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ABSTRACT: In this study, a nanocalcium silicate (n-CS)/
polyetheretherketone (PEEK) bioactive composite was pre-
pared using a process of compounding and injection-molding.
The mechanical properties, hydrophilicity, and in vitro bio-
activity of the composite, as well as the cellular responses of
MC3T3-E1 cells (attachment, proliferation, spreading, and dif-
ferentiation) to the composite, were investigated. The results
showed that the mechanical properties and hydrophilicity of
the composites were significantly improved by the addition of
n-CS to PEEK. In addition, an apatite-layer formed on the
composite surface after immersion in simulated body fluid
(SBF) for 7 days. In cell culture tests, the results revealed that the n-CS/PEEK composite significantly promoted cell attachment,
proliferation, and spreading compared with PEEK or ultrahigh molecular weight polyethylene (UHMWPE). Moreover, cells
grown on the composite exhibited higher alkaline phosphatase (ALP) activity, more calcium nodule-formation, and higher
expression levels of osteogenic differentiation-related genes than cells grown on PEEK or UHMWPE. These results indicated that
the incorporation of n-CS to PEEK could greatly improve the bioactivity and biocompatibility of the composite. Thus, the n-CS/
PEEK composite may be a promising bone repair material for use in orthopedic clinics.

KEYWORDS: polyetheretherketone, calcium silicate, composite, bioactivity, cellular responses

1. INTRODUCTION

Bioactive materials, such as hydroxyapatite,1−3 bioactive glass,4

and glass-ceramics,5,6 can enhance the proliferation and differen-
tiation of osteoblasts in vitro and spontaneously bond to living
bone without the formation of a surrounding fibrous tissue
in vivo.7,8 These bioactive inorganic materials with bone-bonding
ability can efficiently osseointegrate with natural bone tissue.9,10

Bioactive materials can create a bone-like apatite layer on their
surface after implantation in vivo, and apatite formation is be-
lieved to be the main requirement for this bone-binding ability.11

Polyetheretherketone (PEEK), a semicrystalline and thermo-
plastic polymeric material, exhibits good biocompatibility, stable
chemical resistance, and high thermal stability.12 Furthermore,
PEEK has been demonstrated to possess biomechanical pro-
perties (such as elastic modulus) that are similar to those of
natural human bone, which could effectively reduce the stress
shielding effect that is often observed in the application of con-
ventional metallic implants.13 Since receiving U.S. FDA approval
in the late 1990s, PEEK has been extensively used as an im-
plantable material for spinal, trauma, and orthopedic applica-
tions.14 However, PEEK is a bioinert material, eliciting no
positive response in the body.15 After bioinert materials are

implanted into a living body, an encapsulation of fibrous tissue
forms and isolates the implants from the surrounding bone tis-
sues.16 Long-term clinical observations indicate that the primary
causes of failure of bioinert implants involve nonstable implant
fixation to the bone tissue.17 Therefore, the major obstacle of
PEEK is its bioinert nature, which reduces the efficiency of os-
seointegration at the bone/implant interface.
Recently, calcium silicate (CaSiO3, CS) has been investigated

as a bioactive material for bone repair.18−20 CS has been reported
to exhibit excellent in vitro bioactivity, and the formation of
apatite on CS has been shown to be faster than the formation
observed on bioglass or glass-ceramics in simulated body fluid
(SBF).21 Studies have demonstrated that CS is biocompatible
and bioactive, with the ability to stimulate the proliferation and
osteogenic differentiation of osteoblasts and bone-marrow
mesenchymal stem cells.22−24 Nevertheless, CS is brittle, as is
other inorganic materials, and is only available in limited sites in
the body.
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Many studies focused on composites created by combining
polymers (flexibility) and inorganic materials (bioactivity).25−28

Therefore, in the present study, a bioactive composite was pre-
pared by incorporating n-CS into a PEEK matrix using a com-
pounding and injection-molding technique, and the mechanical
properties, hydrophilicity, and in vitro bioactivity, as well as the
cellular responses to the composite, were evaluated.

2. MATERIALS AND METHODS
2.1. Preparation of n-CS. n-CS was synthesized from Ca(NO3)2·

4H2O and Na2SiO3·9H2O (Ca(NO3)2·4H2O/Na2SiO3·9H2O (molar
ratio) = 1:1) using a chemical precipitation method. The two reagents
were dissolved in deionized water in separate beakers. The concen-
trations were adjusted to 0.5M, and 0.2% polyethylene glycol was added
into 300 mL of Ca(NO3)2 solution at ambient temperature. Under
stirring, 300 mL of the Na2SiO3 solution was added dropwise into the
Ca(NO3)2 solution to generate a CaSiO3 precipitate. Then, 300 mL of
dimethylformamide (DMF) was added to the beakers, and the mixture
was hydrothermally treated under magnetic stirring. The temperature
was gradually increased to 120 °C and held for 5 h to evaporate the
water; then, the DMF was extracted. The precipitate was thoroughly
washed with deionized water and then dried in an oven at 60 °C to
produce powdered n-CS samples.
2.2. Preparation of the n-CS/PEEK Composites. PEEK powder

