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Synergistic effect of sulfonation 
followed by precipitation 
of amorphous calcium phosphate 
on the bone‑bonding strength 
of carbon fiber reinforced 
polyetheretherketone
Yusuke Takaoka 1*, Shunsuke Fujibayashi 1, Takeshi Yabutsuka 2, Yuya Yamane 2, 
Chihiro Ishizaki 2, Koji Goto 1, Bungo Otsuki 1, Toshiyuki Kawai 1, Takayoshi Shimizu 1, 
Yaichiro Okuzu 1, Kazutaka Masamoto 1, Yu Shimizu 1, Makoto Hayashi 1, Norimasa Ikeda 1 & 
Shuichi Matsuda 1

Sulfonation and applications of amorphous calcium phosphate are known to make 
polyetheretherketone (PEEK) bioactive. Sulfonation followed by precipitation of amorphous calcium 
phosphate (AN-treatment) may provide PEEK with further bone-bonding strength. Herein, we 
prepared a carbon-fiber-reinforced PEEK (CPEEK) with similar tensile strength to cortical bone and 
a CPEEK subjected to AN-treatment (CPEEK-AN). The effect of AN-treatment on the bone-bonding 
strength generated at the interface between the rabbit’s tibia and a base material was investigated 
using a detaching test at two time-points (4 and 8 weeks). At 4 weeks, the strength of CPEEK-AN was 
significantly higher than that of CPEEK due to the direct bonding between the interfaces. Between 4 
and 8 weeks, the different bone forming processes showed that, with CPEEK-AN, bone consolidation 
was achieved, thus improving bone-bonding strength. In contrast, with CPEEK, a new bone was 
absorbed mainly on the interface, leading to poor strength. These observations were supported by 
an in vitro study, which showed that pre-osteoblast on CPEEK-AN caused earlier maturation and 
mineralization of the extracellular matrix than on CPEEK. Consequently, AN-treatment, comprising 
a combination of two efficient treatments, generated a synergetic effect on the bonding strength of 
CPEEK.

Polyetheretherketone (PEEK) is a high-performance engineering plastic with exceptional resistance to chemicals, 
wear, and fatigue. In addition, because of its mechanical properties and biocompatibility, it is used as an orthope-
dic implant1–3. Radiolucency, one of its most attractive characteristics, enables clear interpretation of postopera-
tive medical images2,3. Furthermore, according to the circumstances, PEEK can change its tensile strength to the 
desired strength by carbon-fiber reinforcement, and the tensile strength of 50% carbon-fiber-reinforced PEEK 
(CPEEK) is about 120 MPa and close to that of cortical bones4–6. Therefore, it potentially resolves the problem 
caused by gaps in tensile strength between implants and bones, for example, stress shielding7–9, (often seen when 
metallic implants are used), and the weakness of pure PEEK material.

Because of its chemical inertness, PEEK is not bioactive. Therefore, various treatments have been used to 
achieve osseointegration with PEEK9–12. Among them, sulfonation9,11,13–16 and applications of amorphous calcium 
phosphate (ACP)17–19 are popular treatments for gaining bone-bonding strength in PEEK implants. Sulfonation, 
acid-etching by immersion in sulfuric acid, changes the surface topography and gives proton conductivity to the 
benzene rings of PEEK13,20 for chemical bonding with other compounds, including ACP17. Despite the advantage 
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of sulfuric acid immersion in changing the surface topography, including pore size, it may be a disadvantage for 
this treatment. If the immersion time is too long, it harms the human body because of the residual sulfuric acid 
on the substrates13,14,21. Additionally, it damages PEEK itself and weakens its material strength14,21.

Alternatively, ACP is used as coatings and cement for orthopedic and dental applications17. ACP is an inter-
mediate phase that precipitates from a highly supersaturated calcium phosphate solution and converts easily to a 
stable crystalline phase. ACP is already known to precipitate on the surface of materials in solution with Ca+ and 
PO4

3− by increasing the pH and temperature of the solution17,22. It has better conductivity and biodegradability 
than hydroxyapatite and tricalcium phosphate18. In this way, ACP is expected to not only overcome the major 
drawbacks of the excellent method, sulfuric acid treatment, but also extend its advantages. In this study, we 
focused on both treatments and tried to combine them for a synergetic effect. AN-treatment involves short-time 
sulfonation and glow discharging followed by precipitation of ACP produced by immersion in modified simulated 
body solution (SBF), dubbed “apatite nuclei”, developed for better bone-bonding strength23–25. Modified SBF 
identified in previous studies to search for the ideal SBF for better apatite deposition on CPEEK23.

When implants are embedded in a living body, fibrous tissues form on its surface, interfering with the direct 
bonding with the bone9,12. This encapsulation, sometimes seen as a radiolucent line in the post-operative X-ray, 
results in the failure of implantation caused by aseptic loosening26. Furthermore, thick layers of fibrous tissues 
are unsuitable for weight translation26. Additionally, this encapsulation site can become the site of inflamma-
tory responses to fine particles caused by the wear of the implant, for example, the bearing surface of artificial 
joints27. Ideally, the integration without encapsulation between the base material and new bone will improve 
bone-bonding strength and resolve these problems.

