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As an implantable material, carbon-fiber-reinforced polyetheretherketone (CFRPEEK) possesses an
adjustable elastic modulus similar to that of cortical bone and is a prime candidate to replace metallic
surgical implants. However, the bioinertness and poor osteogenic properties of CFRPEEK limit its clinical
application as orthopedic implants. In this work, titanium ions are introduced energetically into CFRPEEK
by plasma immersion ion implantation (PIII). Scanning electron microscopy (SEM) and X-ray photo-
electron spectroscopy (XPS) reveal the formation of nanopores with the side wall and bottom embedded
with ~20 nm TiO; nanoparticles on the CFRPEEK surface. Nanoindentation measurements confirm the
stability and improved elastic resistance of the structured surfaces. In vitro cell adhesion, viability assay,
and real-time PCR analyses disclose enhanced adhesion, proliferation, and osteo-differentiation of rat
bone mesenchymal stem cells (bMSCs). The multilevel structures on CFRPEEK also exhibit partial anti-
bacterial activity to Staphylococcus aureus and Escherichia coli. Our results indicate that a surface with
multifunctional biological properties can be produced by multilevel surface engineering and application
of CFRPEEK to orthopedic and dental implants can be broadened and expedited based on this scheme.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Orthopedic implants are required when irreparable bone dam-
age occurs due to trauma, disease, or congenital defects [1] and
carbon-fiber-reinforced  polyetheretherketone (CFRPEEK) is
becoming a prime candidate to replace metallic implants [2,3].
Different from typical metallic materials which possess high elastic
moduli of over 100 GPa, CFRPEEK has an adjustable elastic modulus
close to that of cortical bone (18 GPa) which can mitigate concerns
over the risks of osteanabrosis and bone resorption caused by stress
shielding as a result of the elasticity mismatch between the im-
plants and human bones [4,5]. In addition to its excellent me-
chanical properties, CFRPEEK inherits the non-toxicity, good
chemical resistance, natural radiolucency, and even MRI (magnetic
resonance imaging) compatibility from PEEK [2,3,6—8]. However,
although the materials have attracted much attention as orthopedic
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implants since the 1980s, the bioinertness of CFRPEEK impedes
osteointegration after implantation thereby severely hampering
clinical adoption [2,3,9].

Surface modification is an effective way to enhance the surface
mechanical and biological properties while the advantageous bulk
properties of the materials can be preserved. Among the various
surface modification techniques, plasma immersion ion implanta-
tion (PIII) is a non-line-of-sight method that has been widely
applied to microelectronics, aerospace engineering, precision
manufacturing, and biomedical engineering. By introducing
different elements and functional groups, surface properties such
as cytocompatibility, antibacterial activity, and mechanical prop-
erties can be selectively tailored [10—13]. Moreover, unique struc-
tures with different size can be formed selectively under proper
conditions [14—16]. For example, pinnacle-like diamond-like car-
bon (DLC) coatings were by Wang et al. to reduce bacterial adhesion
[14] and silver nanoparticles were formed on titanium and TiO, to
enhance both the biocompatibility and antibacterial activities [15].
Recently, Qian et al. produced nanocap structures on TiO, nano-
tubes to alter the properties [16].
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It is well known that electrical micro-arcing induced by surface
charging during PIII can cause surface damage to semi-insulating
semiconductors and insulators [17—19]. However, unlike micro-
electronics, a “damaged” surface may be preferred in biomedical
engineering because for instance, native bones possess a hierar-
chical structure on the micro-/nano-scale as well [20—23]. It has in
fact been reported that some surface structures impact bacterial
adhesion and growth [24,25]. TiO, nanotubes have attracted much
attention because they can improve the adhesion and proliferation
of osteoblasts and stem cells as well as up-regulate osteoblastic
levels [22,26—28]. Besides, TiO, nanotubes provide an excellent
platform for drug delivery for growth factors and antibacterial
agents [29,30]. However, there have been few studies concerning
TiO, nanotube coatings on polymers due to the practical limitation
of anodic oxidation.

In this work, TiO, nanotube-like multilevel structures are pro-
duced on CFRPEEK by titanium plasma immersion ion implantation
(Ti-PIII). Micro-arcing occurring during high frequency, long pulse,
and long implantation time PIII produces special nanopores with
TiO, walls on the CFRPEEK surface. The osteogenic properties of the
structured CFRPEEK surface are evaluated using rat bMSCs and the
antibacterial activity against Staphylococcus aureus and Escherichia
coli is assessed in vitro. A model is proposed to discuss the forma-
tion mechanism of the multilevel structure.

