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1  Introduction

Age-related disc degeneration exacerbates spinal sagittal 
alignment due to decreased disc height [1]. Notably, as the 
impact of global spinal sagittal malalignment on patients' 
quality of life becomes more apparent, the number of cases 
of spinal intervertebral fusion, which restores disc height 
with intervertebral cages and fixes the spine with screws, is 
increasing [2, 3].

Material properties required for intervertebral cages 
include mechanical strength equivalent to human bone, 
initial fixation stability, and osseointegration-promoting 
properties [4, 5]. Currently, the primary materials used 
for interbody cages are polyetheretherketone (PEEK) and 
titanium or its alloys, each with advantages and disadvan-
tages. PEEK played a central role in intervertebral cages 
until around 2010, largely due to its mechanical properties, 
including elastic modulus similar to human cancellous bone, 
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Abstract
Polyetheretherketone (PEEK) is widely used as an interbody cage due to its elastic modulus closely resembles that of 
human bone. However, its biological inertness is considered a major weakness, as it cannot directly bond with bone 
(lack of osseointegration capacity). Surface modification can impart bioactivity to PEEK while maintaining its mechani-
cal properties. In this study, the surface of PEEK was modified with titanium or strontium titanate thin films formed by 
magnetron sputtering deposition. We evaluated the bone formation activity of strontium titanate-modified PEEK (PEEK-
STO) by comparing three groups: unmodified PEEK (PEEK), titanium-modified PEEK (PEEK-Ti), and strontium titanate-
modified PEEK (PEEK-STO). Osteogenic differentiation of cells, assessed by ALP activity, bone-related gene expression, 
and mineralization ability, demonstrated that PEEK-STO has the highest osteogenic activity. Furthermore, the evaluation 
of mineral deposition by non-cellular mechanisms using simulated body fluid showed that PEEK-Ti and PEEK-STO have 
higher calcium phosphate deposition capacity than PEEK. In vivo implantation of the materials into the rat femur dem-
onstrated that bone-to-implant contact ratio (BIC%) and bone area ratio (BA%) in the proximity zone from the implant 
were significantly larger in PEEK-STO compared to PEEK-Ti and PEEK at 4 weeks post-surgery. This study demonstrates 
that surface modification of PEEK with strontium titanate through magnetron sputtering is an attractive option for solving 
the problems of PEEK’s biological inertness while making the most of the advantages of PEEK as a spinal fusion device.

Keywords  Polyetheretherketone · Strontium titanate · Surface modification · Magnetron sputtering · Osseointegration
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radiolucency, and chemical stability. However, its use has 
declined due largely to its biological inertness and inabil-
ity to bond directly to bone [6–8]. Conversely, titanium is 
a corrosion-resistant metal with good biocompatibility and 
a higher bone-bonding rate than PEEK. Its disadvantages 
include a lack of radiolucency and a high elastic modulus, 
which can lead to subsidence into the vertebral bone, par-
ticularly in cases of compromised bone quality [9, 10].

Bone tissue bonds to the implant through osseointegra-
tion, which is the direct contact between bone and implant at 
the optical microscopic level, allowing forces on the implant 
to transfer directly to the bone [11, 12]. The presence of 
fibrous tissue between PEEK and bone can weaken this 
bond and reduce the mechanical strength [13, 14]. Against 
this background, various surface modifications have been 
made to overcome the weaknesses of PEEK, which has 
many excellent properties as a material [15]. As a represen-
tative example, surface modifications with hydroxyapatite 
and calcium phosphate, the main inorganic components of 
bone, enhance the biological activity of PEEK [14, 16]. Bio-
molecular modifications have been shown to enhance osteo-
genic activity. Modifying the quality of extracellular matrix 
proteins on PEEK promotes osteogenesis [17, 18]. Addi-
tionally, co-modification of the bone morphogenetic pro-
tein BMP-2 with phosphorylated gelatin has been shown to 
significantly enhance osteogenic activity [19]. Furthermore, 
the incorporation of angiogenic factors and adipocytokines 
facilitates osteogenic differentiation [20, 21]. In addition to 
biomolecular modifications, metal-based modifications have 
also been demonstrated to enhance osteogenic activity. Sur-
face modifications using titanium and magnesium, as well 
as strontium (Sr), which will be discussed later, have been 
shown to promote bone formation [22–24]. Beyond chemi-
cal modifications, structural modifications such as surface 
nanostructuring and porosity enhancement have also been 
demonstrated to improve osseointegration [25, 26].

The thin film formation methods used for these surface 
modifications are categorized into three methods: physical 
vapor deposition (PVD), which involves directly vapor-
izing and depositing thin film materials; chemical vapor 
deposition (CVD), which utilizes chemical reactions with 
gas compounds containing thin film atoms; and wet coating 
methods using liquid phases [27, 28].