Bone-bonding strength is essential for osseointegration in vivo to get rigid fixation during functional loading. 
This is achieved by ossification, based on the delicate balance between bone formation and resorption, which 
changes with time28 and requires two time-points evaluations. Therefore, this study aimed to measure the inter-
facial bone-bonding strength at two time-points (4 and 8 weeks after implantation), with CPEEK and CPEEK-
AN, to evaluate the effect of AN-treatment on the PEEK interface. Furthermore, we investigated the factors in 
an in vitro study that may influence the differences in bone-bonding strength, with and without the treatment.

Results
Substrates.  Surface characteristics.  There was no obvious difference between CPEEK and CPEEK-AN 
substrates; however, that of CPEEK-AN looked slightly white (Fig. 1). A sequential procedure, including immer-
sion in sulfuric acid twice for 4 s, exposing glow disposing, and immersion in modified SBF (Table 1) for 24 h 
changed the surface (Fig. 2). From the scanning electron microscopy (SEM) observation (Fig. 3a), the CPEEK 
surface was changed to a complicated porous structure by sulfonation. This porous structure possessed various 
shapes and diameters to 800 nm, as shown in Fig. 3. The surface after AN-treatment was almost covered with the 
precipitate of apatite nuclei (Fig. 3a); this was confirmed by the X-ray photoelectron spectroscopy (XPS) profile, 
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Figure 1.   Photographs of the substrates (CPEEK, CPEEK-AN) for in vivo and in vitro study. White bar 
indicates 15 mm.
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as shown in Fig. 4a. Although CPEEK-AN showed peaks intensity in Ca2p and P2p derived from calcium (Ca) 
and phosphorus (P), respectively, no peaks were observed for CPEEK other than C1s derived from O=C–O. 
Additionally, the peak derived from S–O, which expresses the presence of sulfuric acid, observed in sulfonated 
CPEEK was weakened in CPEEK-AN. The water contact angle showed that this treatment improved wettability 
(Fig. 4b). A detailed evaluation of the properties of these materials has been reported in previous studies.

Evaluation of the apatite‑forming ability.  After soaking in SBF29 (Table 1) for 1 day, apatite formation was con-
firmed on the surface of CPEEK-AN, whereas almost no deposition was observed on other substrates (Fig. S1). 
This study was performed before the in vivo and in vitro experiments; we compared CPEEK and CPEEK-AN 
based on the results. The sulfonated CPEEK was not included in subsequent experiments.

In vivo study.  Bone‑bonding strength evaluation by the detaching test.  The extracted blocks were obtained 
from the femur of rabbits to evaluate the interfacial bone-bonding strength between bones and substrates with 
the apparatus (Fig. 5a–c). As shown in Fig. 5d the average failure loads obtained from each group (CPEEK in 

Table 1.   Amounts of dissolved reagent in the preparation of 1 dm3 SBF and modified-SBF.

Reagent

Dissolved amount or volume in 
1 dm3

SBF Modified SBF

NaCl 137 mmol·dm−3 –

NaHCO3 4.17 mmol·dm−3 –

KCl 3.00 mmol·dm−3 –

K2HPO4·3H2O 1.31 mmol·dm−3 1.31 mmol·dm−3

MgCl2·6H2O 1.72 mmol·dm−3 1.72 mmol·dm−3

1 mol·dm−3 HCl 35 cm3·dm−3 35 cm3·dm−3

CaCl2 2.50 mmol·dm−3 2.50 mmol·dm−3

Na2SO4 0.50 mmol·dm−3 –

Figure 2.   Schematic diagram of the fabrication process for CPEEK-AN, and its magnification, as well as the 
reaction equation for sulfonation. Emphasis of H in –SO3H expresses the proton conductivity.
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week 4, CPEEK-AN in week 4, CPEEK in week 8, and CPEEK-AN in week 8) were 3.25 ± 2.3N, 12.5 ± 6.1 N, 
3.13 ± 2.0 N, and 28.7 ± 7.3 N, respectively. Four weeks after implantation, the AN-treatment significantly im-
proved the bonding strength of the CPEEK. Furthermore, the strength of CPEEK-AN improved significantly 
between 4 and 8 weeks, whereas that of CPEEK was insignificant during this term.

Radiological evaluation with μ‑CT.  New bone, defined as the bone in the intramedullary area within 1 mm 
width from the surface of the base material, was assessed with µ-CT (Fig. 5e,f). Bone volume/total volume (BV/
TV) and consolidation indicators, including bone mineral density (BMD), trabecular thickness (Trab.Th), and 
bone surface/bone volume (BS/BV), were calculated. Trab.Th was thicker with decreased BS/BV (Fig. S2). At 
4 weeks, BV/TV for CPEEK-AN was significantly higher than that for CPEEK (CPEEK 20.3 ± 5.2 N, CPEEK-
AN 30.6 ± 9.9 N); however, other consolidation indicators showed no significant difference between the two 
(Fig. 5g–j). Interestingly, BV/TV at 8 weeks for both substrates decreased as time passed (Fig. 5g); however, the 
value for CPEEK-AN was still higher than that for CPEEK (CPEEK 12.9 ± 4.1 N, CPEEK-AN 22.8 ± 8.0 N). In 
contrast, other consolidation indicators for CPEEK-AN improved at 8 weeks, and BMD and Trab.Th with and 
without treatments showed a significant difference.