2. Materials and methods
2.1. Sample preparation

Biomedical grade carbon-fiber-reinforced polyetheretherketone (CFRPEEK) with
30% (v/v) carbon fibers was used in this study. The samples were machined into
different dimensions. Square samples (10 x 10 x 1 mm?) were used for surface
characterization, immersion tests, and in vitro studies on 24-well tissue culture
plates. Square samples with a different size (20 x 20 x 1 mm?) were used in the real-
time PCR tests. All the samples were polished on one side to a near mirror finish and
ultrasonically cleaned in acetone, ethanol, and ultra-pure water prior to PIIIL Tita-
nium ions were implanted into the CFRPEEK samples using a filtered cathodic arc
source housing a 99.99% pure titanium rod with a diameter of 10 mm. Before PIII, the
chamber was evacuated to a pressure of 5 x 10~ Pa. By applying a pulsed negative
high voltage to CFRPEEK sample on the sample stage, Ti ions were implanted and the
sample stage was continuously rotated during PIII to obtain uniform ion implanta-
tion. Table 1 lists the important parameters and sample designation. The sample
after undergoing Ti-PIII at 30 kV for 120 min is designated as Ti-120.

2.2. Surface structure and chemical characterization

The surface and cross-section of the CFRPEEK samples were examined by field-
emission scanning electron microscopy (FE-SEM, Hitachi S-4800, Japan) at different
magnification without applying a conductive coating. The surface chemical states
and elemental depth profiles were determined by X-ray photoelectron spectroscopy
(XPS, Physical Electronic PHI 5802 equipped with a monochromatic Al K, source) in
City University of Hong Kong. The C, O, and Ti profiles were acquired by XPS in
conjunction with argon ion bombardment at a sputtering rate of about 4 nm/min.
Nanoindentation was performed at loadings of 1.3 mN and 3.0 mN and the results of
at least eight indents were averaged to improve the statistics.

2.3. Ion release

Two pieces of each sample were incubated in 5 mL of phosphate buffered saline
(PBS 1 M) for different immersion time (7, 14, 21, and 28 days) at 37 °C without
stirring. At a prescribed time, the solution was withdrawn and analyzed by
inductively-coupled plasma atomic emission spectroscopy (ICP-AES, JY 2000-2,
France) analysis to determine the amount of released titanium.

Table 1
Main conditions in titanium plasma immersion ion implantation of Ti-120.

Parameters Description

99.99% pure Ti

Cathode source

Voltage pulse duration (us) 500
Pulsing frequency (Hz) 7

Ion implantation voltage (kV) -30
Ion implantation time (min) 120

Pressure (Pa) 5x 1073

Table 2
Primer pairs used in real-time PCR analysis.
Gene Primers (F = forward, R = reverse) Amplicon
COL-1 F: CTGCCCAGAAGAATATGTATCACC 198 bp
R: GAAGCAAAGTTTCCTCCAAGACC
Runx2 F: TCTTCCCAAAGCCAGAGCG 154 bp
R: TGCCATTCGAGGTGGTCG
BMP-2 F: TGGGTTTGTGGTGGAAGTGGC 154 bp
R: TGGATGTCCTTTACCGTCGTG
ALP F: CGTCTCCATGGTGGATTATGCT 209 bp
R: CCCAGGCACAGTGGTCAAG
OCN F: GCCCTGACTGCATTCTGCCTCT 103 bp
R: TCACCACCTTACTGCCCTCCTG
OPN F: CCAAGCGTGGAAACACACAGCC 165 bp
R: GGCTTTGGAACTCGCCTGACTG
B-actin F: CACCCGCGAGTACAACCTTC 207 bp
R: CCCATACCCACCATCACACC

24. Cell culture

The bone mesenchymal stem cells (bMSCs acquired from Cells Resource Center,
Shanghai Institutes of Biological Science, Shanghai, China) were isolated from the
bone marrow of six-week-old male Fisher 344 rats. The bMSCs were cultured in the
a-minimum essential medium (2-MEM, Gibto-BRL, USA) with 10% fetal bovine
serum (FBS, Hyclone, USA), 1% antimicrobial of penicillin, and streptomycin at 37 °C
in a humidified atmosphere of 5% CO,. The a-MEM was refreshed every 3 days
during cell culturing. The experiments were carried out with the bMSCs before
passage five. All the samples were sterilized with 75% alcohol for 3 h and rinsed
twice with sterile PBS before cell seeding.

