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The treatment involves three steps: H,SO, immersion, exposure to O, plasma discharge, and alkaline sim-
ulated body fluid (alkaline SBF) treatment. This method produces homogeneous fine particles of amor-
phous calcium phosphate on the PEEK, and we confirmed that PrA-PEEK had excellent apatite
formation ability in an SBF immersion test. In the present study using PEEK implants in rabbit tibia,

{)(Eggords'. mechanical tests, and histological and radiological analyses revealed that PrA provided the PEEK substrate
Bioactivity with excellent bone-bonding properties and osteo-conductivity at early stages (4 and 8 weeks), extending
Precursor of apatite (PrA) to 16 weeks. In vitro study using MC3T3-E1 cells revealed via XTT assay that PrA on the PEEK substrate
Pore formation resulted in no cytotoxicity, though PrA treatment seemed to suppress gene expression of integrin f-1
Oxygen plasma treatment and Alp after 7-day incubation as shown by real-time PCR. On the whole, PrA treatment succeeded in giv-
H>S04 ing in vivo bone-bonding properties to the PEEK substrate, and the treatment is a safe and promising

method that can be applied in clinical settings. There was an inconsistency between in vivo and in vitro
bioactivity, and this discrepancy indicated that apatite formation does not always need activation of osteo-
blasts at very early stage and that optimal conditions at cell and organism level may be different.

Statement of Significance

Polyetheretherketone (PEEK) is an attractive engineering polymer used for spine and dental surgery. To
further improve clinical outcome of PEEK-based materials, we developed “Precursor of apatite” (PrA)
treatment on the PEEK surface to confer bone-bonding properties. The advantages of this treatment
are that it does not require high-temperature processing or special chemicals, and it is inexpensive.
The present study clarified excellent in vivo bone-bonding property of PrA treatment. In addition, the
results revealed important insights indicating that optimal conditions, especially wettability and crys-
tallinity in calcium phosphate, differ at cell and organism levels. Moreover, our results indicated that pre-
diction of in vivo bioactivity should be done in combination with multiple in vitro tests.

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction modulus similar to that of cortical bone, radiolucency, and resis-
tance to fatigue, chemicals, and shock [1]. PEEK has already been
Polyetheretherketone (PEEK) is an attractive engineering poly- widely used in spine and dental surgery, and PEEK implants gener-

mers for medical applications, with advantages such as low elastic ally show satisfactory results in clinical applications. In a meta-
analysis, Seaman et al. investigated the clinical outcomes of spinal
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seen with PEEK implants are considered to be associated with its
mechanical properties mentioned above.

Another important feature of PEEK is bio-inertness, meaning
that it induces hardly any interaction with a living body [3]. In clin-
ical applications this characteristic is, on the one hand, a great
advantage, but on the other is its biggest drawback. In fact, this
bio-inertness, along with progress in surgical techniques, has pro-
moted the application of PEEK implants, but equally has raised
another problem, pseudoarthrosis, especially when PEEK implants
are used in elderly people. In surgery on this section of the popu-
lation, bone vulnerability is a matter of concern (especially the
accomplishment of bone fusion), and the raised incidence of osteo-
porosis increases the risk of failure in spinal fusion surgery [4].
Therefore, it is necessary to confer bioactive properties, especially
bone-bonding properties, on PEEK in order to further improve sur-
gical success rates. Moreover, cost reductions for this kind of treat-
ment should be sought in an era of soaring medical costs.

There have already been many reports on treatment methods
for improving the bioactivity of PEEK. The reported methods can
be divided into composites and surface treatment [5]. Examples
of components of composites include hydroxyapatite [6,7], fluoro-
hydroxyapatite [8], Sr-containing hydroxyapatite [9], B-TCP [10],
TiO, [11], and Ca0-SiO, [12]. Surface treatments include chemical
deposition (—ONa, —OH, —F, etc.) [13], plasma treatment (O, [14],
NHs [15], Ar [14], N, [16], etc.), deposition of bioactive materials
(hydroxyapatite [17], TiO, [18], and gelatin with BMP2 [19]. How-
ever, there are unsolved problems associated with the existing
treatment methods; they often require high-temperatures, compli-
cated procedures or special apparatus and chemicals, and they are
costly.

To overcome these problems, we recently developed a surface
treatment of PEEK called “precursor of apatite” (PrA), which pro-
duces a homogeneous layer of fine particles of amorphous calcium
phosphate (ACP) on the PEEK surface [20]|. The concept of this
treatment is “stronger and faster adhesion to bone with a simple
low-temperature procedure,” and the technique comprises three
steps: immersion in H,SO,4, O, plasma treatment, and alkaline sim-
ulated body fluid (alkaline SBF) treatment. We revealed that this
treatment resulted in excellent apatite formation in SBF (ISO
23317 [21]) and that the first and the second steps were crucial
for consolidating the adhesion strength between the PrA-treated
PEEK (PrA-PEEK) substrate and the apatite layer newly-formed in
SBF. On achieving these results, we evaluated the bioactivity and
safety of PrA for clinical application. The goal of the present study
was to evaluate the effect of PrA treatment on in vivo bone-bonding
strength and on in vitro cell compatibility and differentiation.