Histological evaluation.  Four slices from each extracted block were used to assess the bone-implant contact 
(BIC) ratio determined by the contact between bone and substrates (Fig. 5k,l). BIC ratios were approximately the 
same at 4 weeks for both groups, as shown in Fig. 5m. In contrast, at 8 weeks, the BIC ratio of CPEEK changed 
significantly, and that of CPEEK-AN was unchanged.

The interfacial evaluation between new bone and substrates.  µ-CT images and the almost corresponding histo-
logical images were prepared for overall evaluation of the interface between the bone and each substrate (Fig. 6). 
At 4 weeks, both CPEEK and CPEEK-AN formed woven bone. However, CPEEK-AN exhibited more woven 
bone far from substrates than CPEEK. At 8 weeks, the woven bone for CPEEK-AN matured, whereas that for 
CPEEK disappeared. To further understand whether integration had been achieved, the images with three 
devices (μ-CT, histological assessment, and SEM) were obtained with higher magnification, showing different 
insights into the bone-implant interfaces (Fig. 7a,b). Under high magnification with SEM, we observed a gap 
of < 10 µm, caused by the absence of integration, in the sample for CPEEK (Fig. 7c); however, this gap was absent 
for CPEEK-AN (Fig. 7d). Energy-dispersive X-ray (EDX) analysis showed two patterns of this gap implying the 
absence of integration. One is the gap with no Ca or P, and the other is the layer with properties of carbon, Ca, 
and P seen as a residual apatite nuclear or supposedly middle progress during ossification (Fig. 7c). “Conversely, 
the line analysis (Fig. 7e) suggested that no clear gap was observed between CPEEK and newly formed bone”.

Tartrate‑resistant acid phosphatase (TRAP) and alkaline phosphatase staining (ALP) co‑staining assay for new 
bones.  The presence of TRAP-positive cells indicated that bone resorption was proceeding. Newly formed 
bone on CPEEK-AN 4 weeks after implantation, which was partly stained with ALP, possessed osteocytes in 
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Figure 3.   (a) SEM photographs showing the surface of CPEEK, sulfonated PEEK, and CPEEK-AN. (b) 
Characterization of pores formed on the sulfonated PEEK.
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each bone lacunae, and TRAP-positive cells were observed on them (Fig. 7f). Similarly, this was observed on 
CPEEK, and osteoclastic bone resorption for both substrates started even at 4 weeks.

In vitro study.  Cell adhesion on substrates.  At first glance, the cell morphology of mouse pre-osteoblasts 
MC3T3-E1 on CPEEK and CPEEK-AN appeared identical (Fig. 8a). However, for CPEEK, the cells spread their 
cytoplasmic protrusions to the lumpy portion caused by incorporated carbon fiber. For a while, the cells on 
CPEEK-AN had numerous filamentous pseudopodia from lamellipodia connected directly to apatite nuclei.

Cell migration after seeding.  MC3T3-E1 cells migrated for 24 h on CPEEK-AN, and their motions on CPEEK-
AN were more active than on CPEEK, as shown in Fig. 8b–d. However, the total migration lengths on CPEEK 
and CPEEK-AN were almost equal (Fig. S3). In addition, the maximum velocity on CPEEK-AN was larger than 
on CPEEK; however, the difference was insignificant (P value = 0.24). (Fig. S4). Conversely, the CPEEK- AN cells 
at the end were significantly farther from the first position than CPEEK cells, as shown in Fig. 8b–d and Fig. S5.

Cell proliferation on substrates.  The proliferation of MC3T3-E1 cells after 1, 2, and 3 weeks of seeding were 
evaluated with the CCK-8 assay spectrometrically and cell counting by stained cell nuclei number (Fig. 8e,f). 
The results of both assays were similar and showed a significantly large number of CPEEK-AN cells at every 
time point compared to CPEEK cells. Particularly, 1 week after culturing, approximately twice the number of 
CPEEK-AN cells were observed. Until 2  weeks, the cell proliferation on CPEEK-AN was rapid; however, it 
suddenly slowed down after 2 weeks. In contrast, cells on CPEEK gradually proliferated after 1 week and kept 
growing until 3 weeks.

Figure 4.   Surface characteristics. (a) XPS narrow spectra around the binding energy of C1s, Ca2p, P2p, and 
S2p on the surface of CPEEK, sulfonated PEEK (S-CPEEK), and CPEEK-AN. (b) Water contact angle measured 
with a contact angle meter. The symbol ‘**” indicates p < 0.01.
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Figure 5.   In vivo study. (a) Schematic illustration of a Japanese white rabbit and the removed femur and tibia 
bones which includes the substrate after sacrifice. (b) The extracted block, cut from the tibia bone, including 
a substrate. (c) The apparatus for the detaching test. (d,e) Reconstruction of a 3D model using around 1500 
μ-CT image slices taken from the extracted block. 3D-model shows new bone (blue), within 1 mm on the 
surface of the substrate (purple). (f) An illustration depicting a region in contact vs the one not in contact. (g) 
Four histological slices taken from the block. (h) Bonding strength. (i) Bone volume/total volume (BV/TV, %), 
(j) mean bone mineral density (Mean BMD, g cm−3). (k) Trabecular thickness (Trab. Th, mm2), and (l) bone 
surface/bone volume (BS/BV, %), based on (d,e) evaluation. (m) Bone-implant contact (BIC) ratio (%), based (f) 
quantification. The symbol ‘‘*” indicates p < 0.05 and ‘‘**” indicates p < 0.01.
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ALP activity.  The ALP activity was significantly higher for CPEEK than for the normalized total amount of 
proteins (Fig. 9a). At 3 weeks after seeding, intracellular ALP activities on CPEEK were about twice as high as 
those on CPEEK-AN.