2.5. Cell adhesion

The bMSCs were seeded on the samples on a 24-well plate at the density of
5 x 10 cells per well. After 1, 3, and 24 h, the samples were taken to another 24-well
plate. The samples were rinsed twice with PBS and fixed with 3% glutaraldehyde
overnight. Ethanol with different concentrations of 30, 50, 75, 90, 95, 100, and 100%
v/v was used sequentially to dehydrate the samples for 10 min. The samples were
finally dehydrated in a series of hexamethyldisilizane (HMDS) ethanol solution and
the dried samples were sputter coated with platinum for SEM (Hitachi S-3400,
Japan) observation.

2.6. Cell proliferation and viability

The alamarBlue™ (AbD Serotec Ltd, UK) assay was employed to quantitatively
determine the cell proliferation and viability on the samples. The bMSCs were
seeded on the samples (four replicates) on 24-well plates at the density of
2.5 x 10* cells per well. After 1, 4 and 7 days, the culture medium was replaced by
0.5 mL of the fresh medium with 5% alamarBlue™ in each well. After incubation for
4 h, 100 pL of the medium was transferred to a 96-well plate for measurement. The
amount of reduced alamarBlue™ was determined by an enzyme-labeling instru-
ment (BIO-TEK, ELX 800) at wavelengths of 570 nm and 600 nm. The operation and
calculation of cell proliferation followed the instruction of the alamarBlue™ assay.

2.7. Alkaline phosphatase activity

The bMSCs were seeded on the samples (four replicates) on 24-well plates at a
density of 1 x 10* cells per well (cultured for 7 days) or 0.5 x 10* cells per well
(cultured for 14 days). In the quantitative alkaline phosphatase (ALP) assay, after
culturing for 7 and 14 days, a Bio-Rad protein assay kit (Bio-Rad, USA) was used to
calculate the total protein content and the results were adjusted with a series of BSA
(Sigma) standards by measuring the optical density (OD) values of the absorbance at
570 nm. After incubation with p-nitrophenyl phosphate (Sigma) at 37 °C for 30 min,
the ALP activity was calculated and adjusted with a series of 4-Nitrophend NaOH
(0.02 M) solutions by measuring the OD values at 405 nm. The ALP levels were
normalized to the total protein content and described as ptM/mg total proteins.

2.8. Quantitative real-time PCR

The expression of osteogenesis-related genes was analyzed using quantitative
real-time reverse-transcriptase polymerase chain reaction (real-time PCR). Three
pieces of each sample were placed on the cell culture dish (6 cm diameter, Nunc,
Denmark). The bMSCs were seeded on the dish at a density of 1 x 10° cells per dish
(cultured for 7 days) or 0.5 x 10° cells per dish (cultured for 14 days). The total RNA
was extracted using TRIZOL reagent (Invitrogen, USA) and the complementary DNA
(cDNA) was reverse-transcribed from 1 pg of total RNA using a PrimeScript I Strand
cDNA Synthesis kit (TaKaRa) according to the manufacturer’s protocols. The forward
and reverse primers for different genes are listed in Table 2. The expression of
selected genes, including Type I collagen (COL-I), runt-related transcription factor 2
(Runx2), bone morphogenetic protein 2 (BMP-2), alkaline phosphatase (ALP),
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osteocalcin (OCN), and osteopontin (OPN) were analyzed with $-actin as the house-
keeping gene for normalization and relatively quantified using real-time PCR
(LightCycler 480 Real-Time PCR System, Roche, USA) using the following pro-
cedures: denaturation at 95 °C for 30 s and 40 cycles of PCR (95 °C for 10 s and 60 °C
for 20 s). Quantification of gene expression was based on the CT (cycle threshold)
values.

2.9. Antibacterial tests

The antibacterial activity was assessed by the bacterial counting method using
Staphylococcus aureus (S. aureus, ATCC 25923) and Escherichia coli (E. coli, ATCC
25922). S. aureus was cultured on the tryptic soy broth or agar (TSB) plates and E. coli
was cultured on Luria-bertani or agar (LB) plates. All samples were sterilized with
75% alcohol for 3 h and rinsed twice with sterile PBS before bacteria seeding. A 60 pL
suspension with a concentration of 107 cfu/mL bacteria was dropped onto the
samples. After culturing for 24 h at 37 °C, the samples with the suspension were put
into each sterilized centrifugal tube with 5 mL of 0.9% physiological saline. The tube
was vigorously agitated for 30 s to detach the bacteria form the sample surface.
Subsequently, the detached bacteria suspension was diluted 10,100, and 1000 times.
150 pL of the diluted bacteria suspension was introduced onto the TSB or LB plates.
After culturing for 24 h at 37 °C, the active bacteria were counted according to the
National Standard of China GB/T 4789.2 protocol. The morphology of the bacteria
was examined by SEM. The samples were placed in 60 pL of the suspension at a
bacteria concentration of 107 cfu/mL and cultured for 24 h at 37 °C. At the end of
culturing, the samples were rinsed twice with PBS and fixed with 3% glutaraldehyde
overnight. A series of ethanol solutions (30, 50, 75, 90, 95, 100 and 100% v/v) was
used to dehydrate the samples for 10 min sequentially. The samples were finally
dehydrated in a series of hexamethyldisilizane (HMDS) ethanol solution and the
dried samples were sputter coated with platinum prior to SEM observation.

