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Abstract

Background: Polyether-ether-ketone (PEEK) is increasingly being used for spinal applications. However, because of
its biologically inactive nature, there are risks of false joint loosening and sinking. PEEK materials are coated with
apatite to enhance the osteoconductive properties. In this study, we aimed to evaluate whether strontium apatite
stimulate osteogenesis on the surface of PEEK by using the CO2 laser technique.

Methods: We prepared non-coated disks, laser-exposed disks without apatite, and four types of apatite-coated by
laser PEEK disks (hydroxyapatite (HAP), strontium hydroxyapatite (SrHAP), silicate-substituted strontium apatite
(SrSiP), and silicate-zinc-substituted strontium apatite (SrZnSiP)). A part of the study objective was testing various
types of apatite coatings. Bone marrow mesenchymal cells (BMSCs) of rats were seeded at a density of 2 × 104/cm2

onto each apatite-coated, non-coated, and laser-irradiated PEEK disks. The disks were then placed in osteogenic
medium, and alkaline phosphatase (ALP) staining and Alizarin red staining of BMSCs grown on PEEK disks were
performed after 14 days of culture. The concentrations of osteocalcin (OC) and calcium in the culture medium were
measured on days 8 and 14 of cell culture. Furthermore, mRNA expression of osteocalcin, ALP, runt-related
transcription factor 2 (Runx2), collagen type 1a1 (Col1a1), and collagen type 4a1 (Col4a1) was evaluated by qPCR.

Results: The staining for ALP and Alizarin red S was more strongly positive on the apatite-coated PEEK disks
compared to that on non-coated or laser-exposed without coating PEEK disks. The concentration of osteocalcin
secreted into the medium was also significantly higher in case of the SrHAP, SrSiP, and SrZnSiP disks than that in
the case of the non-coated on day14. The calcium concentration in the PEEK disk was significantly lower in all
apatite-coated disks than that in the pure PEEK disks on day 14. In qPCR, OC and ALP mRNA expression was
significantly higher in the SrZnSiP disks than that in the pure PEEK disks.

Conclusions: Our findings demonstrate that laser bonding of apatite—along with trace elements—on the PEEK
disk surfaces might provide the material with surface property that enable better osteogenesis.
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Background
There are various materials that can be used in implants
for orthopedic surgeries such as spinal fixation, joint
arthroplasty, and osteosynthesis. Among them, polyether-
ether-ketone or PEEK is becoming increasingly common as
a material for spinal applications because PEEK has high
biocompatibility, radiolucency, and elasticity properties,
which are more similar to those of natural bone compared
to metal materials [1]. However, because it is biologically
inactive, which hampers osseointegration, its clinical use
poses several risks, such as false joints, loosening, and sink-
ing [2, 3]. For providing PEEK with the osteogenesis, vari-
ous attempts, including the application of hydroxyapatite
either by coating onto the surface or mixing with PEEK,
have been reported [4–7]. The coating of PEEK materials
with apatite is one of the most promising approaches, al-
though its needs further research to achieve much more
osseointegration and better surgical outcomes.
In recent years, we have aimed to improve the inter-

facial adhesion between the apatite coating and PEEK.
By enhancing bone formation on the surface of the
materials, such PEEK implants would facilitate osseoin-
tegration and complete healing successfully. Thus far,
various attempts have also been made to add osteogenic
properties to hydroxyapatite-based materials by incorp-
orating either strontium [8] or silicate [9] ions in the
crystal lattice of apatite. Recently, we reported that
osteogenesis around polyethylene terephthalate artificial
ligament was enhanced by silicate-substituted strontium
apatite nanocoating [10]. In this study, we anticipated
synergetic effects of both strontium and silicate ions and
prepared silicate-substituted strontium apatite (SrSiP)
disks. There are some researches reporting the effective-
ness of zinc ion in osseointegration [11, 12]. Laser-
assisted bonding technique [13] between polymers and
ceramics improve the interfacial adhesion between the
apatite coating and PEEK. However, there has been no
study whether it is effective to promote osteogenesis on
the PEEK disks coated apatite with strontium by using
laser. We heat-fixed SrSiP on the PEEK surface by using
CO2 laser [14]. This technique produced a new type of
PEEK/apatite hybrid without any adhesives, and a bio-
active and osteogenetic PEEK material might be synthe-
sized. Then, in this study, we evaluated whether it
stimulates osteogenesis on the surface of PEEK. The ef-
fects of surface modification were also studied by
in vitro osteogenic cell culture experiments using rat
bone marrow mesenchymal stem cells (BMSCs) [10, 15].