2. Materials and methods
2.1. PEEK implants fabrication

2.1.1. PEEK sample preparation

Commercial PEEK (Ketron® 1000 PEEK, Quadrant Polypenco
Japan, Japan) was shaped either into a plate format
(15 x 10 x 2 mm) for in vivo study or a disk format (18 mm diam-
eter x 2 mm) for analyses of surface characteristics and in vitro
study (Fig. TA(a)). Both substrate types were washed, in order, with
99.5% acetone, 99.5% ethanol, and distilled water in an ultrasonic
cleaner for 10 min and air dried at room temperature.

2.1.2. Treatment methods of PrA treatment and four groups of PEEK
Treatment methods of PrA were described in our previous
report [20]. First, to create surface pores 500 nm in diameter (step
S), PEEK substrates were soaked in 98 wt% H,SO, (Hayashi Pure
Chemical., Ltd., Osaka., Japan) for 2 s twice, washed with distilled

water, and air dried at room temperature. Next, the samples were
exposed to glow discharge in an O, atmosphere at 200 W (Kyoto
Teisan K.K., Kyoto, Japan) for 4 min to make the surface hydrophilic
(step P). Finally, the substrates were immersed in alkaline SBF, in
which the pH was increased to 8.4 by dissolving tris (hydrox-
ymethyl) aminomethane at 25 °C, and maintained at 70 °C for
24 h in an incubator to deposit PrA on the PEEK surface (step A).
SBF was prepared according to the past report [22]. The changes
on PEEK surface given by each step observed by SEM and EDX,
together with the result of SBF immersion test using PrA-PEEK,
are summarized in Fig. 1B [20,23]. In the present study, four groups
of PEEK samples were prepared. For the first group the substrates
were washed only with acetone, ethanol, and distilled water, and
then dried (group N). Substrates in the second group were addi-
tionally treated with H,SO,4 (group S). Substrates in the third group
were treated with H,SO,4 (step S) and O, glow discharge (step P)
but not immersion in alkaline SBF (group SP). Substrates in the last
group were treated with all the three steps mentioned above
(group SPA). For the analyses of surface characteristics, groups N,
S, SP, and SPA were tested. For the in vitro study, groups N, SP,
and SPA were evaluated. For the in vivo study, groups N and SPA
were investigated to evaluate bioactivity of PrA. All the samples
were sterilized with ethylene oxide gas (ekitekku95, Nihon Ekitan,
Tokyo, Japan) at a temperature of 40°C before use in the
experiments.

2.2. Surface characteristics

2.2.1. X-ray photoelectron spectroscopy (XPS)

The elemental composition and functional groups on each PEEK
substrate were analyzed by XPS (JPS-9010TRX, JEOL Ltd, Japan)
using Mg-Ka radiation at an acceleration voltage of 10 kV.

2.2.2. Hydrophilicity, Ca/P ratio, and thickness of PrA

The hydrophilicity of each group of PEEK was evaluated by
water contact angle (WCA) using five PEEK samples for each group.
The contact angle was measured using Sessile drop method by
means of contact angle meter (CAX-150, Kyowa Interface Science,
Inc, Japan). One-pL ultrapure water at 25 °C was dropped onto each
PEEK surface, and WCA was measured 1 s after the drop.

The Ca/P ratio of PrA was evaluated as follows: The disk-shaped
PEEK substrate of group SPA was soaked in 1 M HNO; (FUJIFILM
Wako Pure Chemical Corporation, Japan) for 24 h at room temper-
ature, and PrA on PEEK substrate was dissolved into the solution.
The concentration of Ca and P was evaluated with inductively cou-
pled plasma atomic emission spectroscopy (ICP-AES, ICPS-7510,
SHIMADZU CORPORATION, Japan). Following that, the Ca/P ratio
was calculated using three samples of group SPA.

The thickness of PrA was evaluated as follows: The disk-shaped
PEEK of group SPA was embedded in epoxy resin, and the specimen
was cut with diamond wheel (Model 650, South Bay Technology
Inc.). Subsequently, the interface between the PEEK substrate and
the resin was observed by SEM (SU6600, Hitachi Technologies
and Services, Ltd., Japan) with color mapping by EDX (XFlash®
5010, Bruker). The thickness of PrA was estimated based on the
depth of the colored area.