2.10. Statistical analysis

Statistically significant differences (p) between groups were measured using the
one-way analysis of the variance and Tukey’s multiple comparison tests. All the
statistical analyses were determined with the GraphPad Prism 5 statistical software
package.

3. Results
3.1. Characterization of surface

The surface of the CFRPEEK samples before and after Ti-PIII is
shownin Fig. 1. The untreated CFRPEEK (Fig. 1A and B) has a relatively

flat and smooth surface due to pre-polishing but disordered carbon
fibers can be clearly seen from the CFRPEEK surface. After Ti-PIII,

A CFRPEEK
low magnification

carbon fiper

C Ti-120
low magnification

nanopores emerge from the area without carbon fibers on Ti-120,
as shown in Fig. 1C and D. Most of the nanopores with diameters
between 150 and 200 nm are distributed homogeneously on the
surface of CFRPEEK, while others have incomplete side structures
and blend with each other. The higher magnification view reveals a
secondary structure consisting of nanoparticles on the sidewall and
bottom of the nanopores (insert in Fig. 1D). The nanoparticles
formed on Ti-120 during PIII have estimated size of 20 nm.

Fig. 2 displays the cross-sectional images of CFRPEEK and Ti-120.
No obvious structures can be observed from the outer surface
before Ti-PIIl. A modified layer with a thickness of about 800 nm
appears on Ti-120 and there are apparent tunnels penetrating the
entire modified layer. The high-magnification images of Ti-120
confirm that the nanoparticles fully cover the inside walls of the
nanopores. As is shown in Fig. 2C and D, the nanoporous structure
has an inverted conical shape (marked by the white lines in Fig. 2D)
and the diameter of the nanopores decreases gradually along the
direction to the substrate.

The elemental chemical states of the sample surface are shown
in Fig. 3. In comparison with the XPS full spectra of CFRPEEK
(Fig. 3A), the characteristic peaks of Ti are detected from Ti-120
(Fig. 3B). A clean XPS full spectrum is acquired from Ti-120 and no
other elements are detected. The high-resolution spectra indicate
that the Ti 2p peaks are at 459.01 eV and 464.73 eV and O 1s peaks
are at 530.50 eV and 531.50 eV (Fig. 3C and D), corresponding to the
typical binding energy of TiO; [31,32]. The C, O and Ti depth profiles
are depicted in Fig. 3E. The absolute concentrations are only
approximate due to indirect calibration and the existence of nano-
structure, but profile-to-profile comparison is reliable. The ratio of O
to Ti in the near surface is close to 2:1, providing evidence that the
nanoparticles are stoichiometric TiO,. The ratio of O to Ti decreases
with depth indicating the existence of possible oxygen vacancies in
the nanoparticles. The Ti concentration is about 31 at.% at a depth of
5 nm and Ti can be detected up to 400 nm which is deeper than that
reported earlier. Hence, PIII can produce a continuous Ti-doped
layer without an abrupt interface to a reasonable depth.

The load-displacement curves of CFRPEEK and Ti-120 samples are
shown in Fig. 4. Continuous curves are observed during the loading

B CFRPEEK
high magnification

500nm
e

D Ti-120
high magnification

Fig. 1. Surface views of CFRPEEK and Ti-120 samples: (A) CFRPEEK at low magnification (x5000); (B) CFRPEEK at high magnification (x50000); (C) Ti-120 at low magnification
(x5000); (D) Ti-120 at high magnification (x50000). The insert on top right corner in (D) is high magnification of Ti-120 (x 100000). The carbon fiber is marked by white arrow in (B).
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B CFRPEEK high magnification

Fig. 2. Cross-sectional morphology of CFRPEEK and Ti-120 samples: (A) CFRPEEK at low magnification (x10000); (B) CFRPEEK at high magnification (x30000); (C) Ti-120 at low

magnification (x10000); (D) Ti-120 at high magnification (x30000).