Methods
Preparation of bone marrow cells
All experimental protocols using animals were approved
by the Animal Experimental Review Board of our insti-
tution before the beginning of the experiments. The

animals were housed in a temperature-controlled envir-
onment at approximately 21 °C under a 12-h light/12-h
dark cycle with free access to food and water. A total of
6 Fischer 344 rats weighing 160 g ± 5 g (7 weeks-old,
male) were purchased from SLC Japan, Inc. (Shizuoka,
Japan) for use as donors. The rats were euthanized using
4% isoflurane (Pfizer, Tokyo, Japan), which they inhaled
for 5 min while placed inside a sealed container; in
addition, 50mg/kg pentobarbital (Kyoritsu Seiyaku, Tokyo,
Japan) was injected into their peritoneal cavities. The deaths
of the animals were confirmed based on characteristic fea-
tures such as cardiac arrest, respiratory arrest, and loss of
corneal reflex. BMSCs were obtained by flushing out the
rat femur shafts with 10mL culture medium consisting of
minimal essential medium (Nacalai Tesque, Kyoto, Japan)
containing 15% fetal bovine serum and antibiotics (100 U/
mL penicillin and 100mg/mL streptomycin; Nacalai
Tesque, Kyoto, Japan). The BMSCs were incubated at 37 °C
in a humidified atmosphere containing 5% CO2. And ap-
proximately on day 14, the primary cultured BMSCs were
harvested using a trypsin-ethylenediaminetetraacetic acid
(EDTA) solution (0.25% trypsin, 0.53mM EDTA-4Na;
Nacalai Tesque, Kyoto, Japan) to obtain cell suspension [10,
145]. Cell culture experiments below using this cell suspen-
sion were repeated three times (Supplementary table).
Two rats were needed to obtain the cell suspension for

the single series of the experiment, therefore a total of 6
rats were sacrificed.

Preparation of PEEK disks
PEEK disks (13 mm diameter) were prepared according
to a previous study [14]. First, PEEK disks were coated
with the 6% of hydroxyapatite (HAP), 6% of strontium
hydroxyapatite (SrHAP), 6% of silicate-substituted stron-
tium apatite (SrSiP), or 6% of silicate-zinc-substituted
strontium apatite (SrZnSiP) and dried at room temperature.
Then, the coated surfaces were irradiated by CO2 laser
(3-Axis CO2 Laser Marker ML-Z9510; Keyence, Osaka,
Japan). The output power was 30W and the exposure
energy was adjusted by controlling the scanning speed
and the working distance between the laser output and
the PEEK disks. During the laser exposure, the surface
temperature at the irradiating spot was monitored in
real time by using a high-speed digital pyrometer
(IMPAC IGA6/23 Advanced; LumaSense Technologies
Inc., CA, USA) and analyzed by a digital oscilloscope
(SDS1000CML; Siglent Technologies Co. Ltd., OH,
USA). After laser exposure, the PEEK disks were
washed thoroughly with acetone and dried. Further,
non-coated PEEK disks and laser-exposed PEEK disks
without apatite coating were prepared as the negative
controls. We prepared 6 disks for each group (non-
coated, laser-exposed without apatite coated, HAP,
SrHAP, SrSiP and SrZnSiP).
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Culture on PEEK disks
BMSCs were seeded on the prepared PEEK disks (n = 6
for each group), as mentioned above paragraph, at a
density of 1 × 104 cells/cm2 in 24-well culture plates
(Falcon, BD Biosciences, NJ, USA) and cultured in
osteogenic medium containing 10 nmol/L dexametha-
sone (Dex, Sigma, MO, USA), 0.28 mmol/L l-ascorbic
acid phosphate magnesium salt n-hydrate (AscP, Wako
Pure Chemical Industrials, Kyoto, Japan) and 10mmol/L
β-Glycerol phosphate disodium salt pentahydrate (β-GP,
Sigma, MO, USA) for 14 days in 24-well plates. On day
6, the PEEK disks were transferred to new plates in
order not to be reflected the spilled cells from the PEEK
disks to plates.

Scanning electron microscopy (SEM)/energy dispersive X-
ray spectrometer (EDS)
Scanning electron microscopy (SEM)/energy dispersive
X-ray spectrometer (EDS) observations were made after
laser irradiation and after 14 days of cell culture, as men-
tioned above, in all 6 groups (non-coated, laser-exposed
without apatite coated, HAP, SrHAP, SrSiP and SrZnSiP).
SEM was performed using a low vacuum scanning electron
microscope (SU3500; Hitachi, Tokyo, Japan) equipped with

EDS (Octane Plus; Ametek Inc., PA. USA), with acceler-
ation voltage of 20 kV at 60 Pa [14].