Magnetron sputtering, a type of PVD, has advantages 
that ensure consistent surface properties of materials, 
including (a) high film purity, (b) uniformity over a large 
surface area, (c) high deposition speed, (d) high coating 
adhesion strength, and (e) the ability to coat even heat-sen-
sitive substrates [29]. Accordingly, we previously utilized 
magnetron sputtering to fabricate a strontium titanate thin 
film on PEEK [30]. Strontium (Sr), an alkaline earth metal 
in the same group as calcium (Ca), promotes osteoblast 

differentiation, and its systemic administration report-
edly enhance bone formation and inhibit bone resorption 
[31, 32]. Owing to complications related to cardiovascular 
disease associated with Sr systemic use [33, 34] current 
investigations have been focused into its application as a 
surface-modifying material for implants. Previous studies 
have reported enhanced bone formation effects through Sr 
modifications on PEEK and titanium surfaces using PVD 
and wet coating methods [35–38]. By using strontium tita-
nate, it is possible to simultaneously modify surfaces with 
titanium, which has bone affinity, and strontium, which pro-
motes bone formation. Despite the potential advantages of 
strontium titanate modifications, there are very few reports 
on the modification of PEEK with strontium titanate thin 
films [39]. Systematic evaluations of material properties, 
cellular responses, and osteogenic activity in both in vitro 
and in vivo settings remain insufficient, limiting our under-
standing of their full potential in biomedical applications. 
Furthermore, since strontium titanate thin films contain both 
titanium and strontium, a direct comparison with titanium 
thin films fabricated on PEEK under the same process condi-
tions is essential to fully elucidate their osteogenic activity.

Therefore, in this study, we aimed to enhance the osseo-
integration capability of PEEK by modifying its surface 
with strontium titanate using magnetron sputtering technol-
ogy. We fabricated PEEK modified with titanium and stron-
tium titanate and systematically compared the osteogenic 
activity of three groups: unmodified PEEK (PEEK), tita-
nium-modified PEEK (PEEK-Ti), and strontium titanate-
modified PEEK (PEEK-STO). Through in vitro and in vivo 
experiments, we evaluated the effects on osteoblast differ-
entiation, mineralization, and osseointegration, exploring 
the potential application of PEEK-STO in orthopedic and 
spinal implants.

2  Materials and methods

2.1  Material preparation

We obtained PEEK samples from Daipra Corporation Osaka, 
Japan, through milling processes. For in vitro experiments, 
cylindrical discs of PEEK measuring 12  mm in diameter 
and 1  mm in height were used. For in vivo experiments, 
rectangular prisms of PEEK with dimensions of 2 mm in 
length, 4 mm in width, and 1 mm in height were used. The 
sample surfaces were cleaned with ethanol and then dried 
before deposition.

A magnetron sputtering system (SCV-700LRF, Sanyu 
Electron, Tokyo, Japan) with an RF generator (13.56 MHz) 
was used to deposit the film on PEEK samples. The sput-
tering deposition was carried out using a strontium titanate 
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(SrTiO3) (Toshima Manufacturing, Saitama, Japan) target 
or a Ti target with dimensions of ϕ 52.1 mm × h 0.5 mm. 
The samples were placed on a sample holder (ϕ 60 mm), 
positioned approximately 70 mm from the target. The cham-
ber was initially evacuated to 8 Pa using a rotary pump and 
further evacuated to a base pressure of around 3 × 10–4 Pa 
using a turbo-molecular pump. The deposition process was 
performed at a working pressure of 0.2  Pa, power of 50 
W, and argon (Ar) gas flow rate of 8 sccm. The deposition 
lasted 60 min, and the substrate temperature was maintained 
near room temperature without heating the sample holder. 
For in vitro testing, the samples were modified on one side, 
whereas for in vivo testing, samples were modified on both 
sides.

2.2  Material characterization

The surface morphology of PEEK, PEEK-Ti, and PEEK-
STO was measured using a scanning electron microscope 
(S-4800, Hitachi High-Technologies, Tokyo, Japan).

The surface chemical states were analyzed using X-ray 
photoelectron spectroscopy (XPS, ESCA 3057; Ulvac-PHI, 
Inc.) with monochromatic Al-Kα X-rays (photon energy 
1486.6 eV) at 14 kV and 200 W. The samples were placed 
on a sample holder and introduced to a high vacuum with 
an initial pressure of approximately 10–9 Torr. A charge neu-
tralizer was employed during the analysis.

The pass energies for the survey spectra and element 
core-level spectrum were 94  eV and 24  eV, respectively. 
Spectra analysis was performed using Shirley’s background 
subtraction method in CasaXPS software (n = 3/group).