and unloading stages of Ti-120, indicating that no abrupt cracking of
the nanoporous layer occurs during the whole process. At the same
load, the indentation depth of Ti-120 is smaller and the elastic re-
covery of Ti-120 is larger than that of CFRPEEK, suggesting a higher
elastic resistance due to the existence of nanopores after Ti-PIIL

3.2. Response of bMSCs
The bMSC cells exist abundantly in bone marrow and are

considered ideal cells for the evaluation of cytocompatibility and
osteogenic properties of bone substitutes. The initial adhesion

behavior of bMSCs on CFRPEEK and Ti-120 after 1, 3, and 24 h is
monitored by SEM as shown in Fig. 5. The bMSCs on the CFRPEEK
surface exhibit a round morphology in the first hour but those on
Ti-120 surface show more filopodia and lamellipodia extensions.
After 24 h, the cells adhere well onto both surfaces with the typical
morphology, although the cells on Ti-120 are more elongated,
indicating that the nanopores alter the initial cellular adherence.
The time-related proliferation of bMSCs cultured on both sam-
ples is evaluated by the alamarblue™ assay and the data are pre-
sented in Fig. 6. Cell proliferation on Ti-120 is statistically higher
(p < 0.05) than that on CFRPEEK after 1 day. This is consistent with
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Fig. 4. Load-displacement curves of CFRPEEK and Ti-120 samples at indentation loads
of 1.3 mN and 3.0 mN.

the adherence results of bMSCs for 24 h. Furthermore, as the
culturing time is increased to 4 and 7 days, the number of cells on
Ti-120 continues to be larger and the difference becomes bigger
(p < 0.001), indicating that Ti-120 is more favorable to bMSC pro-
liferation and the nanoparticles on Ti-120 induce no apparent
toxicity to the bMSCs.

The osteoblastic differentiation ability of bMSCs is critical to
bone regeneration and alkaline phosphatase (ALP) is an early
marker of osteogenic differentiation. In this study, the ALP
expression on Ti-120 is significantly (p < 0.001) up-regulated after
culturing for 7 and 14 days (Fig. 7), demonstrating the stimulating
effects of the nanopores on bMSCs osteo-differentiation.

Fig. 8 displays the osteogenic differentiation properties assessed
by quantitative real-time PCR of typical osteogenesis-related gene
expression for 7 and 14 days, including COL-I, Runx2, BMP-2, ALP,
OCN, and OPN. The difference in the gene expression between
CFRPEEK and Ti-120 increases with time extends. At two time
points, the bMSCs on Ti-120 show higher (p < 0.001) mRNA
expression of COL-I, BMP-2, ALP, OCN, and OPN than CFRPEEK after 7
and 14 days, although the Runx2 expression shows no difference
statistically. COL-I is one of the major components in the extra
cellular matrix and accounts for 90% of the protein mass in the
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Ti-120 for 1, 4 and 7 days and the statistical significance indicated by *(p < 0.05),
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organic part of bone. BMP-2 is one of bone morphogenetic proteins
and has been demonstrated to induce osteoblastic differentiation.
The higher expression of COL-I and BMP-2 indicates that osteo-
blastic differentiation happens ubiquitously and more actively on
Ti-120. In particular, as the culturing time is prolonged to 14 days,
the OCN (a calcium binding protein, marker for the bone formation
process and playing an important role in bone-building) and OPN (a
phoshoprotein playing a crucial role in anchoring osteoclasts to the
mineral matrix of bones) expression between the two surfaces
becomes more significant (16 and 6 times higher, respectively),
indicating the osteoblastic differentiation is accelerated on Ti-120.

3.3. Antibacterial activity

Antibacterial activity is one of the main factors that influence
the interactions between the biomedical implants and human
body. In this work, the bacteria (S. aureus and E. coli) counting
method is used to evaluate the bactericidal effects of Ti-120. The
bacteria colony photos are shown in Fig. 9. The amount of S. aureus
on Ti-120 is reduced by 71.4 4 3.5% after 24 h whereas that of E. coli
shows no significant difference (reduced by 5.3 + 1.3%).

3 hours

Fig. 5. SEM morphology of the bMSCs adhered on CFRPEEK and Ti-120 after 1, 3, and 24 h. The insert on top right corner is high magnification of dash line marked area, respectively.
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Fig. 7. ALP activity assay of the bMSCs cultured on CFRPEEK and Ti-120 for 7 and 14
days with the statistical significance indicated by ***(p < 0.001).

