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Incorporating Si3N4 into PEEK to Produce Antibacterial,
Osteocondutive, and Radiolucent Spinal Implants
Giuseppe Pezzotti,* Elia Marin, Tetsuya Adachi, Federica Lerussi, Alfredo Rondinella,
Francesco Boschetto, Wenliang Zhu, Takashi Kitajima, Kosuke Inada, Bryan J. McEntire,
Ryan M. Bock, B. Sonny Bal, and Osam Mazda

Polyetheretherketone (PEEK) is a popular polymeric biomaterial which is
primarily used as an intervertebral spacer in spinal fusion surgery; but it is
developed for trauma, prosthodontics, maxillofacial, and cranial implants. It
has the purported advantages of an elastic modulus which is similar to native
bone and it can be easily formed into custom 3D shapes. Nevertheless, PEEK’s
disadvantages include its poor antibacterial resistance, lack of bioactivity, and
radiographic transparency. This study presents a simple approach to correcting
these three shortcomings while preserving the base polymer’s biocompatibility,
chemical stability, and elastic modulus. The proposed strategy consists of
preparing a PEEK composite by dispersing a minor fraction (i.e., 15 vol%) of a
silicon nitride (Si3N4) powder within its matrix. In vitro tests of PEEK composites with three Si3N4 variants—β-Si3N4, α-Si3N4, and β-SiYAlON—demonstrate significant improvements in the polymer’s osteoconductive versus
SaOS-2 cells and bacteriostatic properties versus gram-positive Staphylococcus
epidermidis bacteria. These properties are clearly a consequence of adding
the bioceramic dispersoids, according to chemistry similar to that previously
demonstrated for bulk Si3N4 ceramics in terms of osteogenic behavior (vs both
osteosarcoma and mesenchymal progenitor cells) and antibacterial properties
(vs both gram-positive and gram-negative bacteria).
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1. Introduction
Polyetheretherketone (PEEK) is a semi
crystalline aromatic polymer which
belongs to the polaryletherketone family.
Its molecular backbone includes combi
nations of ketone and ether functional
groups between the aryl rings.[1] This
peculiar structure makes it chemically
stable in biologically active environ
ments.[1–3] It also provides the polymer
with improved wear resistance[2,4] and the
retention of mechanical properties under
either steam or gamma sterilization.[5]
PEEK is bioinert and biocompatible. It
elicits no toxic, mutagenic, or inflamma
tory responses within the human body.[6–9]
Moreover, its elastic modulus is close
to that of human cortical bone (8.3 and
17.7 GPa, respectively),[10] a characteristic
which has been widely exploited in spinal
implants to minimize stress shielding
and bone resorption.[11] However, the
biological inertness of PEEK comes with
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several disadvantages. It has low bioactivity and it is prone to
bacterial colonization, biofilm formation, and periprosthetic
infections.[12–15] These shortcomings are an unfortunate con
sequence of a combination of its hydrophobic character and
specific molecular interactions between the bacterial proteins
and PEEK’s surface molecular structure in the biological envi
ronment.[16] Consequently, functionalization of PEEK to con
currently boost its osteogenic and antibacterial properties is
actively being pursued in order to develop an improved genera
tion of trauma, spinal, prosthodontic, maxillofacial, and cranial
implants.[17–19] The two strategies currently used to improve the
bioactivity and the antimicrobial properties of PEEK are surface
functionalization and composites.
Surface functionalization has been accomplished by changing
PEEK’s surface chemistry and topology using either chemical
or physical alterations (e.g., coatings, infiltration of chemicals,
mechanical roughening, polishing, and texturing).[20] PEEK
composites have been prepared by incorporating nanometer
or micrometer particles that provide PEEK with osteoconduc
tive and antibacterial characteristics.[21,22] Unfortunately, none
of these approaches have succeeded in concurrently achieving
both biogenic and bactericidal properties. Antiadhesive sur
faces, such as hydrophobic coatings, have been proposed as a
method of preventing periprosthetic infections. While these
coatings resist the adherence of prokaryotic cells,[22–27] they
also result in poor protein and eukaryotic cell adhesion which
ultimately leads to a lack of tissue integration.[22] Although
the direct incorporation of antiseptics and antibiotics into the
polymer’s structure has been demonstrated, controlling their
elution kinetics[24] has proven to be particularly challenging
and especially inoperative against antibiotic-resistant bacterial
strains.[28] Moreover, this approach is not effective in improving
the osteointegration of these types of devices. Last, plasma gas
treatments of PEEK surfaces have been shown to produce only
temporary osseointegrative benefits.[29]
Regarding the composite approach, the most popular fillers
to polymeric matrices have been hydroxyapatite (HAp) and
silver particles for improving biogenesis[30] and antibacterial[31]
properties, respectively. Zhang et al. manufactured PEEKmatrix hydroxyapatite composites via selective laser sintering
and evaluated in vitro cell attachment, morphology, prolif
eration, and differentiation of primary human osteoblasts.[32]
These composites supported osteoblast growth and enhanced
cell proliferation and osteogenic differentiation compared to
other polymeric biomaterials. Silver particles have proven to
be suitable antibacterial agents against a wide range of both
gram-positive and gram-negative bacteria.[33] Silver is used in
dental resin composites[34,35] and as an antimicrobial coating on
catheters.[36] It has shown relatively low cellular toxicity when
compared to other metals.[37] Nevertheless, currently there
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are no PEEK-Ag composites that can simultaneously provide
osteogenic and bacteriostatic improvements. Furthermore,
development of these types of implantable devices could be an
insuperable objective.
In this study, a composite approach was undertaken with
the objective of fabricating a material that could concurrently
provide high resistance to bacterial colonization and improved
osseointegration. With this twofold purpose in mind, a minor
fraction of Si3N4 particles was incorporated into a PEEK
matrix. Si3N4 was selected because the surface chemistry of
this nonoxide bioceramic has previously demonstrated both
bacterial lysis[13,38] and enhanced bone formation.[39–41] These
properties resulted from its biologically friendly silicon/
nitrogen surface chemistry and its slow elution rate which
was suitable for implant applications. In this study, this pecu
liar chemistry was incorporated into a PEEK polymer for the
first time. In this in vitro study, three Si3N4 phases—β-Si3N4,
α-Si3N4, and β-SiYAlON—were evaluated to compare their
osteogenic and bacteriostatic responses when admixed with
polyetheretherketone.