The wettability of the PEEK surfaces was assessed by 
measuring the water contact angle (WCA) using an auto-
matic contact angle meter (DropMaster300, Kyowa Inter-
face Science, Saitama, Japan). Ultrapure water (3 μL 
droplets) was deposited in three different areas on each 
sample (n = 3/group), and images of the droplets on the sur-
face were captured with a camera after 1 s.

The microscopic surface roughness of the materials was 
measured using a 3D laser scanning microscope (VR-6000, 
Keyence, Osaka, Japan) (n = 3/group).

2.3  Release of Sr ion

PEEK-STO was immersed in 3 mL of PBS at 37  °C. All 
solutions were collected at 1, 3, 5, 7, 10, and 14 day inter-
vals and transferred to fresh PBS. The amount of Sr ions 
in the collected PBS was measured using ICP-AES (Shi-
madzu, Kyoto, Japan). This experiment was performed in 
triplicate.

2.4  Cytocompatibility in vitro

2.4.1  Isolation and culture of cells

The experiments used compact bone-derived mesenchy-
mal stromal cells (CB-MSCs) and calvarial osteoblasts. 
The cells were isolated and cultured according to previ-
ously published protocols [40, 41]. Briefly, for the isolation 
of CB-MSCs, 4-week-old C57BL/6 J mice were sacrificed 
using CO2, and the femurs and tibias were excised. After 
removing the bone ends, the bone marrow was flushed 
using a 27-gauge needle and syringe. The compact bone 
tissue was cut into 1–3  mm fragments with scissors and 
then incubated with 0.25% collagenase type 2 (FUJIFILM 
Wako Pure Chemical, Osaka, Japan) for 2 h. Subsequently, 
the bone chips were seeded into 10  cm dishes containing 
growth medium composed of α-MEM (Nacalai Tesque, 
Kyoto, Japan) supplemented with 10% fetal bovine serum 
(Sigma-Aldrich, St. Louis, MO, USA) and 1% antibiotic–
antimycotic solution (Sigma-Aldrich, St. Louis, MO, USA). 
Adherent cells were collected 5 days later. Cells from the 
third passage were used for the following experiments.

To isolate calvarial osteoblasts, 3-day-old C57BL/6  J 
mice were sacrificed using CO2, and the calvaria were 
excised. After removing the soft tissues, the calvaria 
chopped into small pieces were incubated in a digestion 
solution containing trypsin and collagenase type 2. This 
process was repeated four times, and the cell suspensions 
from the last two digestions were cultured in dishes contain-
ing the growth medium. Cells from the third passage were 
used for the following experiments.

2.4.2  Cell proliferation test on material surface

Cell proliferation was assessed using the WST-8 assay (Cell 
Count Reagent SF, Nacalai Tesque, Kyoto, Japan). Approxi-
mately 3 × 104 CB-MSCs were seeded onto each PEEK disk 
in a 24-well plate and incubated in 1 mL of growth medium 
at 37 °C (n = 3/group). After 1, 4, 7, and 10 days of incuba-
tion, the WST-8 reagent was added to each well and further 
incubated at 37 °C for 2 h. The absorbance of each well was 
measured at 450 nm using a microplate reader (Multiskan 
GO, Thermo Fisher Scientific, Waltham, MA, USA).

2.4.3  Indirect cytotoxity test

All samples were incubated in growth medium at a ratio 
of 1 mL per 3 cm2 under standard cell culture conditions 
for 72 h, according to the protocol outlined in ISO 10993–
12, and the extract was subsequently collected. CB-MSCs 
were seeded into a 96-well plate at a density of 2000 cells 
per well and incubated for 24 h under standard cell culture 
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ALP activity was measured on day 7 or day 14 after osteo-
genesis induction using the ALP assay kit (LaboAssay™ 
ALP, FUJIFILM Wako Pure Chemical) following the manu-
facturer's protocol. One unit of enzyme activity was defined 
as the amount of enzyme that catalyzes the conversion of 
1 nmol of p-nitrophenol per minute at pH 9.8 and 37 °C. The 
activity was normalized to the protein content, determined 
using the BCA Protein Assay Kit (Pierce™, Thermo Fisher 
Scientific). ALP activity on PEEK-Ti and PEEK-STO was 
calculated relative to PEEK.

2.5.2  RT-qPCR

CB-MSCs were cultured on each PEEK in osteogenic 
medium for 7 and 14 days in a 24-well plate (n = 3/group). 
The cells were homogenized with TRIzol Reagent (Thermo 
Fisher Scientific, Waltham, MA, USA). Total RNA was 
extracted using the Direct-zol RNA kit (Zymo Research, 
Orange, CA, USA) and reverse-transcribed to cDNA using 
ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, 
Japan). Gene expression was measured using real-time PCR 
with SYBR Green Master Mix (Applied Biosystems, Foster 
City, CA, USA) in Step One Plus Real-Time PCR System 
(Applied Biosystems). Target gene expression levels were 
normalized to those of Gapdh, and fold changes were calcu-
lated relative to the control group (PEEK) using the 2 − ΔΔCt 
method. The primer sequences are shown in Table 1.