with a mean particle size of 20 μm was obtained from Victrex Manu-
facturing Ltd. (South Yorkshire, U.K.). The n-CS/PEEK composites
with 20, 40, and 60 wt % n-CS content were prepared via a compounding
and injection-molding process. The n-CS powder and PEEK powder
were compounded in a high-speed ball mill (QM-3B, Nanjing T-Bota
Scietech Instruments & Equipment Ltd., Nanjing, China) at a mixing
speed of 500 rpm for 1 h, and the mixtures were dried at 150 °C for 24 h.
The n-CS/PEEK composites were produced at an injection temperature
of 380 °C from amixture of n-CS and PEEK powders using an injection-
molding machine (BA-300/050CD, Battenfeld, Awans, Belgium). The
PEEK sample used as a control was prepared using the same method.
The n-CS/PEEK composite and PEEK samples were cut into discs

with thicknesses of 2 mm and diameters of 15 mm or 34 mm using a
turning lathe (C616-1, Jinan First Machine Tool Group Co. Ltd., Jinan,
China). Then, all the samples were cleaned with deionized water for 2 h
in an ultrasonic oscillator (B3500S-MT, Branson, Danbury, Connecticut,
U.S.A.). After drying at 37 °C overnight, the samples were sterilized with
ethylene oxide for 3 h. Finally, the sterilized samples were sealed in sterile
containers for subsequent use.
2.3. Characterization of the n-CS/PEEK Composites. The

surface morphology and chemical composition of the n-CS/PEEK com-
posites and PEEK were characterized using scanning electron micro-
scopy (SEM; S-4800, Hitachi, Tokyo, Japan) in backscattered electron
mode, energy dispersive spectrometry (EDS; X-Max, Horiba, Kyoto,
Japan), X-ray diffraction (XRD; Geigerflex, Rigaku Co., Akishima,
Japan), and Fourier transform infrared spectroscopy (FTIR; S2000,
PerkinElmer, Waltham, Massachusetts, U.S.A.).
The mechanical properties (including the elastic modulus, tensile

strength, and compressive strength) of the samples were measured using
a material testing machine (Instron 5567, Norwood, Massachusetts,
U.S.A.) at a crosshead speed of 0.1 mm/min according to ASTM D790.
The average of five readings for each sample was recorded.
The hydrophilic properties of the surfaces of the n-CS/PEEK

composites and PEEK were determined by measuring the static water
contact angles using the sessile drop method on a drop-shape analysis
system (JC-2000D3, Shanghai Zhongcheng Digital Technology Co.,
Shanghai, China) at ambient temperature and humidity. Five measure-
ments were performed at different points of each sample.
By evaluating the mechanical and hydrophilic properties of the n-CS/

PEEK composites with different n-CS contents, a composite with an
optimal n-CS content (40 wt %) was selected to perform the following
studies.
2.4. Apatite-Formation on the Composite. The in vitro

bioactivity of an artificial material can be evaluated by examining the
formation of apatite on its surface in SBF.29 Samples of the n-CS/PEEK

composite and PEEKwith diameters of 15 mmwere immersed in 40 mL
of SBF at 37 °C in a humidified atmosphere for 7, 14, 21, and 28 days. At
the end of each time point, the samples were rinsed three times with
deionized water, dried overnight, sputter-coated with gold, and analyzed
by SEM and EDS; additionally, the concentrations of calcium (Ca),
phosphorus (P), and silicon (Si) ions in the soaked SBF were measured
by inductively coupled plasma atomic emission spectroscopy (ICP-AES;
Varian, Palo Alto, CA, U.S.A.).

2.5. Cell Culture. To investigate the interaction between cells and
the n-CS/PEEK composite (with PEEK used as a control), MC3T3-E1
cells (a mouse preosteoblastic cell line derived from mouse calvaria)
were used in this study. The cells were cultured in Dulbecco’s Modified
Eagle Medium (DMEM; Hyclone, Thermo Fisher Scientific Inc.,
Miami, FL, U.S.A.) supplemented with 10% fetal bovine serum (FBS;
GibcoBRL, Grand Island, NY, U.S.A.), 1% penicillin (100 U/mL;
GibcoBRL), and streptomycin sulfate (100 mg/mL; GibcoBRL) at
37 °C in a humidified atmosphere with 5%CO2 and 95% air. The culture
medium was changed every 3 days. An ultrahigh molecular weight
polyethylene (UHMWPE) slab with a molecular weight of two million
was obtained from Roechling Engineering Plastics Ltd. (Munich,
Germany) and was used as another control for the cell tests. The pre-
paration method of UHMWPE samples was similar to that of the n-CS/
PEEK composites and PEEK.

