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Abstract

There is increasing interest in the use of polyether ether ketone (PEEK) for orthopedic and dental implant applications due
to its elastic modulus (close to that of bone), biocompatibility and radiolucent properties. However, PEEK is still categorized
as bioinert owing to its low integration with surrounding tissues. Methods such as depositing hydroxyapatite (HA) onto the
PEEK surface could increase its bioactivity. However, depositing HA without damaging the PEEK substrate is still required
further investigation. Friction stir processing is a solid-state processing method that is widely used for composite substrate
fabrication. In this study, a pinless tool was used to fabricate a HA/PEEK surface nanocomposite for orthopedic and dental
applications. Microscopical images of the modified substrate confirmed homogenous distribution of the HA on the surface
of the PEEK. The resultant HA/PEEK surface nanocomposites demonstrated improved surface hydrophilicity coupled with
better apatite formation capacity (as shown in the simulated body fluid) in comparison to the pristine PEEK, making the
newly developed material more suitable for biomedical application. This surface deposition method that is carried out at low
temperature would not damage the PEEK substrate and thus could be a good alternative for existing commercial methods

for PEEK surface modification.
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Introduction

Polyether ether ketone (PEEK) is a very interesting material
for orthopedic and dental applications owing to its chemical
resistance, elastic modulus that is close to the bone elastic
modulus and radiolucency (Almasi et al. 2016). However,
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low bioactivity of PEEK is the main problem that limits its
biomedical application. In order to enhance the bioactivity
of implants, bioactive material—hydroxyapatite (HA) with
the ratio of calcium to phosphorus similar to the natural bone
has been previously considered (Shen et al. 2014). Fabrica-
tion of composites using HA additive is one of the strate-
gies to increase the bioactivity of the PEEK, making it as
bioactive implant material (Aravind and Sangeetha 2015;
Pan et al. 2013).

Melt mixing and injection molding are the common meth-
ods to produce HA/PEEK composites (Bakar et al. 2003).
However, these methods are always associated with nano-
particles agglomeration during nanoparticle reinforcement
process (Roeder et al. 2008; Wang et al. 2010, 2011). Cur-
rently, surface modification of PEEK using plasma spraying
is the most effective method. However, plasma spraying of
HA is required to be carried out at a high temperature and
because of this, it will not suitable for low-melting point
PEEK. Although the low temperature has been previously
applied, a strong adhesion between the PEEK substrate and
HA layer is hard to achieve (Filiaggi et al. 1991; Rabiei and
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Sandukas 2013; Radin and Ducheyne 1992). In order to
address the drawbacks, friction stir processing (FSP),a solid
phase processing technique, can be employed to modify the
surface of PEEK (Ahmed et al. 2018). For this method, the
additives are homogenously mixed with the substrate mate-
rial without the need for melting the substrate.

FSP method has been widely used for fabricating sub-
strates made of magnesium (Morishige et al. 2008) and tita-
nium (Farnoush et al. 2013b). Although some thermoplastic
polymers have been treated using this method (Gan et al.
2010; Prasad and Raghava 2012), some concerns relating to
macromolecular chain breaking are raised as a result of tool
pin rotation (Gan et al. 2010). Squeeze-out of plasticized
or semi-molten polymer is also the main concern regard-
ing the friction stir welding (FSW) or FSP of the polymeric
materials (Paoletti et al. 2016). In view of this, pinless tool
is the most appropriate technique to prevent squeeze out of
material (Costa et al. 2014).

FSP has been used widely to fabricate surface nanocom-
posites with enhanced mechanical properties (Farnoush et al.
2013a), increased bioactivity (Ratna Sunil et al. 2014a) and
reduced degradation rate (Ratna Sunil et al. 2014b). HA is
one of the additives which has been widely used for com-
posite fabrication via FSP. Using HA as an additive for the
fabrication of magnesium-based composite via FSP could
decrease degradation rate of magnesium/HA surface com-
posite (Ratna Sunil et al. 2014b), improve corrosion resist-
ance as well as increase hydrophilicity and cell viability
(Ratna Sunil et al. 2014a). HA-modified titanium composite
fabricated via FSP had increased the bonding strength of the
deposited HA by electrophoretic on the titanium substrate,
as well as increased its corrosion resistance property (Far-
noush et al. 2013b). It is also found that the HA-modified
titanium composite tended to exhibit higher micro-hardness
and corrosion resistance properties than that of bare titanium
substrate (Farnoush et al. 2013a).

