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a b s t r a c t
Silicon nitride (Si3N4) is an industrial ceramic used in spinal fusion and maxillofacial reconstruction. Maximizing bone formation and minimizing bacterial infection are desirable attributes in orthopedic
implants designed to adhere to living bone. This study has compared these attributes of Si3N4 implants
with implants made from two other orthopedic biomaterials, i.e. poly(ether ether ketone) (PEEK) and
titanium (Ti). Dense implants made of Si3N4, PEEK, or Ti were surgically implanted into matching rat calvarial defects. Bacterial infection was induced with an injection of 1  104 Staphylococcus epidermidis.
Control animals received saline only. On 3, 7, and 14 days, and 3 months post-surgery four rats per time
period and material were killed, and calvariae were examined to quantify new bone formation and the
presence or absence of bacteria. Quantitative evaluation of osteointegration to adjacent bone was done
by measuring the resistance to implant push-out (n = 8 rats each for Ti and PEEK, and n = 16 rats for
Si3N4). Three months after surgery in the absence of bacterial injection new bone formation around
Si3N4 was 69%, compared with 24% and 36% for PEEK and Ti, respectively. In the presence of bacteria
new bone formation for Si3N4, Ti, and PEEK was 41%, 26%, and 21%, respectively. Live bacteria were identiﬁed around PEEK (88%) and Ti (21%) implants, whereas none were present adjacent to Si3N4. Push-out
strength testing demonstrated statistically superior bone growth onto Si3N4 compared with Ti and PEEK.
Si3N4 bioceramic implants demonstrated superior new bone formation and resistance to bacterial infection compared with Ti and PEEK.
Ó 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction
Silicon nitride (Si3N4) is a synthetic non-oxide ceramic that is
used in many industrial applications, and has been investigated
or adapted as a biomedical material since 1989 [1–14]. The rationale for using Si3N4-based implants in skeletal reconstruction is
based on its favorable combination of mechanical strength, microstructure, and cytotoxicity [11,12,15]. Polished and porous implants made of Si3N4 have shown encouraging outcomes in spine
and maxillofacial surgery [11,13]. In contrast to the limited clinical
experience with Si3N4, implants made of titanium (Ti) and its alloys have been used in skeletal reconstruction for many decades
[16,17]. More recently, poly(ether ether ketone) (PEEK), a polymer
with modest strength and a low modulus of elasticity compared
with metal, has been investigated as an orthopedic biomaterial
[18,19] and is commonly used in spine surgery [20].
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Long-term, stable ﬁxation of orthopedic implants to skeletal
bone relies on direct in-growth of host bone into the textured
implant surface. Implant failure and clinical symptoms of pain
can follow if such bone in-growth does not occur. A serious problem
that can complicate an otherwise well-ﬁxed and properly functioning implant is bacterial infection, which can manifest itself immediately after surgery or even years later. Implant-related infections
usually require extensive surgical debridement, implant extraction,
and prolonged antibiotic treatment [21,22]. Implant surfaces can
accumulate serum proteins that can promote bacterial adhesion
and colonization [23]. Adherent bacteria such as Staphylococcus epidermidis are known to synthesize a complex surrounding bioﬁlm
layer that is impervious to host immune surveillance and systemic
antibiotic therapy [23–25]. Therefore, resistance to bacterial infection would be a very desirable material property in orthopedic implants. To date, however, all implant materials are susceptible to
bacterial seeding in vivo.
The purpose of this investigation was to test the potential antimicrobial properties and osteointegration capability of dense Si3N4 implants in an animal model. For comparison we used two common
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Table 1
Comparative properties of medical grades of Si3N4, ASTM grade 4 titanium and Invibio PEEK OptimaÒ.
Property

Units

Si3N4

Ti – ASTM Grade 4

PEEK OptimaÒ

Composition
Surface Composition
Surface Roughness (AFM)
Isoelectric Point
Surface Charge at pH = 7
Sessile Water Drop Wetting Angle

NA
NA
nm
NA
NA
Degrees

Si3N4, Y2O3, Al2O3
SiNH2 and SiOH
25.3
9
Positive
39

Chemically Pure
TiO2 Layer
3.06
4.5
Negative
76

Chemically Pure
–OH Groups
1
4.5
Negative
95

orthopedic biomaterials, Ti and PEEK. The null hypothesis was that
Si3N4, Ti, and PEEK would demonstrate identical properties in terms
of bacterial infection and bone growth onto implant surfaces.