2.5.3  Quantification of mineralization and Ca deposition

Mineralization was assessed after 21 days of culture of CB-
MSCs and calvarial osteoblasts in the osteogenic medium 
(n = 3/group). The cultured cells were washed twice with 
PBS and fixed with 4% PFA for 20  min. After washing 
twice with PBS, the matrix mineralization was stained with 
Alizarin Red solution (Mutoh Chemical, Tokyo, Japan) for 
30 min and dissolved with 5% formic acid. The absorbance 
of the solution was measured at 415 nm to quantify the min-
eralization. Since Sr is known to react with Alizarin red, it 
may overestimate mineralization by osteoblasts [42]. There-
fore, the concentration of Ca in the solution was also mea-
sured using ICP-AES. The Ca precipitation on the samples 
was calculated from the Ca concentration.

2.6  SBF assay

To verify the mineral deposition potential by non-cellular 
mechanisms, samples were immersed in a simulated body 
fluid (SBF) solution without cells. The SBF solution and 
the volume used during the test were prepared and calcu-
lated according to the protocol formulated by Kokubo et al. 
[43]. Each sample was immersed in SBF for 28 days. After 

conditions. The medium was then removed, and 100 μL of 
the sample extract was added, followed by further incuba-
tion for either 24 or 72 h (n = 4/group). As a negative control, 
cells were cultured in medium that had not been in contact 
with the samples. As a positive control, cells were cultured 
with extracts of brass wires. The WST-8 reagent was added 
to each well and incubated for an additional 2 h at 37 °C. The 
absorbance was then measured at 450 nm using a microplate 
reader. Cell viability was calculated as a percentage relative 
to the negative control, and the cytotoxicity assessment was 
conducted according to ISO 10993-5.

2.4.4  Cell adhesion and morphology

Approximately 3 × 104 CB-MSCs were seeded onto each 
PEEK disk in a 24-well plate and incubated in 1  mL of 
growth medium at 37  °C (n = 3/group). After 60  min of 
incubation, the cells were washed three times with PBS. 
Subsequently, the cells were fixed with 4% paraformalde-
hyde solution for 10 min, permeabilized with 0.3% Triton 
X-100 for 15 min, and the nuclei were stained with Nuclear 
Red™ DCS1 (AAT Bioquest, Pleasanton, CA, USA) for 
30 min. The cells were washed three more times with PBS 
to remove background staining. The cells' adhesion status 
was analyzed using a fluorescence microscope (FM1200 
NIKON, Tokyo, Japan), with five random fields of view 
selected from the center and four directions. Cell counts 
were acquired using Image J software (National Institutes 
of Health, Bethesda, MD, USA). When observing cell mor-
phology, cells were fixed 24 h after seeding. Alexa Fluor™ 
488 Phalloidin (Thermo Fisher Scientific, Waltham, MA, 
USA) staining of the actin cytoskeleton was added in the 
dark for 1 day before nuclear staining.

2.5  Osteogenic activity

2.5.1  Alkaline phosphatase activity assay

CB-MSCs were seeded onto each PEEK disk at a density 
of 3 × 104 in growth medium and, after 1 day, were cultured 
in osteogenic medium (αMEM containing 10% FBS, 1% 
penicillin-streptomycin, 50 μg/mL L-ascorbic acid, 10 mM 
β-glycerol phosphate, 10 nM dexamethasone) (n = 3/group). 

Table 1  Primers for qPCR
Genes Forward (5'−3') Reverse (5'−3')
Alp ​A​G​C​G​A​C​A​C​G​G​A​C​A​A​G​A​A​G​C ​G​G​C​A​A​A​G​A​C​C​G​

C​C​A​C​A​T​C
Ocn ​G​C​A​A​T​A​A​G​G​T​A​G​T​G​A​A​C​A​G​A​

C​T​C​C
​C​C​A​T​A​G​A​T​G​C​G​T​
T​T​G​T​A​G​G​C​G​G

Bsp ​A​A​T​G​G​A​G​A​C​G​G​C​G​A​T​A​G​T​T​C​
C​G

​G​G​A​A​A​G​T​G​T​G​G​
A​G​T​T​C​T​C​T​G​C​C

Gapdh ​A​G​G​T​C​G​G​T​G​T​G​A​A​C​G​G​A​T​T​T​G ​T​G​T​A​G​A​C​C​A​T​G​T​
A​G​T​T​G​A​G​G​T​C​A
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camera binning = 2 × 2, power voltage = 80  kV, power cur-
rent = 125 μA, image pixel size = 5 μm, rotation step = 0.6°, 
filter = Al 1 mm. Image analysis was performed using CTAN 
software (version 1.18.8.0 +, Bruker).