2.3. In vitro study

A MC3T3-E1 cell line, as representative of pre-osteoblast cells,
was used for all in vitro studies. a-MEM (Gibco, USA) with 10% fetal
bovine serum and 1% penicillin/streptomycin was used for cell cul-
ture in all experiments, and the medium was changed every other
day. In all the in vitro studies, first, MC3T3-E1 cells were seeded on
the disk-shaped PEEK substrate at densities of 1 x 10% cells/cm? in
12-well plates and incubated at 37 °C. Four or five PEEK disks were
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Fig. 1. (A): a, A photo of four groups of PEEK substrate. b, Either group N or SPA PEEK substrate was implanted in the slit in a press-fit manner. ¢, An apparatus used in the
mechanical test. (B): The surface characteristics of PEEK substrate observed by SEM and EDX after washed only with acetone, ethanol, and distilled water (a); treated with
step S (b); step Sand P (c); step S, P, and A (d). The SEM image shows that micro-pore (500 nm in diameter) was formed by step S. The EDX and SEM image revealed that step A
deposits fine particles of amorphous calcium phosphate. (e); 24 h after the immersion of PrA-treated PEEK in SBF, apatite was homogeneously formed.
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used per experiment for each group, and every in vitro test was
repeated at least three times to confirm the reproducibility. After
incubation for the required period, each experiment was per-
formed as below.

2.3.1. Cell adhesion on SEM

After 6-h culture, each substrate was washed with phosphate-
buffered saline and fixed with 2.5% glutaraldehyde for 2 h. Then,
the substrates were dehydrated in serial concentrations of ethanol
(50%, 70%, 90%, 99%, 100%, and 100% [v/v]) for 10 min at each con-
centration. The substrates were soaked in 50% hexamethyldisi-
lazane (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 (S-4700; Hitachi Ltd, Tokyo, Japan).

2.3.2. Cell viability

Cell viability was evaluated by XTT assay, which utilizes cleav-
age, by metabolically active cells, of the yellow tetrazolium salt
XTT to form an orange formazan dye. After 4-d culture, XTT label-
ing reagent (Roche Applied Science, USA) was added to each well.
After incubation for 4 h, 150 pL of the medium was transferred to a
96-well plate and the amount of formazan product was quantified
by absorbance at 450 nm using a microplate reader (iMark™ Micro-
plate Absorbance Reader, BIO-RAD Laboratories, Hercules,
California).

2.3.3. Alkaline phosphatase (ALP) activity at protein level

ALP activity was evaluated with p-nitrophenyl phosphate
(pNPP) (Wako Pure Chemical Industries, Ltd., Osaka, Japan). After
7-d culture, the cells were washed with normal saline twice and
lysed in 1% NONIDET NP-40 (Iwai Kagaku, Tokyo, Japan) by
repeated pipetting. After 30-min incubation with 6.7 mM pNPP at
37°C for 30 min (Wako Pure Chemical Industries, Ltd., Osaka,
Japan), the optical density at 405 nm was measured, and ALP activ-
ities were calculated from a standard curve. The ALP levels were
normalized to the total protein content and relative values were
described.

2.3.4. Real-time quantitative PCR (RT-qPCR) analysis

After 7-d culture, the osteogenic differentiation-related genes
(Alp, Ocn, Opn) and adhesion-related gene (integrin-p1) were quan-
tified by RT-qPCR. RNA of the cells on each PEEK substrate was
extracted with RNeasy Mini Kit (Qiagen, Hilden, Germany) and
reverse transcribed into cDNA with ReverTra Ace qPCR RT Master
Mix (TOYOBO, Japan). The cDNA samples were quantified using a
LightCycler system (Roche) with THUNDERBIRD SYBR qPCR Mix
(TOYOBO, Japan). The primer sequences used are listed in Table 1.
The expression levels of osteogenic differentiation-related genes
were evaluated and normalized to the internal housekeeping gene
(Gapdh).

Table 1
Primer sequences of each gene in RT-qPCR analysis.
Gene Forward (F) and Reverse (R) primer sequence (5'-3")
Gapdh F: TGTCCGTCGTGGATCTGAC
R: CCTGCTTCACCACCTTCTTG
Alp F: ACTCAGGGCAATGAGGTCAC
R: CACCCGAGTGGTAGTCACAA
Ocn F: AGACTCCGGCGCTACCTT
R: CTCGTCACAAGCAGGGTTAAG
Opn F: GGAGGAAACCAGCCAAGG
R: TGCCAGAATCAGTCACTTTCAC
Integrin-$1 F: TTGGGATGATGTCGGGAC
R: AATGTTTCAGTGCAGAGCC