2. Experimental Section
2.1. Material Fabrication
PEEK powder with an average particle size of 25 µm (Victrex
PEEK 450G, Victrex PLC, Thornton Cleveleys. Lancashire, UK)
was admixed with 15 vol% of three different Si3N4 powders to
form three separate PEEK composite batches. The three Si3N4
powders were: i) β-Si3N4 with an average particle size ≈1 µm
(MC2Si3N4, Amedica Corporation, Salt Lake City, USA); ii) a
submicrometer α-Si3N4 powder (SN-E10, Ube Industries, Ube
City, Japan); and iii) a β-SiYAlON powder prepared by Amedica
Corporation from a mixture of Si3N4, Al2O3, and Y2O3 blended
and reacted in N2 gas atmosphere at >1600 °C for 2 h to obtain
N/Si, O/Si, and Y/Si atomic ratios equal to 1.02, 0.50, and 0.064,
respectively. The powder was subsequently comminuted to
achieve a particle size of ≈1 µm.
The three composites were prepared separately by mixing
the PEEK and Si3N4 powders by means of a twin-screw kneader
(LABO PLASTOMILL 4C150; Toyo Seiki Seisaku-Sho, Ltd.,
Tokyo, Japan) while simultaneously heating them to 380 °C.
PEEK melts at a temperature which leaves the ceramic parti
cles completely unaltered (i.e., glass transition and melting
temperatures are ≈143 and 343 °C, respectively). It was there
fore possible to prepare dense PEEK/ceramic composites at
a temperature above the melting temperature of the PEEK
matrix while fully retaining the chemistry of the particulate
fillers. Unfilled (i.e., monolithic) PEEK was also prepared
under exactly the same conditions and used as a negative
control within the experiments. Optical photos of the com
posites and enlarged images of their surfaces are shown in
Figure 1a–d for monolithic PEEK, PEEK/β-Si3N4, PEEK/αSi3N4, and PEEK/ β-SiYAlON, respectively. All samples were
investigated after manually polishing their surfaces on dia
mond paper in order to achieve comparable roughness values.
This procedure was selected to eliminate differences due to dif
ferent topographic characteristics of the surfaces, which were
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analyzed using microplate readers (EMax,
Molecular Devices, Sunnyvale, CA, USA) by
collecting optical density values related to
living cell concentrations.