In this study, FSP method based on a pinless tool was
employed to fabricate a HA/PEEK surface nanocomposite
for biomedical applications. The deposition and distribution
of the HA nanoparticles on the surface of PEEK substrate
were investigated using a scanning electron microscope
(SEM) coupled with energy dispersive X-ray (EDX) spec-
troscope. X-ray diffraction (XRD) and water contact angle
characterizations were also performed to confirm the crys-
tallinity of the deposited HA and hydrophilicity properties
of the surface nanocomposite, respectively. In vitro apatite
formation of the samples was evaluated to probe the bioac-
tivity properties of the newly fabricated HA/PEEK surface
nanocomposite.
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Experimental
Sample preparation

PEEK substrate (1.9-cm in diameter) used in this experi-
ment was obtained from Optima® Invibio. The surface of
the PEEK substrate was grounded by 220-grit silicon car-
bide paper before it was subjected to ultrasonic cleaning
in acetone. The rough surface of the PEEK discs was cov-
ered by HA and ethanol (to prevent the separation of the
HA powder from the PEEK substrate) by the wind of the
rotating tool. Pinless tool with the flat surface of 1.9cmin
diameter was used to fabricate surface nanocomposite.
Figure 1 illustrates the schematic of the HA/PEEK surface
nanocomposites fabrication via FSP method. Preliminary
experiment was conducted to find the optimum fabrica-
tion conditions. At the low rotation speed, the created heat
was insufficient to heat the PEEK surface. At high rotation
speed coupled with prolonged contact time between the
tool and samples, the PEEK surface was damaged. Low
thermal conductivity of the PEEK sample could keep the
created heat on the sample surface, partially increasing the
temperature. The preliminary experiment found that the
appropriate contact time and rotation speed for HA/PEEK
surface nanocomposite fabrication should be maintained at
2 s and655 rpm, respectively. The modified samples were
then put in the ultrasonic bath to remove the undeposited
HA.

moving direction of
[ the rotating tool

rotating tool

-

surface
composite

_ PEEK subtrate

Fig.1 Schematic HA/PEEK
through FSP

surface nanocomposite fabrication
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Sample characterisation

Surface morphology of the resultant surface nanocompos-
ites was examined using a scanning electron microscope
(SEM) (MIRA3 TESCAN CZECH). Energy dispersive
X-ray (EDX) spectroscope was used to analyze the chemi-
cal composition of the HA/PEEK surface nanocomposite.
Chemical composition and crystallinity (X,) of deposited
HA meanwhile were analysed using XRD diffraction with a
Cu X-ray tube (Siemens D5000 Diffractometer). The analy-
sis was carried out at 40 kV and 30 mA, with data collected
in the range of 20°-80° with the step size of 0.05°. The
degree of crystallinity (X) of the HA powder was calculated
using Eq. (1) (Landi et al. 2000):

Poz VXc =K, (D

where K is the constant equal to 0.24 for HA and f,, is the
full width at half maximum (FWHM) of the (002) plane
(Landi et al. 2000).

An atomic force microscope (AFM) (SPA-300 HV, Seiko)
using Olympus micro cantilever (OMCL-TR400PSA-3) was
used to analyze the surface roughness of the samples. The
AFM scanning was run in a force curve mode over a scan
size of 5 um X 5 um. Thirty lines, each with a length of 5 um
was used to calculate the average arithmetic mean surface
roughness (R,). Contact angle goniometer (OCA 15plus,
DataPhysics) was used for the measurement. The ASTM
D7334-08 standard was used for doing the test, where deion-
ised water was used as the liquid and the chosen drop size
was0.5+0.1 uL. For each sample, 10 points were randomly
chosen from the sample surface and measurement was taken
within 30 s after the drop to yield the average result. If the
contact angle on the two edges were deviated by > 2°, such
values were eliminated.