The materials used in this study included medical grades of Si3N4
(Amedica Corp., Salt Lake City, UT), ASTM grade 4 titanium (Fisher
Scientiﬁc, Continental Steel & Tube Co., Fort Lauderdale, FL) and
PEEK OptimaÒ (Invibio, Thornton Cleveleys, UK). The Si3N4 provided
by Amedica was produced using sintering with hot isostatic pressing
with Al2O3 and Y2O3 as densiﬁcation additives, similar to methods
previously reported by Iturriza et al. [26]. All samples were sterilized
using ultraviolet light exposure for 24 h on all sides. The relevant
properties of these three materials are given in Table 1.
The surfaces of the three materials were characterized for morphology and roughness by scanning electron microscopy (SEM)
using a LEO 1530 VP FE-4800 ﬁeld emission gun scanning electron
microscope (Zeiss, Peabody, MA). The results are shown in Fig. 1.
All three materials were used in the as-received condition. The
PEEK and medical grade Ti samples had machined surfaces,
whereas the Si3N4 ceramic was as-ﬁred. SEM images of PEEK and
Ti reveal a macro-rough surface typical of machined components.
However, the as-ﬁred Si3N4 implant material possessed nanostructured surface features with a larger total surface area compared
with Ti and PEEK. Sessile water drop tests using a Krüss Easy Drop
Contact Angle instrument (Germany) with analysis by the Drop
Shape Analysis program (v.1.8) were performed on each material
to assess their wetting characteristics (Table 1) [27].

established by the Animal Welfare Act and the NIH Guide for Care
and Use of Laboratory Animals. Prior to surgery the animals were
administered atropine sulfate (0.05 mg kg1 subcutaneously) 15–
30 min before induction of anesthesia using ketamine (40–
80 mg kg1 intraperitoneally). All surgery was performed under
aseptic conditions, with a sterile surgical ﬁeld, surgical gown, cap,
mask, sterile gloves, and sterile instruments. Immediately prior to
surgery the surgical site was shaved and disinfected topically with
Betadine scrubs. Using magniﬁcation and high intensity illumination a full thickness incision was made from the nasofrontal area
to the external occipital protuberance along the mid-sagittal plane,
permitting reﬂection and exposure of the calvarium. Under constant
copious irrigation with saline a trephine bur was used to create critical sized elliptical through-and-through defects in the parietal
bones, measuring larger than the 10  10  1.75 mm implants
[28]. Trephined bone was carefully removed to avoid injury to the
underlying dura.
Defects were randomly reconstituted with test coupons of
either Ti (n = 24), or PEEK (n = 24), or Si3N4 (n = 48). Prior to closure
the surgical site in half of the animals receiving each biomaterial
was randomly inoculated with a standard aliquot of 1  104 S. epidermidis (ATCC, Manassas, VA, strain no. 35984). The other half received a matching aliquot of saline as a control. After surgical
repair of the wound the animals were individually caged under a
warming lamp and intermittently turned from side to side. The
animals were administered buprenorphine (0.02 mg kg1 intramuscularly) as an analgesic for 3–5 days post-operatively. The surgical sites were monitored daily for untoward swelling or signs of
infection. At least three animals (for each biomaterial and bacteria/
saline group) were killed at 3, 7, and 14 days, and 3 months postsurgery via CO2 administration and cervical dislocation.