2.5.1. Cell Attachment.A cell counting kit-8 (CCK-8) assay was used
to analyze cell attachment at 6, 12, and 24 h. In advance, samples of the
n-CS/PEEK composite with a diameter of 15 mm were placed into the
wells of a 24-well plate (Costar, Corning Incorporated, NY, U.S.A.).
Cultured MC3T3-E1 cells were digested with 0.25% trypsin (Sigma-
Aldrich, St. Louis, Missouri, U.S.A.), resuspended with culture medium,
counted using a cell viability analyzer (Vi-cell XR, Beckman Coulter Inc.,
Brea, CA, U.S.A.), and seeded in each well at a density of 3 × 104/cm2,
with empty wells containing DMEM as a blank control. The culture
plates were incubated at 37 °C in a humidified atmosphere of 5% CO2.
At each time point, the samples were gently rinsed three times with
phosphate-buffered saline (PBS; pH = 7.4) to remove the unattached
cells and transferred to a new 24-well plate. A total of 50 μL of CCK-8
solution (DojindoMolecular Technologies Inc., Kumamoto, Japan) was
added to each well and incubated for 3 h. After this incubation, 100 μL of
the supernatant was transferred into a 96-well plate and read at 450 nm
using a microplate reader (Synergy HT, Biotek, Winooski, VT, U.S.A.)
with 620 nm as the reference wavelength. The mean absorbance value/
optical density (OD) obtained from the blank control was subtracted
from the ODs of the test groups.

2.5.2. Cell Proliferation.Cell proliferation was also investigated using
the CCK-8 assay. The cell seeding density was 1 × 104 /cm2, and the
detection time points were 1, 3, and 7 days. The other detailed
procedures were nearly identical to those of the cell attachment test. The
modified OD values at days 3 and 7 were normalized to those at day 1
because the numbers of attached cells grown on different samples were
different at day 1.

2.5.3. Cell Morphology and Spreading. The cell morphology and
spreading on the samples were observed via confocal laser scanning
microscopy (CLSM) and SEM. During preparation of the cell samples
for CLSM, the cell seeding procedures were similar to those of the cell
attachment test. After culturing on the samples for 12 and 24 h, the cells

Table 1. Primers for Real-Time PCR

target genes primer sequences (5′−3′)
ALP F: GGGCATTGTGACTACCACTCG

R: CCTCTGGTGGCATCTCGTTAT
COL 1 F: AACAGTCGCTTCACCTACAGC

R: GGTCTTGGTGGTTTTGTATTCG
OPN F: CTTTCACTCCAATCGTCCCTAC

R: CCTTAGACTCACCGCTCTTCAT
OC F: GGACCATCTTTCTGCTCACTCTG

R: TTCACTACCTTATTGCCCTCCTG
β-actin F: GAGACCTTCAACACCCCAGC

R: ATGTCACGCACGATTTCCC
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were gently washed three times with PBS, fixed with 4% paraformal-
dehyde for 15 min at room temperature, and permeabilized with 0.1%
Triton X-100 in PBS for 10 min. The cells were stained with rhodamine-
phalloidin (5 U/mL, Biotium, Hayward, CA, U.S.A.) for 30 min and
washed three times with PBS (5 min for each washing). The filamentous
actins of the cell cytoskeleton were visualized using a CLSM (TCS SP2,
Leica, Heidelberg, Germany). To prepare the cell samples for SEM,
MC3T3-E1 cells were seeded following the same procedures as in the
cell proliferation test and cultured on the samples for 1, 3, and 7 days. At
the end of each time point, the cells were fixed with 2.5% glutaraldehyde
for 15 min and washed three times with PBS. Next, the cells were dehy-
drated with gradient ethanol at volume fractions of 30%, 50%, 70%, 90%,
and 100% (10 min for each gradient). Subsequently, the ethanol was
replaced by hexamethyldisilazane (HMDS, Sigma-Aldrich) for 10 min.
Finally, all the samples were air-dried, sputter-coated with gold, and
observed with SEM.
2.6. Cell Osteogenic Inductive Culture. MC3T3-E1 cells were

seeded on the samples (similar to the above cell culture procedures)
with a diameter of 34 mm at a density of 3 × 104/cm2 in a 6-well plate
containing samples. After 24 h, the culture medium was changed to
the osteogenic inductive culture medium containing DMEM supple-
mented with 10% FBS, 1% penicillin (100 U/mL) and streptomycin

sulfate (100mg/mL), 100 nMdexamethasone (Sigma-Aldrich), 50 μg/mL
ascorbic acid (Sigma-Aldrich), and 10 mM β-glycerophosphate sodium
(Sigma-Aldrich). The osteogenic induction medium was replaced every
other day.