Evaluation of extracellular matrix (ECM) maturation.  MC3T3-E1 cells secreted more collagen and glycosami-
noglycan (GAG) and deposited more Ca on CPEEK-AN than on CPEEK (Fig. 9b–d). The surface of CPEEK-AN 
was completely covered with collagen fibers compared to that of CPEEK (Fig. 9e). GAG was secreted five times 
more for CPEEK-AN than for CPEEK. Additionally, CPEEK-AN demonstrated significant mineralization at 
3 weeks, with the Ca nodules plumper than those found on CPEEK (Fig. 9f).

Discussion
Bone-bonding strength was improved by the AN-treatment, which comprises a combination of sulfonation and 
ACP application. In addition, based on SEM observation, CPEEK and the new bone were integrated, and the 
bonding was strengthened over time.

Sulfonation treatment for PEEK is widely used to improve osteoconductivity11,15. However, prolonged immer-
sion of PEEK in sulfuric acid results in residual sulfuric acid on the substrates13,14,21, which changes its mechanical 
property14,21. In our study, the immersion time is totally 4 s, the shortest time among all studies conducted thus 
far, although performing this process manually can lead to time reproducibility problems. Consequently, the 
residual sulfuric acid accumulation was significantly suppressed, as shown in Fig. 4a. in addition, there were a 
few structural changes; the size of the formed pore was < 1 μm (Fig. 3b). Therefore, the effect on the substrate 
was considered small. Furthermore, apatite nuclei were precipitated in a time- and cost-effective manner, taking 
advantage of perfluorosulfonates generated by sulfonation. Notably, the sulfonated CPEEK surface is negatively 
charged, and positively charged ions, including Ca2+, are likely incorporated while small amount of other ions, 
including Mg+, are included. In addition, it has been shown that glow discharging improves hydrophilicity, and 
increases the ACP deposition23. Consequently, ACP was efficiently precipitated. TF-XRD profile and FT-IR spec-
trum in the previous study showed that this ACP, with extremely low crystallinity, has good apatite-forming abil-
ity for only one day in SBF23–25. Additionally, the adhesive strength of these apatite nuclei against the substrates 
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Figure 6.   Interfacial evaluation1. Micro-CT images and the corresponding histological images of the specimen 
at 4 and 8 weeks after surgeries.
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was strengthened by the small porous structure produced by sulfonation25. This way, two efficient treatments 
were combined for a synergetic effect.

Bone-bonding strength is essential for clinical use in a rigorous loading environment. Hench et al. insisted that 
three types of bonding could occur at the interface: mechanical, physical, and chemical30. Among them, previ-
ous studies indicated that mechanical strength was the dominant factor12,31, produced by 300 to 1100 µm-scale 
porous topology12,14,15,31,32. Compared to nano- and micro-scale surface features (example, < 1-µm scale porous 
or rough), larger-scale (example, 300 to 1100 µm-scale porous) features facilitate bone ingrowth into the cavity, 
and large volumes of bone result in greater interlocking33,34. However, osseointegration attained through this 
mechanism makes it unclear whether the strength caused by direct bonding is achieved. In this study, the rela-
tive planner substrate enabled the evaluation of direct bonding strength without an interlocking mechanism. 
Thus, direct bonding was achieved, estimated through the SEM observation. We observed gradual composition 
change in the treated interface without a gap; this bonding improved the bone-bonding strength for CPEEK-
AN at 4 weeks. In the early phase, bone consolidation indicators, mineralization, and BIC for both substrates 
were not significantly different except for BV/TV. Therefore, attaining direct bonding was likely the only factor 
for the differences in strength, considering that part of the woven bone was far from the interface (Fig. 6) and 
probably did not contribute to the bonding strength at this phase. Furthermore, direct bonding has another 
positive effect on the interface. The gap between CPEEK and the new bone could be intruded with fibrous tissue, 
where inflammatory cells, activated by the fine particle derived from the implant, induce a negative effect, such 
as osteolysis26,27. Direct bonding possibly exclude such a site.
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Figure 7.   Interfacial evaluation2. Corresponding CT, histological, and SEM images of samples taken from 
a 4-week-old rabbit (a) with CPEEK and (b) with CPEEK-AN. (c) Magnified image of (a) using SEM and 
matched EDX mapping analysis of the composite. The hollow arrow points to the gap between the implant and 
the new bone. The solid white arrow indicates the middle progress during ossification. (d) Magnified image of 
(b) using SEM and matched EDX mapping analysis of the composite. (e) The line analysis for (e) which includes 
the interface between CPEEK and the new bone. (f) A section of the histological specimen of CPEEK-AN at 
4 weeks co-stained with TRAP and ALP; this image illustrates a typical woven bone. The orange arrows indicate 
the TRAP positive cells and the hollow arrows indicate an ALP positive part of the new bone at the 4-week 
timepoint.
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Figure 8.   In vitro study1. (a) MC3T3-E1 cell (blue) attachment on each substrate after the 24 h incubation, 
observed using SEM. (a2, 3) and (a5, 6) are magnifications of (a1) and (a4), respectively. (b) The motion of 
stained cells on CPEEK, calculated with time-lapse imaging. This shows the motion with respect to the cells’ first 
position (X = 0, Y = 0) on the XY coordinate. The red dots indicate their final point at 24 h. (c) The plot depicting 
the XY coordinates for the motion of stained cells on CPEEK-AN. (d) The XY coordinates for four cells that 
moved beyond the XY coordinates of the plot in (c). (e) Quantification of the CCK-8 assay (absorbance at 
450 nm). (f) The plot depicting cell numbers (manual counting).