2.2. Calvarial defect model

2.3. Specimen preparation

Ninety six skeletally mature Wistar rats (350–450 g) underwent
treatment using an experimental protocol that was approved by the
Institutional Animal Care and Use Committee. Animals were housed
and cared for in accordance with standard guidelines in a facility
accredited by the Association for the Assessment and Accreditation
of Laboratory Animal Care, according to the policies and principles

Block sections of the calvarium were harvested from the surgical sites and ﬁxed in 10% neutral buffered formalin. After exposing
the area the calvarium was resected with a high-speed handpiece.
A thin layer of cerebral tissue was excised with a scalpel. The
remaining tissue was left attached to the inner face of the cranium
in order to prevent damage to the implantation area. Upon receipt

2. Materials and methods
2.1. Biomaterials

Fig. 1. SEM surface microstructures of PEEK OptimaÒ, titanium and silicon nitride.
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2.4. Histomorphometry
The top section from each surgical defect was evaluated morphometrically. Specimens were ﬁxed in 10% neutral buffered formalin and demineralized in 10% ethylene diamine tetraacetic
acid. Skull samples were excised so that every experimental and
control area was separated and embedded in parafﬁn. Sections
were cut, stained with Masson–Goldner trichrome stain (for new
bone growth) and a modiﬁed gram stain (for bacteria) and examined with a light microscope. The exact boundaries of the original
defects were determined using light microscopy. Digital photomicrographs of the defects permitted a precise calculation of the proportion of the original defect ﬁlled with new bone and/or bioﬁlm
formation. All measurements were made by an examiner who
was blind with respect to treatment.
2.5. Mechanical testing
Upon sample thawing push-out tests were conducted to evaluate the functional mechanical integration of the constructs into the
host calvaria, performed in a Micro Tester 5848 (Instron) with a 1
kN load cell. A 1 mm diameter indenter probe was fabricated for
the test. Thus the push-out test measured the strength required
to push the sample out along the direction of potential new bone
growth on the sample side containing the features. A schematic
diagram of the push-out test is shown in Fig. 2.
2.6. Bacterial infection and bone growth
At the time of death samples with adjacent tissue were removed
and stained for S. epidermidis bioﬁlm formation using a modiﬁed
gram stain (yellow in the histology images). Histology was quantiﬁed for the number of bacteria in the implant area and juxtaposed
to the implant. Sections were measured semi-quantitatively using
Bioquant image analysis software (Nashville, TN). Images of the
sections were taken with an Olympus BX5I microscope connected
to a CCD camera using the same light intensity and exposure. Similarly, new bone was quantiﬁed from sectioned planes by selecting
a ﬁxed threshold for positive Masson–Goldner trichrome stain
(purple in the histology images) and calculating the positive pixel

Fig. 2. Schematic of the method used to determine push-out strengths.

area per stain divided by the total area available for bone in-growth.
These values are reported as a percentage of bone area per defect
area (outlined by a pink circle in the histology images).
2.7. Justiﬁcation for species and sample size
Wistar rats were chosen for this study because the calvarial defect model has been extensively studied in this species for bone
healing and remodeling [28–31]. The minimum number of animals
per study group was chosen based on pre-study statistical power
analysis derived from a previous study on the same species in
our laboratory that indicated a minimum sample size of four rats
per group (unpublished data). No animals were lost in this experimental protocol, resulting in the minimum sample size per group
available for data analysis.
Histology was performed on one rat at each time point for Ti
and PEEK (with and without inoculation) and two rats at each time
point for Si3N4 (with and without inoculation). This totaled 32 animals. Push-out tests were also performed on two rats at each time
point for Ti and PEEK (with and without inoculation) and four rats
at each time point for Si3N4 (with and without inoculation). This
totaled 64 animals. The total number of animals was 96.
2.8. Statistical analysis
Quantitative statistical analysis and hypothesis testing was conducted by ﬁtting the mechanical push-out strength data to a simpliﬁed Poisson–Boltzman equation [32] of the form:

S ¼ S0


  
t
1  exp 

s0

where S is the push-out strength at a given time, t is time, S0 is the
maximum push-out strength, and s0 is the characteristic time at
which a signiﬁcant portion (>60%) of the maximum strength is
achieved.
Hypothesis testing was completed using nonlinear regression
analysis and conﬁdence intervals in accordance with the techniques described by Brown [33]. A P value of <0.05 was deemed
statistically signiﬁcant.
3. Results
The histomorphological and mechanical test results of the study
are presented in Tables 2 and 3 and Figs. 3–6. Table 2 provides data
for observations without bacterial inoculation at the site of implantation. Table 3 shows comparative results when each implant was
inoculated with 104 S. epidermidis. Figs. 3 and 5 provide quantitative analyses and statistical inference testing for the push-out tests.
Comparative histological sections are shown in Figs. 4 and 6 for implants with and without bacterial inoculation, respectively, 90 days
after surgery.
Under the no bacteria condition the PEEK and Ti implants were
structurally unstable and were unable to provide adequate histological sections at the 3 and 7 days time periods (Table 2). This is
because insufﬁcient tissue formed around the implants, and they
could not be sectioned. Conversely, Si3N4 implants were stable
due to sufﬁcient juxtaposed tissue growth and showed reasonable
osteointegration even at these short time points. The percentage
regenerated bone at the implant interface and within the surgical
defect for Si3N4 implants were 4% and 20% and 18% and 30% for
3 and 7 days after surgery, respectively.
14 days post-operative the observed bone growth at all implant
interfaces was amenable to measurement. The results were 2%, 7%
and 31% for PEEK, Ti and Si3N4, respectively. This subsequently increased, such that at the 90 days time point osteointegration of
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in the laboratory the specimens were immediately dehydrated
with a graded series of alcohol for 9 days. Following dehydration
the specimens were inﬁltrated with a light curing embedding resin
(Technovit 7200 VLC, Kulzer, Wehrheim, Germany). After 20 days
inﬁltration with constant shaking at normal atmospheric pressure
the specimens were embedded and polymerized by 450 nm light,
with the temperature of the specimens never exceeding 40 °C.
The specimens were then prepared by the cutting/grinding method
of Donath to expose the implant surface and juxtaposed tissue for
subsequent staining as described below [29,30].
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Table 2
Wistar rat calvaria histology and push-out strengths without bacterial inoculation.
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Observation

Time Interval (Days)
3

7

14

90

% of Bone at Implant Interface
PEEK
Titanium
Silicon Nitride

Unstable
Unstable
4±1

Unstable
Unstable
20 ± 1

2
7
31 ± 8

8
19
59 ± 7

% of Bone Within Surgical Area
PEEK
Titanium
Silicon Nitride

Unstable
Unstable
18 ± 2

Unstable
Unstable
30 ± 2

14
11
50 ± 1

24
36
69 ± 4

Implant Push Out Strength (MPa)
PEEK
Titanium
Silicon Nitride

.11 ± .01
.25 ± .00
.29 ± .02

.14 ± .03
.30 ± .00
.36 ± .01

.16 ± .01
.30 ± .00
.63 ± .07

.26 ± .01
.36 ± .01
.71 ± .02

For histological observations of PEEK and Ti n = 1, for Si3N4 n = 2. For push-out
strengths of PEEK and Ti n = 2, for Si3N4 n = 4. Error values are standard errors of the
mean (SEM).

Table 3
Wistar rat calvaria histology and push-out strengths with bacterial inoculation.
Observation

Time Interval (Days)
3

7

14

90

% of Bone at Implant Interface
PEEK
Titanium
Silicon Nitride

Unstable
Unstable
Unstable

Unstable
Unstable
Unstable

0
1
8±5

5
9
23 ± 2

% of Bacteria at Implant Interface
PEEK
Titanium
Silicon Nitride

Unstable
Unstable
Unstable

Unstable
Unstable
Unstable

NM
75
25 ± 3

95
67
0±0

% of Bone Within Surgical Area
PEEK
Titanium
Silicon Nitride

Unstable
Unstable
Unstable

Unstable
Unstable
Unstable

2
9
27 ± 2

21
26
41 ± 2

% of Bacteria Within Surgical Area
PEEK
Titanium
Silicon Nitride

Unstable
Unstable
Unstable

Unstable
Unstable
Unstable

25
45
13 ± 2

88
21
0±0

Implant Push Out Strength (MPa)
PEEK
Titanium
Silicon Nitride

0±0
0±0
.10 ± .01

0±0
0±0
.14 ± .03

0±0
.03 ± .03
.25 ± .02

0±0
.04 ± .01
.26 ± .00

For histological observations of PEEK and Ti n = 1, for Si3N4 n = 2. For push-out
strengths of PEEK and Ti n = 2, for Si3N4 n = 4. Error values are standard errors of the
mean (SEM).