2.6.1. Alkaline Phosphatase (ALP) Staining and ALP Activity Assay.
After 7, 10, and 14 days of culture with the osteogenic inductive culture
medium, ALP staining was carried out according to the procedure used
in our previous study.30 The ALP activity was determined by quantifying
the amount of p-nitrophenol, the end product of hydrolyzed para-
nitrophenyl phosphate using a microplate test kit (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China). The ODs were measured at
405 nm using a microplate reader (Synergy HT, Bio-Tek). Furthermore,
the total protein content was determined using the BCA protein assay
kit (Pierce, Thermo, Rockford, IL, U.S.A.) according to the manu-
facturer’s protocol. Finally, the ALP activity was normalized to the
corresponding content of total protein.

2.6.2. Alizarin Red Staining and Quantitative Analysis. Alizarin red
staining was used to analyze calcium nodule formation (mineralization).
Cells were grown on the samples for 21 and 28 days in osteogenic
inductive culture medium, as described previously. The cells on the
samples were then fixed in 4% paraformaldehyde for 15 min and stained
with 1% alizarin red solution (pH = 4.20; Sigma-Aldrich) for 45 min at

Figure 1. SEM images of PEEK (a) and the n-CS/PEEK composite (b) in backscattered electron mode. The white dots indicate CS.

Figure 2. SEM image (a) and EDS spectra of the n-CS/PEEK composite surface: CS (b) and PEEK (c).
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room temperature. Next, the samples were washed with deionized water
until no further orange color appeared in the deionized water and then
dried at 37 °C. Additionally, samples with no cells were stained with
alizarin red solution as a blank control. Finally, images of all the stained
samples were acquired using a digital scanner (Scanjet 2400, HP, Palo
Alto, CA, U.S.A.). For quantitative analysis, the orange staining was
dissolved in 10% cetylpyridinum chloride (pH = 7.0; Sigma-Aldrich) in
10 mM sodium phosphate (Sigma-Aldrich), and the ODs were mea-
sured at 620 nm using a microplate reader (Synergy HT, Bio-Tek). The
mean ODs obtained from the blank control were subtracted from the
ODs of the test groups.
2.6.3. Expression of Osteogenic Differentiation-Related Genes.

The mRNA expression of osteogenic differentiation-related genes, that
is, mouse alkaline phosphatase (ALP), collagen type I (COL 1), osteo-
protein (OPN), and osteocalcin (OC), were quantitatively determined
via real-time polymerase chain reaction (PCR). The transcription levels
of the genes were normalized to that of the β-actin housekeeping gene.
The sequences of the forward and reverse primers are shown in Table 1.
Total RNA was collected from cells grown on the samples using the
TRIzol reagent (Ambion, Grand Island, NY, U.S.A.) according to the
manufacturer’s protocol. Reverse transcription was performed follow-
ing the protocol of the Revert-Aid first-strand cDNA synthesis kit
(Fermentas, Thermo Scientific Molecular Biology, Pittsburgh, PA,
U.S.A.). Quantitative real-time PCR was performed using the SYBR
premix EX Taq PCR kit (TaKaRa Biotechnology Co., Dalian, China).
2.7. Statistical Analysis. All the data are presented as the means ±

standard deviations, and all the experiments were repeated three times.
The statistical significances between different groups were analyzed
using a two-way analysis of variance (ANOVA) test, and multiple com-
parisons were performed using the least significant difference (LSD)
test. A p-value < 0.05 was defined as significant, and a p-value < 0.01 was
defined as highly significant.

3. RESULTS
3.1. SEM and EDS Analyses of the Composite. Figure 1

presents SEM images of PEEK and the 40 wt % n-CS/PEEK
composite. Abundant CS particles with high electron density
(white dots) were uniformly distributed on the composite sur-
face, whereas no other composition existed on the PEEK surface.
The EDS spectra of the composite is shown in Figure 2. Ele-
mental peaks of Ca and Si were observed on the composite due to
the CS particles, whereas no Ca or Si peaks appeared for the
PEEK matrix.
3.2. XRD and FTIR Analyses of the Composite. Figure 3a

presents the XRD pattern of the 40 wt % n-CS/PEEK composite.
The diffraction peaks of the composite at approximately 2θ =
25.5°, 27°, 29.5°, 36°, 38.5°, 41°, 49.5°, 53°, and 57° are
attributed to the characteristic peaks of n-CS, and the two peaks
at approximately 2θ = 19° and 22.5° belong to the characteristic
peaks of PEEK.31,32 The results indicated that the composite
contained both n-CS and PEEK.