2.4. In vivo study

2.4.1. Animals

The present study was approved by the Animal Research Com-
mittee, Graduate Scholl of Medicine, Kyoto University, Japan
(Approval number; Med Kyo 17228 and 18259). A total of 33 male
white rabbits weighing from 2.8 to 3.0 kg (15 weeks old) were
used, and two legs from each were operated on. The rabbits were
sacrificed at three time points, 4, 8, and 16 weeks after the opera-
tion, respectively (11 rabbits at each time point). At each time
point, the legs of six rabbits (12 legs) were used for biomechanical
tests and those from five rabbits (10 legs) were used for radiolog-
ical and histological analysis. In each individual leg, either of the
treatment type of PEEK substrate (group N or SPA) was implanted.
Finally, for each time point and each treatment group, six implants
were subjected to biomechanical tests and five implants were
taken for radiological and histological analysis. Group SP was not
tested in this study because preliminary experiments showed very
poor bone-bonding, and evaluation of this group was stopped for
animal welfare reasons.

2.4.2. Surgical procedure

Each PEEK substrate was implanted according to the methods
our group previously reported [24]. Briefly, the rabbits were anes-
thetized with a gradual intravenous injection of pentobarbital
sodium (40 mg/kg) followed by an inhalation of isoflurane and
local injection of 1% lidocaine. A 4-cm longitudinal skin incision
on the medial side of the tibia was made, and the fascia was
incised. The periosteum was cut in an L-shape at the anterior verge
of the medial collateral ligament, and then the tibial bone cortex
was exposed. A 16 x 2 mm slit was made in the proximal metaph-
ysis with a high-speed burr along the longitudinal axis of the tibia,
and the slit was irrigated with saline. Either a group N or a group
SPA PEEK substrate was implanted in the slit in a press-fit manner
in one side of the tibial bone (Fig. 1A(b)), and the substrate from
the other group was implanted in the other side. Thereafter, the
fascia and the skin were sutured layer by layer. After the operation,
the rabbits were housed and raised in a standard rabbit cage and
given standard rabbit food and water. At 4, 8, and 16 weeks after
the operation, the rabbits were sacrificed with 3 ml rapid intra-
venous injection of pentobarbital sodium. Segments of the tibial
metaphysis bearing the PEEK substrate were cut and immersed
in saline. For the biomechanical tests, bone and soft tissue formed
outside the tibial bone were removed from both medial and lateral
sides to evaluate the bone-PEEK bonding strength achieved within
the tibial bone. For histological and radiological analysis, the spec-
imens were immediately immersed in phosphate-buffered
formalin.

2.4.3. Biomechanical testing

To evaluate bonding strength between PEEK substrate and tibial
bone, the detachment test was applied within 5 h after sacrifice
according to the protocol previously reported by Nakamura [24].
Vertical traction force was applied to the tibial bone at a cross-
head speed of 35 mm/min using an Instron-type autograph (Model
1011; Aikoh Engineering Co. Ltd., Nagoya, Japan). In this apparatus,
hooks held and pulled the anterior and posterior portion of the tib-
ial bone divided by the PEEK substrate (Fig. 1A(c)). The detachment
failure load was defined as the maximum force when the PEEK
substrate was detached from the bone at any point. The failure load
was taken as O N when the bone was detached by the weight of the
hooks in the apparatus alone.

2.4.4. Radiological analysis using p-CT
After harvesting the proximal segments of the tibia, each sam-
ple was evaluated using p-CT scanning (SMX-100CT-SV-3; Shi-
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madzu Corp., Kyoto, Japan) with a slice thickness of 0.05 mm under
identical conditions. Three-dimensional CT images of each PEEK
sample were reconstructed, and the newly-formed bone (NFB)
mentioned below was calculated with VG studio MAX 2.2 (Volume
Graphics GmbH, Heidelberg, Germany). Prior to evaluating the NFB
around each PEEK substrate, a CT threshold value equating to that
of the cortical bone was set, and this threshold was applied to all
the samples. Second, a region of interest (designated ROI-1) which
had the same or a higher CT value than the threshold was
extracted. Then ROI-2 was defined as the space inside a sphere of
radius 2.0 mm within the cancellous bone, the center of which
was 10 mm distal to the proximal end of the tibia. Finally, the
NFB was defined as the region included within both ROI-1 and
ROI-2. The volume of NFB was measured and the proportion of
NFB to ROI-2 (v/v) was calculated.