10

Vol:.(1234567890)

Scientific Reports |         (2023) 13:1443  | https://doi.org/10.1038/s41598-023-28701-1

www.nature.com/scientificreports/

Bone repair after implantation is based on the balance of bone formation by osteoblast and resorption by 
osteoclast28,35. The different transitions of bone-bonding strength for CPEEK and CPEEK-AN between 4 and 
8 weeks were possibly caused by the different balances of the ossification process. When the CPEEK surface was 
not bioactive, the trend towards bone resorption was superior to bone formation because of the lack of AN-
treatment. As shown in Fig. 6, the new bone at 4 weeks on CPEEK (osteoid rapidly produced by osteoblasts in 
response to bone damage)36,37, was resorbed mainly on the substrate’s surface at 8 weeks. Additionally, this is 
explained by the regressive tendency of BV/TV (Fig. 5g) and BIC (Fig. 5m). In contrast, the young bones highly 
porous woven structure on CPEEK-AN changed to a consolidated lamellar bone structure between 4 and 8 weeks 
(Fig. 6) while keeping their BV on the surface. Cells related to osteoclastogenesis reportedly take 2 weeks to be 
active38. Figure 7f shows that TRAP-positive cells were observed at 4 weeks, irrespective of the bioactivity of 
substrates. Accordingly, the trend of bone formation on the CPEEK-AN was superior to that of bone resorption, 
contradicting the trend on CPEEK. Interestingly, even on CPEEK-AN, BV decreased during this term. This can be 
explained by the theory that new bone changes to adapt to the subjected stress39–41 and does not contribute to the 
load transmission to reduce BV. Furthermore, an increase in new BV leads to increased bone-bonding strength, 
especially when a large-scale porous structure is used12,31. However, this study showed that the changing BV did 
not necessarily correspond with bone-bonding strength when the planner substrates were used.

Moreover, the in vitro study showed a better ossification process on the surface with AN-treatment, support-
ing the in vivo study. Previous studies showed that pre-osteoblast cells, including MC3T3-E1 cells, need scaffold-
ing to attach to the surface by their pseudopodium42,43. Additionally, they were known to migrate or transform 
differently depending on the surface characteristics43,44. Accordingly, it was revealed that proper scaffolding was 
suitable for their attachment and viability, proliferation, and osteogenic differentiation45. This study showed that 
the filamentous pseudopodia from lamellipodia of CPEEK-AN cells were directly attached to the apatite nuclei; 
however, the CPEEK cells aimed for the lumpy portion. Contrary to expectations, time-lapse imaging (Fig. 8b–d) 
indicated that substrates did not significantly affect their total migration length or maximum velocity; however, 
when compared to the CPEEK cells, the CPEEK-AN cells were located farther from the starting point. It is widely 
known that, after attachment to a surface, MC3T3-E1 cells proceed sequentially to three phases: proliferation, 
ECM maturation, and mineralization46. It takes 16 to 30 days for cells to proceed from proliferation to minerali-
zation; this time varies according to their environment, as shown in in vitro studies46,47. Since bone resorption 
begins soon after bone damage, proceeding with this process as early as possible is essential. In this study, cell 

Figure 9.   In vitro study2. (a) The normalized ALP activity on each substrate. Plots depicting quantifications for 
(b) collagen secretion (absorbance at 570 nm), (c) glycosaminoglycan secretion (µg), and (d) calcium deposition 
(570 nm). Gross appearance of (e) Sirius red staining for CPEEK (left) and CPEEK-AN (right), and (f) alizarin 
red staining, for CPEEK (left), CPEEK-AN (middle), and control for CPEEK-AN without cells (right). *p < 0.05, 
**p < 0.01.
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proliferation assays (Fig. 8e,f) revealed that the number of MC3T3-E1 cells on CPEEK-AN was approximately 
twice that of CPEEK 1 week after seeding and, at 3 weeks, was close to each other. This observation indicates that 
the proliferation phase of cells on CPEEK-AN was quick, reached a confluent state, and smoothly transferred 
to the next phase; contrarily, the phase for CPEEK dragged on for approximately 3 weeks. Consequently, Ca 
deposition was superior for CPEEK-AN compared to CPEEK, and collagen and GAG were secreted in higher 
amounts for AN-treatment than non-AN-treatment (Fig. 9b–d). Previous studies demonstrated that constituents 
of the mature ECM suppress the osteoclast in many ways28. For example, the full length of type I collagen sup-
presses osteoclast formation, and biglycan, consisting of GAG chains, weakens the osteoclast precursor’s ability 
to form TRAP-positive multinucleated cells28,48. Furthermore, GAG itself has the function of avoiding collagen 
disruption49 under the acidic condition where osteoclast works50. Although such advantages for CPEEK-AN 
were not valid for the ALP activity; these results may serve as a clue for resolving the difference between the 
ossification process on both substances during the 4–8 week period in the in vivo study. Since ALP is known as 
an early marker of ossification, it may have already been low at the time of 3-week results12.