PEEK, Ti and Si3N4 was 8%, 19% and 59%, respectively. Similar
trends were observed for the percentage of new bone formation
within the calvarial defect. The amount of regenerated bone associated with Si3N4 implants was essentially two- to three-times that
of the other two implant materials at 3 months after operation
(Table 2).
Despite the lack of histological results for PEEK and Ti at the
short time intervals, push-out strength testing was possible for
all implants under the no bacterial inoculation condition. The results are presented in Table 2 and Fig. 3. Si3N4 had the highest
push-out strength of all implant materials at each time point,
and the increase in strength was more than double the other two
implant materials at the 90 days observation point. Strength differences between Si3N4 and the other two implant materials were statistically signiﬁcant (P < 0.01) at the 14 and 90 days time periods.
Although the push-out strength of Ti 90 days after surgery was
lower than that of Si3N4, it was still better than that of PEEK (Fig. 4).

Fig. 3. Implant push-out strengths without bacterial inoculation: Nonlinear
regression analysis using the simpliﬁed Boltzmann equation. Dashed lines represent 95% conﬁdence interval.

The histological sections of these implants without bacterial
inoculation 90 days post-operative indicated that all three materials exhibited reasonable in vivo behavior and were well tolerated
by the animals (Fig. 4). There was minimal indication of inﬂammation and no infection. Bone growth into the calvarial defect occurred with all three materials, but was more pronounced for
Si3N4, as shown in the histological sections.
Histological observations of the inoculated implants were attempted at the 3 and 7 days time points, but all three biomaterials
were unstable. Histological studies could only be performed on
post-operative days 14 and 90 (Table 3). PEEK and Ti implants
inoculated with bacteria showed no or minimal osteointegration,
regardless of the implantation time. For Si3N4 signiﬁcantly greater
new bone formation occurred in the calvarial defects, including
material in-growth, compared with Ti and PEEK at all implantation
times. Speciﬁcally, 3 months after surgery the amounts of new
bone at the implant interface and within the surgical defect were
5%, 9% and 23%, and 21%, 26% and 41%, for PEEK, Ti and Si3N4,
respectively.
The Si3N4 implants also exhibited considerably decreased bacterial bioﬁlm formation compared with that of PEEK and Ti.
90 days post-implantation live bacteria were present in the calvariae with PEEK (88%) and Ti implants (21%), while no bacteria could
be identiﬁed in defects containing Si3N4 implants (Table 3 and
Fig. 5). The histological results were consistent with the bacteriostatic characteristics of Si3N4, along with its ability to promote
new bone formation.
Even in specimens inoculated with bacteria mechanical testing
showed signiﬁcantly greater push-out strengths for Si3N4 implants
compared with PEEK and Ti implants. 90 days post-implantation
push-out strengths for Si3N4 were over ﬁvefold greater than the
values observed for Ti and PEEK (P < 0.01). Push-out strengths for
Ti implants were statistically greater than PEEK 90 days post-operative, but this difference was not statistically signiﬁcant (P = 0.10).
All of these results were consistent with the histological ﬁndings
shown in Fig. 6.

4. Discussion
Relatively low rates of Si3N4 spinal implant infections (0.01%)
have been observed in clinical surveillance by a manufacturer of
such implants (personal communication, R. Wolfarth, Director of
Regulatory Affairs, Amedica Corp.). This rate is less than the

Fig. 4. Wistar rat calvaria histology 3 months after implantation without bacterial inoculation: (A) PEEK, 8% new bone at implant interface, 24% new bone in surgical area; (B)
Si3N4, 65% new bone at implant interface, 71% new bone in surgical area; (C) Ti, 19% new bone at implant interface, 36% new bone in surgical area; (D) Si3N4, 52% new bone at
implant interface, 66% new bone in surgical area.

