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ABSTRACT: Biocompatible ternary nanocomposites based
on poly(ether ether ketone) (PEEK)/poly(ether imide) (PEI)
blends reinforced with bioactive titanium dioxide (TiO2)
nanoparticles were fabricated via ultrasonication followed by
melt-blending. The developed biomaterials were characterized
using FT-IR, SEM, XRD, DSC, TGA, and DMA. Further, their
water-absorption, tensile, tribological, dielectric, and antibacte-
rial properties were evaluated. PEI acts as a coupling agent,
since it can interact both with PEEK via π−π stacking and
polar interactions as well as with the nanoparticles through
hydrogen bonding, as corroborated by the FT-IR spectra, which resulted in a homogeneous titania dispersion within the
biopolymer blend without applying any particle surface treatment or polymer functionalization. A change from promotion to
retardation in the crystallization rate of the matrix was found with increasing TiO2 concentration, while its crystalline structure
remained unaltered. The nanoparticles stiffened, strengthened, and toughened the matrix simultaneously, and the optimal
properties were achieved at 4.0 wt % TiO2. More interesting, the tensile properties were retained after steam sterilization in an
autoclave or exposure to a simulated body fluid (SBF). The nanocomposites also displayed reduced water absorption though
higher thermal stability, storage modulus, glass transition temperature, dielectric constant, and dielectric loss compared to the
control blend. Further, remarkable enhancements in the tribological properties under both SBF and dry environments were
attained. The nanoparticles conferred antibacterial action versus Gram-positive and Gram-negative bacteria in the presence and
the absence of UV light, and the highest inhibition was attained at 4.0 wt % nanoparticle concentration. These nanocomposites
are expected to be used in long-term load-bearing implant applications.
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1. INTRODUCTION

Recently, there is a strong request for materials that imitate
living tissues for the sake of physicomechanical, biological, and
functional properties. Conventionally, metals or ceramics were
selected for hard tissue applications. In particular, titanium
alloys were broadly used over the past decades for implantable
devices such as orthopedic implants and artificial blood vessels
due to their low density, outstanding corrosion resistance,
excellent mechanical performance, cytocompatibility, and
ability to adhere to bone and other tissues (osseointegration).1

However, their high cost, the divergence between the
mechanical performance of Ti alloys and human bones, and
the worries about adverse reactions after implantation have
lately limited their use, and substitutes are required.2 In this
regard, polymeric materials offer a wide variety of properties.
Polyurethane (PU), ultrahigh molecular weight polyethylene
(UHMWPE), polyoxymethylene (POM), and poly(ether ether
ketone) (PEEK) are thermoplastics frequently used in the
fabrication of in vivo devices.3 PEEK biomaterial has been
increasingly employed for orthopedic, trauma, spinal, and
dental implants4 due to its biocompatibility and in vivo stability.
From an engineering standpoint, its properties such as superior

stiffness, strength, toughness, excellent thermal stability,
outstanding creep performance, resistance to chemical and
radiation damage together with its bioactivity and non-
cytotoxicity, make it a multipurpose biomaterial greatly suitable
for the development of medical device applications.5 In
addition, it is translucent to X-rays, insulating, and nonmagnetic
and can be repeatedly sterilized using γ radiation, ethylene
oxide gas, and steam without modifying its mechanical
properties or biocompatibility. PEEK is being investigated in
practically all application areas for long-term implants,
including finger joints, spinal cages, bone replacements, screws
and pins for bone fixation, as well as dental crowns and posts.4

The characteristics of implantable-grade PEEK must be
tailored to match specific tissue properties. For instance, to
simulate the longitudinal elastic modulus of human cortical
bone (14−20 GPa), the mechanical performance of this
thermoplastic can be additionally improved by incorporating
particles or fibers. Thus, the addition of 30 wt % short carbon
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fibers (SCF) to the base polymer can raise the stiffness from ∼4
to 18 GPa and the strength from 100 to 230 GPa.6 However,
when SCF-reinforced PEEK was used in tibial and acetabular
components, some of them failed due to debonding of the
SCFs under high loads. To enhance implant fixation, bioactive
materials such as hydroxyapatite (HA)7,8 have been incorpo-
rated into this polymer, although the mechanical performance
of the resulting composites was poor due to weak PEEK−HA
bonding. Consequently, a lot of interest has recently been
generated in manufacturing nanoparticle-reinforced PEEK
composites owing to the exceptional properties originating
from their nanoscale structure.9 The nanoparticles possess very
high surface-to-volume ratio, and hence can lead to a large
interface, which results in strong filler−matrix interfacial
adhesion. Concerning this, different inorganic nanoparticles
like silica (SiO2),

10 metal oxides (Al2O3, ZnO),
11,12 silicon

carbide (SiC),13 silicon nitride (Si3N4),
14 and transition metal

chalcogenides (WS2)
15,16 have been incorporated in PEEK,

albeit with only moderate success. Thus, a uniform dispersion
of the nanoreinforcements within the matrix is essential for
improving the mechanical performance.9 However, this is a very
difficult chore in the case of PEEK nanocomposites since they
cannot be processed through solution methods due to the
insolubility of this thermoplastic in most solvents apart from
concentrated hydrofluoric and methanesulfonic acids,9 which
results in extremely high melt viscosity, together with the
strong agglomerating tendency of the nanoparticles. Thus,
visible aggregates are generally found for nanoparticle loadings
≥2.5 wt %. In addition, some of these nanoparticles are
expensive, which is reflected in a rise in composite price.
An alternative strategy is the blending with other

biopolymers, a cheaper route that enables to obtain high-
performance biomaterials that combine the complementary
properties of both constituents. This is particularly attractive in
blends with poly(ether imide) (PEI),17 a biocompatible
amorphous thermoplastic structurally similar to and miscible
with PEEK. PEI presents excellent properties even at elevated
temperature, namely, high chemical inertness and resistance to
all sterilization techniques,17−19 and it is currently used in a
large number of electronic and medical applications including
surgical devices and dental and orthopedic tools. Over the past
years, several articles dealing with the morphological, thermal,
and mechanical characterization of PEEK/PEI blends have
been published.20−22 Interestingly, the mixtures displayed a
maximum in ductility and toughness at intermediate
compositions (20−30 wt % PEI) that coincided with a
maximum in PEEK crystallinity. Blends are preferred over
PEEK since they are considerably cheaper, tougher, maintain
rigidity at higher temperatures due to their higher Tg, and
display enhanced thermal stability and high heat distortion
temperature.
Over recent years, a lot of effort has been devoted to the

research of titanium dioxide (titania, TiO2) nanostructures due
to their extraordinary optical, electrical, and photocatalytic
properties. They are inert, safe, reasonably priced, and
environmentally friendly inorganic n-type semiconductors that
display superior mechanical properties, intense UV absorption,
low coefficient of thermal expansion, elevated thermal
conductivity, superior hydrophilicity, and strong antibacterial
action versus a broad range of microorganisms.23 The
antibacterial characteristics of irradiated TiO2 materials have
been reported to originate from the combined action of their
self-cleaning and self-disinfection properties,24 though the

detailed mechanism that causes bacterial cell death is not
clear yet. It has been reported that TiO2 nanoparticles have
higher bioactivity than conventional microparticles.25 In
particular, osteoblasts and chondrocytes exhibit an expanded
morphology and increased proliferation when exposed to TiO2
nanofillers compared with cells exposed to micron-sized
particles. Further, the strength of bone−titanium integration
is considerably greater for implants with nanoparticles. In this
regard, a few nano-TiO2 reinforced biopolymers such as poly-L-
lactide (PLLA),26 poly(lactic-co-glycolic acid) (PLGA),27 and
poly(phenylsulfone) (PPSU)28 have been developed for
biomaterial applications. Nevertheless, TiO2 nanoparticles are
not regularly employed so far as antibacterial materials in
medical implants or devices.28

The present study reports the synthesis of nano-TiO2
reinforced PEEK/PEI blends via ultrasonication followed by
melt-blending, a common and versatile method easy to scale
up. A comprehensive characterization was performed to
evaluate in detail the influence of the nanoparticles on the
morphology, crystallization behavior, thermal stability, static
and dynamic mechanical performance, tribological, dielectric,
and antibacterial properties of these new biomaterials that are
very promising for use in medical implant applications.