Staining of PEEK disks
After 14 days’ cell culture on each PEEK disk as men-
tioned above, for alkaline phosphatase (ALP) staining
[16], the PEEK disks were rinsed twice with phosphate
buffered saline (PBS), and then stained with naphthol-
AS-MX phosphate sodium salt (Sigma, MO, U.S.A) and
fast red violet LB salt (Nacalai Tesque, Kyoto, Japan) and
0.056 mol/L 2-amino-2-methyl-1,3-propanediol buffer
(AMP buffer, pH 9.9; Wako Pure Chemical Industrials,
Kyoto, Japan) at room temperature for 10 min. The stain
was removed by rinsing with tap water, and the samples
were air-dried.
For alizarin red staining [15], as well as ALP staining,

the PEEK disks were rinsed twice with PBS, and then
stained with Alizarin red S (Nacalai Tesque, Kyoto,
Japan) and PBS at room temperature for 10 min. Subse-
quently, the stained disks were rinsing with tap water
and air-dried.
Furthermore, the strength of staining were compared

between the PEEK disks with osteogenic cells culture
group as mentioned above and the negative control

Fig. 1 ALP staining (a) and Alizarin red S staining (b) on day 14 of cell culture, and ALP staining (c) and Alizarin red S staining (d) on day 14
without cells culture. (i) Non-coated plain PEEK disk (control); (ii) lase-exposed without apatite coating PEEK disk; (iii) 6% HAP coated PEEK disk; (iv)
6% SrHAP-coated PEEK disk; (v) 6% SrSiP-coated PEEK disk; and (vi) 6% SrZnSiP-coated PEEK disk. ALP and Alizarin red S staining were more
strongly positive on the apatite-coated PEEK disks than that on non-coated or laser-exposed without coating PEEK disks (a, b). On the PEEK disks
without cells culture, ALP were not stained on all disks (c). Alizarin red S were not stained on non-coated or laser-exposed without coating PEEK
disks without cells culture, but were positive on the apatite-coated PEEK disks (d)
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groups of the PEEK disks without cells in all 6 groups
(non-coated, laser-exposed without apatite coated, HAP,
SrHAP, SrSiP and SrZnSiP), respectively. The PEEK
disks of negative control group were also cultured in the
osteogenic medium for 14 days in the same manner as
that of the PEEK disks with cells.

Biochemical analysis
The osteocalcin (OC) content of the culture medium
was measured by an ELISA method [17] (DS Pharma
Biomedical, Osaka, Japan) developed in a previous study
[18]. Secreted OC levels were measured on days 8 and
14 and the experiments are repeated three times. The

Fig. 2 SEM/EDS analyses of PEEK surfaces after laser irradiation. a SEM observation before cell culture on the disks: (i) non-coated PEEK, (ii) laser-
exposed without coating PEEK, (iii) HAP-coated PEEK, (iv) SrHAP-coated PEEK, (v) SrSiP-coated PEEK and (vi) SrZnSiP-coated PEEK disks. The
indicated area in the figure were analyzed, and (b) the elemental compositions are shown in the figures. The concentration of apatite in the
coating solution was 6.4 wt%
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culture plates were changed 2 days before collecting
medium samples for analysis (n = 6 for each group) to
reduce the influences of the fallen cells out of the disks.
On days 8 and 14, total calcium content of the culture
medium was measured using the methylxylenol blue
method (Calcium E-test Wako Kit; Wako Pure Chemical

Industrials, Kyoto, Japan) (n = 6 for each group). In the
past study, very high correlation between the estimated
cumulative calcium reduction and the osteogenic activity
in vivo (ALP activity and OC content) was repotted (r >
0.90) [19]. Therefore, since reduced calcium in the cul-
ture medium reflects the amount of calcium deposited,

Fig. 3 SEM/EDS analyses of PEEK surfaces after 14 days of cell culture. a SEM observation after cell culture on the disks: (i) non-coated PEEK, (ii)
laser-exposed without coating PEEK, (iii) HAP-coated PEEK, (iv) SrHAP-coated PEEK, (v) SrSiP-coated PEEK and (vi) SrZnSiP-coated PEEK disks. The
indicated area in the figure were analyzed, and (b) the elemental compositions are shown in the figures. The surfaces were covered with
deposited calcium phosphate and extracellular matrix (ECM). Apatite underneath the deposits was slight detected by SEM (iii-vi), but clearly more
detected than non-coated and laser-exposed without coating PEEK by EDS
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Fig. 4 (See legend on next page.)
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the calcium concentration in the culture medium can be
used as a marker of osteogenesis in tissue-engineered
bone [19].