2.7.3  Histological evaluation

The extracted samples were fixed in 70% ethanol, treated 
with Villanueva bone stain, and then embedded in methac-
rylate. Polished sections in the coronal plane were prepared, 
and images of the sections were captured using an optical 
microscope's 10 × objective lens (BZ-800, Keyence, Osaka, 
Japan). The bone-implant contact ratio (BIC%) was calcu-
lated by dividing the direct bonding distance between the 
implant surface and bone tissue by the overall distance. Fur-
thermore, the proximity zone up to 20 μm from the implant 
surface was set as ROI-I, while the distant zone from 20 μm 
to 60 μm was set as ROI-II. The bone area ratio (BA%) was 
calculated by measuring the bone area within each zone and 
dividing by the total area of each zone.

2.8  Statistical analysis

Data are expressed as mean ± standard deviation, and 
multiple comparisons were performed among all groups 
using Tukey's HSD test after one-way analysis of variance 
(ANOVA). Analysis was performed using GraphPad Prism 
10.1.2, with p-value < 0.05 considered statistically signifi-
cant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3  Results

3.1  Material characterization

SEM observations revealed changes in the surface mor-
phology at both the micro and nano levels in PEEK-Ti and 
PEEK-STO compared to PEEK (Fig. 1a). XPS analysis con-
firmed surface modifications with titanium and strontium 
titanate on the PEEK surface (Fig.  1b). The atomic con-
centration ratios of each sample are shown in Fig. 1c. The 
water contact angle of the material increased in the order of 
PEEK, PEEK-STO, and PEEK-Ti, and the wettability was 
not improved by the deposition of the thin films (Fig. 2a). 
Surface roughness measurements using a 3D laser scan-
ning microscope showed significant surface flattening in the 
PEEK-Ti group compared to the PEEK and the PEEK-STO 
groups (Fig. 2b).

immersion, each sample was carefully washed with distilled 
water and dried at room temperature. The surfaces were 
observed using SEM.

The distribution of the precipitated calcium phosphate 
was measured using time-of-flight secondary ion mass 
spectrometry (TOF-SIMS) (n = 3/group). TOF-SIMS 
analysis was performed with a TOF-SIMS M6 instrument 
(ION-TOF GmbH, Münster, Germany) using a Bi₃⁺ clus-
ter ion gun as the primary ion source. Spectrums ranging 
from 500 × 500 μm were analyzed using a pulsed primary 
ion beam (Bi₃⁺, 0.42pA at 30 keV), with a 295-s acquisition 
time. Positive and negative spectra were recorded for each 
specimen. The secondary ion peaks' mass resolution (m/
Δm) was typically between 5000 and 9000. The mass scale 
for the positive secondary ions was calibrated using the 
CH⁺, C₂H₂⁺, and C₃H₃⁺ peaks. The negative secondary mass 
scale was calibrated using the C⁻, C2⁻, and C3⁻ peaks. The 
observation of characteristic TOF-SIMS peaks was limited 
to the mass range of 1 to 100 D in both positive and negative 
spectra. To detect the relative precipitation of calcium phos-
phate, Ca⁺ was measured in positive ion mode, and phos-
phate fragments (PO₂⁻, PO₃⁻) were measured in negative ion 
mode. Each ion intensity of PEEK-Ti and PEEK-STO was 
calculated relative to PEEK.

2.7  In vivo assay

2.7.1  Animals and surgical procedures

The Animal Experiment Committee of our institution 
approved all animal surgeries. Twelve 12-week-old SD rats 
(n = 4/group) were purchased from Jackson Laboratory Japan 
(Kanagawa, Japan). Anesthesia was induced with a mixture 
of 0.15  mg/kg medetomidine, 2.0  mg/kg midazolam, and 
2.5 mg/kg butorphanol administered intraperitoneally. After 
making an incision on the lateral side of the right knee, the 
patella was dislocated medially to expose the femoral artic-
ular surface. A cortical window (1 × 2 mm) was created in 
the intercondylar region using a diamond burr with 1 mm 
diameter. The entire length of each sample for in vivo use 
was inserted into the distal bone marrow through the cor-
tical window. The rats were allowed free access to water 
and food postoperatively. They were sacrificed with CO2 
at 4  weeks post-surgery. Micro-focus computed tomogra-
phy (micro-CT) and histological analysis were performed to 
evaluate bone formation around the implant.