2. EXPERIMENTAL SECTION
Materials. Zeniva poly(ether ether ketone), PEEK (d25 °C = 1.30 g/

cm3, Tg ≈ 147 °C, Tm ≈ 343 °C), was supplied by Solvay Specialty
Polymers. ULTEM poly(ether imide), PEI (d25 °C = 1.27 g/cm3, Tg ≈
217 °C), was provided by Sabic Innovative Plastics. Their chemical
structures are shown in Scheme 1. Both biopolymers are high-purity

grades that satisfy USP Class VI and ISO 10993 criteria.29 The
polymers were vacuum-dried at 120 °C for 4 h and stored in a dry
environment before blending. Titanium(IV) oxide nanopowder, TiO2,
was supplied by Sigma-Aldrich.28

Nanocomposite Preparation. To assess the optimal PEEK/PEI
blend ratio for the preparation of the nanocomposites, five mixtures of
compositions 90/10, 80/20, 70/30, 60/40, and 50/50 wt/wt % were
initially prepared via extrusion at 380 °C in a Thermo-Haake MiniLab
microextruder. Mixing times of 20 min and a rotor speed of 150 rpm
were applied.17 A PEEK/PEI blend with a ratio of 70/30 was chosen
as matrix material due to its optimum balance between stiffness,
toughness, thermal stability, and glass transition temperature. The
nanocomposites were manufactured via ultrasonication and melt-
blending, following a procedure similar to that reported previously.29

First, PEEK and PEI (70/30 wt/wt %) were ball-milled to reduce their
particle size. Second, the required amount of TiO2 nanoparticles and
the polymer powder were ultrasonicated in ethanol, vacuum-dried to
remove the solvent, and subsequently melt-blended under the above-
mentioned conditions. Four nanocomposites were manufactured, with

Scheme 1. Chemical Structure of (a) Poly(ether ether
ketone) (PEEK) and (b) Polyetherimide (PEI)
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final TiO2 concentrations of 1.0, 2.0, 4.0, and 8.0 wt %. The
nanocomposites were then hot-pressed at 380 °C under 130 bar for 5
min and finally annealed.29

Characterization Techniques. The state of dispersion of the
nanoparticles was characterized using an SU8000 Hitachi scanning
electron microscope (SEM).28 The attenuated total reflectance-Fourier
transform infrared (ATR-FTIR) spectra were recorded on a
PerkinElmer Spectrum One spectrometer.12 The thermal stability of
the composites was analyzed by thermogravimetric analysis (TGA)
using a TA Instruments Q50 thermobalance.16 Dynamic differential
scanning calorimetry (DSC) experiments were conducted on a Mettler
TA 400/DSC 30 differential scanning calorimeter. Samples were
heated to 380 °C, cooled to 40 °C, and then reheated to 380 °C at a
rate of 10 °C/min. The level of crystallinity (Xc) of the nano-
composites was estimated using a melt enthalpy of 100% crystalline
PEEK equal to 130 J/g.17 X-ray diffraction (XRD) measurements were
carried out on a Bruker D8 Advance diffractometer using Cu Kα
radation (λ = 1.54 Å).28

The water absorption was calculated based on the ASTM D570
standard. Samples were initially dried in an oven for one week, placed
in a desiccator to cool, and then weighed. Subsequently, they were
submerged in distilled water at 25 ± 2 °C. After certain time intervals,
the samples were taken out, the water on the surface was completely
eliminated using tissue paper, and the samples were weighed.
Immediately, the samples were replaced into the water. The water
absorption was calculated as [(Wt − Wi)/Wi] × 100, where Wi and Wt
are the initial dry mass and the instantaneous weight of the samples
after exposure to water for different periods of time, respectively. Five
determinations were performed for each sample to obtain an average
value.
The dynamic mechanical properties of the composites were studied

using a Mettler DMA 861 dynamic mechanical analyzer30 in the
temperature range between −130 and 260 °C. Tensile tests were
performed at 23 °C and 50% relative humidity (RH) using an
INSTRON 4204 mechanical tester according to the UNE-EN ISO
527−1 standard. Tensile measurements were also performed on
samples subjected to 10 sterilization cycles in an autoclave at 124 °C
and 2 bar, following the EN ISO 17665 standard, and on composites
immersed in an SBF at 37 °C for 10 weeks.28

The room temperature dielectric properties were measured with an
HP 4294 impedance analyzer in the frequency range between 10 and 1
× 106 Hz. Tribological properties were investigated with a pin-on-disc
tribometer (MT/10/SCM from Microtest).28 Experiments were
performed at 23 °C and 10% RH and in SBF medium at 37 °C for
a period of 6 h. Three replicate experiments were performed to check
for repeatability and consistency of the assay.
The antibacterial activity of the nanocomposites was evaluated both

in the presence and the absence of UV light against two test
microorganisms: Gram-positive Staphylococcus aureus (S. aureus,
ATCC 12600) and Gram-negative Escherichia coli (E. coli, ATCC
25922).12 The survival ratio (SR) was estimated following the
equation SR = (N/No) × 100, where No and N are the average
number of bacteria on the reference blend and the nanocomposites,
respectively. Three tests were performed to obtain a mean value.

3. RESULTS AND DISCUSSION

SEM Analysis. As mentioned in the introduction, particle
size and size distribution as well as level of dispersion play a key
role on the composite performance. Consequently, SEM
analysis was carried out to obtain information about the
surface morphology of the nanocomposites, and representative
images of the PEEK/PEI (70/30 wt/wt %) blend filled with 1.0
and 8.0 wt % TiO2 are displayed in Figure 1. For all the
nanocomposites, a single polymeric phase was detected,
thereby confirming the complete miscibility of both thermo-
plastics, as previously reported.21 The spherical white dots in
the micrographs correspond to the anatase TiO2 nanoparticles
that exhibit a wide size distribution, with diameters in the range

of 40−120 nm and an average value of 75 nm. In both
nanocomposites, the nanoparticles are randomly and homoge-
neously distributed within the matrix, and a uniform, aggregate-
free nanofiller dispersion was found throughout the examined
areas. Nonetheless, the dispersion is finer in the sample with
the lowest TiO2 loading (Figure 1a) that shows an average
interparticle distance of ∼1 μm, whereas that with the highest
concentration presents considerably reduced particle−particle
distance, and even a few small clusters (240−380 nm size)
comprising three or four particles can be visualized (Figure 1b).
An analogous morphology with homogeneously dispersed
nanofillers was also observed in the nanocomposites reinforced
with 2.0 or 4.0 wt % TiO2, which reveals that the preprocessing
ultrasonication stage combined with the interactions between
the polar groups of the matrix (imide, ketone, ether) and the
OH moieties of the nanoparticles preclude TiO2 agglomeration.
In fact, PEI is acting as a coupling agent in the nanocomposites,
since it can interact both with PEEK via π−π stacking and polar
interactions as well as with the nanoparticles through formation
of hydrogen bonds between the carbonyl groups of the imide
rings and the hydroxyl moieties on the nanoparticle surface.
Overall, SEM analysis demonstrates that the combination of
ultrasonication and melt blending was certainly useful for
homogeneously dispersing TiO2 within the PEEK/PEI mixture
at a nanoscale level without applying any particle surface
treatment or polymer functionalization, making the fabrication
of these biomaterials easy, fast, cost-effective, and suitable for
large-extent production.