The progressive scratch test was carried out using nano-
scratch test equipment (Micro Materials Limited) with
the scanning length of 600 um and velocity of 2 um/s.
The normal load was not applied on the stylus for the first
60 um. The normal load was set to increase linearly from
0 to 500 mN at a loading rate of 2 mN/s, between 60 and
560 um and it remained constant at the last 40 pm. Coni-
cal spherical Rockwell stylus was used for conducting the
test. Formation of apatite layer from simulated body fluid
(SBF) is a widely used method which enables prediction
of in vivo bone-bonding tendency of the material (Kokubo
1998; Kokubo and Takadama 2006). For the apatite forma-
tion test, the samples were immersed in SBF solution pro-
vided by Nik Ceram Razi Corporation (Iran) and kept in a
water bath at a fixed temperature (37° C). The surface ratio
of the sample to the volume of the SBF solution had a value
almost equal to 0.02 cm™! (Strnad et al. 2000). SEM analysis
was used to examine the apatite formation on the surface

of HA/PEEK surface nanocomposite after 1, 3 and 7-day
immersion in the SBF. The data of this study were analyzed
by SPSS Statistics 22 (IBM, USA) using one-way analysis
of variance (ANOVA) and Tukey’s test followed by post hoc
least significant difference (LSD), with a significance level
set at p <0.05.

Results
Surface morphology of the treated layer

Figures 2a, b show the surface morphology of PEEK/HA
surface nanocomposite at different magnification. Using
the optimum fabrication conditions, the HA nanoparticles
distributed homogenously at the surface of the PEEK/HA
surface nanocomposite and appears in the range of nanom-
eter without agglomeration. Figure 2¢ shows the surface
morphology of bare PEEK before surface modification. Fig-
ure 2d, e compares the EDX surface mapping of the PEEK/
HA nanocomposites with the bare PEEK. The detection of
calcium element on the PEEK/HA surface nanocomposite
confirms the existence of HA nanoparticles on the PEEK
surface.

XRD analysis

Figure 3 shows the XRD spectra of the HA powder and-
PEEK with and without HA modification. For the HA
powder, the peaks that correspond to the crystalline phase
are compared with International Center for Diffraction
Data (ICDD 9-432) and labeled using their related crystal-
lographic planes (Rabiei and Sandukas 2013). The XRD
spectrum of the PEEK exhibits three high-intensity peaks,
i.e., 21°,22.6°, and 28.7° and can be attributed to the (113),
(200), and (213) of crystallographic planes, respectively. The
results are consistent with the findings reported in the work
of Zhang et al. (2006). For the PEEK/HA surface nano-
composite samples, the XRD spectrum indicates a slight
intensity of peaks belonging to the (002) and (211) crystal-
lographic planes of HA. These two peaks confirm the exist-
ence of crystalline HA nanoparticles in the treated layer.

Crystallinity property of the coated HA is one of the most
important parameters which affects the mechanical proper-
ties and solubility property of the coating layer and subse-
quently affect stimulation of bone growth around the implant
and implant fixation (Chou et al. 1999; Xue et al. 2004). The
average calculated X, for two surface nanocomposites sam-
ples was 68.32 + 1.76% which has the same value as the HA
powder. This result confirms that FSP surface modification
method that conducted at its low temperature does not affect
the crystallinity of the deposited HA.

a
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Fig.2 a, b SEM surface images of PEEK/HA nanocomposite with different magnifications, ¢ SEM surface image of PEEK, d, e EDX results of
PEEK/HA nanocomposite and bare PEEK

* @ Springer



Progress in Biomaterials (2020) 9:35-44 39
3. |}
s
.'E ——HA powder target
wv
5 —— PEEK target
L
£ —— PEEK/HA Composite

(310) (222831%13)
20 30 40 7 56
20 (degree)

Fig.3 XRD spectra of HA, PEEK, and PEEK/HA surface nanocomposite

Fig.4 Images of water droplet s gnav e

on the surfaces of a PEEK and a
b HA/PEEK nanocomposites

Water contact angle

Figure 4 shows the single water droplet on the surface of the
PEEK sample before and after HA modification. Compared
to the pristine PEEK, the water contact angle of the HA-
modified PEEK was reduced significantly from71.6° +3.8°
to0 63.2°+4.6°, indicating the improvement in surface hydro-
philicity upon HA modification (p <0.05).