2.4.5. Histology

The bone specimens were first fixed in 10% phosphate-buffered
formalin (pH 7.25) for 10 d, dehydrated in a series of ethanol con-
centrations (70%, 80%, 90%, 99%, 100%, and 100% [v/v]) for 1 d at
each concentration, and then embedded in polyester resin. The
specimens were cut into slices about 700 um in width with a band
saw (BS- 3000CP, EXACT cutting system; Exakt Apparatebau
GmbH, Norderstedt, Germany) perpendicular to the tibial bone
axis. Then, the sections were ground to a thickness of 80 pm using
a grinding-sliding machine (Microgrinding MG-4000; Exakt Appa-
ratebau GmbH) with continuous abrasive papers (#400, #800,
#1200, #2000, and #4000). For light microscopy analysis, each
ground section was stained with Stevenel’s blue and van Gieson’s
picrofuchsin, by which calcified bone was stained bright red,
non-calcified bone was stained green, and soft tissue was stained
blue. Each stained sample was scrutinized using a transmitted light
microscope (Eclipse 80i; Nikon, Tokyo, Japan) with digital camera
attached (DS-55M-L1; Nikon, Tokyo, Japan). The direct contact
between bone and PEEK substrate seen using light microscopy
was quantified by measuring the bone-implant contact (BIC) ratio
using 2-dimensional image processing software (Image J; National
Institutes of Health, Bethesda, MA, USA). The BIC ratio was evalu-
ated at three points: the proximal third, the middle third, and
the distal third of each PEEK sample. The average value was then
calculated. For SEM analysis, the ground sample was coated with
platinum and examined by SEM (S-4700; Hitachi Ltd, Tokyo,

Japan).
2.5. Statistical analysis

One-way analysis of variance (ANOVA) followed by Tukey’s
multiple comparison tests were used in in vitro analyses including
XTT assay, ALP activity, and RT-qPCR among three groups (group N,
SP, and SPA). Student’s t-test was used for in vivo analysis for
detachment tests (failure load) and BIC ratio between the two
groups (group N and SPA). A P value < 0.05 was considered statis-
tically significant. The statistical analysis was performed using
JMP software (version 12.0.1, SAS Institute, Cary, NC, USA).

3. Results
3.1. Surface characteristics

3.1.1. XPS

The XPS profile of groups N, S, SP, and SPA are shown in Fig. 2A.
In group S, there was a peak derived from S—O bonding in S2p. In
group SP, a peak derived from O=C—O bonding was also found in
Cls, and a peak derived from S—O was stronger compared with
that in group S. In group SPA, both S—0 bonding and 0O=C—0 bond-
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Fig. 2. (A): The XPS profile of groups N, S, SP, and SPA. (B) The PrA-PEEK substrate
embedded in epoxy resin observed by SEM with EDX mapping.

ing were identified, and the presence of Ca and P was indicated in
Ca2p and P2p. These results indicate that sulfo groups and carboxyl
groups were introduced by step S and P respectively and that Ca
and P were finally introduced by step A.

3.1.2. Hydrophilicity, Ca/P ratio, and the thickness of PrA

The WCA of groups N, S, SP, and SPA were 86.9 +4.6°,
107.0+2.5°, 16.5+3.7°, and 7.4 £ 1.4°, respectively. The surface
of PEEK substrate became hydrophobic by step S at the beginning,
then hydrophilicity was given and increased by step P and A.
Finally, the surface of group SPA showed super-hydrophilicity. In
the SPA group, the estimated Ca/P ratio of PrA was 1.62 £ 0.15.
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The SEM image with EDX mapping revealed that the thickness of
PrA was less than 5 pum (Fig. 2B).

3.2. In vitro study

3.2.1. Cell adhesion visualized with SEM

Cell adhesion after 6-h incubation was observed by SEM (Fig. 3).
In groups N and SPA, pseudopodia and spreading of cells were
observed. In group SP, the cells remained spherical.

3.2.2. Cell viability

Viability of the seeded MC3T3-E1 cells after 4-d culture in o~
MEM was evaluated by XTT assay (Fig. 4A). The mean relative cell
viability and its standard deviation (SD) of groups N, SP, and SPA
were 1.00 + 0.18, 1.15 £ 0.06, and 1.63 * 0.45, respectively. Cell via-
bility of group SPA was significantly higher than that of groups N
and SP (p <0.05). There was no significant difference between
groups N and SP.

3.2.3. ALP activity at protein level

ALP activity of the seeded MC3T3-E1 cells after 7-d culture on
each substrate was assessed at protein level (Fig. 4B). The mean
of relative ALP activity and its SD of groups N, SP, and SPA were
1.00 £0.35, 0.72 £ 0.12, and 0.27 £ 0.14, respectively. Contrary to
expectations, ALP activity in group SPA was significantly lower
than that of group N (p <0.05). Although not statistically signifi-
cant, ALP activity in group SPA tended to be lower than in group
SP (p = 0.053). No statistical difference was found between group
N and SP.