2.3. Osteoblast Cell Culture and
Characterization
SaOS-2 human osteosarcoma cells were
employed for cell adhesion and osteoconduc
tivity testing. This cell line was widely used
in bone cell differentiation, proliferation, and
metabolism research.[42,43] The SaOS-2 cells,
which are capable of rapid bone production,
were cultured and incubated in an osteoblastinducer medium consisting of 4.5 g/L glucose
Dulbecco’s modified Eagle medium (DMEM)
(D-glucose, L-glutamine, phenol red, and
sodium pyruvate) supplemented with 10%
fetal bovine serum. They were then allowed to
proliferate within Petri dishes for 24 h at 37 °C.
When a final concentration of 5 × 105 cells
mL−1 was achieved, the cultured cells were
deposited on the top surface of each of the
Figure 1. Optical photographs of the composite plates and their enlarged microscopic images composite and control samples. Cell seeding
in the inset: a) monolithic PEEK, b) PEEK/β-Si3N4, c) PEEK/α-Si3N4, and d) PEEK/β-SiYAlON.
took place in osteogenic medium, which con
sisted of DMEM supplemented with the fol
lowing nominal amounts: 50 µg mL−1 ascorbic acid, 10 × 10−3 m
considered to be only a secondary effect as compared to surface
chemistry, and thus to single out the chemical effect arising
β-glycerol phosphate, 100 × 10−3 m hydrocortisone, and 10% fetal
from adding the ceramic particulate dispersion. All test sam
bovine calf serum. All samples were incubated for 7 days at 37 °C.
ples were UV sterilized prior to biological testing.
The medium was changed twice during the incubation period.
These cell attachment tests were repeated three times (n = 3) for
each sample. The average of was then plotted to compare differ
ences. The SaOS-2 cells were stained for fluorescence microscopy
2.2. Bacterial Culture and Characterization
with Phalloidin (green; F-actin) and Hoechst 33342 (blue; nuclei)
for 1 h and washed three times with 1 mL Tris Buffered Saline
Gram-positive Staphylococcus epidermidis (S. epidermidis;
with Tween 20 (TBST) solution. Cell counts were performed in a
14990ATCC) was cultured at the Kyoto Prefectural Univer
fluorescence microscope (BZ-X700; Keyence, Osaka, Japan).
sity of Medicine in a brain heart infusion (BHI) agar culture
In the osteoconductivity tests, cell seeding also took place in
medium. The initial concentration of 1.8 × 1010 CFU mL−1 was
an osteogenic medium which consisted of DMEM supplemented
subsequently diluted to 1 × 108 CFU mL−1 using a phosphatewith about 50 µg mL−1 ascorbic acid, about 10 × 10−3 m β-glycerol
buffered saline solution (PBS) to mimic ion blood concentra
tions. Subsequently, 100 µL aliquots of the bacteria solution
phosphate, 100 × 10−3 m hydrocortisone, and about 10% fetal
were transferred to Petri dishes containing the BHI agar and
bovine calf serum. The test samples were incubated in this
composite samples. Incubation occurred at 37 °C under aerobic
medium for 7 days at 37 °C. Results were assessed using a laser
conditions for 24 h followed by biological testing.
microscope and 3D image analyses (VK-X200K series, Keyence,
Bacterial samples were observed using a fluorescence micro
Osaka, Japan). All experiments were repeated in triplicate (n = 3).
scopy (BZ-X700; Keyence, Osaka, Japan). Prior to microscopy
The surfaces were also observed by a field-emission scanning
examination, the bacteria were stained with 5(6)-carboxyfluo
electron microscope (FEG-SEM; Hitachi S-4300SE, Tokyo, Japan).
rescein diacetate (CFDA) and 4′,6-diamidino-2-phenylindole
The formation of bony apatite was also monitored by means
(DAPI). CFDA stained the living bacteria with a green color,
of photometric optical density analyses of Alizarin red stain
while DAPI, which binds to DNA, verified cell nuclei loca
(Alizarin Red S; Sigma-Aldrich) upon staining at 7 days (n = 3).
tions via a blue stain. The metabolic activity of the bacteria was
Cells were fixed with 4% paraformaldehyde prior to staining.
observed using a colorimetric assay (Microbial Viability Assay
The Alizarin Red stain was removed by washing twice in 95%
Kit-WST, Dojindo, Kumamoto, Japan). This assay employed an
ethanol for 10 min at room temperature, and 100 µL samples
indicator (WST-8), which produced a water-soluble formazan
of the dye solution were transferred to 96-well plates. Quanti
dye upon reduction in the presence of an electron mediator.
fication of staining density was obtained by measuring its con
The amount of the formazan dye generated was directly propor
centration in terms of optical absorbance at 405 nm on a plate
tional to the number of living microorganism. Solutions were
reader (EMax, Molecular Devices, CA, USA).
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2.4. Fourier Transform IR