Figure 3b shows the FTIR pattern of the 40 wt % n-CS/PEEK
composite. The peaks at 1650 and 1490 cm−1 are ascribed to
diphenylketone; the peaks at 1188 and 1158 cm−1 are ascribed to
COC stretching vibration of the diaryl groups; and the
peaks at 1600 cm−1 are related to the CC bond in the benzene
ring of PEEK.32 The existence of SiO was confirmed by the
peaks at 950 and 810 cm−1, and the peak at 1090 cm−1 belonged
to the SiOSi bond.31,33 The results also indicated that the
composite contained both n-CS and PEEK.

3.3. Mechanical and Hydrophilic Properties of the
Composites. Table 2 lists the mechanical properties of the
n-CS/PEEK composites with different n-CS contents. The elastic
modulus and compressive strength of the composites increased
with the increase of the n-CS content from 0 to 40 wt %. More-
over, the tensile strength of the composites decreased slightly
with increasing n-CS content and was lower than that of PEEK.
The composite with 40 wt % n-CS resulted in the highest elastic

Figure 3. XRD (a) and FTIR (b) of the n-CS/PEEK composite; + represents PEEK and * indicates n-CS.

Table 2. Mechanical Properties of the n-CS/PEEK
Composites with Different n-CS Contents

samples

elastic
modulus
(GPa)

tensile
strength
(MPa)

compressive
strength (MPa)

PEEK 2.3 ± 0.2 86 ± 1.5 108 ± 1.9
20 wt % n-CS/PEEK
composite

3.2 ± 0.2 83 ± 2.1 126 ± 2.4

40 wt % n-CS/PEEK
composite

4.4 ± 0.3 74 ± 2.2 152 ± 3.1

60 wt % n-CS/PEEK
composite

3.8 ± 0.1 55 ± 2.0 90 ± 3.6

Figure 4. Quantitative measurement of water contact angles on PEEK
and the n-CS/PEEK composites. “*” denotes significant differences
compared with the other three groups (p < 0.05).
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modulus of 4.4 GPa and highest compressive strength of 152MPa,
indicating that the incorporation of 40 wt % n-CS into PEEK
enhanced the mechanical properties of the composite. However,
the highest n-CS content of 60 wt % yielded a lower elastic
modulus (3.8 GPa), tensile strength (55 MPa), and compressive
strength (90MPa) than the composite with 40 wt % n-CS content.
Figure 4 shows the results of themeasurement of water contact

angles. The water contact angles of PEEK and the n-CS/PEEK
composites with 20, 40, and 60 wt % n-CS contents were 78± 7°,
70 ± 9°, 62 ± 5°, and 41 ± 6°, respectively. The water contact
angles of the composites were significantly lower than that of
PEEK (p < 0.05). These results indicated that the hydrophilicity
of the n-CS/PEEK composites was improved by the addition of
n-CS into PEEK compared with PEEK, which was n-CS content
dependent.

3.4. Apatite Formation on the Composite in SBF. Figure
5a shows SEM images of the surface morphology of the n-CS/
PEEK composite and PEEK before and after immersion in SBF
for 7, 14, and 28 days. Many clustered apatite islands formed on
the n-CS/PEEK composite surface after being soaked in SBF for
7 days. After 14 days, a newly formed apatite layer was observed
on the n-CS/PEEK composite. After 28 days, a thick layer of
apatite covered the entire surface of the composite, which was
tile-shaped and compact. However, there was no newly formed
substance on PEEK even after 28 days of immersion. Figure 5b
shows the EDS spectra of the newly formed apatite on the com-
posite. Ca and P peaks appeared on the surfaces of the composite
at days 7, 14, and 28. Figure 5c−e shows the changes in the ionic
concentrations in SBF after incubating with the composite after
various time periods. The concentration of Ca ions decreased

Figure 5. Apatite-formation on the n-CS/PEEK composite and PEEK after immersion in SBF: (a) SEM images showing the surface morphology of the
n-CS/PEEK composite and PEEK before and after immersion in SBF for 7, 14, and 28 days (scale bar = 50 μm); (b) EDS spectra of the composite after
immersion in SBF for 7, 14, and 28 days; (c−e) changes of ionic concentrations of Ca (c), P (d), and Si (e) ions in SBF after immersion for 7, 14, 21, and
28 days.
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drastically from day 1 to day 7 and subsequently reached a stably
decreasing stage from day 7 to day 28 (Figure 5c). The P ions
in SBF decreased gradually from day 0 to day 28 as shown in
Figure 5d. A large amount of Si ions were released from the com-
posite into the SBF from day 0 to day 7, fewer Si ions were re-
leased from day 7 to day 21, and no additional Si ions were released
from day 21 to day 28 (Figure 5e). In contrast, no significant
changes were observed for the concentrations of Ca, P, and Si ions
in SBF after incubating with PEEK for various time periods.
3.5. Cell Attachment. Figure 6 presents the quantitative

analysis of cell attachment on the material surfaces. After 6, 12,

and 24 h of culture, more MC3T3-E1 cells were observed to at-
tach on the n-CS/PEEK composite than on PEEK or UHMWPE
(p < 0.01), indicating that the n-CS/PEEK composite could
promote the attachment of MC3T3-E1 cells.