2.7.2  Micro-CT

The collected samples were preserved in 70% ethanol and 
subjected to micro-CT scanning (Skyscan 1272 micro-CT, 
Bruker, Kontich, Belgium) with the following parameters: 
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Fig.  1  Material characterization (SEM, XPS). (a) Photomicrographs 
(top) and SEM images of PEEK, PEEK-Ti, and PEEK-STO: magnifi-
cation = × 10000 (middle), × 300000 (bottom). (b) Representative XPS 

spectra for each sample. (c) Atomic concentration ratios of the surface 
of each sample measured by XPS (n = 3). Data represent mean ± SD 
(error bars)
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Fig. 2  Material characterization (WCA, roughness). (a) Water contact 
angle of PEEK, PEEK-Ti, and PEEK-STO (n = 3). (b) Microroughness 
of PEEK, PEEK-Ti, and PEEK-STO evaluated by 3D laser scanning 

(n = 3). Data represent mean ± SD (error bars). *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001 by one-way ANOVA followed by 
Tukey's HSD test
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Subsequently, the expression of osteogenesis-related genes 
in PEEK-Ti also increased, and by day 14, the differ-
ence between PEEK-Ti and PEEK-STO had disappeared 
(Fig. 5c). The increase in ALP activity and the expression of 
osteogenesis-related genes in PEEK-STO on day 7 may be 
attributed to Sr release, while the similar increase in osteo-
genic activity of both PEEK-Ti and PEEK-STO on day 14 
may be due to the bone affinity of the titanium-containing 
thin film.　On day 21, the mineralization of the extracel-
lular matrix and Ca content was evaluated by Alizarin Red 
staining and ICP-AES, respectively. PEEK-STO showed 
significantly greater staining with Alizarin Red and Ca 
deposition (Fig.  6a, b, and c). These results indicate that 
PEEK-STO enhances early osteogenic differentiation and 
mineral deposition.

3.5  Verification of mineral deposition by non-
cellular mechanisms using SBF

SEM images of PEEK immersed in SBF for 28 days showed 
no apparent accumulation of hydroxyapatite crystals in all 
groups (Fig.  7a). The TOF–SIMS assay to detect precipi-
tated calcium phosphate showed a significant increase in cal-
cium phosphate precipitation for PEEK-Ti and PEEK-STO 
compared to PEEK. This result indicates that both PEEK-
Ti and PEEK-STO have comparable non-cellular calcium 
phosphate precipitation capacity (Fig. 7b). High-resolution 
TOF-SIMS spectra in positive and negative ion modes for 
PEEK, PEEK-Ti, and PEEK-STO are shown (Fig. S1).

3.6  In vivo assay

Subsequently, an in vivo implantation assay was conducted 
to evaluate the materials' osteogenic activity. The protocol 
for assessing osteogenic activity in vivo is shown (Fig. 8a). 
PEEK is radiolucent, allowing for the evaluation of bone 
formation on the surface of implants by micro-CT. Micro-
CT image analysis 4 weeks after the implantation showed 
that new bone had formed over the entire surface of the 
PEEK-STO. On the other hand, the bone formation around 
the PEEK and PEEK-Ti was less continuous than that of the 
PEEK-STO (Fig. 8b).

Histological evaluation of hard tissue sections showed 
that PEEK-STO showed bone formation on the implant 
surface without fibrous tissue interposition (osseointegra-
tion). In contrast, PEEK showed the intervening fibrous tis-
sue between PEEK and newly formed bone. PEEK-Ti also 
showed bone formation on the implant surface without the 
intervention of fibrous tissue, but the area of bone covering 
PEEK-Ti was smaller than that of PEEK-STO (Fig. 9a). A 
description of the zone setting around implants for bone area 
ratio measurements is shown (Fig.  9b). Bone-to-implant 

3.2  Release of Sr ion

In the Sr release kinetics analysis, most of the Sr was 
released from PEEK-STO within the first 3 days (Fig. 3). 
The total amount of released Sr was 36.7 ± 0.8 μg.

3.3  Cytocompatibility in vitro

Cell viability on PEEK, PEEK-Ti, and PEEK-STO was 
measured using CB-MSCs. Both PEEK-Ti and PEEK-STO 
showed no decrease in cell viability compared to PEEK 
(Fig. 4a). On days 1 and 3 of culture, CB-MSCs were more 
viable on PEEK-STO than on PEEK. However, this differ-
ence disappeared by day 7. In the cytotoxicity test using 
extracts of the materials, cell viability exceeded 80% in 
all samples, demonstrating no cytotoxicity in accordance 
with ISO 10993–5 criteria. The number of adherent cells at 
60 min after seeding did not differ among the three groups 
(Fig. 4b), and the cell adhesion morphology showed similar 
actin fiber spreading among the three groups at 24 h after 
seeding (Fig. 4c).

3.4  Osteogenic activity

The protocol for assessing osteogenic activity in vitro is 
shown (Fig.  5a). In the evaluation of osteogenic activity 
using ALP analysis, PEEK-STO showed the highest ALP 
activity on day 7 after osteogenesis induction. On day 14, 
both PEEK-Ti and PEEK-STO exhibited higher ALP activ-
ity compared to PEEK (Fig. 5b). Gene expression analysis 
showed that Alp, which reflects osteoblast activity, as well 
as the non-mineralized bone matrix components Ocn and 
Bsp of PEEK-STO were significantly higher compared to 
PEEK and PEEK-Ti on day 7 after osteogenesis induction. 