3. Results

Time-lapse Fourier transform IR (FTIR) spectra were collected
after the osteoconductive tests. FTIR spectra were obtained
using a high sensitivity spectroscope (Spectrum100FT-IR/
Spotlight400; PerkinElmer Inc., Waltham, MA, USA). The
spectral resolution of this equipment was 0.4 cm−1. Average
FTIR spectra targeting the SaOS-2 cell-grown hydroxyapa
tite were computed for each substrate from five independent
measurements performed on n = 4 samples. Pre-processing
of raw data included baseline subtraction, smoothing, nor
malization, and fitting of the raw spectra using commercially
available software (Origin 8.5, OriginLab Co., Northampton,
MA, USA).

3.1. Antibacterial Test Results

2.5. Statistical Analysis
All data were expressed as mean values ± one standard devia
tion and analyzed for their statistical significance (p ≤ 0.05)
according to the unpaired Student’s t-test.

Figure 2 summarizes the results of antibacterial tests. In
Figure 2a,b, the concentration of living bacteria is shown by
two different methods: i) direct counting on CFDA greenstained cells and ii) measurements of the optical density of
formazan dye which is proportional to the number of living
microorganisms (in the red wavelength interval), respectively.
The four sets of images in Figure 2c–f show laser microscopic
images of the bacteria-exposed surface (top), DAPI blue fluores
cence images of bacterial cell nuclei (middle), and CFDA green
fluorescence images of living bacteria (bottom) for monolithic
PEEK, PEEK/β-Si3N4, PEEK/α-Si3N4, and PEEK/ β-SiYAlON,
respectively.
Assessments by both direct bacterial cell counting and
optical density methods consistently showed that the PEEK/βSi3N4 composites had the lowest concentration of living bac
teria after 24 h (i.e., exactly one order of magnitude less than
that of monolithic PEEK according to the direct counting

Figure 2. Results of antibacterial tests on monolithic PEEK and PEEK-matrix composites: a) counting of living bacteria on CFDA green-stained microscopic images and b) measurements of the optical density of formazan dye. Laser microscopic images of bacteria-exposed surface (top), DAPI blue
fluorescence images of bacterial cell nuclei (middle), and CFDA green fluorescence images of living bacteria in c) monolithic PEEK, d) PEEK/β-Si3N4,
e) PEEK/α-Si3N4, and f) PEEK/β-SiYAlON.
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method). Again, according to direct bacterial counting, a sig
nificant improvement in bacterial killing capacity of the com
posite substrate was also detected for the PEEK/β-SiYAlON
composite (i.e., more than a fourfold reduction), while the
PEEK/α-Si3N4 composite only experienced an improvement of
30% when compared to monolithic PEEK (cf. Figure 2a). Note
that these standard methods for antibacterial evaluation were
only qualitatively consistent with each other. The optical den
sity method was biased by strong fluorescence emitted in red
frequencies by the PEEK matrix which influenced the results
(cf. Figure 2b). Moreover, the α-Si3N4 powder (a commer
cially available ceramic raw powder) contained a binder which
made it fluorescent in the red interval as well. This circum
stance biased the measurements. It was confirmed with a high
number of repetitions, n = 8). Consequently, the PEEK/α-Si3N4
composite was the least antibacterial substrate according to
the optical density method, which contrasted with the direct
counting method (cf. Figure 2a,b). Despite this discrepancy,
the overall results of antibacterial testing clearly showed that
the addition of a minor fraction of β-Si3N4 or β-SiYAlON
particles significantly contributed to an increase in the antibac
terial effectiveness PEEK.

