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Abstract

Nanometer scale surface features on implants and prostheses can potentially be used to enhance osseointegration and may also add further
functionalities, such as infection resistance, to the implant. In this study, a nanostructured noble metal coating consisting of palladium, gold
and silver, never previously used in bone applications, was applied to machined titanium screws to evaluate osseointegration after 6 and
12 weeks in rabbit tibiae and femurs. Infection resistance was confirmed by in vitro adhesion test. A qualitatively and quantitatively similar
in vivo bone response was observed for the coated and uncoated control screws, using histology, histomorphometry and electron microscopy.
The bone-implant interface analysis revealed an extensive bone formation and direct bone-implant contact. These results demonstrate that the
nanostructured noble metal coating with antimicrobial properties promotes osseointegration and may therefore be used to add extra implant
functionality in the form of increased resistance to infection without the use of antibiotics.
© 2013 Elsevier Inc. All rights reserved.
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Implants designed for integration in bone have long been
subjected to various types of modifications in order to improve
conditions for their integration in the host tissue. Surface topographies
on the micrometer scale imposed on the surface of medical devices
have been extensively evaluated and have been shown to influence
bone response and implant integration.1 The importance of surface
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chemistry and topography on the nanometer scale is not yet well
understood, particularly in the complex in vivo environment.

Nanostructures, commonly defined as having at least one
dimension less than 100 nm, are thought to have a direct impact
on biological responses, since the architecture within living systems
is constituted by building blocks on the nanoscale. In vitro studies
have indeed shown effects on bone cells when cultured on a
nanostructured surface: these effects include improved cell
adherence, a higher degree of differentiated cells and more bone
mineralisation.2–4 The evidence from in vivo studies is scarcer, but
increased bone-implant contact for nanostructured surfaces com-
pared with smooth ones has been suggested.5 Furthermore,
microtopographically complex surfaces modified with calcium
phosphate nanocrystals resulted in increased bone-implant contact.6

In addition, surfaces with combined topography on the micrometer
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and nanometer scale displayed increased biomechanical strength
compared with surfaces with topography only on the micrometer
scale.7 At the same time, some studies have failed to demonstrate an
advantageous effect of nanofeatures in early bone healing around
implants, demonstrating the complexity in these studies.8

Nanostructures may also be used to add further beneficial
properties to the implant. For example, noble metal coatings with
a specific nanostructure are of interest due to their ability to resist
infections. One example is a noble metal coating consisting of
palladium (Pd), gold (Au) and silver (Ag) deposits that are
covalently bound to the substrate, providing a surface structure
on the nanometer scale. This type of coating has previously been
applied to urinary catheters (latex and silicone) and central
venous catheters (polyurethane), demonstrating a reduction in
the infection rate of up to 50%.9–11 Depending on the
combination of noble metals, these coatings have been shown
to modulate inflammation in soft tissue12 and attenuate
coagulation and immune complement activation in vitro.13,14

The antibacterial mode of action of this coating is yet not fully
elucidated. Anti-adhesive and galvanic mechanisms have been
forwarded, and it appears that the action does not rely on ion- or
particle release to the surroundings. The nanostructure (topog-
raphy) of the coating may also be an important factor.

Infection-resistant implants are of interest due to the difficulty
involved in treating infections associated with implanted medical
devices. Some attempts have beenmade to render titanium implants
infection resistant. Attempts of this kind are based on hydrophilic
surface coatings (e.g. chitosan or polyethylene glycol), the UV-
induced photocatalytic effect of crystalline titanium dioxide
coatings or the release of antimicrobial agents from coatings
(reviewed in Zhao et al 2009).15 For example, the use of silver
and silver ion release is a common approach to provide a surface
with antimicrobial activity.16 In addition to the antimicrobial
properties of implanted materials, the exposure of the material
surface properties to the biological environment to demonstrate
biocompatibility, is equally important. Therefore, both infection
resistance and biocompatibility are essential desired properties.
Still, information on the in vivo performance of these approaches
is rare.

Staphylococcal species, S. aureus and S. epidermidis, are
the most common causative agents of biomaterial-associated
infections and the number of infections due to virulent antibiotic-
resistant strains like methicillin-resistant S. aureus (MRSA)
are increasing, leaving these patients with fewer treatment
options.17,18 Consequently, infection-resistant implants without
the use or incorporation of antibiotics would be of great benefit.