3.6. Cell Proliferation. The proliferation of MC3T3-E1 cells
cultured on the material surfaces was analyzed using a CCK-8
assay as shown in Figure 7. Cells grown on the composite dis-
played a persistent increasing proliferation tendency from day
1 to day 7 (p < 0.05); however, cells grown on PEEK exhibited no
significantly proliferative trend from day 1 to day 3; in addition,
cells grown on UHMWPE exhibited no significantly proliferative
trend from day 3 to day 7 (p > 0.05; Figure 7a). Furthermore, the
relative proliferation rate of cells grown on the composite was
significantly higher than those grown on PEEK or UHMWPE at
day 7 (p < 0.01; Figure 7b).

3.7. Cell Morphology and Spreading. Figure 8 presents
CLSM images of the cytoskeleton of phalloidin-stained MC3T3-
E1 cells on the material surfaces. Cells grown on the composite
were polygonal and clustered, whereas cells grown on PEEK or
UHMWPE were dispersive. More actin filaments linking adja-
cent cells were observed at both 12 and 24 h in cells grown on the
composite than on PEEK or UHMWPE.
SEM images showing the morphology of MC3T3-E1 cells

grown on the materials are presented in Figure 9. After 1 day of
culture, cells grown on the composite exhibited a flat mor-
phology with many fine filopodia anchored at the composite
surface, whereas cells grown on PEEK or UHMWPE were rod-
like with few filopodia. A greater number of cells were observed
on the composite with higher spreading efficiency at day 3, com-
pared with cells grown on PEEK or UHMWPE. After 7 days of
culture, cells grown on the composite and cells grown on PEEK
proliferated to cover nearly the entire surface, while cells grown
on UHMWPE exhibited no apparent proliferative trend from
day 3 to day 7.

3.8. ALP Staining and ALP Activity Assay. Figure 10
shows the ALP staining and ALP activity of MC3T3-E1 cells
grown on the material surfaces. The ALP staining on the n-CS/
PEEK composite was considerably stronger than that on PEEK
or UHMWPE at each time point (Figure 10a). Figure 10b shows
the quantitative analysis of the ALP activity. The ALP activity on
the n-CS/PEEK composite was significantly higher than that on
PEEK or UHMWPE, which is consistent with the qualitative
ALP staining results.

3.9. Alizarin Red Staining and Quantitative Analysis.
Figure 11 presents the results of the alizarin red staining and its
quantitative analysis on the material surfaces. More calcium
nodules were formed on the n-CS/PEEK composite than on
PEEK or UHMWPE (Figure 11a). Quantitative analysis of the
alizarin red staining indicated that the composite exhibited
clearly higher mineralization than PEEK or UHMWPE (p < 0.01;
Figure 11b).

3.10. Expression of Osteogenic Differentiation-Related
Genes. Figure 12 presents the results of real-time PCR of the
osteogenic differentiation-related genes. At day 7, cells grown on
the n-CS/PEEK composite showed obviously higher expression
levels of ALP and COL 1 compared with those grown on PEEK
or UHMWPE. At day 14, the ALP, COL 1, OPN, andOCmRNA
levels of cells grown on the composite were significantly higher
than those grown on PEEK or UHMWPE. At day 21, cells grown
on the composite showed obviously higher expression levels of
COL 1 and OC than cells grown on PEEK and obviously higher
expression levels of COL1, OPN, and OC than cells grown on
UHMWPE.

Figure 6. Cell attachment on UHMWPE, PEEK, and the n-CS/PEEK
composite after 6, 12, and 24 h of culture. The modified ODs are ODs at
450 nm subtracted from ODs at 620 nm and ODs of the blank control.
“##” and “**” denote significant differences compared with UHMWPE
and PEEK, respectively (p < 0.01).