It is presumed that the bone-bonding strength improvement was elicited by integrating CPEEK and the new 
bone and a better consolidation process over time. However, a few limitations should be considered: this integra-
tion was only observed with SEM, and evaluating all surfaces of each substrate was difficult. In addition, these 
results were only two time-point snapshots of the remodeling process, which takes a long time.

Conclusions
The AN-treatment improves bone-bonding strength, and this may have resulted from the direct bonding with 
the new bone and efficient bone formation process against bone resorption. AN-treatment takes advantage of 
sulfonation and ACP application and generates a synergetic effect on CPEEK.

Experimental section
Substrates.  Substrate preparation.  In vivo studies were conducted on plates of 50C-PEEK (TECAPEEK 
CM CF50, carbon fiber: 50 wt%, Ensinger, Nufringen, Germany) with dimensions of 15 mm × 10 mm × 2 mm; 
in vitro studies on disks of the same size with dimensions of 15 mm diameter × 2 mm were performed on 24-well 
tissue culture plates. Surfaces of substrates were polished using #400 and #1200 SiC abrasive paper. They were 
air-dried at room temperature after being washed ultrasonically in acetone, ethanol, and distilled water each for 
10 min. They were labeled as “CPEEK” groups (Fig. 1).

Surface treatment.  AN-treatment was performed as reported in our previous study23. This was performed as 
shown in Fig. 2. For sulfonation, PEEK substrates were first soaked in 98 wt% H2SO4 (Hayashi Pure Chemical., 
Ltd., Osaka., Japan) twice for 2 s, washed with distilled water, and air-dried at room temperature. Subsequently, 
the samples were exposed to glow discharge in an O2 atmosphere at 200 W (Kyoto Teisan K.K., Kyoto, Japan) 
for 4  min to get the surface hydrophilicity. Finally, to precipitate apatite nuclei on the substrate’s surface, it 
was immersed in modified-SBF (Table 1) quickly after oxygen plasma treatment and placed in an incubator at 
70.0 °C for 24 h. These samples were labeled as “CPEEK-AN” groups (Fig. 1).

Surface characteristics.  We analyzed the surface of each sample by field emission SEM (JEOL, Tokyo, Japan) 
and XPS (JPS-9010TRX, JEOL, Tokyo, Japan) using Mg-Kα radiation at 10 kV and 10 mA. The average pore size 
was determined with the software CTAn (Skyscan, Bruker, MA).

Evaluation of the apatite‑forming ability.  To assess the apatite-forming ability, each sample described above 
(CPEEK, CPEEK after sulfonation, and CPEEK-AN) was immersed in the SBF at pH 7.40, 36.5 °C for 1 day. 
After immersing in SBF, the samples were washed with distilled water, air-dried, and observed using SEM 
(Fig. S1). Prior to animal experiments, an apatite-forming ability test using SBF was performed to determine 
whether these substrates had bioactivity.

In vivo study.  Animals.  The present study was approved by the Animal Research Committee, Graduate 
Scholl of Medicine, Kyoto University, Japan (Approval number; Med Kyo 21253). All methods in the present 
study were carried out in accordance with relevant guidelines and regulations. All methods were reported in 
accordance with the ARRIVE guidelines (https://​arriv​eguid​elines.​org). Sixteen male Japanese white rabbits 
(15 weeks old) weighing between 2.8 and 3.3 kg were used, and the operation was done on two legs of each 
rabbit. In each leg, either of the treatment types of substrate (CPEEK or CPEEK-AN) was implanted. After the 
rabbits were sacrificed at two-time points, 4 and 8 weeks postoperatively (8 rabbits at each time point), all legs 
with any substrates were assessed using micro-computed tomography (Skyscan, Bruker, MA). Subsequently, half 
of them were biomechanically evaluated to determine the chemical bonding strength between substrates and 
bone, and the other half were histologically evaluated. Apart from them, a rabbit was used for the histological 
assessment of new bone with TRAP and ALP co-staining. Each leg was assigned to each substrate and sacrificed 
4 weeks after implantation.

Surgical procedure.  Rabbits were anesthetized by intravenous injection of thiopental sodium (30  mg kg−1), 
inhaled isoflurane, and local administration of 1% lidocaine solution. A 3-cm longitudinal skin incision was 
made on the medial side of the proximal tibia. The fascia and the periosteum were incised and retracted to 
expose the tibial cortex. After, a slit-like perforation of the same size as the substrates was made using a dental 
burr from the medial to the lateral cortex parallel to the longitudinal axis of the tibia (Fig. 5a). At 4 and 8 weeks 
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postoperatively, each rabbit was sacrificed with an overdose of intravenous thiopental sodium for biomechan-
ical testing and histological evaluation. Following euthanasia, segments of the proximal tibia containing the 
implanted samples were cut at the proximal and distal edges of the implant to make the blocks for the following 
experiments (Fig. 5b).