Fig. 5. Implant push-out strengths with bacterial inoculation: Nonlinear regression
analysis using the simpliﬁed Boltzmann equation. Dashed lines represent 95%
conﬁdence interval.

expected frequency of infection for prosthetic total hip implants
(2.6–4.0%) and prosthetic total knee implants (3.5–4.0%) cited in
the literature [21–23]. Ti-based alloys are commonly used in the
manufacture of both total hip and total knee implants. In spinal
surgery implants made of metal as well as PEEK are used extensively [17,19,34], and clinical reports have shown surgical site
infection rates of between 0.9% and 5.4% following spine surgery.
[35–37] Given these data, we sought to test the null hypothesis
that resistance to S. epidermidis-induced bacterial infection would
not differ between Si3N4, Ti, and PEEK. We found instead that
Si3N4 demonstrated anti-infective properties, as well as superior
attachment to host bone in vivo, compared with Ti and PEEK.

Bacterial adhesion to biomaterials is a complex multifactorial
process that depends on variables such as surface roughness,
chemical composition, wettability, and the bacterial species
[23,38]. Surface adhesion of bacteria is necessary for sustained
periprosthetic infection to be manifest. Serum proteins such as
albumin, ﬁbronectin, ﬁbrinogen, laminin, denatured collagen, and
others can promote or inhibit bacterial adhesion to a substratum
surface [25,39]. One reason why S. epidermidis-induced sepsis did
not occur around Si3N4 in the present study may be the greater surface wettability or hydrophilicity of Si3N4 compared with PEEK and
Ti (Table 1). Changes in surface wettability can inﬂuence the initial
protein adsorption and conformation, which in turn can also inﬂuence subsequent bacterial and bone cell responses [40,41].
Surface adsorbed serum proteins can suppress the initial adhesion of S. epidermidis, and the formation of mature bacterial bioﬁlm
is also impeded on hydrophilic surfaces [42]. Surface modiﬁcation
of polymers has, for example, been shown to alter the adherence of
S. epidermidis such that hydrophilic surfaces show less non-speciﬁc
adhesion of bacteria compared with control surfaces. [43]. As a
non-oxide ceramic material Si3N4 has a very hydrophilic surface,
and selective protein adsorption may have rendered its surface relatively resistant to bacterial adhesion, thereby leading to the
observations in the present study.
Other factors that may explain the observed behavior of Si3N4
probably relate to its net positive surface charge and the presence
of amine groups at the implant surface. These properties may have
led to an effect that is comparable to chitosan, a known bactericidal
polymer coating for orthopedic implants [44]. It has been suggested
that the interaction of negatively charged bacteria with positively
charged amine groups leads to bacterial membrane disruption and
lysis [45]. The same material and surface characteristics contribute
to pronounced attachment and proliferation of osteoblasts, presumably due to differences in cell membrane composition, size and
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Fig. 6. Wistar rat calvaria histology 3 months after implantation with bacterial inoculation: (A) PEEK, 5% new bone at implant interface, 95% bacteria at implant interface, 21%
new bone growth in surgical area, 88% bacterial growth in surgical area; (B) Si3N4, 25% new bone at implant interface, 0% bacteria at implant interface, 39% new bone growth
in surgical area, 0% bacteria in surgical area; (C) Ti, 9% bone at implant interface, 67% bacteria at implant interface, 26% new bone growth in surgical area, 21% bacteria in
surgical area; (D) Si3N4, 21% new bone at implant interface, 0% bacteria at implant interface, 42% new bone growth in surgical area, 0% bacteria in surgical area.