3.2.4. RT-qPCR

Relative gene expression levels of Alp, Ocn, Opn, and integrin-
plof MC3T3-E1 cells after 7-d culture was measured using RT-
qPCR (Fig. 4C-F). The mean relative expression and its SD of these
four genes in groups N, SP, and SPA was, respectively: Alp:
1.00£0.38, 0.98+0.13, and 0.25+0.03; Ocn: 1.00+051,

0.47 £0.22, and 0.41+0.09; Opn: 1.00+0.10, 1.15+0.13, and
1.13+£0.27; integrin-p1: 1.00+0.03, 0.62 +0.11, and 0.36 + 0.06.
As in ALP activity at protein level, expression of Alp in group SPA
was significantly lower than that in group N and SP (p <0.01).
There was no significant difference of Alp expression between N
and SP. As for Ocn and Opn, no significant differences were found
between any of the groups. Expression of integrin-g1 in group
SPA was significantly lower than that in groups N and SP
(p <0.01). Moreover, integrin-$1 expression in group SP was also
significantly lower than that in group N (p < 0.01).

3.3. In vivo study

The surgical procedures were performed uneventfully in all the
animals. No infection of the operation site or implant dislocation
was observed during necropsy. No apparent adverse reactions,
such as inflammation or foreign body reaction, were found on
any of the implanted plates.

3.3.1. Biomechanical testing

Bonding strength between tibial bone and PEEK substrate was
assessed by detachment testing (Fig. 5A). The mean failure loads
and its SD for groups N and SPA were 1.0+ 0.9 N and 12.2+59N
at 4weeks, 29+49N and 23.4+132N at 8weeks, and
1.7+3.1N and 25.3 £9.5N at 16 weeks, respectively. The failure
loads for group SPA were significantly higher than for N at all time
points (p < 0.01). The mean failure load for group SPA reached its
plateau at 8 weeks and the bonding strength was maintained at
16 weeks.

3.3.2. New bone formation as visualized by p-CT

Representative axial images of u-CT data are shown in Fig. 5B.
New bone formation seemed to take place from the surface of
the tibial bone in both N and SPA groups. However, NFB in group
N remained somewhat separated from the PEEK substrate while
NFB in the SPA group was formed at the surface of the PEEK sub-

Fig. 3. Cell attachment on each PEEK substrate after 6-h incubation observed by SEM.
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strate at all time points. The proportion of NFB volume to the
defined ROI was also calculated from p-CT scans (Fig. 5C). The
mean values and its SD for NFB volume in groups N and SPA were
1.6+1.2% and 9.0 + 2.4% at 4 weeks, 1.5+ 1.4% and 5.4 +4.6% at
8 weeks, and 0.4 £0.2% and 6.2 +4.3% at 16 weeks, respectively.
NFB volume in group SPA was greater than that in group N at
4 weeks (p<0.01) and 16 weeks (p <0.05), though there was no
significant difference between the two groups at 8 weeks.

3.3.3. Histology and histomorphometry

Representative SEM images of the interface between the PEEK
substrate and tibial bone are shown in Fig. 6A. In group N, the
interface showed detachments in many places while the interface
was more attached in group SPA. Direct contact between tibial
bone and the PEEK substrate was scrutinized by light microscopy.

Representative histological specimens are shown in Fig. 6B. At
4 weeks, soft tissue was seen penetrating between the PEEK sub-
strate and tibial bone over most areas of the PEEK surface in group
N, while immature bone in direct contact with the PEEK substrate
had formed in group SPA. At 8 weeks, new bone also started form-
ing in group N, although most of the NFB was not in direct contact
with the PEEK substrate; at this point, NFB in group SPA was begin-
ning to mature and was in direct contact with the PEEK substrate.
This difference between the two groups was also present at
16 weeks. Direct contact between the PEEK substrate and tibial
bone was quantified by measuring BIC ratio (Fig. 6C). The mean
value of BIC ratio of group N and SPA were 8.6+2.9% and
51.5+10.0% at 4 weeks, 20.3 +3.3% and 53.519.1% at 8 weeks,
and 23.2 £6.3% and 53.9 + 3.4% at 16 weeks, respectively. The BIC
ratio in group N gradually increased with time, but remained
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low, even at 16 weeks. In contrast, the BIC ratio in group SPA was
significantly higher than in group N throughout the experiment
(p <0.01). The BIC ratio in group SPA reached its plateau as early
as 4 weeks and was maintained at 16 weeks.

4. Discussion

In our previous reports, apatite was homogeneously formed on
PrA-treated PEEK (PrA-PEEK) in SBF within 24 h, and we noted that
if any one of the three processing steps (S, P, or A) was omitted the
apatite formed on the PEEK substrate was either less in volume or

more spathic in nature compared with group SPA PEEK [20].
Results in vivo in the present study for the detachment test, BIC
ratio (histology), and NFB (u-CT) revealed that PrA treatment pro-
duced excellent bone-bonding properties and osteo-conductivity
on the PEEK surface. In vitro results obtained from the XTT assay
revealed that SPA treatment confers no cytotoxicity. Contrary to
expectations, however, expression of adhesion- and
differentiation-related genes (integrin-p1 and Alp) of pre-
osteoblast cells on PrA-PEEK was suppressed.