Fourier-Transform Infrared Study. To provide informa-
tion about the polymer−polymer and nanoparticle−polymer
interactions, the ATR-FTIR spectra of bare TiO2 nanoparticles,
neat PEEK, PEI, the binary PEEK/PEI (70/30 wt/wt %)
sample, and the nanocomposites with 1.0 and 8.0 wt % TiO2
concentration were recorded and are compared in Figure 2.
The spectrum of TiO2 exhibits an intense and wide band
centered at ∼3400 cm−1 attributed to the O−H stretching, as
well as peaks at 1630 and 1012 cm−1 arising from the bending
vibration of coordinated H2O and Ti−OH.31 The peak at ∼650
cm−1 is related to the Ti−O−Ti stretching, and that at 1400
cm−1 has been assigned to TiO2 lattice vibrations.

32 Pure PEEK
displays a typical peak at 1650 cm−1 referred to the CO
stretching, and the peaks at 1595 and 1490 cm−1 correspond to
the C−C stretching of the aromatic rings.33 Further, the C−O−
C stretching vibrations of the aromatic ether bond appear at
1220 and 1080 cm−1, and the C−H wagging vibrations appear
at 830 and 766 cm−1.
On another note, the spectrum of neat PEI displays typical

imide bands at 1780 and 1720 cm−1 arising from the carbonyl
asymmetrical and symmetrical stretching vibrations, as well as

Figure 1. Typical SEM images of PEEK/PEI/TiO2 nanocomposites
with 1.0 wt % (a) and 8.0 wt % (b) nanoparticle loading. The arrows
indicate TiO2 nanoparticles randomly distributed within the matrix.
The circles in (b) show small clusters of three or four nanoparticles.
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peaks at 1355 and 750 cm−1 associated with the C−N
stretching and bending, respectively.31 The sharp peak at 1588
cm−1 corresponds to the C−C stretching of the aromatic rings,
and that at 1230 cm−1 is attributed to the C−O−C stretching
of the ether group. Further, the C−H stretching vibrations of
the methyl groups appear at 2970 and 2900 cm−1. As expected,
the spectrum of the binary PEEK/PEI blend exhibits the
characteristic peaks of both polymers, their intensities being
consistent with the blend composition. Interestingly, the C−C
stretching vibrations of the aromatic rings are shifted toward
lower wavenumbers, as well as the C−H wagging. The red shift
of these bands has been ascribed to intense π−π stacking
interactions between compounds with aromatic rings,34

corroborating that the aromatic moieties of both biopolymers
strongly interact via π−π stacking.
The spectra of the nanocomposites are similar to that of the

polymer blend, with a few peaks characteristic of TiO2. A
broadening an upshift of the band referred to the O−H
stretching is detected compared to that of the raw nano-
particles, by ∼10 and 35 cm−1 for the composites with 1.0 and
8.0 wt % TiO2, respectively. Such phenomenon points toward
H-bond formation with the ketone group of PEEK at the cost
of disrupting the H-bonds among OH moieties of the
nanoparticles.28 More significantly, the band referred to as
the CO stretching is broader and appears at lower
wavenumbers in comparison to that of pure PEEK, the
downshift being 12 and 36 cm−1 for the nanocomposites with
1.0 and 8.0 wt % TiO2, respectively, also indicative of H-bond
formation with the OH moieties of TiO2. Moreover, the wide
peak related to the Ti−O−Ti stretching moves down to 632
and 618 cm−1 in the two aforementioned nanocomposites, yet
one more evidence of the existence of nanoparticle−polymer
interactions, these effects exacerbating with increasing TiO2
loading. As expected, this band is stronger in the nano-
composite with 8.0 wt % in comparison to that with 1.0 wt %,
consistent with its higher nanoparticle concentration.
To assess the stability of the developed nanocomposites

under UV light irradiation, the spectrum of PEEK/PEI/TiO2
(8.0 wt %) was recorded after illumination with 365 nm UV
light for 24 h, and it is also plotted in Figure 2 for comparison.
The photocatalytic degradation of PEEK causes random

homolytic chain scission reactions, cross-linking, and formation
of carbonyl and hydroxyl groups.35 Thus, if the matrix had
started to degrade, changes in the peaks associated with the
functional groups of PEEK would be expected. However, hardly
any change can be detected in the spectrum of the
nanocomposite upon irradiation. In particular, the carbonyl
index,33 calculated as the ratio of the area of the carbonyl peak
to the area of a reference band (unchanging) at 1490 cm−1, was
0.104 and 0.108 prior and after UV illumination, respectively,
indicating the negligible formation of carbonyl groups under
irradiation. Therefore, the FT-IR study corroborates the high
UV resistance of these hybrid biomaterials, likely related to the
excellent scattering and absorption properties of TiO2 at UV
wavelengths.23

Crystalline Structure. The influence of the nanoparticles
on the crystalline structure of the matrix was explored by XRD,
and the patterns of nano-TiO2, neat PEEK, PEI, PEEK/PEI
(70/30 wt/wt %) blend, and the nanocomposites with 1.0 and
8.0 wt % TiO2 concentration are displayed in Figure 3. The

nanoparticles present typical peaks at 2θ values of 25.1°, 36.7°,
38.1°, 39.2°, 48.0°, 54.2°, and 55.3°, consistent with the
standard JCPDS card no. 21−1272 (anatase TiO2). Further, the
strong diffraction peaks at 25.1° and 48.0° confirm its
tetragonal anatase structure. The absence of spurious
diffractions indicates the crystallographic purity, and the sharp
crystalline reflections corroborate the crystallinity of the
nanoparticles. Their mean crystallite size was calculated as
20.8 nm using the Scherrer equation.36

Regarding the biopolymers, the diffractogram of semicrystal-
line PEEK presents main reflections at 2θ values of 18.8°, 20.7°,
22.9°, and 28.9°, corresponding to the scattering of the (110),
(111), (200), and (211) lattice planes of the orthorhombic unit
cell.37 In contrast, the diffractogram of PEI displays a single
broad reflection in the range of 2θ = 10−30° that reflects its
amorphous character. The pattern of the PEEK/PEI blend is
qualitatively similar to that of PEEK, albeit with narrower and
more intense peaks, indicating an increase in the level of
crystallinity of the polymer, which is interesting taking into

Figure 2. ATR-FTIR spectra of TiO2, neat PEEK, PEI, PEEK/PEI
(70/30 wt/wt %), and the nanocomposites with 1.0 and 8.0 wt % TiO2
content. The spectrum of the nanocomposite with the highest
nanoparticle concentration after UV irradiation is also plotted.