Scratch test results

Figure 5a, b present the SEM surface images of the HA/
PEEK surface nanocomposite. Whenever the applied shear
stress using the stylus overcomes the ultimate shear strength
of the coating layer material, the coating layer undergoes
the plastic deformation and the material slip on each other
and macro-chip will be formed. The accumulation of the
plastically deformed material made the macro-chip getting
bigger during the scratch test. The formed macro-chip placed

60 70 80

Asgles: K1507.6).50

b

under the stylus and pushes the stylus up during the scratch
test. Considering the soft property of the substrate used in
this study, the macro-chip stuck to the stylus continued the
removing of the material even after reaching the substrate.
This phenomenon occurs due to the reduction of stylus
penetration depth at the end of the scratch track because
of macro-chip accumulation under the stylus (Fig. 5a). At
the edges of the scratch on the treated layer, some cracks
are visible due to the compression load which was applied
by stylus during the test (Fig. 5b). There is no macro-chip
material ahead or under the stylus for the brittle coating layer
and the only factor which affects the penetration depth is the
normal load (Liu et al. 2009; Xu et al. 2014). However, the
macro-chip was reported for the soft coating layer (Barletta
etal. 2011).

Figure 5c indicates the penetration depth and normal
load against the scratch distance of the surface nano-
composite. The penetration depth of the stylus ought
to increase with increasing normal load. However, the
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Figs.5 a, b Scratch image of
the surface nanocomposite
through SEM, ¢ penetration
depth versus scratch distance
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rial ahead and under the stylus (macro-chip) pushes the
stylus up, affecting the penetration depth. The push-up
force by the formed macro-chip under the stylus (Fig. 5a)
tended to overcome increasing normal load due to the
reduction of stylus penetration depth at the last part of
the scratch distance.

Figure 6 presents the 3D AFM surface images of the PEEK
and HA/PEEK surface nanocomposite. The surface of then
a nocomposite becomes rougher in comparison to the bare
PEEK in which the R, value increases from 20.3 to 34 nm
(p<0.05). However, due to the soft property of polymer
composites, the HA/PEEK surface nanocomposite has
the feasibility to be polished or implying subsequent heat

Fig.6 AFM 3D height image of a PEEK and b HA/PEEK surface naocomposite
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Fig.7 SEM image of the apatite formation on the surface of HA/PEEK nanocomposite a before and after b 1 day; ¢ 3 days and d 7 days immer-

sion in SBF solution

Table 1 Elements weight percentage of the material surface after
immersing in SBF solution for different days

Element (weight %) Before 1st day 3rd day 7th day
immersion

Carbon 50.31 34.15 17.46 0

Oxygen 28.42 30.58 31.71 37.74

Phosphorus 6.13 11.39 15.39 18.74

Calcium 15.14 23.88 35.45 43.52

treatment to catch the desire surface roughness. This unique
property of the surface nanocomposite can be considered
advantageous of this fabrication method.

In vitro apatite formation

Figure 7 shows the SEM images of the HA/PEEK surface
nanocomposite and bare PEEK samples after immersion in
the SBF for up to 7 days. Formed bone-like apatite on the
surface of the HA/PEEK surface nanocomposites suggested
that the bioactivity of the HA/PEEK surface nanocompos-
ite is higher than the bare PEEK. After 7 days, the whole

surface of the surface nanocomposite sample was covered
by spherical apatite layer. Table 1 presents the weight per-
centage of the elements at the surface of the specimens that
were measured via EDX analysis. The results confirm the
complete coverage of the apatite after 7th day of immersion.
The weight percentage of the carbon was zero after 7-day
immersion in the SBF solution, confirming the formed apa-
tite layer completely covered the surface of the HA/PEEK
surface nanocomposite. Apatite formation on the surface
of the bare PEEK samples was not observed after 2-week
immersion in the SBF. The results reveal that the HA/PEEK
surface nanocomposites exhibited better apatite formation
ability, showing better interaction with the surrounding bone
in the body.