Fig.  3  Sr release kinetics. The amount of strontium released from 
PEEK-STO up to day 14 (n = 3), the error bars are smaller than the 
sizes of symbols
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Fig.  4  Cytocompatibility in vitro. (a) Proliferation of CB-MSCs on 
PEEK, PEEK-Ti, and PEEK-STO on days 1, 4, 7, and 10 after seeding. 
(b) Cell viability after culturing CB-MSCs for 24 or 72 h with extracts 
of PEEK, PEEK-Ti, and PEEK-STO. Control: Growth medium not in 
contact with the test samples. Brass: Extract of brass wires. (c) Confo-
cal laser microscope images and the total number of adhered cells in 

five fields of view for PEEK, PEEK-Ti, and PEEK-STO after 1 h of 
cell seeding: Nuclear red for cell nuclei (red). (d) Actin cytoskeleton 
of cells on PEEK, PEEK-Ti, and PEEK-STO after 24 h of seeding: 
Nuclear red for cell nuclei (red), phalloidin for actin filaments (green). 
Data represent mean ± SD (error bars). *p < 0.05 by one-way ANOVA 
followed by Tukey's HSD test. ns: not statistically significant
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the implant and could achieve the highest osseointegration 
around the implant.

4  Discussion

In this study, we compared the osteogenic activity and 
osseointegration capacity among PEEK, PEEK-Ti, and 
PEEK-STO. PEEK-STO significantly enhanced the early 
expression of osteogenic genes and alkaline phospha-
tase (ALP) activity of CB-MSCs compared to PEEK and 

contact ratio (BIC%) and bone area ratio (BA%) in the 
proximity zone from the implant (ROI-I) were significantly 
larger in PEEK-STO (BIC%: 69.0 ± 12.4, BA%: 50.6 ± 3.6) 
compared to PEEK-Ti (BIC%: 46.6 ± 6.3, BA%: 36.5 ± 4.8) 
and PEEK (BIC%: 11.9 ± 5.5, BA%: 22.0 ± 9.3) at 4 weeks 
after surgery (PEEK-STO vs PEEK-Ti; p < 0.05, PEEK-
STO vs PEEK; p < 0.01). The bone area ratio in the distant 
zone from the implant (ROI-II) did not significantly differ 
among the three groups (Fig.  9c, d, and e). These results 
suggest that PEEK-STO enhances bone formation near 

Fig. 5  Osteogenic activity (ALP activity, gene expression). (a) Sche-
matic of the protocol for the osteogenic activity experiment. (b) Rela-
tive ALP activity of CB-MSCs treated with the osteogenic medium 
on PEEK, PEEK-Ti, and PEEK-STO. (c) Relative osteogenic activity-

related gene expression of CB-MSCs treated with osteogenic medium 
on PEEK, PEEK-Ti, and PEEK-STO. Data represent mean ± SD (error 
bars). *p < 0.05, **p < 0.01, ***p < 0.001 by one-way ANOVA fol-
lowed by Tukey's HSD test
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capacity of PEEK-STO is likely attributed to the following 
characteristics.

Notably, Sr ions released from PEEK-STO might exert 
osteogenic effects. The Sr solubility of high-crystalline 
strontium titanate in aqueous solution is very low, less than 
3% of the total amount for 7 days, even for fine particles 
[44, 45]. The release kinetics are also different: crystal-
line strontium titanate is released at a nearly constant rate, 
whereas amorphous or low-crystalline strontium titanate 

PEEK-Ti, ultimately leading to the highest calcium depo-
sition among them. The simulated body fluid (SBF) test, 
which investigates mineral deposition by non-cellular 
mechanisms, showed enhanced calcium phosphate deposi-
tion in both PEEK-STO and PEEK-Ti compared to PEEK. 
In vivo analysis using a rat femur implantation model dem-
onstrated that PEEK-STO has the strongest osteointegration 
capacity among the groups. This enhanced osseointegration 