The strategy of this study was to use a functional, infection-
resistant, noble metal nanostructured surface from a different
medical device application and apply it to titanium implants for
bone applications. The aim was to compare the bone response,
both qualitatively and quantitatively, between noble metal coated
implants and standard, clinically used, machined titanium
implants.
Methods

Additional details are found in the Supplementary Materials.
Implants

Screw-shaped implants, 4 mm in length and 3.75 mm in
external diameter, were manufactured by machining commer-
cially pure (cp) titanium (grade 1). The coating on the implant
surface was applied through the Bactiguard® surface treatment
technology, which is a wet chemical plating process. The process
is carried out in several steps, which create an end result with a
mixture of noble metals consisting of silver, gold and palladium.
The implants were sterilised by ethylene oxide and contained no
detectable endotoxin as measured by the limulus amebocyte
lysate test (≤0.005 EU/ml).

Chemical characterisation of implants

X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS), a surface sensitive

chemical analysis technique, was used to obtain information
about the chemical composition of the outermost 5 nm layer of
the implant surfaces. Relative concentrations of the metallic
elements on the sample surfaces were calculated from peak
intensities in spectra, after correction by the relative sensitivity
factors of the instrument.

Topographical characterisation of implants

Scanning electron microscopy
The surface topography of six coated and non-coated

implants was qualitatively evaluated using scanning electron
microscopy (SEM). Secondary electron images were taken at
different magnifications using an in-lens detector for optimal
resolution.

Interferometry
The topography of coated and non-coated implants was

quantitatively measured using optical interferometry. Six
implants of each type were examined and nine measurements,
in the peaks, valleys and flanks of three consecutive threads,
were made on each screw. The 3D roughness parameters that
were calculated were the arithmetic average height deviation
(Sa), the density of summits (Sds) and the developed surface area
ratio (Sdr).

Coating adherence on implant surface

In order to evaluate the adherence of the coating to the
implants, coated implants (n = 24) were subjected to insertion
and removal in a rigid polyurethane foam. The noble metal
content on the implant and the plastic was analysed by high-
resolution inductively coupled mass spectrometry (HR-ICP-
MS). Intact sawbone served as reference. Six screws were saved
for visual characterisation in SEM.

Primary bacterial adhesion

Primary adhesion of Staphylococcus aureus (ATCC 12600)
was evaluated using a modified version of the Ahearn test.19

Sterilised coated and non-coated implants (n = 3) were exposed
to 106–107 CFU/ml in PBS in a shaking culture for 24 h at
37°C. Thereafter, the screws were rinsed and the adherent



Table 1
Relative amount of noble metals found on the screw surfaces.

Control implants (%) Coated implants (%)

Pd - - - - 3.9 4.3 5.1 4.0
Ag - - - - 2.6 2.7 2.5 0.2
Au - - - - 0.5 0.4 0.6 0.4

Relative concentrations (atom %) of palladium (Pd), silver (Ag) and gold
(Au) on the surface of control and coated titanium implants (n = 4) as
detected by X-ray Photoelectron Spectroscopy (XPS).
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bacterial cells were detached and evaluated using the viable
count technique.

Surgical procedures

Sixteen adult female New Zealand White rabbits were used in
the study. The experiment (including pre-operative, operative
and post-operative care and maintenance of the animals) was
approved by the local Animal Ethics Committee at the
University of Gothenburg, Gothenburg, Sweden (Dnr 306/06).
The rabbits were kept at an animal facility, subjected to humane
care with daily supervision and free access to food and water.
They were housed individually in cubicles one week prior to, and
two weeks after surgery, thereafter in groups of eight for the rest
of the experiment.

Surgery was performed under sterile conditions. Each rabbit
received a total of four implants: two in the femur and two in the
tibia; coated implants in one leg and control implants in the other.
The placement in the right and left legs was alternated. Animals
were anaesthetised with intramuscular injections of a combina-
tion of fentanyl and fluanisone and an intraperitoneal injection of
diazepam. The bone was exposed through skin incisions and
blunt dissection of the underlying tissue including the perioste-
um. The holes in the bone were prepared using dental
implantation drills up to a diameter of 3.5 mm under profuse
irrigation with sterile saline. After insertion of implants, the
tissue layers and skin were sutured. The analgesic buprenorphine
was given twice during three days postoperatively. The
combination trimethoprim-sulfamethoxazole was administered
preoperatively as well as for five days postoperatively. The
implant retrieval was performed after 6 and 12 weeks. The
rabbits were sacrificed with an overdose of barbiturate and
fixated by perfusion via the left heart ventricle with 2.5%
glutaraldehyde in 0.05 M sodium cacodylate buffer. The
implants and the surrounding bone were removed en bloc and
further immersed in glutaraldehyde for 2–4 days.