Figure 3. XRD patterns of bare TiO2, PEEK, PEI, PEEK/PEI (70/30
wt/wt %) blend, and the nanocomposites with 1.0 and 8.0 wt % TiO2.
The XRD of PEEK/PEI/TiO2 (8.0 wt %) after UV irradiation for 24 h
is also included.
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account that PEI is an amorphous polymer miscible with PEEK.
This is a typical characteristic of miscible and compatible blends
incorporating one noncrystallizing polymer.20 Nevertheless, the
crystalline structure of PEEK remains merely unaltered, since
no shift in the position of the Bragg reflections is found.
The nanocomposites present the diffraction peak character-

istics of both PEEK and TiO2. The reflections arising from the
matrix phase appear at the same 2θ values as those of the
PEEK/PEI blend, though they show increased and decreased
intensity in the nanocomposites with 1.0 and 8.0 wt % loading,
respectively. In fact, a rise in crystallinity is observed for the
sample with the lowest nanoparticle concentration together
with a small diminution in the average crystallite size, while the
opposite trend is found for that with the highest TiO2 content.
These results suggest a change from promotion to retardation
in the crystallization rate of the polymer with increasing
nanoparticle loading, which should be confirmed by DSC
analysis. Thus, at low TiO2 loading the nucleating effect of the
nanoparticles likely leads to higher degree of crystallinity and
smaller crystals, whereas at higher nanofiller concentration the
increased TiO2-matrix interactions could prevail over the
nucleation effect, and the result is a drop in the overall level
of crystallinity and in the size of the crystalline domains. An
analogous phenomenon has been reported for PEEK
composites reinforced with inorganic WS2 nanoparticles,
where the nucleation of the polymer crystals was only favored
at low nanofiller contents.15

On another note, a gradual upshift in the position of the
crystalline reflections arising from the nanoparticles is found
with increasing TiO2 content, hinting toward a modification in
the dimensions of the anatase unit cell. Moreover, upon
increasing nanofiller loading the peaks become steadily broader,
indicative of a drop in the crystallite size, the diminution being
∼20% for the nanocomposite with 8.0 wt % TiO2. The steric
impediment of the polymeric segments located nearby the
nanoparticles might disturb their molecular packing, leading to
smaller and more imperfect crystals. Nonetheless, these results
should be taken with caution given the number of factors that
can influence the width of the reflections; hence, the Scherrer
equation only gives a lower limit of crystallite size.36

The effects of UV irradiation on the crystalline structure of
the nanocomposites was also investigated, and the XRD of
PEEK/PEI/TiO2 (8.0 wt %) recorded after illumination with
365 nm UV light for 24 h is shown in Figure 3. No significant
change is observed compared to the diffractogram of the
nonirradiated nanocomposite, indicating that the degree of
crystallinity and the crystallite size remain merely invariant.
This supports the good UV radiation stability of these
biocomposites, ascribed to the high UV-blocking capacity of
TiO2 nanoparticles.
Crystallization and Melting Behavior. DSC was

employed to analyze the effect of TiO2 on the crystallization
and melting behavior of PEEK in the nanocomposites. The
nonisothermal DSC thermograms are displayed in Figure 4,
and the calorimetric parameters obtained from the thermo-
grams are collected in Table 1. The crystallization temperature
(Tc) of pure PEEK is ∼304 °C. Interestingly, the addition of
PEI leads to a small rise in Tc and also increases the level of
crystallinity (Xc) (Figure 4a), consistent with the results from
XRD. Regarding the ternary composites with low TiO2 loadings
(1.0 and 2.0 wt %), an increase in both Tc and Xc compared to
those of the PEEK/PEI blend is observed, indicating that the
nanoparticles accelerate the crystallization of PEEK due to

heterogeneous nucleation effect. However, composites with
higher nanofiller concentration display an opposite behavior,
since both parameters significantly drop compared to the
reference blend. One explanation for this phenomenon could
be that the nanoparticles had a 2-fold effect: on the one hand,
due to their large specific surface area and homogeneous
dispersion within the matrix, they can effectively act as
nucleating agents, thereby increasing the level of crystallinity
and crystallization temperature. On the other hand, the OH
groups of the nanoparticle surface can strongly interact both
with PEEK and PEI, as explained earlier, and these interactions
should impose important constraint on polymer chain diffusion
and crystal growth, thus slowing the overall crystallization
process. It appears that when a low amount of nanoparticles is
added to the polymeric matrix, the nucleating effect
predominates, while at higher contents, the restriction on
polymer chain mobility predominates, and the overall result is a
fall in both Xc and Tc.
Focusing on the heating scans obtained after dynamic

crystallization (Figure 4b), qualitatively similar trends are
detected. The melting temperature (Tm) is ∼343 °C for neat
PEEK and increases slightly in the PEEK/PEI blend.
Nanocomposites with low nanoparticle loadings show higher
Tm than the reference blend, while those with TiO2 contents
≥4.0 wt % exhibit lower value. In this case, the strong
restrictions of chain segmental mobility likely lead to smaller
and less perfect crystals that melt at a lower temperature. On
another note, a gradual rise in the glass transition temperature
(Tg) is found on addition of increasing nanoparticle contents.
However, it is difficult to accurately determine Tg values from
DSC thermograms, and they have been measured from DMA.

Thermal Stability. Biomaterials for medical implant use can
be subjected to elevated temperatures;28 hence, a high heat
resistance is required. The thermal stability of the developed

Figure 4. (a) Cooling and (b) heating DSC thermograms of PEEK,
PEI, PEEK/PEI (70/30 wt/wt %) blend, and the nanocomposites with
different TiO2 contents.
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nanocomposites was investigated by means of TGA under inert
environment, and their decomposition curves together with
those of neat PEEK, PEI, and the reference PEEK/PEI blend
are shown in Figure 5a for comparison. Their characteristic

degradation temperatures are collected in Table 1. Both neat
PEEK and PEI exhibit a single degradation stage under inert
environment that initiates (Ti) at ∼523 and 509 °C,
respectively, and show the maximum rate of weight loss
(Tmax) at ∼554 and 545 °C, as can be clearly observed from the
differential thermogravimetric analysis (DTG) curves (Figure
5b). However, a two-step decomposition process is observed
for the reference blend, in agreement with previous studies on
the thermal degradation of PEEK/PEI binary mixtures.38

Interestingly, this reference sample displays slightly higher
degradation temperatures than PEEK, likely related to its higher
level of crystallinity, since the increase in this property results in
more thermally stable materials. The decomposition of the
nanocomposites also takes place in two stages (Figure 5b), and
their curves are similar to those of the matrix albeit shifted to

higher temperatures. Accordingly, both Ti and Tmax increase
with increasing TiO2 concentration, the maximum increments
being ∼24 and 21 °C, respectively, for the nanocomposite with
the highest nanoparticle loading. These noticeable improve-
ments are related to the strong nanoparticle−matrix H-bonding
interactions that hinder the mobility of the polymeric chains.
Moreover, the nanoparticles can act as a barrier against the
transport of volatile decomposed products.11 Other factors
contributing to the observed enhancement are the elevated
thermal conductivity of TiO2 that would favor heat dissipation
within the sample and that this metal oxide is thermally stable
up to 800 °C.28

TiO2 nanoparticles not only boost the thermal stability of the
matrix but also promote char residue formation. Char residues
under inert atmosphere are related to the flame-retardant
capability of the samples by the limiting oxygen index (LOI),28

which can be estimated using Van-Krevelen and Hoftyzer
equation,39 and the calculated data are also listed in Table 1. A
material is considered flammable when its LOI is ≤26%. Both
PEEK and PEI are self-extinguishing polymers (LOI > 35%),
and when burning, they give off very low amounts of smoke.
The LOI further rises on increasing TiO2 concentration, and a
maximum 7% increase compared to the reference blend is
reached at 8.0 wt % loading. This superior fire resistance is
likely related to the elevated thermal conductivity of TiO2, as
mentioned above. The presence of the nanoparticles enables a
faster heat dissipation within the nanocomposite, which delays
the time to reach the ignition point.