Fig. 6  Osteogenic activity (mineralization). (a) Photomicrographs of 
PEEK, PEEK-Ti, and PEEK-STO after Alizarin Red staining. The 
upper panel shows CB-MSCs, and the lower panel shows calvarial 
osteoblasts. (b) Absorbance of Alizarin Red eluate and Ca content mea-

sured by ICP-AES in CB-MSCs. (c) Absorbance of Alizarin Red elu-
ate and Ca content measured by ICP-AES in calvarial osteoblasts. Data 
represent mean ± SD (error bars). *p < 0.05, **p < 0.01, ***p < 0.001, 
****p < 0.0001 by one-way ANOVA followed by Tukey's HSD test
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Furthermore, PEEK-STO has the potential to deposit cal-
cium phosphate on the surface by non-cellular mechanisms. 
Titanium reportedly deposits calcium phosphate in simu-
lated body fluid (SBF), which is considered a factor contrib-
uting to its osteoconductivity [51]. In this study, PEEK-STO 
deposited a calcium phosphate layer in SBF comparable to 
that of PEEK-Ti. The 2–5 nm titanium oxide film on tita-
nium is known as a passive film and has an amorphous or 
low-crystalline structure, and calcium phosphate is depos-
ited on the titanium oxide film in SBF [51–53]. Phosphate 
ions are first absorbed on the titanium oxide film and then 
stabilized on the film by combining with Ca ions to form 
calcium phosphate [51]. Calcium and phosphorus exist at 
the interface between titanium and bone tissue and may con-
tribute to osseointegration of titanium [54, 55]. Following 
the above process, titanium oxide formed on PEEK-STO 

has the highest initial release followed by an exponential 
decay [35, 46, 47]. The release kinetics of Sr in this study 
are also consistent with those of amorphous or low-crystal-
line strontium titanate, because most of the Sr was released 
in the initial phase and decayed exponentially. Based on the 
thin film formation efficiency using strontium titanate as the 
target material in our apparatus and Sr atomic concentration 
in the XPS, the total Sr content of the thin film can be esti-
mated to be approximately 83 μg [30]. The percentage of Sr 
released from the thin film in this experiment was approxi-
mately 45%, higher than that of high-crystalline stron-
tium titanate. The total amount of strontium released was 
36.7 ± 0.8 μg, corresponding to a concentration < 0.5 mM in 
1 mL of the medium. This concentration is within the range 
of concentrations where Sr promoted osteogenic activity 
(0.01–1 mM) [48–50].

Fig. 7  SBF assay. (a) SEM images of PEEK, PEEK-Ti, and PEEK-
STO after SBF soaking: magnification = × 10000. (b) Intensity ratio of 
Ca⁺ ions and phosphate fragment ions (PO₂⁻, PO₃⁻) measured by TOF-

SIMS. Data represent mean ± SD (error bars). **p < 0.01 by one-way 
ANOVA followed by Tukey's HSD test
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changes in these properties may have influenced osteogenic 
activity [46, 56, 57]. Additionally, osseointegration could 
be optimized by modulating strontium release from the 
material surface by changing the film thickness and target 
material composition. Another limitation is that the precise 

may have contributed to calcium phosphate deposition and 
osseointegration.

This study has some limitations. Magnetron sputtering is 
a technique that simultaneously induces morphological and 
chemical changes on the material surface, and unintended 

Fig. 8  In vivo assay (micro-CT). (a) Schematic of the in vivo experiment protocol. (b) Representative micro-CT images: Coronal (upper), magni-
fied coronal view (lower)
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molecular mechanisms by which strontium titanate and tita-
nium modifications affect surface properties and cellular 
responses remain unclear, requiring further investigation. 
The in vivo evaluation was limited to four weeks, which 
may be insufficient to assess long-term osseointegration 
and biocompatibility. A rat femoral implantation model was 
used, which does not fully replicate the human spinal fusion 
environment, highlighting the need for studies using an 
intervertebral fusion model. In addition, the relatively small 
sample size may limit statistical power and generalizability 
of findings, requiring larger studies to be conducted under 
more clinically appropriate conditions.

In conclusion, we demonstrated that surface modification 
of PEEK with strontium titanate through magnetron sput-
tering (PEEK-STO) promotes osteoblast differentiation and 
calcium deposition and can enhance in vivo osteointegra-
tion compared to PEEK-Ti and PEEK. These results suggest 
that surface modification of PEEK with strontium titanate 
through magnetron sputtering is an attractive option for 
solving the problems of PEEK’s biological inertness while 
maximizing PEEK's advantages as a spinal fusion device.
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Fig.  9  In vivo assay (histology). (a) Representative images of hard 
tissue sections (coronal section) of PEEK, PEEK-Ti, and PEEK-
STO: low magnification (left), high magnification (right). The white 
arrows indicate areas where fibrous tissue is interposed between the 
implant and bone tissue, and the yellow arrows indicate areas where 
the implant is directly bonded to the bone tissue. (b) Description of 
the zone setting around implants for bone area ratio measurements. 
(c) Bone-to-implant contact ratio (BIC%) of PEEK, PEEK-Ti, and 
PEEK-STO (n = 4). (d) Bone area ratio in the proximity zone from the 
implant (ROI-I) (n = 4). (e) Bone area ratio in the distant zone from 
the implant (ROI-II) (n = 4). Data represent mean ± SD (error bars). 
*p < 0.05, ***p < 0.001, ****p < 0.0001 by one-way ANOVA followed 
by Tukey's HSD test. ns: not statistically significant
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