Characterisation of bone-implant interface

Histology and histomorphometry
The fixated implants with surrounding tissue were dehydrated

in graded series of ethanol and embedded in plastic resin. The
cured resin-embedded implant was then divided into two pieces
through the long axis of the implant by a diamond-coated band
saw. Ground sections were prepared from one of the halves by
grinding the sections to 15–20 μm. The sections were stained
with toluidine blue and were then subjected to histological
examination in an optical microscope connected to image
analysis software. Histomorphometry included the determination
of the bone area within the threads of the screws and the bone-
implant contact (BIC). The bone area percentage (bone area/total
area) was measured within the threads of the screws, while the
bone contact percentage (bone contact/total contact) was
measured along the sides of the screws using a 20x magnification
objective and a 10x magnification eyepiece. All measurements
were performed blinded.

Ultrastructural analysis of bone-implant interface
Representative samples of the different implant types and

sites were chosen for further implant-tissue interface analysis
with SEM. One part of the en bloc embedded implant with
surrounding tissue was carefully ground, mounted on SEM
holders (with silver glue) and sputter coated with Pd. The
samples were then visualised in the backscattered electron mode
in a scanning electron microscope.

Statistics

The interferometer measurements were analysed with one-
way ANOVA (n = 6). Histomorphometric parameters were
analysed by using the non-parametric Wilcoxon's signed rank
test (n = 7–9). All analyses were performed in PASW Statistics
18.0. The confidence level was set at 95%. Results are presented
as the mean ± standard deviation.
Results

Chemical characterisation of implants

X-ray photoelectron spectroscopy
TheXPS spectra from both the non-coated and coated samples

showed strong signals from oxygen (O), titanium (Ti) and carbon
(C). The latter most probably originates from organic molecules
adsorbed on the surfaces from cleaning solvents, air exposure and
possibly also sterile packaging material. High-resolution spectra
of the Ti 2p peak showed in all cases a main contribution due to
TiO2 and a weaker contribution due to metallic Ti. The latter
indicates that all samples have a TiO2 surface oxide with a
thickness of a few nanometers, in agreement with earlier studies
of machined titanium surfaces.20 The spectra from all the coated
samples, but none of the control samples, showed clear signals
from Ag, Pd and Au. The relative concentrations (atom %) of
noble metals detected in the XPS analyses are shown in Table 1.
The amount of noble metals was relatively similar for all coated
samples, with the exception of one sample that had a much lower
Ag content than the other coated samples.

Topographical characterisation of implants

Scanning electron microscopy
The SEM images showed clear differences in the qualitative

surface topography between coated and control implants
(Figure 1). The control screws showed ridges and valleys
resulting from the machining process at all magnifications, while
this pattern was no longer evident on coated screws at
magnifications above 5000 x. However, at magnifications up
to 1000x, i.e. the 1–10 μm scale, the two implants were
indistinguishable, ensuring that the histomorphometric analysis
was performed in truly blind fashion. At high magnifications, the



Figure 1. Topographical differences between control and noble metal coated (Pd, Ag, Au) titanium implants as visualised by scanning electron microscopy.
Control implants (A, C) showed a typically machined appearance on all parts of the screw, while the coated implants (B,D) had numerous noble metal deposits
on the screw surface that dominated the machined appearance at high magnifications. The coating was sparser at the bottom of the threads (D) compared with the
upper parts of the threads (B). Magnification 50.000x.

Table 2
Optical interferometry surface roughness.