Water Absorption. Biomaterials are frequently subjected
to steam sterilization cycles; hence, very high moisture
resistance is required. In this regard, water absorption kinetics
of the fabricated nanocomposites was explored, and the results
are displayed in Figure 6. A nonlinear growth of this property
upon increasing time can be observed for all the samples,
reaching a constant value (equilibrium) after one week. Pure
PEEK displays a very low water absorption of ∼0.13% at 24 h
and ∼0.42% at the equilibrium, while PEI exhibits higher
values, about 0.18% and 0.52%, respectively. More interesting,
the reference PEEK/PEI blend displays reduced absorption
when compared to both polymers, likely associated with its
higher degree of crystallinity, since the crystalline regions
increase the tortuosity of the transport path. The incorporation
of low TiO2 loadings further decreases the water absorption
rate, the reduction at the equilibrium being ∼14 and 20% at 1.0
and 2.0 wt % loading, respectively, compared to the PEEK/PEI
mixture. These data indicate that the nanocomposites have
enhanced barrier performance against water, attributed to their
higher level of crystallinity and the presence of homogeneously
dispersed nanoparticles, facts that boost the tortuosity of

Table 1. Thermal Dataa Obtained from DSC and TGA Analyses of PEEK, PEI, PEEK/PEI (70/30 wt/wt%) blend, and the
Nanocomposites with Different TiO2 Content (values in parentheses)

material Tc (°C) Tm (°C) Xc (%) Ti (°C) T10 (°C) Tmax (°C) LOI (%)

PEEK 303.6 342.8 42.9 523.1 545.7 554.2 36.9
PEI 509.3 538.2 546.8 38.0
PEEK/PEI 305.0 343.3 45.4 524.6 547.9 557.4/631.2 38.4
PEEK/PEI/TiO2 (1.0) 309.3 344.8 50.5 528.1 550.3 564.1/633.0 38.8
PEEK/PEI/TiO2 (2.0) 307.5 344.0 47.2 535.3 557.6 570.2/627.2 39.3
PEEK/PEI/TiO2 (4.0) 300.1 340.6 40.9 541.8 564.5 575.6/631.4 40.0
PEEK/PEI/TiO2 (8.0) 296.2 338.1 38.1 548.0 568.1 578.8/625.7 41.1

aTc: crystallization temperature; Tm: melting temperature; Xc: degree of crystallinity; Ti: initial degradation temperature obtained at 2% weight loss;
T10: temperature for 10% weight loss; Tmax: temperature of maximum rate of weight loss; LOI: limiting oxygen index.

Figure 5. (a) TGA and (b) DTG curves under nitrogen atmosphere of
the neat polymers, the PEEK/PEI blend, and the nanocomposites with
different TiO2 contents. For comparative purposes, only the
temperature range between 450 and 750 °C is shown.
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diffusion pathways within the matrix. Nonetheless, the
incorporation of higher nanoparticle concentrations leads to
smaller drops in the water absorption (i.e., ∼10% at 4.0 wt %
TiO2), and the composite with the highest nanofiller loading
displays almost the same values as the reference blend,
suggesting that other factors influence the water absorption.
Indeed, TiO2 nanoparticles are much more hydrophilic than the
neat polymers; hence, the hydrophilicity of the nanocomposites
would rise upon increasing nanoparticle loading. Moreover, the
degree of nanoparticle dispersion also affects the barrier
properties, given that the presence of small clusters can lead
to preferred paths for water diffusion.40 Overall, the behavior
observed probably arises from a balance between nano-
composite water affinity, level of crystallinity, nanoparticle
dispersion, and tortuosity effects.
Dynamic Mechanical Performance. The dynamic

mechanical properties of the nanocomposites were investigated
by DMA, and the temperature dependence of their storage
modulus (E′) and loss factor (tan δ) at the frequency of 1 Hz is
shown in Figure 7. For comparison, data of the neat polymers
and the reference blend are also plotted. The Tg and E′ values
at different temperatures are listed in Table 2.
At 25 °C, E′ of neat PEEK is ∼3.7 GPa (Figure 7a) and

decreases gradually upon increasing temperature, showing a
sharp drop in the vicinity of the Tg. The rise in temperature
results in increased chain mobility and hence in an E′ fall,
especially at temperatures in the vicinity and higher than the Tg
where whole segmental motion takes place. An analogous
behavior is found for neat PEI, a rigid amorphous thermoplastic
with a storage modulus of ∼3.4 GPa at 25 °C that softens at
temperatures above 200 °C, showing a pronounced modulus
reduction. E′ of the PEEK/PEI (70/30 wt/wt %) mixture is
slightly higher than that of pure PEEK in most of the
temperature range, consistent with the higher degree of
crystallinity of the blend, given that the crystalline regions
increase E′ of semicrystalline polymers.5 Clearly, E′ of the
nanocomposites rises with the incorporation of TiO2 at
temperatures both below and above the Tg (Figure 7a),
demonstrating the nanoparticle-induced matrix stiffening. In
particular, at room temperature, the incorporation of 1.0, 2.0,
4.0, and 8.0 wt % TiO2 contents raises E′ of the blend by 18,
29, 37, and 41%, respectively. These results reveal a nonlinear
growth of the modulus with the nanoparticle concentration, the

increment being more prominent at low loadings. The strong
E′ improvement attained with the addition of 1.0 and 2.0 wt %
TiO2 is attributed to the rise in crystallinity due to
heterogeneous nucleation together with the reinforcement
effect. However, the enhancements obtained at higher loadings
should merely be related to conventional reinforcement effects,
since the crystallinity of such nanocomposites is lower than that
of the matrix (see Table 1). The stiffening effect of the
nanoparticles is even more prominent above the Tg of the blend
(i.e., ∼33 and 57% rise at 200 °C for the nanocomposites with
1.0 and 8.0 wt %, respectively, see Table 2). Similar trend was
found for PEEK nanocomposites reinforced with other
inorganic nanoparticles such as ZnO11 or WS2.

15

The tan δ (ratio of the loss to storage modulus) is a measure
of the damping within the system and is very sensitive to the
material morphology. The development of the tan δ as a
function of temperature (Figure 7b) shows two transition peaks
for neat PEEK: that at the lowest temperature (centered around
−95 °C), named β-transition, is ascribed to local motions of the
ketone groups, while the relaxation at the highest temperature
(∼148 °C), named α-transition, corresponds to the Tg. Neat
PEI also displays two transition temperatures, the β-relaxation
at ∼100 °C related to the movement of the imide groups and
the α-transition at ∼217 °C.41 The PEEK/PEI blend also
exhibits relaxation peaks at ca. −92 and 100 °C, and a single α-
relaxation at 174 °C, which corroborates the homogeneous
miscibility of the two polymers in the amorphous phase.
Interestingly, the Tg of the blend is ∼26 °C higher than that of
neat PEEK, upshift greater than the predicted by the Fox
equation42 for homogeneous mixtures (∼20 °C). The
discrepancy should arise from the change in the composition
of the amorphous phase due to the increase in the degree of
crystallinity of PEEK. Thus, Tg rises with increasing
crystallinity, since the segmental motion in the amorphous

Figure 6. Water absorption kinetics of the pure polymers, the
reference blend, and the TiO2-reinforced nanocomposites.