3.2. Osteoconductivity Test Results
Figure 3a provides a summary of the SaOS-2 cell proliferation
tests based on direct cell nuclei counting of the fluorescencestained microscopic images. Figure 3b–e shows details of the
osteoconductivity tests in three sets of microscopic images:
i) laser microscopy images of the SaOS-2-cell-exposed surface
(top), ii) Hoechst 33342 blue fluorescence images of cell nuclei
(middle), and iii) merging microscopic/fluorescence images of
living cells (bottom). Figure 3f summarizes the results of the
osteoconductivity tests conducted for 7 days as assessed by
standardized Alizarin red stain photometric testing of optical
density (cf. also photographs of stained samples in Figure S1
of the Supporting Information). These tests, which quantify the
process of deposition by cells of bony apatite on different sam
ples, showed that the osteogenic activity of SaOS-2 cells was
much improved as compared to that of monolithic PEEK when
a fraction of ceramic (either α-Si3N4 or β-Si3N4 or β-SiYAlON)
dispersoids was added to the PEEK matrix. Moreover, such an
improvement in hydroxyapatite formation appeared to be sub
stantiated by a statistically meaningful repeatability. Upon com
paring Figure 3a,f, it appears that the most efficient particulate

Figure 3. a) Results of SaOS-2 cell proliferation test based on direct cell nuclei counting of fluorescence-stained microscopic images. Laser microscopic images of the SaOS-2-cell-exposed surface (top), Hoechst 33342 blue fluorescence images of cell nuclei (middle), and merging microscopic/
fluorescence images of living cells (bottom) on b) monolithic PEEK, c) PEEK/β-Si3N4, d) PEEK/α-Si3N4, and e) PEEK/β-SiYAlON substrates. In panel
(f), results (with statistics) of photometric optical density experiments upon Alizarin red stain conducted on the same samples mentioned above.
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Figure 4. a) Low-magnification and b) high-magnification FEG-SEM images of SaOS-2 cell-grown bony apatite on the PEEK/β-Si3N4 substrate; c) the
amounts (with statistics) of bony apatite on different substrates after 7 days exposure to SaOS-2 cells as assessed by 3D image analysis-assisted laser
microscopy; and d) FTIR spectra of bony apatite grown on different substrates with numbering of sub-band components (cf. Table 1).

dispersion for cell proliferation was β-SiYAlON, while all the
three investigated composites performed in a quite similar way
in terms of bone formation as far as optical density measure
ments were involved. Note also that the improvement in cell
proliferation was as remarkable as 700% in the PEEK/β-Si3N4
composite as compared to monolithic PEEK. In order to better
quantify osteogenesis and to clarify the reason for the observed
improvement, FEG-SEM observation, 3D image analysisassisted laser microscopy, and FTIR experiments were con
ducted after osteoconductivity tests. Figure 4a,b shows low- and
high-magnification FEG-SEM images of SaOS-2 cell-grown apa
tite on the PEEK/β-Si3N4 composite substrate after 7 days expo
sure to osteogenic medium. In Figure 4c, a plot is given, which
represents the average volume of bony apatite per unit area
computed by 3D image analysis on laser microscopic images
collected on different composite substrates in comparison with
monolithic PEEK substrate tested under the same conditions.
Also in this case, data were collected after 7 days exposure in
osteogenic medium. The volumetric increases in bony apatite
measured by different methods on composites as compared
to the monolithic PEEK substrate were also remarkably high:
≈60% and ≈100% for optical density and 3D laser microscopy,
respectively. In panel (d) of Figure 4, the FTIR spectra of bony
apatite on each substrate are deconvoluted into 20 sub-bands.
Table 1 summarizes all of the sub-bands components including
the frequency of their maxima and their physical origins.[44–49]
The prominent features in the FTIR spectra associated with
HAp are located in the frequency interval 950–1150 cm−1.