Gene expression analysis
The gene expression level of OC, ALP, Runt-related
transcription factor-2 (Runx2), collagen type 1a1
(Col1a1), and collagen type 4a1 (Col4a1) were evaluated
[19]. Total RNA was extracted from the cultured cells
(RNeasy Micro Kit (50) 74004; QIAGEN, Hilden,
Germany) and converted to cDNA using oligo-dT
primers (oligo-dT primers (Promega, USA)) according
to the manufacturer’s protocol (n = 3 for each group).
To measure the gene expression levels, real-time quanti-
tative PCR (ABI Step One Plus Real Time PCR System;
Thermo Fisher Scientific, Waltham, MA, USA) was per-
formed using primers as follows. The primers for the
target mRNAs were OC (Rn01455285 g1; Thermo Fisher
Scientific, Waltham, MA, USA), ALP (Rn00564931 m1),
Runx2 (Rn01512298 m1), Col1a1 (Rn01463848 m1),
Col4a1 (Rn01482925 m1), and GAPDH (Rn99999916
s1). The expression levels of each target gene were stan-
dardized with respect to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) mRNA expression level.

Statistical analysis
The results were statistically analyzed using one-way
ANOVA, and post hoc multiple comparisons were per-
formed using Dunnett test with IBM SPSS Statistics 25
(IBM, IL, USA). Statistical significance was set at p <
0.05. The OC and calcium concentrations of laser-
exposed and with or without apatite coating PEEK
groups were compared to the non-coated PEEK group.
Similarly, the mRNA of laser-exposed and with or with-
out apatite coating PEEK groups were compared to the
non-coated PEEK group.

Results
Staining of PEEK disks
As seen in Fig. 1a-b, ALP and Alizarin red S were more
strongly positive on the PEEK disks coated with apatite
compared to non-coated or laser-exposed without

coating PEEK disks. Furthermore, seen in Fig. 1c, disks
were not stained for ALP in all 6 groups without cells.
As for Alizarin red S, seen in Fig. 1d, disks were not
stained on non-coated or laser-exposed without coating
PEEK disks without cells culture, but were positive on
the apatite-coated PEEK disks.

SEM/EDS observation
Figure 2a shows the SEM observations before cell cul-
ture of PEEK disks; only non-coated PEEK wasn’t been
irradiated (Fig. 2a(i)). As shown in the laser-exposed
PEEK disk images (Fig. 2a(ii)-(vi)), the coating layer pre-
sented many cracks. The elemental composition of the
surface determined by EDS analysis (Fig. 2b) showed
only trace amounts of carbon.
Figure 3a shows the SEM observations of the surface

of the PEEK disks after 14 days of cell culture. The disk
surfaces were covered with a thick layer of deposits pro-
duced during cell proliferation. EDS analysis (Fig. 3b(iii)-
(vi)) confirmed extensive deposition of CaP via the bio-
mineralization process, especially in HAP and SrZnSiP-
coated PEEK disks.

Biochemical analysis
The concentration of OC in the culture medium was
not significantly different among the groups on day 8,
but on day 14, the concentration increased in all groups
(Fig. 4a). Furthermore, compared to the non-coated
group, the OC concentration was significantly higher in
the SrHAP, SrSiP, and SrZnSiP groups on day 14 (Fig. 4a).
Similarly, the calcium concentration in the culture

medium was not significantly different among the
groups on day 8. On day 14, the concentration of cal-
cium in the apatite-coated groups tended to decrease in
contrast with the non-coated and laser-exposed without
apatite coating groups (Fig. 4b). The concentration of
calcium on day 14 was significantly lower in the HAP,
SrHAP, SrSiP, and SrZnSiP groups than in the non-
coated group (Fig. 4b). These results indicate enhanced
consumption of calcium ions by osteoblast cells cultured
on the apatite-coated PEEK disks.