Figure 7. (a) Storage modulus E′ and (b) tan δ vs temperature for the
neat polymers, the PEEK/PEI (70/30 wt/wt %) blend, and the
nanocomposites with the indicated TiO2 contents.
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phase is decreased near the crystal lamellae. Further, a
broadening of the glass transition feature is detected when
compared with the spectra of the pure polymers, consistent
with the observations by Goodwin and Simon,41 who ascribed
such phenomenon to concentration fluctuations and larger
range of coupled interactions in the mixture.
The addition of TiO2 to the PEEK/PEI mixture causes a

significant increase in the relaxation temperatures, particularly
in the Tg, which rises by ∼16 °C for the nanocomposite with
the highest nanoparticle concentration (Table 2). This
noticeable increment is ascribed to the formation of a
nanoparticle network that hinders the mobility of the polymer
segments and reduces the free volume. Further, the effective
chain motion restriction should be related to the strong H-
bonding interactions between the polymers and TiO2 together
with the homogeneous nanoparticle distribution that leads to a
large matrix-nanofiller interfacial contact area. The Tg incre-
ments observed in this work are higher than those found upon
incorporation of other inorganic nanoparticles such as ZnO11 or

WS2
15 to PEEK, likely due to the presence of PEI that acts as a

coupling agent, strengthening the interactions between the
composite components. Moreover, a widening of the tan δ peak
is detected, especially for the nanocomposite with the highest
nanoparticle loading (Table 2), which displays a full-width at
half-maximum (fwhm) value ∼5 °C higher than that of the
reference blend. This widening effect is most likely caused by
the difference between the physical states of polymeric
segments in the vicinity of the nanoparticles that are hindered
in their mobility compared to the less-constrained segments of
the bulk matrix. Similar behavior has been reported for other
nanofiller-reinforced PEEK composites9 and is typical for
polymer systems filled with finely dispersed materials. In
addition, a gradual drop in the height of the tan δ peak is found
upon increasing nanoparticle concentration, by up to 22% at
8.0 wt % loading (Table 2), related to the reduced fraction of
polymer matrix. Besides, the magnitude of the tan δ indicates
the level of viscosity of a system: the lower the tan δ, the higher
the elasticity of the material. Hence, the reduced tan δ peak

Table 2. DMA Dataa for the Different Samples

material Tg (°C) E′ −100 °C (GPa) E′ 25 °C (GPa) E′ 200 °C (MPa) tan δmax (a.u.) fwhm (°C) tan δarea (a.u.)

PEEK 148.1 4.59 3.73 0.130 0.28 24.2 5421
PEI 216.6 3.88 3.44 2.721 0.33 16.0 4192
PEEK/PEI 174.0 4.65 3.86 0.419 0.31 27.3 6718
PEEK/PEI/TiO2 (1.0) 176.2 5.50 4.56 0.559 0.29 27.5 6980
PEEK/PEI/TiO2 (2.0) 183.8 5.84 4.98 0.582 0.28 28.7 6840
PEEK/PEI/TiO2 (4.0) 185.5 6.47 5.31 0.637 0.26 28.0 6256
PEEK/PEI/TiO2 (8.0) 190.3 6.75 5.45 0.658 0.24 32.3 8590

aTg: glass transition temperature; E′: storage modulus; tan δmax: height of tan δ peak; fwhm: full-width at half-maximum of tan δ peak; tan δarea: area
under tan δ peak.

Figure 8. (a) Stress−strain curves of the indicated samples at room temperature. Young’s modulus (b), tensile strength (c), and toughness (d) of
PEEK/PEI/TiO2 nanocomposites with different nanoparticle loadings under different environmental conditions (see explanation in the text). The
solid symbols in (b) correspond to the theoretical values calculated using the Krenchel’s model.
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height in the nanocomposites suggests that when the tension is
eliminated the energy stored during the deformation process
recuperates at a higher speed compared to the unfilled polymer
mixture.
On another note, noticeable changes in the area under the

tan δ peak are found with the incorporation of the
nanoparticles (Table 2), which can be associated with the
modification of the impact strength of the material.5 All the
nanocomposites display similar or even bigger area than the
polymer blend, reaching a maximum increase of 28% at 8.0 wt
% TiO2. These results point toward an increase in energy
dissipation with increasing nanoparticle concentration and
suggest that these inorganic nanofillers can simultaneously
improve the stiffness and impact resistance of the matrix.
Static Mechanical Properties. Composites to be used for

load-bearing implant applications demand high modulus,
strength, and toughness. In this regard, the static mechanical
properties of TiO2-reinforced PEEK/PEI ternary nanocompo-
sites were investigated by means of tensile tests, and typical
stress−strain curves are shown in Figure 8a. Their room-
temperature Young’s modulus (E), tensile strength (σy), and
toughness (T) values derived from the curves are compared in
Figure 8b−d. Neat PEEK and PEI show a Young’s modulus of
∼4.0 and 3.5 GPa, respectively. The addition of 30 wt % of PEI
to semicrystalline PEEK leads to changes in the mechanical
deformation behavior. While the elastic modulus remains
merely unchanged, the blend displays higher tensile strength
and a more pronounced “yield-drop”, together with decreased
strain at break. The rise in tensile strength correlates with the
higher degree of crystallinity of the blend, while the increased
necking behavior and the reduced elongation at break should
arise from the PEI-enriched amorphous regions of the blend.
Regarding the nanocomposites, a gradual increase in both E
and σy is found on increasing TiO2 content, showing maximum
improvements of 41% (Figure 8b) and 19% (Figure 8c),
respectively, at the highest loading tested. These noticeable
enhancements can be ascribed to the reinforcement effect of
the stiff and homogeneously dispersed TiO2 nanofillers
combined with the presence of PEI that acts as a coupling
agent and strengthens the PEEK-nanoparticle interfacial
adhesion via polar and H-bonding interactions. Note that the
stiffness and strength enhancements observed in this study are
higher than those found for PEEK nanocomposites reinforced
with other inorganic nanofillers like SiO2, Al2O3, and WS2.