The morphology of the bacteria is examined by SEM (Fig. 10).
The S. aureus bacteria on CFRPEEK accumulate to a typical shape of
staphylococcus (Fig. 10A) and display an intact surface whereas on
Ti-120, S. aureus bacteria prefer to accumulate on the carbon fibers
(Fig. 10B), indicating the nanostructures contribute mostly to the
S. aureus bacteria reduction. Some S. aureus bacteria attached to the
area covered by the nanopores have a rough surface and debris of
lysed cells can be found on Ti-120 as well (marked by black arrows,
Fig. 10C). With regard to E. coli, although there is no obvious
quantitative difference statistically between the two samples
(Fig. 10D and E), the E. coli cells observed on Ti-120 (Fig. 10F) have
an irregular cell shape (marked by white arrows) and shriveled cell
surface (marked by black arrows), indicating that abnormal meta-
bolism happens to the E. coli cells.

4. Discussion

Plasma immersion ion implantation (PIII) is an effective way to
change selective surface properties. By immersing the samples in a
plasma and applying a negative voltage pulses, the sample is
implanted conformally under optimal conditions thus boding well
for treatment of orthopedic implants with a complex geometry.
Previous studies have mainly focused on the alteration of surface
chemistry due to introduction of new implanted elements or
functional groups but not much attention has been paid to struc-
tural variations under complicated thermal and physical conditions
[33—39]. In the present work, plasma immersion ion implantation
technique is conducted on CFRPEEK and nanopores with TiO, walls
are observed to form on the surface. A model in which thermal
ablation and dielectric breakdown are considered as the driving
force of the nanostructure formation is proposed. In this model, the
nanostructure is formed in two stages. The first one involves
thermal coarsening. During PIII using a cathodic arc, ions gain ki-
netic energy including Eg near the cathode spot, QeVgheath (charge
state is Q, e is the elementary charge, and Vgpeath is the plasma
sheath voltage) when ions pass through the plasma sheath, and Ejc
induced by image charge acceleration. The potential energy in-
cludes excitation energy Eex, cohesive energy E., and ionization
energy. The general expression of the total energy of an incident ion
is described by Equation (1) [40]:

Q-1
Et = Eo + QeVipeath + Eic + Ec + Eexc + » _ Ei. (1)
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Fig. 8. Real-time PCR detection of osteogenesis-related gene expression of the bMSCs
cultured on CFRPEEK and Ti-120 for 7 and 14 days with the statistical significance
indicated by ***(p < 0.001).

When ions penetrate the sample surface before stopping, some
of the total energy is converted into thermal energy via atomic scale
heating (ASH) [40]. At a high voltage (Vspeatn), the ions obtain most
of the energy when passing through the plasma sheath and hence,
ASH depends mainly on Q and Vspeath. Sometimes ASH can be quite
large due to the poor thermal conductivity of the substrate. In our
experiments, CFRPEEK is implanted with high-energy Ti ions (listed
in Table 3). In the early stage, titanium atoms are distributed ho-
mogeneously on the surface forming small conductors. In the
meantime, non-equilibrium heat generated by ASH accumulates on
the surface and is preferentially concentrated at the titanium
conductor to initiate thermal ablation of the polymeric substrate
forming small nanopits on the surface as shown in Fig. 11 (Stage I
and Stage II) and Fig. 12. The growth of titanium nanoparticles
evolves from small titanium conductors due to the thermal
concentration.

The second stage is dielectric breakdown. As ion implantation
proceeds, the titanium layer formed on the surface constitutes a
typical plate capacitor in the presence of carbon fibers. Besides,
owing to the poor thermal conductivity of the polymer substrate,
ASH ablates the surface creating numerous nanopits, while thermal
diffusion causes deeper penetration of Ti as aforementioned acting
as defects in the conductive plate. This occurs in concert with
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Fig. 9. Re-cultivated bacterial colonies on agar: S. aureus and E. coli colonies are previously dissociated from CFRPEEK and Ti-120. The S. aureus and E. coli bacteria concentration
seeded on the samples is 107 cfu/mL.

sample charging which occurs during PIII, as illustrated in Fig. 11 as depth of the incident Ti atom is described as a, which is much less
Stage I and Stage IL. It is known that defects in the substrate will than the sample thickness d (d >> a). Therefore, Ti atoms in the
lead to a concentrated field, under which avalanche multiplication deeper region can be regarded as point electrodes which can
arises leading to dielectric breakdown. In this case, the relative initiate dielectric breakdown as soon as the electric field (Epq)