(See figure on previous page.)
Fig. 4 OC and calcium concentration in culture medium (n = 6 for each group). a OC concentration in each group on day 8 and day 14. The
comparison with non-coated PEEK (control group). There were no significant differences among the groups on day 8, but on day 14, the
concentration of OC increased in all groups. Compared to the control group (non-coated group), the OC concentration was significantly higher
in the SrHAP, SrSiP, and SrZnSiP groups on day 14. Data are shown as the mean ± SD. Asterisk indicates p < 0.05 vs. non-coated PEEK group. b
Calcium concentration in each group on day 8 and day 14. The comparison with non-coated PEEK (control group). The concentration of calcium
was determined on day 8 and on day 14. There were no significant differences among groups on the day 8, but the calcium concentration in
the apatite-coated groups tended to decrease on day 14. Compared to the control group (non-coated group), the calcium concentration was
significantly lower in the HAP, SrHAP, SrSiP, and SrZnSiP groups on the day 14. Data are shown as the mean ± SD. Asterisk indicates p < 0.05 vs.
non-coated PEEK group
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Fig. 5 mRNA expression in the culture medium on day 14 (n = 3 for each group). a Expression of (i) OC, (ii) ALP, and (b) expression of (i) Runx2,
(ii) Col1a1, (iii) Col4a1. The expression of OC mRNA in SrHAP, SrSiP and SrZnSiP group and the expression of ALP mRNA in the SrZnSiP group
were significantly higher than that in non-coated PEEK group. However, there was no significant difference with respect to Runx2, Col1a1 and
Col4a1 mRNA expressions. Data are shown as the mean ± SD. Asterisk indicates p < 0.05

Kawasaki et al. BMC Musculoskeletal Disorders          (2020) 21:692 Page 8 of 11



Gene expression analysis
We performed osteogenic gene expression analysis on
day 14 and found that the OC and ALP gene expression
in the SrZnSiP group was significantly higher than in
the non-coated PEEK group (Fig. 5a). However, the
level of Runx2, Col1a1, and Col4a1 expression was the
same in all groups compared to the non-coated PEEK
group (Fig. 5b).

Discussion
PEEK was developed in the UK in 1987, and Brantigan
et al. [20] reported carbon-reinforced PEEK as a material
for lumbar interbody cages in 1991. PEEK has been
widely used because of its high biocompatibility, radio-
lucency, and elasticity properties, which are more similar
to those of natural bone compared to metal materials.
However, some issues have been pointed out in terms of
osseointegration. Therefore, it is important to develop a
technique to provide PEEK with suitable surface proper-
ties to enhance osseointegration. Collectively, the results
of this study revealed that laser bonding of apatite coat-
ing on PEEK surface might provide osseointegration to
PEEK.
Some PEEK surface modifications have been reported,

and these include physical treatment, chemical treat-
ment, and surface coating. Briem et al. treated the PEEK
surface with plasma and reported differentiation of pri-
mary fibroblasts and osteoblasts on the plasma-treated
PEEK [21]. After this study, other types of plasma have
been reported, such as oxygen plasma [22, 23] and oxy-
gen/argon plasma [24]. Khoury et al. employed the ac-
celerated neutral atom beam technique [25, 26], which
successfully enhanced the surface bioactivity of PEEK
without modification of the surface chemistry. Further-
more, laser-assisted biomimetic process [27] and vac-
uum plasma spray coating [7] were reported.
Various materials have been deposited on the surface

of PEEK to enhance osseointegration; these include
apatite (including HAP), titanium (Ti), and gold, among
others. The most commonly material used as a coating
for PEEK is HAP, and many studies have consistently
shown that HAP typically exhibits excellent biocompati-
bility, bioactivity, and osteoconduction in vivo [28, 29].
In our study with the laser bonding technique [14], a

strong bonding between apatite and PEEK surface was
achieved without any adhesives and produced a new type
of PEEK/apatite hybrid with bioactive and osteogenetic
PEEK material. Furthermore, the trace elements’ ions in
the apatite layer, i.e., strontium, silicon, and zinc, might
promote osteogenesis around PEEK disks probably as a
result of the bioactivity of these apatites. The results of
ALP staining (with cells vs without cells) indicate that
apatite coating might be able to promote bone formation
on the PEEK disks. On the other hand, the positive

staining of Alizarin red S of the control without cells
might be attributed by the calcium ion for HAP or
strontium ion for SrHAP, SrSiP and SrZnSiP, respect-
ively, contained in the coating apatite itself. Indeed, the
manufacture’s instruction for Alizarin red S staining in-
dicates that metal elements other than calcium, such as
strontium, cause the positive staining. Strontium en-
hances the secretion of osteoprotegerin and inhibits the
differentiation of osteoclasts [30]. Silicon not only stimu-
lates bone formation in osteoblasts, but also has inhibi-
tory effects on osteoclasts [31]. Furthermore, silicon is
known to enhance the bioactivity and osteogenic properties
of materials [32, 33]. Zinc enhances the anti-osteoclastic ef-
fect of phytoestrogens and may limit aspects of their ana-
bolic action on bone matrix formation [34]. The results of
this study indicate that each apatite including strontium,
zinc, and silicon might be able to promote bone formation.
There are several limitations to this study. First, bio-