Macromol. Biosci. 2018, 1800033

Table 1. FTIR sub-band components detected in the spectra of Figure 4b
with the frequency of their maxima and their physical origins.[44–49]
Band

Frequency [cm−1]

Assignation

1

865

PEEK

2

878

CO32− (B-type)

3

887

SiO44− (ν1 - HAp)

4

917

Phosphodiester

5

928

PEEK

6

954

PO4 (ν1 - HAp)

7

995

PO43− (ν1 - HAp)

8

1014

PO43− (ν1 - HAp)

3−

9

1030

PO43− (ν3 - HAp)

10

1045

PO43− (ν3 - HAp)

11

1076

PO43− + CO32−
3−

12

1112

PO4 (amorphous HAP)

13

1125

PO43− (ν3 - HAp)

14

1145

HPO42−

15

1150

HPO42−

16

1163

PO4 (ν3 - HAp)

17

1239

Amide III (random coil)

18

1250

Amide III (β-sheet)

19

1272

Amide III (α-helix)

20

1340

CH2 wagging
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Spectroscopic assessments showed the highest FTIR intensi
ties for bony apatite grown on the PEEK/β-Si3N4 composite
(cf. Figure 4d). Such an enhanced infrared absorption from the
apatite phase might be related to a higher crystallinity of the
phase grown on this specific composite substrate.

3.3. Other Characterizations
The three types of polymer-matrix composites investigated in
this study all contained the same amount of ceramic particles.
The Young’s moduli of all the composites were between 23 and
27 GPa according to a compressive measurement method,[50]
while the monolithic PEEK control had a Young’s modulus
of 7.5 ± 0.8 GPa in good agreement with a prior report.[10] All
of these stiffness values are comparable to the normal elastic
modulus range found in cortical bone.[51,52] The compos
ites therefore preserve one of PEEK’s important properties
that purportedly minimizes subsidence, stress shielding, and
bone resorption.[53] However, it should also be noted for some
devices (e.g., intervertebral spinal spacers), implant design is
more important than material composition or Young’s modulus
in eliminating subsidence and stress shielding.[54]
These newly fabricated PEEK-composites were also char
acterized for their X-ray translucency. Figure 5 shows an X-ray
radiographic images comparing the translucency of the three
PEEK composites of this study to monolithic PEEK, monolithic
β-Si3N4, and porous and dense titanium-alloys. Remarkably,
the visibility of the PEEK/β-Si3N4 composite was significantly
improved as compared to the almost completely transparent
monolithic PEEK and it was comparable to monolithic β-Si3N4.
On the other hand, the PEEK/β-SiYAlON composite sample was
as visible as the porous and dense titanium samples. The higher
detectability of the PEEK/β-SiYAlON sample as compared to the
PEEK/β-Si3N4 arises from the relatively high fraction of yttrium
in the former sample. X-rays absorbance is determined by the
constituent elements of the composites and it has a cubic rela
tionship to atomic number. Consequently, heavier yttrium was

Figure 5. X-ray radiograph comparing the translucency performance of
the three composites in comparison with the monolithic PEEK control
and other biomaterials employed as orthopedic implants.

Macromol. Biosci. 2018, 1800033

efficient in increasing the contrast of the PEEK/β-SiYAlON
sample. Note that a minor fraction of Y2O3 was also present in
the PEEK/β-Si3N4 sample as a sintering aid. X-ray imaging plays
an important role in the postoperative evaluation of patients
undergoing, for example, spinal surgery. It is believed that the
improved compatibility shown in this study for PEEK/ceramic
composites will improve clinical imaging and may represent a
driving force in promoting their adoption for spinal applications.