Bone‑bonding strength by the detaching test.  The detachment test was performed just after taking µ-CT within 
a few hours from explantation to evaluate the planar bone-bonding strength of each sample10,11,32. This test was 
supposed to simulate the actual failure in the human body caused by shearing power between the new bones and 
implant. Subsequently, traction was applied vertically to the implant surface at 35 mm min−1 using an Instron-
type autograph (model 1011; Aikoh Engineering, Japan) (Fig. 5c). Lastly, detachment failure load was measured 
when the sample plate detached from the bone. If the plate detached before the test, the failure load was defined 
as 0 N.

Radiological evaluation with μ‑CT.  The block of each sample after harvesting was evaluated using µ-CT scan-
ning with a slice thickness of 0.01 mm (Fig. 5e). The volume in intramedullary areas, which takes 1-mm width 
from the surface of the substrate (Fig. 5f), is defined as TV. The volume of new bone in this area and its threshold 
value of > 0.4 g cm−3 was defined as BV. Its BMD, BV/TV, Trab.Th, and trabecular surface were calculated using 
the application (CTAn, Bruker).

Histological evaluation.  Immediately after CT evaluation, specimens were fixed in phosphate-buffered 10% 
formalin for 7 days, dehydrated in 70%, 80%, 90%, 99%, and 100% [v/v] ethanol for 3 days at each concentra-
tion, and embedded in polyester resin. After, section  (1  mm) were cut with a band saw (BS-3000CP; Exakt 
Apparatebau GmbH, Germany) perpendicular to the tibial axis and ground to a thickness of 100–150 mm using 
a Micro-grinding MG-4000 (Exakt Apparatebau GmbH) with continuous abrasive papers (#400, #800, #1200, 
#2000, and #4000). Subsequently, each section was stained with Stevenel’s blue/van Gieson’s picrofuchsin to stain 
calcified bone, bright red and soft tissue, blue (Fig. 5k). After that, the sections were analyzed digital microscope 
(DSX 500; Olympus Corporation, Tokyo, Japan) and subjected to quantitative histomorphometry to determine 
the amount of direct BIC using Image J (National Institutes of Health, USA) as shown in Fig. 5l. Four slices were 
obtained from each extracted block, and the average value was used for the assessment.

The interfacial evaluation between new bone and substrates.  In addition to µCT and histology (Fig. 6), SEM 
(JSM-7900F; JEOL, Tokyo, Japan) was used to assess the bone-implant interface with a similar sample embedded 
in polyester resin as described above in histological assessment. Three images by each device were compared, 
as shown in Fig. 7a,b, indicating similar portions were compared. Additionally, higher magnification images 
were obtained for the interfacial assessment with SEM (Fig. 7c,d). For further observation, an EDS mapping was 
performed to determine the interface thickness and composition, and line analysis was performed when direct 
bonding was likely to be obtained (Fig. 7e).

TRAP and ALP co‑staining assay for new bones.  The harvested block from another rabbit at 4  weeks after 
implantation was used. The paraffin-embedded tissues were decalcified, and cut into 4 µm sections, and stained 
with a TRAP/ALP staining KIT (Wako Pure Chemical Industries, Osaka, Japan) for histological assessment of 
osteoclasts and osteoblasts for new bone formation (Fig. 7f).

In vitro study.  Murine calvarial osteoblast cell lines MC3T3-E1 (99072810) were purchased from KOC Co., 
LTD (Kyoto, Japan), and used for all in vitro studies. They were seeded on the disk-shaped PEEK substrate at 
2 × 104 cells/substrate densities in 24-well plates and incubated at 37 ℃. α-MEM (Gibco, USA) with 10 wt% fetal 
bovine serum and 1 wt% penicillin/streptomycin was donated as a growth culture medium. Conversely, the 
osteogenic culture medium contained 2 wt% β-glycerophosphate, 0.2 wt% hydrocortisone, and 1 wt% ascorbic 
acid (Osteoblast-Inducer Reagent. Takara Bio, Tokyo, Japan) added to the growth culture medium. Consider-
ing MC3T3-E1 cell has a proliferation phase that covers 4–10 days of culture period followed by bone matrix 
formation and mineralization46,47, growth culture media was switched to osteogenic a week after seeding. Each 
medium was changed every third day. After incubation for the required period, the following experiments were 
performed:

Cell adhesion on substrates.  After 1-day culture in growth culture media, each substrate was washed with phos-
phate-buffered saline (PBS) and fixed with 2.5% glutaraldehyde for 2 h. After, the substrates were dehydrated 
in serial concentrations of ethanol (50%, 70%, 90%, 99%, 100%, and 100% [v/v]) for 10 min at each concentra-
tion. Subsequently, the substrates were soaked in 50% hexamethyldisilazane (HMDS) (Sigma-Aldrich) with 50% 
ethanol for 10 min and then soaked in 100% HMDS for 20 min in sequence. All the surfaces of the PEEK plates 
were coated with platinum and then examined by SEM (Fig. 8a).