9,10,15

To the best of our knowledge, only nanocomposites
incorporating low amounts (∼1.0 wt %) of single-walled
carbon nanotubes grafted to a PEEK derivative displayed
superior rigidity, which can be understood taking into account
the outstanding modulus of this carbon nanofiller (∼1 TPa).
Taking the reported value for the Young’s modulus of TiO2

nanoparticles (230 GPa),23 the theoretical E data for the
nanocomposites were calculated following the Krenchel’s
model5 (see solid symbols in Figure 8b). Experimental E data
are in very good agreement with the predictions (differences
<4%) up to TiO2 loadings of 4.0 wt %. However, at a higher
concentration, the experimental value falls well below the
theoretical one, which could be related to the noticeable drop
in the level of crystallinity of the matrix. In fact, the model
assumes that the modulus of each composite phase is
unaffected by the presence of the other components;
conversely, results have shown that high amounts of nano-
particles hinder the matrix crystallization. Therefore, in the
nanocomposite with the highest loading, the properties of

PEEK might differ from those of the neat polymer, and this
might account for the discrepancy between the theoretical and
the experimental data.
On the other hand, the elongation at break shows a gradual

decrease with increasing nanoparticle content, the drop being
more prominent at higher loadings (i.e., ∼31% for the
nanocomposite with 8.0 wt % TiO2). This behavior is typical
of nanofiller-reinforced composites, since the fillers obstruct
plastic deformation of the matrix, thereby leading to lower
ductility. Nonetheless, for similar nanoparticle concentration,
the reduction in tensile strain found for Al2O3 or SiO2-
reinforced PEEK nanocomposites was significantly stronger
(close to 70%), ascribed to severe nanoparticle clustering.10

The presence of PEI helps to prevent nanoparticle aggregation,
making the reduction in ductility less drastic. More interesting
are the toughness data derived from the tensile curves (Figure
8d). The incorporation of low TiO2 content provokes a small
toughness improvement, leading to a maximum increment of
∼8% at 2.0 wt % loading. The homogeneously and individually
dispersed nanoparticles can efficiently stop crack propagation,
leading to improved impact strength. Conversely, the addition
of more than 4 wt % TiO2 makes the nanocomposites more
brittle, likely due to the presence of small particle clusters that
may act as stress concentration sites and initiate the cracks,
causing an earlier failure.
Any biomaterial intended to be used as a medical implant

should withstand the body environment, and hence should
retain the properties after long-term exposure to SBF at 37 °C.
Moreover, it should resist numerous cycles in an autoclave, an
approach frequently employed for sterilization of medical
implants. In this regard, the mechanical properties of the
nanocomposites were investigated under such conditions, and
the results are also plotted in Figure 8. Interestingly, E and σy
values of all the nanocomposites remain unaltered after
sterilization or exposure to SBF (differences ≤2%), whereas
the toughness exhibits a small reduction (<4%), although the
variations are within the standard deviations of the measure-
ments. Experimental results demonstrate that both the
exposure to SBF and the autoclaving (steam sterilization)
have an insignificant effect on the tensile properties of these
nanomaterials, consistent with the exceptional environmental
resistance of both PEEK and PEI.43 Consequently, the
developed biomaterials seem suitable for long-term implant
applications, which is of great interest, since the use of this type
of implant significantly reduces the number of operative
procedures and improves the quality of patient life.44

Tribological Properties. The tribological performance of
biomaterials is of outmost importance; they should meet
various requirements such as low coefficient of friction and
resistance to wear and abrasion. The presence of wear debris
produced when a bone rubs against the implant may result in
inflammation and osteolysis,45 leading to loosening of
prostheses and necessitating revision surgery. To assess the
tribological behavior of the ternary nanocomposites, their
coefficient of friction (μ) and specific wear rate (Wsp) were
measured under both dry conditions at 23 °C and SBF
environment at 37 °C, and the results are presented in Figure
9a,b, respectively.
Under dry conditions, μ of PEEK is ∼0.35, and that of PEI

∼0.42, while that of the PEEK/PEI (70/30 wt/wt %) blend is
smaller (∼0.33), related to the increase in crystallinity of the
blend. This is consistent with previous studies on the
tribological behavior of semicrystalline thermoplastics that
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found reduced μ for samples with higher level of crystallinity.46

The incorporation of TiO2 gradually reduces μ of the blend, by
as much as 34% at 4.0 wt % content. The nanoparticles are
believed to have two main functions: promote crystallization
and act as crack deflectors. At low nanoparticle loadings, both
the amount of nucleation sites and the surface area available for
crack deflection increase. However, at higher loadings, the
presence of small clusters limits the effectiveness of the
nanoparticles, resulting in smaller μ diminution. Very similar
trend is found under SBF condition, where μ falls from ∼0.32
for the PEEK/PEI reference blend to ∼0.21 for the
nanocomposite with 4.0 wt % TiO2 concentration, in
agreement with the fact that the reinforcing effect of the
nanoparticles is almost the same under dry and lubricated
environments (Figure 8). For all the samples, μ is lower in SBF
conditions, related to the lubricating effect of the aqueous
medium.28 This behavior is consistent with the results reported
by Unal and Mimaroglu,47 who compared the tribological
performance of PEEK and PEI-reinforced composites under
dry and lubricated conditions. Further, the interaction of the
polymers with water and the surface wettability can influence
the tribological behavior of the samples in an aqueous
environment.
The PEEK/PEI blend shows a Wsp value in dry conditions of

∼1.3 × 10−5 mm3/Nm, also lower than that of the pure
polymers (∼2.5 × 10−5 and 1.0 × 10−4 mm3/Nm for PEEK and
PEI, respectively). The addition of TiO2 further decreases this
property, leading to ∼10-fold decrease at 4.0 wt % loading,
while at higher concentrations the improvement in wear
resistance was smaller. An analogous trend has been reported
for PEEK nanocomposites reinforced with other inorganic
nanoparticles such as Si3N4, SiC, SiO2, or ZrO2,

48 where the
minimum Wsp value was attained at a critical nanofiller content
of ∼2 vol %, ascribed to the formation of particle aggregates at
higher concentrations that hinder the formation of a uniform
and continuous transfer film on the countersurface.
On the other hand, it is found that Wsp in SBF environment

is systematically lower than that under dry conditions, in

agreement with the study by Zhong et al.49 who compared the
wear performance of PEEK composites reinforced with SCFs
and ZrO2 nanoparticles in water and air and found that the
surface damage was caused by scuffing under water lubrication,
while, under dry sliding, microcracking was the predominant
mechanism. Aqueous lubrication has advantages and disadvan-
tages, and the overall positive or negative effect is determined
by the nature of the polymeric matrix and the dominating
mechanism involved in the sliding process. On the one hand,
water absorption and plasticization of the polymer surface can
take place in an aqueous medium, leading to changes in the
surface structure by swelling, causing a diminution in the
attractive forces between polymer segments and consequently
to a fall in modulus and hardness that is reflected in decreased
wear resistance. Nonetheless, experimental results have shown
that PEEK and the nanocomposites have very low water
absorption (Figure 6) and that their mechanical performance is
nearly independent of the surrounding medium; therefore, the
plasticization effect must be insignificant. Besides, in SBF
condition the hydraulic action can perturb the development of
the transfer layer, resulting in increased wear rate. On the other
hand, aqueous solutions at polymer−metal contacts can act as
cooling agents, reducing the shear strength due to water
lubricant characteristics. The presence of water at the interface
between the specimen and steel disc washes away the wear
debris, which improves heat transfer and favors the formation
of a hydrodynamic, full film lubricant layer between the
polymeric chains and the countersurface, thereby leading to
improved wear resistance. Therefore, it seems that the latter
mechanism prevails in the nanocomposites studied in this work,
and the overall result is a wear rate reduction in SBF medium.