4. Discussion
The detailed chemical and spectroscopy analyses of a retrieved
Si3N4 spinal implant were recently published.[41] It showed that
elemental silicon and nitrogen were deposited into the crystal
lattice of native hydroxyapatite by action of the osteoblasts. The
presence of Si and N stimlated progenitor cell differentation
and osteblastic activity in vivo, which ultimately accelerated
bone ingrowth. FTIR analyses and several other spectroscopic
techniques confirmed their release from the surface of the
Si3N4 implant and their subsequent incorporation into the min
eralized apatite structure. An identical analysis was conducted
on a retrieved monolithic PEEK spinal implant. There were
obviously no chemical changes in the bony apatite surrounding
this device and it apparently had lower osteoconductive activity.
This prior study confirmed that silicon and nitrogen were key
constituents for the upregulation of osseous activity. The crys
tallographic imperfections introduced by their substitution into
native hydroxyapatite apparently led to the enhanced bioac
tivity of the Si3N4 device. It was this discovery that stimulated
the idea of hybridization of PEEK with Si3N4 particles in order
to translate this Si/N chemistry to this widely used polymeric
material. This was the object of this study. Its effectiveness was
confirmed by FTIR spectroscopic fingerprints of silicate tetra
hedra within the bony apatite grown by the SaOS-2 cells on the
PEEK/β-Si3N4 substrates. Figure 6a shows that this composite
substrate indeed grew Si-apatite. The vibrational absorbances
for (SiO4)4− and SiOSi bonds (cf. labels in inset) were only
detected for the PEEK/β-Si3N4 substrate and not for monolithic
PEEK (cf. lower and upper spectra, respectively).
Similar in situ FTIR experiments were conducted on living
bacteria in a search for spectroscopic fingerprints of their
metabolism on PEEK/β-Si3N4 and monolithic PEEK substrates.
The FTIR spectra of Figure 6b displayed markedly different fea
tures for these two substrates (cf. upper and lower spectrum
for bacteria on PEEK/β-Si3N4 and monolithic PEEK substrates,
respectively). Note that the spectrum of S. epidermidis in the
interval 2800–3000 cm−1 mainly represents CH bond vibra
tions.[55] Significant reductions in CH2 and CH3 vibrational
intensities for bacterial membrane lipids and proteins were
detected when S. epidermidis was exposed to the PEEK/β-Si3N4
substrates. No apparent changes were observed for the bacterial
exposed to monolithic PEEK (cf. labels in inset to Figure 6b).
This difference was interpreted as degradation of the bacte
rial membrane, which ultimately led to its disruption and to
bacterial lysis.[56] It is known that the emission of ammonia,
which ultimately leads to the enhancement of extracellular pH
and to the formation of free radicals, is lethal to several types of
bacteria.[38,57]
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Figure 6. a) Spectral deconvolution on FTIR spectra collected in situ on living S. epidermidis
exposed for 24 h to monolithic PEEK (upper) and PEEK/β-Si3N4 (lower) substrates. The chemical fingerprints of bacterial lysis are emphasized by labels in the inset. b) Spectral deconvolution on FTIR spectra collected in situ on the bony apatite deposited by living SaOS-2 cell (7 days
exposure) on monolithic PEEK (upper) and PEEK/β-Si3N4 (lower) substrates. The fingerprints
of chemical species characteristics of Si-apatite are emphasized with labels in the inset.

Based on data from prior literature
along with the results from the current
study, shown in Figure 7a,b are proposed
molecular models summarizing the interac
tions between the PEEK/β-Si3N4 composite
and S. epidermidis. These models provide
an enlarged view of the chemical interac
tions between the bacteria’s membrane and
the biological environment in the neigh
borhood of the Si3N4 particles. Elution of
ammonia from these particles is believed to
be the chemical trigger which results in a
cascade of reactions that ultimately leads to
S. epidermidis lysis. Note that this study has
only confirmed antibacterial effect versus a
gram-positive bacterium, while the effective
ness versus gram-negative bacteria remains
yet to be confirmed for the PEEK/β-Si3N4
composite. However, ammonia elution has
proved effective also versus gram-negative
bacteria in experiments on bulk β-Si3N4.[13]
Similarly,
the
interaction
between
PEEK/β-Si3N4 and SaOS-2 cells, which
includes the elution of orthosilicate mole
cules from the Si3N4 ceramic particles, is
provided in Figure 7c; while in Figure 7d
is an enlarged view of the chemical interac
tion between the cell membrane and the