Discussion

There are several conventional methods to deposit HA
onto the PEEK surface. These include plasma spraying
(Ha et al. 1994), cold spraying (Lee et al. 2013), aerosol
deposition (Hahn et al. 2013) and vacuum plasma spray-
ing (Ha et al. 1997). However, these conventional methods

* @ Springer



42

Progress in Biomaterials (2020) 9:35-44

tend to cause damage to PEEK surface due to the use of
high temperature during deposition or crystallization pro-
cess (Ha et al. 1994; Rabiei and Sandukas 2013). The fab-
rication method as proposed in this work is very simple
and requires no special equipment. Very good adhesion
layer was obtained on the new surface nanocomposite and
no delamination of the surface nanocomposite layer from
the substrate was observed. Using this fabrication method,
the crystallinity of the HA deposition will not be affected
as it does not involve high temperature. Furthermore, it
does not need any subsequent crystallization process to
increase HA crystallinity.

Mixing PEEK with bioactive materials such as HA via
compounding and injection molding process and fabri-
cation of nanocomposite is another approach to increase
the bioactivity of PEEK (Roeder et al. 2008). However,
agglomeration of the HA nanoparticles tends to be very
severe especially when excessive HA is used in the nano-
composite. While the hydroxyapatite size is one of the
main factors which directly affect the promotion of cell
attachment, cell growth, cell apoptosis inhibition, nano-
sized HA demonstrates better bioactive property in com-
parison to micro-sized HA (Huang et al. 2004; Miiller
et al. 2014; Shi et al. 2009). Implants made of PEEK nano-
composites have a number of advantages such as increased
bioactivity and better mechanical properties (Wang et al.
2014; Wu et al. 2012). Other studies also reported a ten-
dency of nanoparticles to agglomerate during nanopar-
ticle-reinforced thermoplastics fabrication (Roeder et al.
2008; Wang et al. 2010, 2011). In FSP fabrication method,
the additive and substrate are mixing very well due to its
high tool rotation speed. This is one of the significant
advantages of this method in comparison to the existing
fabrication methods.

The surface roughness of the surface nanocomposites
is reported to be higher compared to the bare PEEK. As
shown, the micro and nano-size topographical profile
(roughness) are visible respectively in Fig. 2a, b. Micro-
sized topographical profile enhances osteoconduction
and osteoinduction, causing better bone-to-implant con-
tact (Stanford 2008). Nano-sized topographical profile
on implant surface enhances the adsorption of proteins,
adhesion of osteoblastic and osseointegration enhance-
ment (Alla et al. 2011; Mendonga et al. 2008). Thus, HA/
PEEK surface nanocomposite can be an ideal choice with
providing micro and nano-size topographical profile at the
surface.

Water contact angle data indicate that the changes in
chemical structure and roughness of the PEEK via this
method decrease the water contact angle of PEEK from
71.6°+3.8° to 63.2° +4.6°. For biomedical application, the
lower water contact angle leads to better cell attachment
(Arima and Iwata 2007).
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Conclusion

This study reported a method to deposit HA onto the PEEK
surface via FSP method. This technique does not involve
high temperature during the fabrication process, and thus
would not affect the crystallinity of the deposited HA. EDX
analysis confirmed the HA deposition while SEM surface
images showed fine dispersion of HA nanoparticles in the
surface nanocomposite in the range of nanometer. Well
dispersion of the nanoparticles as a result of well-mixing
polymer matrix and additive was the positive outcome that
could be obtained from this fabrication method. XRD results
confirmed the crystallinity property of the deposited HA.
Therefore, there was no need to subject to subsequent crys-
tallisation to increase the crystallinity of the deposited HA.
The water contact angle of the surface nanocomposite was
reduced in comparison to the bare PEEK which can be a
sign of bioactivity enhancement. Bone-like hydroxyapatite
formation on the surface of the HA/PEEK surface nano-
composite in the SBF solution confirmed PEEK bioactivity
enhancement via our new surface modification method. The
nano-scratch study confirmed an adhesive attachment of the
PEEK/HA surface nanocomposite. There was no delamina-
tion between the coating layer and substrate with penetration
of stylus. Due to above-mentioned properties, deposition of
HA on the surface of the PEEK using FSP method could be
potentially considered as a replacement of existing deposi-
tion methods.

Future work

In this study, FSP was used for the first time to fabricate
PEEK/HA surface nanocomposite. In vitro and in vivo stud-
ies are still required to confirm the feasibility of the fabri-
cated HA/PEEK surface nanocomposite for orthopaedic and
dental implant application. The impacts of the subsequent
heat treatment and the fabrication parameters that affect the
surface morphology and bioactivity of the surface are wor-
thy of further investigation.
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