mechanical evaluation of the laser bonding has not been
performed. In the future, we will evaluate the coating
biomechanical properties and further test them using
in vivo experimental models in accordance with the rele-
vant guidelines. Second, the amount of apatite on the
PEEK disk has not been measured. We should apply the
same coating technique consistently and to accurately
evaluate the quality of the coating. The lack of uniform-
ity in the laser coating would cause the data variations.
From this study, we indicated SrZnSiP might be the best
apatite to promote bone formation. Therefore, in the fu-
ture, we’re going to study how to coat uniform SrZnSiP
laser coating. Third, there is no evidence for elution of
trace elements’ ion from the apatite layer. We should in-
vestigate it next. Finally, it is necessary to investigate fur-
ther whether there is any related adverse event.

Conclusion
This study suggests that strontium apatite bonded by
using the CO2 laser on PEEK surface might be a tech-
nique providing it with surface properties for better
osteogenesis. Among them, SrZnSiP would be the best
apatite to promote bone formation. As a result, there is
a possibility that this technique might lead to better out-
comes in surgery.

Supplementary information
Supplementary information accompanies this paper at https://doi.org/10.
1186/s12891-020-03716-1.

Additional file 1.

Abbreviations
ALP: Alkaline phosphatase; BMSCs: Bone marrow mesenchymal cells;
Col1a1: Collagen type 1a1; Col4a1: Collagen type 4a1; ECM: Extracellular
matrix; EDS: Energy dispersive X-ray spectrometer;
EDTA: Ethylenediaminetetraacetic acid; GAPDH: Glyceraldehyde-3-phosphate

Kawasaki et al. BMC Musculoskeletal Disorders          (2020) 21:692 Page 9 of 11

https://doi.org/10.1186/s12891-020-03716-1
https://doi.org/10.1186/s12891-020-03716-1


dehydrogenase; HAP: Hydroxyapatite; OC: Osteocalcin; PBS: Phosphate
buffered saline; PEEK: Polyether-ether-ketone; qPCR: Quantitative polymerase
chain reaction; Runx2: Runt-related transcription factor 2; SD: Standard
deviation; SEM: Scanning electron microscopy; SrHAP: Strontium
hydroxyapatite; SrSiP: Silicate-substituted strontium; SrZnSiP: Silicate-zinc-
substituted strontium apatite; Ti: Titanium

Acknowledgments
We would like to thank Fumika Kunda and Miya Matsumura (Nara Medical
University Faculty of Medicine, Japan) for their technical assistance.

Authors’ contributions
SK performed the experiments and wrote the original draft; YI analyzed the
results and edited the manuscript; MA conceived the experimental design,
analyzed the results and managed the project; AF conceived the
experimental design, developed and prepared the materials, analyzed the
results and wrote the original draft; SH conceived the experimental design
and analyzed the results and YT conceived the experimental design and
managed the project. All authors read and approved the final manuscript.

Funding
This work was supported by Japan Agency for Medical Research and
Development (AMED). The funding body had no role in the study design,
the collection, analysis and interpretation of data, in the preparation of the
manuscript and in the decision to submit the manuscript for publication.

Availability of data and materials
The datasets used during the present study are available from the
corresponding author on reasonable request.

Ethics approval and consent to participate
This study was approved by the Institutional Review Board of Nara Medical
University, and all experimental protocols using animals were approved by
the Animal Experimental Review Board of Nara Medical University before the
beginning of the experiments. The consent to participate is not applicable
for this study.

Consent for publication
The Consent for publication is not applicable for this study.

Competing interests
The authors declare that they have no competing interests.

Author details
1Department of Orthopaedic Surgery, Nara Medical University, Shijocho 840,
Kashihara, Nara 634-8522, Japan. 2Department of Health and Welfare Services,
National Institute of Public Health, South 2-3-6, Wako, Saitama 351-0197,
Japan.