morphological differences between bacteria and osteoblasts
[46,47]. Further research is needed to conﬁrm whether Si3N4 surface
properties are operative mechanisms for the observed in vivo antibacterial and osteoinductive characteristics.
The bone formation results around Si3N4, Ti, and PEEK may reﬂect
different rates of cell attachment and growth between these biomaterials. Fibroblasts and osteoblasts adhere differently to PEEK, Ti, cobalt–chrome alloys, and ultra-high molecular weight polyethylene
[48]. These differences reﬂect variations in the surface topography
and micro/nanotexture of the respective biomaterials. For example,
during bone healing osteoblasts mature in areas where osteoclast
activity creates a micron/nanoscale roughness and the appropriate
surface texture for bone formation [49]. In commercially pure titanium substrates micron- and submicron- and nanoscale features
promote greater osteoblast differentiation, matrix deposition, and
production of osteogenic growth factors [50,51] compared with
smooth surfaces [52]. Other studies have shown that cells on titanium and titanium alloys are more differentiated than cells on traditional cell culture plastic [53,54]. Therefore, differences in surface
chemistry and surface micro/nanotexture could explain the different rates of bone formation around Ti, PEEK, and Si3N4 implants in
the present experiments.
The PEEK implants used in this study did not have any surface
treatments. Untreated PEEK promotes osteoblast and ﬁbroblast
attachment and cell proliferation without adversely inﬂuencing
cell growth [55]. To enhance osteoblastic differentiation PEEK coatings such as hydroxyapatite, tricalcium phosphate, diamond-like
carbon, and Ti may be necessary [19,56]. In vivo studies showing
osseous fusion and restoration of biomechanical properties in the
spine have relied on PEEK implants augmented with bone autograft or rhBMP-2 on a collagen sponge, rather than PEEK alone
[20]. Despite comparable contact angles and material wettability
between PEEK and rough Ti alloy substrates, osteoblasts cultured

on Ti present a more mature phenotype than cells cultured on
PEEK [57]. These observations may explain the relatively low
push-out strength observed in the present study with PEEK, and
suggest that PEEK implants with bioactive coatings may have fared
better. However, bioactive coatings may also render PEEK more
susceptible to infection. For instance, hydroxyapatite-coated Ti alloy implants can harbor bacteria that lead to more severe infection
and reduced osteointegration compared with uncoated Ti alloys
[58,59]. The results of this study are remarkable in that Si3N4 effectively eliminated bacterial infection while promoting osteointegration, without the necessity of a bioactive coating.
Other researchers have found that Si3N4 possesses excellent
in vivo characteristics. For instance, using an adult rabbit model
Howlett et al. implanted porous Si3N4 plugs into femoral marrow
cavities and noted that mature bone completely enclosed the implants within 4 months post-operative, and remained unchanged
for the rest of the life of the animal [1]. Neumann (2004) performed
a comparative evaluation of Al2O3 and Si3N4 implants surgically
placed into the femurs of New Zealand white male rabbits and used
digital imaging and conventional histological analyses to compare
bony apposition 8 weeks post-operative. The digital image analysis
showed no statistical differences, but conventional histology demonstrated signiﬁcantly lower bone–implant contact for Al2O3 compared with Si3N4 [8]. Later Neumann et al. implanted Si3N4 plates
and screws into the frontal bone defects of three mini-pigs and performed histological examinations 3 months post-operatively. They
found that bone healing was complete in all animals, and that the
observed new bone was in direct contact with the implants [11].
In two more recent studies Guedes e Silva et al. examined osteointegration of silicon nitride in rabbit tibiae for 8 weeks using classic histology and scanning electron microscopy [9,14]. They observed no
adverse tissue reactions. New bone was generated mainly in cortical
areas in good apposition to the implants, and growth rates appeared
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5. Conclusions
The present in vivo study was carried out to examine the propensity for infection and the osteointegrative behavior of different
commercially available biomaterials in the presence or absence of
S. epidermidis. The results demonstrated that Si3N4 has substantially improved antibacterial and osteoinductive properties compared with Ti and PEEK. With or without bacterial inoculation,
Si3N4 implants proved to be anti-infective, with greater bone formation within the surgical defect area and a signiﬁcantly greater
implant push-out strength relative to similar implants made of Ti
or PEEK. The results further suggest that Si3N4 is an effective bacteriostatic material. In contrast to Ti and PEEK, no infection was observed with bacteria-inoculated Si3N4 implants at the conclusion of
the study, whereas both Ti and PEEK implants maintained their
septic states. This research provides insight for surgeons on the differential properties of biomaterials in terms of inhibiting bacterial
colonization and promoting osseous ﬁxation. Such knowledge
should provide better clinical outcomes and lead to an improved
patient quality of life and longevity.
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