Figure 7. Cell proliferation on UHMWPE, PEEK, and the n-CS/PEEK
composite after 1, 3, and 7 days of culture: (a) proliferative tendency of
MC3T3-E1 cells; (b) relative proliferation rate of MC3T3-E1 cells. The
modified ODs are ODs at 450 nm subtracted from ODs at 620 nm
and ODs of the blank control. The modified ODs at day 3 and day 7
were normalized to those at day 1. “##” and “**” denote significant
differences compared with UHMWPE and PEEK, respectively (p <
0.01).
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4. DISCUSSION

PEEK is a polymeric material and is currently used in orthopedic
clinics.14 Although PEEK possesses good biocompatibility and
satisfactory mechanical properties, its lack of bioactivity may limit
its applications for bone repair. Consequently, there have been
efforts to incorporate bioactive materials into PEEK to enhance
its bioactivity and bone-implant integration. In this study, a
bioactive composite containing n-CS and PEEK was fabricated
using compounding and injection-molding. The results revealed
that the n-CS particles were well distributed in the PEEK matrix.
Previous reports have demonstrated that inorganic particles and
organic polymers can interact at their interface.34−37

After the incorporation of n-CS into PEEK, the elastic modu-
lus and compressive strength of the n-CS/PEEK composite
(n-CS content ranging from 0 to 40 wt %) clearly increased with
the n-CS content, whereas the tensile strength of the composite
decreased slightly compared with PEEK. The composite con-
taining the high n-CS content of 60 wt % resulted in a dramatic
reduction in the mechanical strength. The compressive strength
and elastic modulus of the composite containing 40 wt % n-CS
were significantly higher than those of the composites containing
20 and 60 wt %, suggesting that a weight ratio of approximately
40 wt % would be optimal. Therefore, the composite with
40 wt % n-CS content was selected for further investigation in
this study.
The bioperformance of a material are affected by surface

hydrophilicity.38 In the present study, incorporating n-CS into
PEEK markedly decreased the water contact angles of the com-
posites, and the values decreased with increasing n-CS content
in the composite. The results suggested that incorporating

hydrophilic inorganic materials (n-CS) into hydrophobic poly-
mers (PEEK) is a viable way to improve the hydrophilicity of the
n-CS/PEEK composites. A previous study has shown that hydro-
philic surfaces are better for cell attachment, spreading, and
proliferation than hydrophobic surfaces.39

A significant characteristic of bioactive materials is their ability
to bond with living bone through the formation of a bone-like
apatite layer on their surfaces.11 Therefore, the bone-bonding
ability of a biomaterial is often evaluated by examining the
apatite-formation ability on its surface in SBF.29 In this study, an
apatite-layer formed on the surface of the n-CS/PEEK composite
after immersion in SBF for 7 days, and the apatite-layer gradually
became thicker and more compact with longer immersion time.
The P peak in the EDS spectrum was considered to be newly
developed because no P element existed on the n-CS/PEEK
composite before immersion, and the newly deposited P together
with Ca formed the apatite layer. The results indicated that the
n-CS/PEEK composite exhibited good in vitro bioactivity com-
pared with PEEK.
Based on previous studies, the mechanism of apatite formation

on the n-CS/PEEK composite can be suggested as follows.11,29,40,41

After contacting SBF, the n-CS/PEEK composite initially release
Ca2+, which exchange with H+ in the SBF and form silanol groups
(Si−OH). The Si−OH groups are negatively charged and can
attract Ca2+ by electrostatic interaction. The accumulation of
Ca2+ on the material surface attracts PO4

3− from the SBF and
deposits it on the composite surface, which triggers the formation
of apatite nuclei. The apatite nuclei continue to grow by con-
suming the Ca and P ions in the surrounding fluid to form a
thicker apatite layer.

Figure 8.CLSM images of the cytoskeleton ofMC3T3-E1 cells grown onUHMWPE (a), PEEK (b), and the n-CS/PEEK composite (c) for 12 h (i) and
24 h (ii). The scale bar is 50 μm.
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The interaction of cells with a biomaterial surface is a vital
element in the evaluation of a biomaterial.42,43 The initial attach-
ment and spreading of cells will affect the cell proliferation and
differentiation on implant materials. Our results indicated that
n-CS/PEEK exhibited more attached cells and more efficient
cell spreading than PEEK or UHMWPE. These results were

attributed to the following three advantages of the n-CS/PEEK
composite: the improved hydrophilicity, the generated silanol
groups, and the presence of Ca ions. Hydrophilic material sur-
faces were better for cell attachment, spreading, and cytoskeletal
organization than hydrophobic surfaces.39 In addition, the silanol
groups generated by CS can bind to various functional groups of

Figure 9. SEM images of the cell morphology and spreading on UHMWPE (a), PEEK (b), and the n-CS/PEEK composite (c) after 1, 3, and 7 days of
culture: (i) day 1 (scale bar = 20 μm), (ii) day 3 (scale bar = 100 μm), (iii) day 7 (scale bar = 100 μm).