Received: 13 March 2020 Accepted: 13 October 2020

References
1. Kurtz SM, Devine JN. PEEK biomaterials in trauma, orthopedic, and spinal

implants. Biomaterials. 2007;28:4845–69.
2. Yang JJ, Yu CH, Chang BS, Yeom JS, Lee JH, Lee CK. Subsidence and

nonunion after anterior cervical interbody fusion using a stand-alone
polyetheretherketone (PEEK) cage. Clin Orthop Surg. 2011;3:16–23.

3. Ma R, Tang T. Current strategies to improve the bioactivity of PEEK. Int J
Mol Sci. 2014;15:5426–45.

4. Kienle A, Graf N, Wilke HJ. Does impaction of titanium-coated interbody
fusion cages into the disc space cause wear debris or delamination? Spine
J. 2016;16:235–42.

5. Najeeb S, Khurshid Z, Matinlinna JP, Siddiqui F, Nassani MZ, Baroudi K.
Nanomodified peek dental implants: bioactive composites and surface
modification-a review. Int J Dent. 2015;2015:381759.

6. Johansson P, Jimbo R, Kjellin P, Currie F, Chrcanovic BR, Wennerberg A.
Biomechanical evaluation and surface characterization of a nano-modified
surface on PEEK implants: a study in the rabbit tibia. Int J Nanomedicine.
2014;9:3903–11.

7. Cheng BC, Koduri S, Wing CA, Woolery N, Cook DJ, Spiro RC. Porous
titanium-coated polyetheretherketone implants exhibit an improved bone-
implant interface: an in vitro and in vivo biochemical, biomechanical, and
histological study. Med Devices (Auckl). 2018;11:391–402.

8. Tao ZS, Bai BL, He XW, Liu W, Li H, Zhou Q, et al. A comparative study of
strontium-substituted hydroxyapatite coating on implant's osseointegration
for osteopenic rats. Med Biol Eng Comput. 2016;54:1959–68.

9. Porter AE, Buckland T, Hing K, Best SM, Bonfield W. The structure of the
bond between bone and porous silicon-substituted hydroxyapatite
bioceramic implants. J Biomed Mater Res A. 2006;78:25–33.

10. Egawa T, Inagaki Y, Akahane M, Furukawa A, Inoue K, Ogawa M, et al.
Silicate-substituted strontium apatite nano coating improves osteogenesis
around artificial ligament. BMC Musculoskelet Disord. 2019;20:396.

11. Seo HJ, et al. Zinc may increase bone formation through stimulating cell
proliferation, alkaline phosphatase activity and collagen synthesis in
osteoblastic MC3T3-E1 cells. Nutr Res Pract. 2010;4(5):356–61.

12. Yu J, et al. Zinc-modified calcium silicate coatings promote Osteogenic
differentiation through TGF-beta/Smad pathway and Osseointegration in
Osteopenic rabbits. Sci Rep. 2017;7(1):3440.

13. Tamrin KF, Nukman Y, Zakariyah SS. Laser lap joining of dissimilar materials
– a review of factors affecting joint strength. Mater Manuf Process. 2013;
28(8):857–71.

14. Furukawa A, Akahane M, Tanaka Y. CO2 laser bonding of silicate-substituted
strontium apatite on PEEK and osteointegration on its surface. Key Eng
Mater. 2018;782:145–50.

15. Ohgushi H, Dohi Y, Katuda T, Tamai S, Tabata S, Suwa Y. In vivo bone
formation by rat marrow cell culture. J Biomed Mater Res. 1996;32:
333–40.

16. Ohgushi H, Dohi Y, Yoshikawa T, Tamai S, Tabata S, Okunaga K, et al.
Osteogenic differentiation of cultured marrow stromal stem cells on the
surface of bioactive glass ceramics. J Biomed Mater Res. 1996;32:341–8.

17. Akahane M, Nakamura A, Ohgushi H, Shigematsu H, Dohi Y, Takakura Y.
Osteogenic matrix sheet-cell transplantation using osteoblastic cell sheet
resulted in bone formation without scaffold at an ectopic site. J Tissue Eng
Regen Med. 2008;2:196–201.

18. Nakamura A, Dohi Y, Akahane M, Ohgushi H, Nakajima H, Funaoka H, et al.
Osteocalcin secretion as an early marker of in vitro osteogenic
differentiation of rat mesenchymal stem cells. Tissue Eng Part C Methods.
2009;15:169–80.

19. Tanikake Y, Akahane M, Furukawa A, Tohma Y, Inagaki Y, Kira T, et al.
Calcium concentration in culture medium as a nondestructive and rapid
marker of osteogenesis. Cell Transplant. 2017;26:1067–76.

