Front. Mater. Sci. 2015, 9(1): 38–50



Acknowledgements This work was supported by the International
Scientific and Technological Cooperation Projects of Shenzhen Science
and Technology R & D Foundation (ZYA201106090054A) and the National
Natural Science Foundation of China (Grant No. 31200727, H. M. Nie).

References

[1] Bishop S M. The mechanical performance and impact behaviour

of carbon-fibre reinforced PEEK. Composite Structures, 1985, 3

(3): 295–318

[2] Fujihara K, Huang Z M, Ramakrishna S, et al. Feasibility of

knitted carbon/PEEK composites for orthopedic bone plates.

Biomaterials, 2004, 25(17): 3877–3885

[3] Searle O B, Pfeiffer R H. Victrex® poly(ethersulfone) (PES) and

Victrex® poly(etheretherketone) (PEEK). Polymer Engineering

and Science, 1985, 25(8): 474–476

[4] Maharaj G R, Jamison R D. Intraoperative impact: characteriza-

tion and laboratory simulation on composite hip prostheses.

ASTM Special Technical Publication, 1993, 1178: 98

[5] Du Y W, Zhang L N, Hou Z T, et al. Physical modification of

polyetheretherketone for orthopedic implants. Frontiers of Materi-

als Science, 2014, 8(4): 313–324

[6] Kurtz S M, Devine J N. PEEK biomaterials in trauma, orthopedic,

and spinal implants. Biomaterials, 2007, 28(32): 4845–4869

[7] Lee J H, Jang H L, Lee KM, et al. In vitro and in vivo evaluation of

the bioactivity of hydroxyapatite-coated polyetheretherketone

biocomposites created by cold spray technology. Acta Biomater-

ialia, 2013, 9(4): 6177–6187

[8] Ratner B D, Hoffman A S, Schoen F J, et al. Biomaterials Science:

An Introduction to Materials in Medicine. 2nd ed. Elsevier, 2004

[9] Jacquemart I, Pamuła E, De Cupere V M, et al. Nanostructured

collagen layers obtained by adsorption and drying. Journal of

Colloid and Interface Science, 2004, 278(1): 63–70

[10] He J, Su Y, Huang T, et al. Effects of material and surface

functional group on collagen self-assembly and subsequent cell

adhesion behaviors. Colloids and Surfaces B: Biointerfaces, 2014,

116: 303–308

[11] Bronk J K, Russell B H, Rivera J J, et al. A multifunctional

streptococcal collagen-mimetic protein coating prevents bacterial

adhesion and promotes osteoid formation on titanium. Acta

Biomaterialia, 2014, 10(7): 3354–3362

[12] de Assis A F, Beloti M M, Crippa G E, et al. Development of the

osteoblastic phenotype in human alveolar bone-derived cells

grown on a collagen type I-coated titanium surface. Clinical Oral

Implants Research, 2009, 20(3): 240–246

[13] Marín-Pareja N, Salvagni E, Guillem-Marti J, et al. Collagen-

functionalised titanium surfaces for biological sealing of dental

implants: effect of immobilisation process on fibroblasts response.

Colloids and Surfaces B: Biointerfaces, 2014, 122: 601–610

[14] Marchand-Brynaert J, Pantano G, Noiset O. Surface fluorination

of PEEK film by selective wet-chemistry. Polymer, 1997, 38(6):

1387–1394

[15] Ying P, Jin G, Tao Z. Competitive adsorption of collagen and

bovine serum albumin— effect of the surface wettability. Colloids

and Surfaces B: Biointerfaces, 2004, 33(3): 259–263

[16] Hanagata N, Takemura T, Monkawa A, et al. Pre-adsorbed type-I

collagen structure-dependent changes in osteoblastic phenotype.

Biochemical and Biophysical Research Communications, 2006,

344(4): 1234–1240

[17] De Cupere V M, Rouxhet P G. Collagen films adsorbed on native

and oxidized poly (ethylene terephtalate): morphology after

drying. Surface Science, 2001, 491(3): 395–404

[18] Woodcock S E, Johnson W C, Chen Z. Collagen adsorption and

structure on polymer surfaces observed by atomic force micro-

scopy. Journal of Colloid and Interface Science, 2005, 292(1): 99–

107

[19] Olde Damink L H H, Dijkstra P J, van Luyn M J A, et al. In vitro

degradation of dermal sheep collagen cross-linked using a water-

soluble carbodiimide. Biomaterials, 1996, 17(7): 679–684

[20] Olde Damink L H H, Dijkstra P J, van Luyn M J A, et al. Cross-

linking of dermal sheep collagen using a water-soluble carbodii-

mide. Biomaterials, 1996, 17(8): 765–773

[21] Wissink M J B, Beernink R, Pieper J S, et al. Immobilization of

heparin to EDC/NHS-crosslinked collagen. Characterization and

in vitro evaluation. Biomaterials, 2001, 22(2): 151–163

[22] Wan M, Cao X. BMP signaling in skeletal development.