There are several advantages to the PrA treatment described
here. First of all, bone-bonding of PrA-PEEK in vivo was accom-
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plished relatively early after implantation, and was maintained for
a comparatively long period. In the present study, Ca/P ratio of our
PrA (Ca/P = 1.62) was a slightly higher than the past reported value
of ACP (Ca/P=1.50) [25], which indicated that PrA was Ca-rich
ACP. Nagano et al. evaluated in vivo bone-bonding property and
degradation behavior of ACP and crystalline hydroxyapatite; they
concluded that hydroxyapatite is preferable for coating longevity

while ACP is advantageous for initial fixation for porous materials
[26]. Consistent with this report, ACP deposited on PrA-PEEK con-
veyed bioactivity early after implantation. Second, the maximum
temperature used in the PrA treatment (70 °C for 24 h in step A)
is significantly below the melting point (335 °C) and the glass tran-
sition point (143 °C) of PEEK [3]. Therefore, any heat-associated
damage to the PEEK substrate may be minimized and its surface
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Results from previous reports on water contact angle (WCA), and its effect in vivo and in vitro on bioactive PEEK. The symbols “1,” “—,” and “|” indicate “activated,” “levelled,” and

“suppressed,” respectively.

Author Treatment WCA(°) in vivo in vitro effect
effect
Bone- Cell adhesion Cell compatibility Cell differentiation
bonding  (observation (method/cell line) (method/cell line)
property  method/cell line)
(animals)
P. Johansson et al. [33]  Nano-crystalline 88+2.7 T N/A N/A N/A
hydroxyapatite coating (rabbits)
K. Gan et al. [16] Nitrogen plasma 17.74-20.67 N/A T 1 T
immersion ion (SEM/MG-63) (MTT assay/MG-63) (ALP activity assay/MG-63)
implantation
C.M. Han et al. [34] electron beam 54+24 1 1 1 1
deposition of titanium (rabbits)  (SEM/MC3T3-E1) (MTS method/MC3T3-  (ALP activity assay/
E1) MC3T3-E1)
X. Liu et al. [35] Polystyrene sulfonate 21.7-39.7 1 1 T
(PSS) and (rabbits)  (SEM/rat bone marrow (CCK-8 kit/rat bone (ALP activity assay/rat
polyallylamine stromal cell) marrow stromal cell) bone marrow stromal cell)
hydrochloride (PAH)
multilayers
T. Shimizu et al. [18] Sol-gel-derived TiO, 18.3 (0O, 1 1 1
coating plasma)-41.0 (rabbits)  (phalloidin stained/bone (XTT assay/bone (ALP activity assay/bone
(sandblast) mesenchymal stem cell of mesenchymal stem cell mesenchymal stem cell of
rabbit) of rabbit) rabbit)
Y. Zhao et al. [36] Three-dimensional 88-92 T 1 1 1
porous and (rats) (phalloidin stained/ (MTT assay/MC3T3-E1) (gene expression of Alp/
nanostructured MC3T3-E1) MC3T3-E1)
network by H,SO4
Rui Ma et al. [37] Nano-hydroxyapatite/ 51 N/A T 1 T
polyetherether-ketone (phalloidin stained/ (cell counting kit-8 (ALP activity assay/
biocomposite MC3T3-E1) assay/MC3T3-E1) MC3T3-E1)
Our group PrA-PEEK 7414 T - T 1
(rabbits)  (SEM/MC3T3-E1) (XTT assay/MC3T3-E1)  (ALP activity assay/
MC3T3-E1)

micro-structure is comparatively easy to control. Third, the micro-
pores formed in step S are relatively fine (500 nm in diameter) and
the depth of the pore layer can be maintained to <5 pum by limiting
the immersion time in H,SO4 in step S to only 4 s. Thus, ACP rich in
chemical reactivity is deposited, the specific surface area of the
PEEK can be increased, adhesion to apatite or bone tissue is
improved, while changes in surface properties are minimized.
We speculate that it is this fine structure that is responsible for
the excellent in vivo bone-bonding properties demonstrated in this
study. Finally, PrA treatment does not need special chemicals or
apparatus other than H,SO4 and glow-discharge equipment. Over-
all, PrA treatment can affordably yield a valuable medical material
in an age when medical budgets are very tight.

Unexpected results from the in vitro tests raise some crucial
questions. The first is the possibility that residual sulfo groups in
PrA can suppress pre-osteoblast differentiation. Miyazaki et al.
reported that sulfo groups on carbon-PEEK could accelerate apatite
formation in SBF immersion test [27]. On the other hand, Ouyang
et al. developed sulfonated PEEK, which had a three dimensional
network by immersion in H,SO4 and evaluated the effect of resid-
ual sulfo-compounds on osteoblast [28]. Their study showed that
PEEK with small sulfur concentration accelerated proliferation
and differentiation of rat bone mesenchymal stem cells, but the
PEEK with high sulfur concentration suppressed them. In PrA-
PEEK, EDX did not detect sulfur content, but XPS did. Therefore,
even though the amount of residual sulfo groups may be small in
PrA-PEEK, they could suppress differentiation of pre-osteoblast.