Fig. 10. SEM morphology of bacteria on samples: (A) S. aureus on CFRPEEK; (B) S. aureus on Ti-120 at low magnification; (C) S. aureus on Ti-120 at high magnification; (D) E.coli on
CFRPEEK; (E) E.coli on Ti-120 at low magnification; (F) E.coli on Ti-120 at high magnification. The S. aureus and E. coli concentration seeded on the samples is 107 cfu/mL. The insert
on top right corner in (A) and (B) is high magnification of dash line marked area, respectively. Debris of lysed bacterial cells is marked by black arrows and bacterial cells with
irregular shape are marked by white arrows.
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Table 3

Main conditions in titanium plasma immersion ion implantation.
Substrates Cathode Voltage Treatment Sample

sources [-kV] time [min] names

PEEK — — — PEEK
PEEK Ti 30 120 Ti-PEEK
CFRPEEK Ti 30 60 Ti-60
CFRPEEK Ti 30 90 Ti-90

exceeds 190 kV/mm, the intrinsic breakdown field strength of PEEK
provided by the manufacturer. This leads to point discharge and

T. Lu et al. / Biomaterials 35 (2014) 5731-5740

formation of the inverted conical nanopores as shown in Fig. 11 as
Stage Il and Stage IV [41]. The minimum depth of Ti, ani,, can be
calculated according to Equation (2) [41]:

3 (Epa\?

Umin = Ed<E_C) .
Although the exact critical electric field E. near the filament is
difficult to determine, it can be estimated according to the exper-
iments of Hibma and Zeller [42]. They measured a critical electric

field of 1600 kV/mm with gold needle tips with a radius of 1 um in
epoxy resin. Based on Epq = 190 kV/mm at d = 1 mm, it can be

(2)
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Carbon
fiber

Stage| ' Stagell ' sStagelll !

Metallic

StagelV

: implantatio'n time increase -
v &

- +
" +++++++++ L e REE

Y

Fig. 11. Schematic illustration of the formation mechanism of nanopores with TiO, walls.

300nm
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Fig. 12. Surface morphology of CFRPEEK after Ti-PIII for different time: (A) 0 min (CFRPEEK); (B) 60 min (Ti-60); (C) 90 min (Ti-90); (D) 120 min (Ti-120). The carbon fiber is marked

by white arrow in (A).



T. Lu et al. / Biomaterials 35 (2014) 5731—5740 5739

Fig. 13. Surface morphology of PEEK and Ti-PEEK: (A) PEEK and (B) Ti-PEEK.

estimated that apj, = 2600 nm in pure PEEK, which is hardly
achievable by PIII (Fig. 13). In the presence of carbon fibers in the
near surface, the plate capacitor thickness d is largely reduced.
Under the same conditions when d is reduced to 50 um, it can be
estimated that the minimum depth ami, = 130 nm is achievable by
Ti-PIIL To corroborate our hypothesis, CFRPEEK is subjected to other
metal-PIII processes such as Zn-PIIl and Zr-PIIl, and nanopores are
also produced on the surface (data not shown). Therefore, nano-
pore formation is not specific to Ti-Plll and by adopting the
appropriate conditions, nanopores of various morphologies can be
fabricated by conducting metal-PIIl on CFRPEEK or other polymeric
substrates.

As discussed above, ion doping as well as structure fabrication
are simultaneously achieved on CFRPEEK by Ti-PIIl. As confirmed
by SEM and XPS (Figs. 1-3), special nanopores with TiO, walls
similar to TiO, nanotubes appear. This structure acquired by Ti-PIII
is a top-down structure, corresponding to decreased concentration
of Ti with depth (Fig. 3E). Therefore, there is no distinct boundary
between the structured layer and substrate and so abrupt delami-
nation which usually occurs in samples with discrete interfaces
does not occur in our samples. As a result, there is better adhesion
between the modified layer and substrate.

One of the reasons to substitute Ti alloys with biopolymers such
as PEEK and CFRPEEK is that the polymers have an elastic modulus
similar to that of cortical bones. However, the elastic modulus of
biopolymers still needs to be adjusted [4]. Hence, in addition to the
surface morphology, the surface mechanical properties and sta-
bility must be examined to ensure sufficient safety in vivo. In PIII,
dehydrogenation, crosslinking, and atom supersaturation occurring
in the near surface can enhance the surface mechanical properties
of polymers [43]. In this work, the CFRPEEK surface is bombarded
by Ti ions for 120 min and the elastic modulus is improved. In fact,
formation of the multilevel structures does not occur at the
expense of mechanical properties and stability, as corroborated by
the better elastic resistance of Ti-120 shown in Fig. 4.