Figure 10.ALP staining and ALP activity of cells grown on UHMWPE, PEEK, and the n-CS/PEEK composite after 7, 10, and 14 days: (a) ALP staining
on thematerial surfaces; (b) quantitative analysis of ALP activity. The ALP activity was normalized to the corresponding content of total protein. “#” and
“*” denote significant differences compared with UHMWPE (# p < 0.05; ## p < 0.01) and PEEK (* p < 0.05; ** p < 0.01), respectively.
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proteins via hydrogen bonding or long-range electrostatic ionic
amine bonds (Si−O−−+H3N), thus producing a favorable sur-
face environment for cell attachment.44 Furthermore, Ca ion
sites on the composite surface as ligands of osteoblasts favored
protein adsorption due to positive electrostatic attraction.45

Therefore, the n-CS/PEEK composite with these advantages
could exert a positive effect on cell attachment and spreading.

After attachment, cells grown on the material surfaces begin to
proliferate. In this study, the n-CS/PEEK composite effectively
promoted the proliferation of MC3T3-E1 cells compared with
PEEK or UHMWPE. Studies have shown that appropriate Si
ions released from silicate-containing materials play an important
role in stimulating the proliferation of osteoblasts and bone-
marrow stromal cells (BMSCs).46−48 In addition, the appropriate

Figure 11. Alizarin red staining and its quantitative analysis on UHMWPE, PEEK, and the n-CS/PEEK composite after 21 and 28 days: (a) alizarin red
staining; (b) quantitative analysis of the alizarin red staining. “##” and “**” denote significant differences compared with UHMWPE and PEEK,
respectively (p < 0.01).

Figure 12. Relative mRNA expression of osteogenic differentiation-related genes inMC3T3-E1 cells grown on UHMWPE, PEEK, and the n-CS/PEEK
composite measured by real-time PCR: (a) ALP, (b) COL 1, (c) OPN, (d) OC. The data shown are the mean expression levels relative to β-actin
expression and are normalized with respect to the expression levels of cells grown on PEEK at day 7. “#” and “*” denote significant differences compared
with UHMWPE (# p < 0.05; ## p < 0.01) and PEEK (* p < 0.05; ** p < 0.01), respectively.
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Ca ion levels have been shown to stimulate osteoblast prolif-
eration by changing the expression of specific Ca2+-channel
isoforms on osteoblasts.49 Moreover, the formation of an apatite
layer on the composite surface has been shown to be beneficial
for osteoblast proliferation.50

After proliferation, MC3T3-E1 cells begin to produce colla-
gens and other proteins, followed by calcification. ALP activity
and calcium deposition are critical factors for osseointegration at
the interface between bone tissues and implants.51,52 In this
study, higher ALP activity and more calcium deposition were
observed in cells grown on the composite compared with PEEK
or UHMWPE. Furthermore, the composite significantly im-
proved the expressions of osteogenic differentiation-related
genes, that is, ALP, COL 1, OPN, and OC. The increased ability
of osteogenic differentiation on the n-CS/PEEK composite
might be mainly related to the Si ions released from the com-
posite. Si ions have been shown to promote mineralized nodule
formation, COL 1 synthesis, and the expression of osteogenic-
related genes in osteoblasts.46,47,53 Ca ions released from the
composite also played an important role in stimulating osteo-
blastic differentiation.49 Furthermore, the apatite formed the
composite surface facilitated differentiation of osteoblasts to
form an extracellular matrix composed of biological apatite and
collagen.54

In summary, the n-CS/PEEK composite facilitated the attach-
ment, proliferation, spreading, and differentiation of MC3T3-E1
cells. Therefore, the incorporation of n-CS into PEEK has the
potential to greatly improve the bioperformance of PEEK, and
the n-CS/PEEK composite exhibited significantly improved bio-
compatibility and bioactivity compared with PEEK or UHMWPE.
Thus, the n-CS/PEEK composite might be a promising bone-
repair implant material.

5. CONCLUSIONS

A bioactive composite was fabricated by incorporating n-CS into
PEEK using a process of compounding and injection-molding.
The results revealed that the mechanical strength of the n-CS/
PEEK composites increased with n-CS content up to 40 wt %;
however, an n-CS content of 60 wt % led to a substantial decrease
of mechanical strength. In addition, the incorporation of n-CS
into PEEK greatly improved the hydrophilicity of the composite.
Immersion in SBF induced the formation of an apatite layer on
the composite, indicating good in vitro bioactivity. In cell tests,
the composite significantly promoted the attachment, prolifer-
ation, and spreading of MC3T3-E1 cells compared with PEEK or
UHMWPE. Furthermore, cells grown on the composite exhi-
bited higher ALP activity, more calcium nodule formation and
higher expression levels of osteogenic differentiation-related
genes than PEEK or UHMWPE. The positive effects on cellular
responses to the composite are most likely due to the improved
hydrophilicity of the composite, formed apatite-layer on the
composite, and the Si and Ca ions released from the composite.
With improved bioactivity and biocompatibility, the n-CS/PEEK
biocomposite is believed to be a promising orthopedic implant
material for bone repair application.
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