Cell migration after seeding.  Stained cell tracking was performed with time-lapse imaging by the microscope 
and software (BZ-X800, Keyence, Osaka, Japan) to evaluate the individual cell motion after seeding on each 
substrate. The nuclei of cells were fluorescently labeled with carboxyfluorescein succinimidyl ester, combined 
with proteins within cells 3 h after seeding, and incubated for 24 h with the surrounding temperature and CO2 
concentration maintained at 37 °C and 5% in growth culture media. In addition, 15 randomly chosen nuclei of 
cells on each CPEEK and CPEEK-AN were tracked, and their locations were recorded every 12 min. Each track-
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ing data was used to visualize the migration of dyed cells rectilinear chart (Fig. 8b–d) and analyze total migration 
length, maximum velocity defined by maximum migration length in 12 min, and the distance between the first 
and final place (Figs. S3–S5).

Cell proliferation on substrates.  Cell proliferation was spectrometrically evaluated by the CCK-8 assay (Dojindo, 
Kumamoto, Japan), which used WST-8 reduction by dehydrogenases in cells to give formazan dye (Fig. 8e). 
This assay kit was used for the assay of cell proliferation 1, 2 and, 3 weeks after seeding. At each time-point, the 
medium was refreshed with PBS containing 10% CCK-8 and incubated at 37 °C for 2 h. After that, the formazan 
product was quantified by absorbance at 450 nm using a microplate reader (iMarkTM Micro-plate Absorbance 
Reader, BIO-RAD Laboratories, Hercules, California). Additionally, cell proliferation was evaluated by counting 
the cell numbers on each surface of CPEEK or CPEEK-AN 1, 2, and 3 weeks after seeding (Fig. 8f). After, the 
nuclei of cells were stained with DAPI, and they were observed and counted automatically on the overall sub-
strates using the fluorescence microscope and installed analyzer software (BZ-X800).

ALP activity.  ALP activity was quantified using an ALP assay kit (LabAssay ALP, FUJIFILM Wako, Japan). 
After 3 weeks of culture, scaffolds were washed thrice with PBS, and the cells were harvested via trypsiniza-
tion, centrifuged at 1500 rpm for 5 min, lysed using 0.1% Triton X-100, and incubated for 30 min at 37 °C. We 
confirmed that there were no insolubles after pipetting. Optical density was recorded at 405 nm. The results nor-
malized the total intracellular protein content determined by the bicinchoninic acid assay (Takara BCA Protein 
Assay Kit, Takara bio) (Fig. 9a).

Evaluation of ECM.  Collagen secretion was evaluated by the Sirius red staining assay for visualization and 
quantification 3 weeks after seeding (Fig. 9b). The cells were fixed with 4% paraformaldehyde for 30 min and 
stained with a picric acid solution (Picro-Sirius Red Stain Kit, ScyTek, Ut, USA) for 2 h. The unbound stain was 
removed by rinsing with 0.1 M acetic acid. After drying, the staining results were observed and photographed 
(Fig. 9e). Stained collagen fibers were eluted in a solution composed of 0.2 M NaOH with methanol at a ratio of 
1:1. Lastly, absorbance was recorded at 570 nm on the microplate reader.

The dimethyl methylene blue (DMMB) assay (Blyscan Sulfated Glycosaminoglycan assay kit, Biocolor, United 
Kingdom) was used to quantify the amount of sulfated glycosaminoglycan (sGAG) on the surface of samples 
Fig. 9c. The procedure was performed following the general protocol of the kit. After 3 weeks of culture, DMMB 
dye reagents were added to samples lysed in deionized water. Subsequently, after draining from the mixture, the 
insoluble sGAG-dye complex was dissolved by mixing with a dissociation reagent, including sodium salt, of an 
anionic surfactant. When all of the bound dye had been dissolved, the mixture was centrifuged at 12,000 rpm 
for 5 min to remove the form completely, and the absorbance of the mixture was recorded at 650 nm. Finally, an 
aliquot of 0–10 mg mL−1 standards was prepared using a sterile solution of bovine tracheal chondroitin 4-sulfate.

Ca deposition, which expresses ECM mineralization, was evaluated by alizarin red S staining (Fig. 9d). After 
3 weeks of culture, the cells on the surfaces were fixed with 75% ethanol for 1 h and stained with 1% alizarin red 
S solution (Sigma-Aldrich, St. Louis, MO) at room temperature for 30 min. The unbound stain was repeatedly 
removed with distilled water. After, Ca nodules on the substrates were observed and photographed (Fig. 9f). For 
quantitation, the bound stains were eluted with 10% cetylpyridinium chloride in 10 mM sodium phosphate; the 
optical density was measured at 570 nm. CPEEK-AN originally had a certain amount of Ca, and CPEEK-AN, 
which has no cells, was analyzed as a control.

Statistical significance analysis.  All graphs show the individual raw value and standard deviation, and statistical 
significance was determined using the JMP (Ver 15.1.0, SAS Institute, Cary, NC, USA) statistical analysis tool. A 
two-tailed Student’s t-test was used when only two groups were being compared, and > three groups were ana-
lyzed by one-way ANOVA followed by Tukey’s honest significant difference (HSD) test.

* and **indicate statistically significant difference when directly compared to each respective group with 
*p < 0.05, **p < 0.01.

Data availability
The raw data of this manuscript are available as Supplemental Material.
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