The second is that crystallinity of calcium phosphate may influ-
ence differentiation of pre-osteoblast. Even though ACP was
reported to accelerate cell adhesion and osteogenic differentiation
[29], it is still debatable. In fact, Hu et al. reported that crystalline
hydroxyapatite was better than ACP for osteogenic differentiation

when the factor of the size of nanoparticles was removed [30].
One feature peculiar to ACP is that ACP autonomously changes into
hydroxyapatite in aqueous media [29]. We speculate that this rich-
ness in chemical reactivity may not necessarily have a positive
effect on the differentiation of pre-osteoblast. Taking into account
the excellent results of SBF test in our past study, apatite formation
on our PrA-PEEK seemed to depend not on direct activation of pre-
osteoblasts but on an inorganic chemical reaction, such as
10Ca*" + 6PO?{ +20H™ < Cayo(PO4)g(OH), at a very early stage.
The third is that the hydrophilic nature of the PEEK substrate
may have different influences at cell and organism levels. Confer-
ring hydrophilicity on PEEK by plasma treatment is a frequently-
used technique for promotion of bioactivity [14,31]. At the cell
level, wettability, along with topography, charge, pore size, and
bioactivity, is regarded as a determining factor for cell adhesion
[32]. When compared with bioactive PEEK reported previously
(Table 2) [16,18,33-37], our PrA-PEEK showed super-
hydrophilicity in terms of WCA (WCA=7.4+1.4°). As for cell
response, Tamada et al. investigated L cell attachment on various
kinds of polymer surface and the relationship between cell attach-
ment and hydrophilicity using WCA [38] and revealed that L cells
preferentially adhere to moderately wettable substrates having a
WCA of 60°-80° in the medium regardless of the presence of
serum. Van Wachem et al. evaluated the adhesion of human
endothelial cells in serum-containing culture medium on
methacrylate polymer surfaces having varying wettability and
revealed that cell adhesion to the polymer was optimal on moder-
ately wettable polymer (at a WCA of around 39°) [39]. Therefore,
super-hydrophilicity may explain suppressed gene expression of
cell adhesion-related genes such as integrin-f1. Moreover, consid-
ering that integrin plays a leading role not only in cell attachment
but also as a trigger of the differentiation-related signaling cascade
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[32] (including Ras-MAPK/ERK1/2 [40], Src/FAK-p130Cas-Rho
GTPases [41], ERK1/2-Bcl-xL/Bcl2 [42], and PI3K-Akt-mTOR [43]),
expression of differentiation-related genes (such as Alp) may be
suppressed owing to the suppression of integrin caused by
super-hydrophilicity. To maximize the bioactivity of PEEK, we
should further investigate optimal hydrophilicity for PrA-PEEK.

Finally, in vitro experiments as a predictor of in vivo bioactivity
should be reconsidered. The prediction of in vivo bioactivity with-
out using animals has become increasingly important. Intuitively,
the activity of pre-osteoblasts on the PEEK substrate should reflect
in vivo behavior better than the SBF test. However, in evaluating
PrA-PEEK, the opposite result was observed in the present study.
Therefore, the prediction of in vivo bioactivity should be done in
combination with multiple in vitro tests.

There were some limitations in the present study. First, only
groups N and SPA were tested in in vivo studies. Therefore, the
effect of change in topology or hydrophilicity on in vivo bioactivity
were not evaluated. Second, only the single conditions of immer-
sion time in H,SO,4 and the voltage and exposure time in glow dis-
charge were evaluated. They may be the critical factors that
maximize the bioactivity of our PrA-PEEK. Third, the adhesion
strength between PrA and PEEK substrate was not evaluated
because of technical problems. This data may be essential for clin-
ical application as orthopedic implants. Finally, we were also
unable to directly evaluate the activity of pre-osteoblast in vivo
due to technical difficulties, which is the key in understanding
the discrepancy in the present results between in vivo and
in vitro. All these issues that have been discussed will be the focus
of future research.

5. Conclusion

Our PrA treatment on PEEK substrate succeeded in giving fast
and long-lasting bone-bonding strength and promoting new bone
formation in vivo without the need for a high-temperature proce-
dure, although the treatment did not accelerate pre-osteoblast cell
adhesion or differentiation on the PEEK substrate. A balancing act
of exposure times in steps S and P is needed to maximize the bioac-
tivity of PrA-PEEK.
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