20. Brantigan JW, Steffee AD, Geiger JM. A carbon fiber implant to aid
interbody lumbar fusion: Mechanical testing. Spine (Phila Pa 1976). 1991;16:
S277–82.

21. Briem D, Strametz S, Schröder K, Meenen NM, Lehmann W, Linhart W, et al.
Response of primary fibroblasts and osteoblasts to plasma treated
polyetheretherketone (PEEK) surfaces. J Mater Sci Mater Med. 2005;16:671–7.

22. Brydone AS, Morrison DSS, Stormonth-Darling J, Meek RDM, Tanner KE,
Gadegaard N. Design and fabrication of a 3D nanopatterned PEEK implant for
cortical bone regeneration in a rabbit model. Eur Cells Mater. 2012;24:2019.

23. Durham JW 3rd, Montelongo SA, Ong JL, Guda T, Allen MJ, Rabiei A.
Hydroxyapatite coating on PEEK implants: biomechanical and histological
study in a rabbit model. Mater Sci Eng C Mater Biol Appl. 2016;68:723–31.

24. Waser-Althaus J, Salamon A, Waser M, Padeste C, Kreutzer M, Pieles U, et al.
Differentiation of human mesenchymal stem cells on plasma-treated
polyetheretherketone. J Mater Sci Mater Med. 2014;25:515–25.

25. Khoury J, Kirkpatrick SR, Maxwell M, Cherian RE, Kirkpatrick A, Svrluga RC.
Neutral atom beam technique enhances bioactivity of PEEK. Nucl Instrum
Methods Phys Res, Sect B. 2013;307:630–4.

26. Khoury J, Maxwell M, Cherian RE, Bachand J, Kurz AC, Walsh M, et al.
Enhanced bioactivity and osseointegration of PEEK with accelerated neutral
atom beam technology. J Biomed Mater Res B Appl Biomater. 2017;105:
531–43.

27. Oyane A, Nakamura M, Sakamaki I, Shimizu Y, Miyata S, Miyaji H. Laser-
assisted wet coating of calcium phosphate for surface-functionalization of
PEEK. PLoS One. 2018;13:e0206524.

28. Roeder RK, Converse GL, Kane RJ, Yue W. Hydroxyapatite-reinforced polymer
biocomposites for synthetic bone substitutes. JOM. 2008;60:38–45.

29. Thamaraiselvi TV, Rajeswari S. Biological evaluation of bioceramic
materials—a review. Trends Biomater Artif Organs. 2004;18:9–17.

Kawasaki et al. BMC Musculoskeletal Disorders          (2020) 21:692 Page 10 of 11



30. Peng S, Zhou G, Luk KD, Cheung KM, Li Z, Lam WM, et al. Strontium
promotes osteogenic differentiation of mesenchymal stem cells through
the Ras/MAPK signaling pathway. Cell Physiol Biochem. 2008;23:165–74.

31. Beck GR Jr, Ha SW, Camalier CE, Yamaguchi M, Li Y, Lee JK, et al. Bioactive
silica-based nanoparticles stimulate bone-forming osteoblasts, suppress
bone-resorbing osteoclasts, and enhance bone mineral density in vivo.
Nanomedicine. 2012;8:793–803.

32. Vallet-Regi M, Arcos D. Silicon substituted hydroxyapatites. A method to
upgrade calcium phosphate based implants. J Mater Chem. 2005;15:1509–16.

33. Camire CL, Saint-Jean SJ, Mochales C, Nevsten P, Wang JS, Lidgren L, et al.
Material characterization and in vivo behavior of silicon substituted alpha-
tricalcium phosphate cement. J Biomed Mater Res B Appl Biomater. 2006;
76:424–31.

34. Karieb S, Fox SW. Zinc modifies the effect of phyto-oestrogens on osteoblast
and osteoclast differentiation in vitro. Br J Nutr. 2012;108:1736–45.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Kawasaki et al. BMC Musculoskeletal Disorders          (2020) 21:692 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Preparation of bone marrow cells
	Preparation of PEEK disks
	Culture on PEEK disks
	Scanning electron microscopy (SEM)/energy dispersive X-ray spectrometer (EDS)
	Staining of PEEK disks
	Biochemical analysis
	Gene expression analysis
	Statistical analysis

	Results
	Staining of PEEK disks
	SEM/EDS observation
	Biochemical analysis
	Gene expression analysis

	Discussion
	Conclusion
	Supplementary information
	Abbreviations
	Acknowledgments
	Authors’ contributions
	Funding
	Availability of data and materials
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Author details
	References
	Publisher’s Note