Dielectric Properties. As known, the physiological
processes in the tissues are joined to the flow of electric
current through structural components such as intra- and
extracellular fluids and charge buildup at the interface, which
are feasibly owed to their dielectric properties. Thus, knowledge
of the dielectric properties (a measure of the polarizability of a
material when subjected to an electric field) is crucial for the
development of biomaterials, particularly in the case of
functional scaffolds for load-bearing applications.50 TiO2
possesses a high dielectric constant (∼40 in the case of
nanoparticles), which gives it the ability to bind to bone and
living tissues, known as osseointegration.51

Figure 10 shows the evolution of the dielectric constant (ε′),
which represents the material capability to store energy, and
dielectric loss (ε″), which indicates the ability to dissipate the
electric field energy versus frequency for neat PEEK, PEI, the
reference blend, and the corresponding nanocomposites. The
ε′ value drops with increasing frequency, although it changes
only slightly at frequencies >104 Hz. The high value of ε′ at low
frequencies is ascribed to space charge polarization.29 However,
as frequency rises the electron exchange is not able to follow
the electric field, and the polarization becomes independent of
frequency. The ε′ value of PEEK is relatively low (∼3 at 10 Hz)
and remains almost constant at high frequencies. Similar
behavior is found for PEEK/PEI blend, showing a slightly
higher value. The addition of polar TiO2 to PEEK/PEI causes a
noticeable increase in ε′ (Figure 10a), particularly at low
frequencies (i.e., below 1 × 103 Hz). Thus, at 10 Hz, almost 2-
fold increase is attained at the highest nanoparticle loading,
attributed to the high ε′ of TiO2. Analogous phenomenon has
been reported for epoxy/TiO2 nanocomposites,

52 related to the
high permittivity of TiO2, which improves the polarization via

Figure 9. (a) Coefficient of friction and (b) specific wear rate under
dry and SBF conditions of PEEK/PEI/TiO2 nanocomposites.
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dipole−dipole interactions among neighboring nanoparticles.
Further, the nanocomposites show a marked increase in ε′ with
decreasing frequency. This is clearly related to the presence of
the nanoparticles and suggests a Maxwell−Wagner interfacial
polarization.52 Similarly, ε″ rises gradually on increasing TiO2
loading (Figure 10b), also related to the increase in the space
charge density. Nonetheless, ε″ decreases with increasing
frequency up to 104 Hz and then rises, this effect being more
pronounced with increasing nanoparticle content. Overall,
upon raising nanoparticle concentration the polarization is
increased, which means that the nanocomposites are better
dielectric materials for the development of tissue scaffolds than
the neat polymers.
Antibacterial Activity. In this study, the antibacterial

activity of the nanocomposites was explored against two
bacteria that are pathogens of humans: E. coli (Gram-negative)
and S. aureus (Gram-positive); the latter is among the most
frequent reasons for postoperative infection. Experiments were
carried out in the absence and in the presence of UV
irradiation, and the results are plotted in Figure 11. As can be
observed, PEEK/PEI sample, which was used as a control
matrix, exhibited no antibacterial activity under any of the
conditions. In all cases, the survival ratio decreases with
increasing nanoparticle concentration, showing a minimum at
4.0 wt % TiO2, and then rises slightly. This behavior could be
explained considering that at low nanoparticle content, the

interaction of TiO2 with the bacteria cell wall should be weak,
while at high loadings the presence of small particle clusters
reduces the effective surface-to-volume ratio of the nanofillers;
hence, the TiO2-bacteria interaction is decreased. Under UV
illumination, E. coli activity is hindered when TiO2 concen-
tration is 4.0 wt %, while S. aureus growth is restrained by all the
nanocomposites excluding that with 1.0 wt % loading. This is in
agreement with previous studies on TiO2-containing biofilms

53

that found a stronger antibacterial action against Gram-positive
bacteria. When TiO2 materials are irradiated with UV light,
reactive oxygen species (ROS, i.e., O2

−, HO2, and HO radicals)
are produced that cause the lysis of bacteria, and this is believed
to be the main reason for TiO2 toxicity.

54 The more effective
inactivation of S. aureus should be attributed to structural and
chemical compositional differences between the cell surfaces of
Gram-positive and Gram-negative bacteria.55 Thus, the former
only possesses a peptidoglycan sheath in the exterior of the
cytoplasmic membrane, while Gram-negative cell wall is denser,
more complex, and contains an outer membrane that confers
resistance to a large number of substances, reducing the damage
from oxidation radicals.
In the absence of UV light, the nanocomposites are only

slightly toxic to E. coli (∼15% survival ratio at 4.0 wt %
loading), even though they show noticeable antibacterial
activity against S. aureus (∼3% survival ratio at such optimal
TiO2 concentration), consistent with previous works that
investigated the antibacterial activity of nano-TiO2 without
irradiation,56,57 although the main reason for cytotoxicity
without irradiation is still unclear. In this regard, various
mechanisms have been proposed:28,56 the nanoparticle
adsorption onto the bacteria cell wall, redox reactions at the
bacteria−nanoparticle interface causing the reduction of Ti(IV)
to Ti(III), and the internalization of the nanoparticles in the
cytoplasm and consequent cell death/damage. Moreover, proof
for ROS formation at the bacteria surface without UV
irradiation has also been provided.57 Overall, qualitatively
similar trends are found under both experimental conditions,
suggesting that the optimal TiO2 concentration for efficient
inhibition of bacterial growth is 4.0 wt %.

Figure 10. (a) Dielectric constant and (b) dielectric loss as a function
of frequency for the indicated samples.

Figure 11. Antibacterial activity of the nanocomposites against E. coli
and S. aureus. Solid and open symbols correspond to experiments
performed without and with UV light, respectively.
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4. CONCLUSIONS
A miscible PEEK/PEI biopolymer blend was used as matrix
material for the development of nano-TiO2 reinforced hybrid
bionanocomposites. These were successfully prepared via
ultrasonication followed by conventional melt-blending without
using nanoparticle surface treatments or polymer functionaliza-
tion. Their morphology, crystallization behavior, crystalline
structure, water absorption, thermal, mechanical, tribological,
dielectric, and antibacterial properties have been thoroughly
analyzed. Uniform titania dispersion within the biopolymer
blend was attained, as revealed by SEM observations, ascribed
to the presence of PEI that acts as a coupling agent, interacting
both with PEEK by π−π stacking and polar interactions as well
as with the nanoparticles via H-bonds. The incorporation of
low TiO2 loadings increased the crystallization temperature and
the level of crystallinity of the PEEK/PEI blend, whereas at
higher concentrations the restrictions on polymer chain
mobility predominate, resulting in lower crystallinity and
smaller crystallite size. A gradual increase in thermal stability
and flame-retardant capability was observed upon increasing
nanoparticle concentration. The nanocomposites exhibited
lower water absorption than the reference blend, since the
homogeneously dispersed nanoparticles increase the tortuosity
of diffusion pathways within the matrix. They also displayed
superior storage and Young’s modulus, tensile strength,
toughness, and glass transition temperature while reducing
coefficient of friction and wear rate, and the optimal
combination of properties was obtained at 4.0 wt % TiO2.
The enhanced mechanical properties of the nanocomposites
and the strong TiO2-matrix interfacial adhesion attained in the
presence of PEI are believed to be the main reasons for the
improvements in tribological properties observed under both
dry and SBF conditions. Further, the tensile properties
remained unaffected after exposure to a number of cycles of
steam sterilization in an autoclave or to SBF at 37 °C. Both the
dielectric constant and the dielectric loss raised gradually on
increasing TiO2 loading, ascribed to the rise in the space-charge
density. The nanocomposites showed significant antibacterial
properties against human pathogenic bacteria with and without
UV illumination, and the effect on S. aureus was systematically
stronger than that on E. coli. These novel hybrid biomaterials
are potentially useful for long-term load-bearing implant
applications like bone substitutes, spinal implants, hip replace-
ments, or lumbar intervertebral body fusion cages due to their
enhanced mechanical, tribological, thermal, and dielectric
properties combined with their antibacterial characteristics.
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