Elution of ammonia is a well-known phe
nomenon in β-Si3N4 exposed to aqueous
solution[58,59] and a pH buffering effect has
been documented as well for this material.[38]
In aqueous environment, two surface reac
tions concurrently occur, as follows[59]
Si 3N 4 + 6H2O(l) = 3SiO2 + 4NH3 (aq) (1)
SiO2 (s) + 2H2O(l) = Si(OH)4 (2)
The overall reaction
expressed as follows

could

then

be

Si 3N 4 + 12H2O(l) = 3Si(OH)4 + 4NH3 (aq) (3)
The Gibbs energy of the above reaction
in Equation (3) has been reported as a nega
tive value of −1268.72 kJ mol−1 (with a quite
high equilibrium constant at room tempera
ture equal to 1.57 × 1096), which explains the
spontaneous elution of both ammonia and
silicic acid from the Si3N4 surface.
In substance, the current FTIR results sup
port the data shown in Figure 2 and suggest
that the antibacterial effect previously reported
for bulk Si3N4[13] can be translated to PEEK by
the addition of a dispersion of Si3N4 particles.

Macromol. Biosci. 2018, 1800033

Figure 7. a) Interaction between PEEK/β-Si3N4 and S. epidermidis with the elution of ammonia
from the ceramic particles and b) an enlarged view of the chemical interaction between the
bacteria membrane and the biological environment in the neighborhood of the Si3N4 particles.
In panel (c), interactions between PEEK/β-Si3N4 and SaOS-2 cells with the elution of orthosilicate from the ceramic particles and d) an enlarged view of the chemical interaction between
the cell membrane and the biological environment in the neighborhood of the Si3N4 particles.
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biological environment in the vicinity of the Si3N4 particles.
This last figure also envisages the formation of endocytotic vesi
cles around orthosilicate clusters[60] and silicon quantum dots
(Si-QDs) which were detected in SaOS-2 cell grown bony tissue
reported in a previous study.[61]

method which exploits Si/N chemistry could beneficially
replace monolithic PEEK implants for various trauma, prostho
dontics, maxillofacial, and cranial procedures.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.

5. Limitations of This Study
The main limitation of this study consists of the fact that the
improvements with respect to monolithic PEEK could so far
only be proved in vitro. The possibility that the composite will
also show the same improvements in both osteoconductivity
and bacteriostasis when implanted in the human body remains
yet to be demonstrated. Moreover, future in vitro testing using
mesenchymal progenitor cells and gram-negative bacterial
strains could serve to demonstrate eventual osteoinductive
properties and to further validate the range of antibacterial effi
ciency of the proposed composites.
Regarding the use of the composites in vivo, elution of
ceramic particles could in principle occur upon friction or
during implantation surgery. However, this has not been con
sidered here to be a concern because of the following three
reasons: i) the microscopic interface bonding between ceramic
particles and PEEK matrix appeared quite strong and coherent,
with no detachment of silicon nitride particles being observed
during machining or polishing; ii) the ceramic particles have
a size in the order of several micrometers and thus their size
does not fall in the reactive and potentially toxic nanometer
scale; iii) silicon nitride is a perfectly biocompatible (and oste
ogenic) material as demonstrated by the bulk silicon nitride
spinal implants used around the world since the last ≈10 years.
In spinal implants made of the newly proposed composite, the
risk of particle elution is thus not higher than the risk related to
micrometric debris detachment from the roughened surface of
titanium or PEEK or even bulk silicon nitride composites.

6. Conclusion
This study demonstrated that hybridization of PEEK by incor
porating a dispersion of Si3N4 particles via melt blending was
an effective approach to improving both the polymer’s lack
of bioactivity and its proneness to bacterial proliferation. The
resulting composites preserved the positive characteristics of
monolithic PEEK (i.e., elastic modulus equivalent to cortical
bone) while improving its X-ray imaging compatibility. More
importantly, the PEEK/β-Si3N4 composite demonstrated one
order-of-magnitude reduction in live S. epidermidis as compared
to monolithic PEEK. This result is particularly relevant in the
prevention of periprosthetic infections and early implant fail
ures, as this bacterium is most frequently reported as the main
responsible for early implant replacements.[62] Hybridization
of PEEK with β-Si3N4 particles also demonstrated remarkable
in vitro improvements of 700% and 100% in SaOS-2 cell pro
liferation and bone formation, respectively, when compared
to monolithic PEEK. In conclusion, while more detailed in
vitro and in vivo studies need to be performed to confirm the
viability of PEEK/Si3N4 composites, this simple fabrication

Macromol. Biosci. 2018, 1800033
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