TiO, nanotubes prepared on titanium have been extensively
investigated and TiO, nanotube coatings have been shown to alter
the cell behavior such as adhesion, proliferation, as well as differ-
entiation of bone mesenchymal stem cells (bMSCs) [44,45]. It is
generally believed that TiO, nanotubes with a small diameter is
favorable to integrin clustering and consequently better cell
adhesion and proliferation, whereas TiO, nanotubes with a large
diameter produce an elongated cellular morphology and direct
bMSCs to osteo-differentiation [27,28]. Antibacterial studies show
that TiO, nanotubes can increase bacteria killing on contact [25].
The most likely cause of bacteria death is the reactive oxygen
species generated from oxygen vacancies in anodized TiO, nano-
tubes. Here, as inferred from the morphology and XPS data, the
nanopores with TiO; wall in CFRPEEK may possess effects similar to
those of conventional TiO, nanotubes, and biological experiments
are conducted to evaluate the characteristics.

According to our results, after the nanopores with TiO, walls are
fabricated on the surface, adhesion (Fig. 5), proliferation (Fig. 6), and
osteoblastic differentiation (Figs. 7 and 8) of bMSCs are all improved.
We believe that the special multilayered structure activates cell re-
sponses at different levels. Park et al. found that TiO, nanotubes with
a diameter of 15 nm—30 nm were favorable to integrin clustering
consequently lead to better cell adhesion and proliferation, whereas
TiO, nanotubes with a large diameter could produce an elongated
cellular morphology and direct bMSCs to osteo-differentiation
[27,28]. Here, a combined structure with different size is acquired.
TiO, nanoparticles are considered to play a key role in cell adherence.
The TiO, nanoparticles fabricated by Ti-PIIl have a size of about 20 nm,
which is close to the favorable size for integrin clustering and focal
contact formation of cells, thus providing step-by-step anchoring
points for the bMSCs and maintaining good cell vitality. In addition to
the TiO, nanoparticles, the large pores induce the effects to elongate/
stretch cell bodies, which are considered to up-regulate osteoblastic
expressions [26]. Hence, the nanopores with TiO, walls combine the
advantages of both small and large TiO, nanotubes.

Other than bio-activating bMSCs, the nanopores with TiO, walls
possess the ability to influence bacteria growth. It is known that
interface between the implant surface and human tissues is
vulnerable and can easily become the hotbed for bacteria growth
which is gradually becoming one of main reasons for post-surgical
implant failure [46]. Hence, it is imperative to design surfaces with
intrinsic antibacterial properties. Here, according to the bacteria
counting tests and SEM, the Ti-PIIl modified surface can effectively
reduce S. aureus adhesion and growth and also has a partially in-
fluence on E. coli (Figs. 9 and 10). According to ICP-AES (Table 4),
there is no obvious release of Ti ions. Therefore, it appears that the
main bacteria killing mechanism is physical contact. The Ti nano-
particles on the CFRPEEK surface undergo gradual oxidation upon
exposure to air and transform into oxygen-vacant or oxygen-
deficient titanium oxide. Oxygen vacancies in TiO, are highly reac-
tive and reactive oxygen species (ROS) are produced in the micro-
environment to damage the bacteria surface causing cell death
[47,48]. Compared to bacteria, bMSCs are larger and have a more
advanced metabolic system to resist the ROS. Our data disclose that
S. aureus is more vulnerable than E. coli in this environment and it is
believed to be due to the different shape of the two bacteria. Unlike
the dissociative TiO, nanoparticles, the chances to directly contact
TiO, nanoparticles on the structured substrate are much different for
S. aureus and E. coli. Compared to S. aureus (round shape), E. coli has
an elongated shape which may reduce direct contact with the TiO;
nanoparticles and hence minimizing the influence of ROS.

Table 4
Ti ion concentration in PBS after immersion for different time.

Immersion time (days) 7 14 21 28
0.00487 0.0049 0.00501 0.00517

Ti ion concentration (pg/mL)
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5. Conclusion

Energetic ion bombardment and surface micro-charging are
utilized synergistically in Ti plasma immersion ion implantation
top produce nanopores with TiO, walls on CFRPEEK. The multilevel
nanoporous surface on CFRPEEK has improved elastic recovery and
acceptable stability. Adhesion, proliferation, and osteoblastic dif-
ferentiation of bMSCs on the nanoporous CFRPEEK surface are
promoted. Moreover, partial resistance to Staphylococcus aureus
and Escherichia coli is observed due to the unique multilevel
nanoporous structure with TiO, nanoparticles. The surface prop-
erties of CFRPEEK are improved by this method and the application
of plasma treated CFRPEEK to orthopedic and dental implants is
expected to be broadened and expedited.
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