Biochemical and Biophysical Research Communications, 2005,

328(3): 651–657

[23] Canalis E, Economides A N, Gazzerro E. Bone morphogenetic

proteins, their antagonists, and the skeleton. Endocrine Reviews,

2003, 24(2): 218–235

[24] Kübler N R, Reuther J F, Faller G, et al. Inductive properties of

recombinant human BMP-2 produced in a bacterial expression

system. International Journal of Oral and Maxillofacial Surgery,

1998, 27(4): 305–309

[25] Zhao B, Katagiri T, Toyoda H, et al. Heparin potentiates the in

vivo ectopic bone formation induced by bone morphogenetic

protein-2. The Journal of Biological Chemistry, 2006, 281(32):

ROI region of interest
SD standard deviation
SEM scanning electron microscopy
Tb.N trabecular number
Tb.Pf trabecular bone pattern factor
Tb.Sp trabecular separation
Tb.Th trabecular thickness
XPS X-ray photoelectron spectroscopy

Ya-Wei DU et al. In vitro and in vivo evaluation of BMP-2 immobilized collagen-coated PEEK 49



23246–23253

[26] Kim S E, Song S H, Yun Y P, et al. The effect of immobilization of

heparin and bone morphogenic protein-2 (BMP-2) to titanium

surfaces on inflammation and osteoblast function. Biomaterials,

2011, 32(2): 366–373

[27] Shen H, Hu X, Yang F, et al. The bioactivity of rhBMP-2

immobilized poly(lactide-co-glycolide) scaffolds. Biomaterials,

2009, 30(18): 3150–3157

[28] Visser R, Arrabal P M, Becerra J, et al. The effect of an rhBMP-2

absorbable collagen sponge-targeted system on bone formation in

vivo. Biomaterials, 2009, 30(11): 2032–2037

[29] Noiset O, Schneider Y J, Marchand-Brynaert J. Adhesion and

growth of CaCo2 cells on surface-modified PEEK substrata.

Journal of Biomaterials Science: Polymer Edition, 2000, 11(7):

767–786

[30] Noiset O, Schneider Y J, Marchand-Brynaert J. Fibronectin

adsorption or/and covalent grafting on chemically modified PEEK

film surfaces. Journal of Biomaterials Science: Polymer Edition,

1999, 10(6): 657–677

[31] Matrab T, Chehimi M M, Boudou J P, et al. Surface

functionalization of ultrananocrystalline diamond using atom

transfer radical polymerization (ATRP) initiated by electro-grafted

aryldiazonium salts. Diamond and Related Materials, 2006, 15(4):

639–644

[32] Kyomoto M, Moro T, Takatori Y, et al. Self-initiated surface

grafting with poly(2-methacryloyloxyethyl phosphorylcholine) on

poly(ether-ether-ketone). Biomaterials, 2010, 31(6): 1017–1024

[33] Puleo D A, Bizios R, eds. Biological Interactions on Materials

Surfaces: Understanding and Controlling Protein, Cell, and Tissue

Responses. New York: Springer US, 2009

[34] Kadler K E, Holmes D F, Trotter J A, et al. Collagen fibril

formation. The Biochemical Journal, 1996, 316(Pt 1): 1–11

[35] Zeeman R, Dijkstra P J, van Wachem P B, et al. Successive epoxy

and carbodiimide cross-linking of dermal sheep collagen.

Biomaterials, 1999, 20(10): 921–931

[36] Alghamdi H S, Bosco R, van den Beucken J J J P, et al.

Osteogenicity of titanium implants coated with calcium phosphate

or collagen type-I in osteoporotic rats. Biomaterials, 2013, 34(15):

3747–3757

[37] Ben-David D, Srouji S, Shapira-Schweitzer K, et al. Low dose

BMP-2 treatment for bone repair using a PEGylated fibrinogen

hydrogel matrix. Biomaterials, 2013, 34(12): 2902–2910

50 Front. Mater. Sci. 2015, 9(1): 38–50


	Outline placeholder
	bmkcit1
	bmkcit2
	bmkcit3
	bmkcit4
	bmkcit5
	bmkcit6
	bmkcit7
	bmkcit8
	bmkcit9
	bmkcit10
	bmkcit11
	bmkcit12
	bmkcit13
	bmkcit14
	bmkcit15
	bmkcit16
	bmkcit17
	bmkcit18
	bmkcit19
	bmkcit20
	bmkcit21
	bmkcit22
	bmkcit23
	bmkcit24
	bmkcit25
	bmkcit26
	bmkcit27
	bmkcit28
	bmkcit29
	bmkcit30
	bmkcit31
	bmkcit32
	bmkcit33
	bmkcit34
	bmkcit35
	bmkcit36
	bmkcit37