Sa (μm) Sds (μm
−2) Sdr (%)

Coated 0.31 ± 0.31 0.14 ± 0.04 6.5 ± 5.3
Control 0.27 ± 0.20 0.12 ± 0.02 5.1 ± 3.6

Roughness parameters of noble metal coated and non-coated titanium
implants as measured by optical interferometry. Measurements are based on
an average of six screws per group; each screw was measured at three
different peaks, flanks and valleys. Results are presented as the mean ±
standard deviation.
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coated samples showed an irregular surface topography on the
submicron scale onto which smaller noble metal deposits were
dispersed. The deposits varied in size from approximately 10 to
150 nm, with the majority being less than 70 nm in diameter.
The deposits were not uniformly distributed along the screw
threads. The valleys had fewer and more separated deposits,
while the peaks were generally much more densely covered.
Many of the coated screws exhibited a gradient of noble deposits
on the flanks of the threads, with lower amounts close to the
valley and higher amounts close to the peak.

Interferometry
The interferometry measurements revealed no statistically

significant differences in roughness parameters between coated
and control implants (Table 2). A relatively large variation
between and within the samples was found for the Sa values in
particular, but also for the Sdr values. This variation was largely
dependent on deep ridges in some of the valleys (as well as
titanium smears on the implant surfaces). For example, the Sa
values varied between 0.07 and 1.40 μm for individual
measurements. Based on the average Sa values of 0.31 and
0.27 μm for coated and control screws respectively, the implants
can be categorised as smooth, although some areas of the screws
would be considered minimally (Sa: 0.5–1 μm) or even
moderately (Sa: 1–2 μm) rough.21

Coating adherence on implant surface

The insertion and removal of the implants in sawbone plastic
resulted in a loss of approximately 20–35% of the noble metal
content (Table 3). SEM revealed almost unaffected screw
valleys, while a large portion of the screw tips were covered
with remaining plastic debris. Thread tips not covered by
sawbone plastic showed a lower coating coverage, indicating that
the coating loss had taken place during the removal of the
implant as a result of the sawbone sticking hard to the outer
screw layer.
S. aureus adhesion to implants

According to the modified Ahearn in vitro test, the viable
counts of the S. aureus strain from both trials were 1.7 × 106

and 1.3 × 106 CFU/implant on the non-coated screws, while
only 8.4 × 103 and 1.2 × 104 CFU/implant adhered to the
coated screws. There was a 99% inhibition of adherent
bacteria to the coated screws compared to the non-coated
(Figure 2).



Table 3
Durability of coating tested in Sawbone®.

Pd (μg) Ag (μg) Au (μg)

Coated implants prior to test 1.20 ± 0.13 1.01 ± 0.32 0.14 ± 0.01
Sawbone plastic after test 0.30 ± 0.06 0.22 ± 0.07 0.05 ± 0.02
Loss of noble metals 24.9% 21.8% 33.4%

Amounts of palladium (Pd), silver (Ag) and gold (Au) on the surface of
coated titanium implants and in Sawbone® plastic after insertion/removal test
as measured by inductively coupled plasma mass spectrometry (ICP-MS).
Sawbone® control contained b0.01 μg Pd, 0.03 μg Ag and 0.01 μg Au.
Results are presented as the mean ± standard deviation (n = 6).

Figure 2. Number of Staphylococcus aureus (CFU/implant) adherent to
noble metal coated (Pd, Ag, Au) and non-coated titanium screws after 24 h
shaking culture in PBS. Inoculation concentration was 106–107 CFU/ml.
Results are presented as mean ± standard deviation.

Figure 3. Bone formation in the tibia after 12 weeks of implantation. There
was no histological difference between noble metal coated (Pd, Ag, Au) (left)
and control (right) implants.
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Biological evaluation of bone response to implants

Histology
The bone response to the two different implants was similar in

histological terms. In the tibia, the screws were installed in the
cortex, with 1 to 2 threads located within the pre-existing bone.
New bone was observed originating from the endosteum,
extending towards the implant and following the screw contour
down into the bone marrow cavity. Approximately 3–4 threads
were filled with bone after 6 weeks and 4–6 threads after
12 weeks (Figure 3). Evidence of de novo bone formation in the
form of bone islands in the matrix (separated from osteoconduc-
tion) was detected in the lower threads located in the bone
marrow.

In the femur, bone had formed around the implants after just
6 weeks; this included the extension of bone trabeculae towards
the implant surface, with an apparent condensation of bone.
After 12 weeks, the screws were embedded in even more bone
(Figure 4). Periosteal bone formation was seen for the two
implant types in both the femur and tibia.

After 6 weeks of implantation, bone formation and remodel-
ling was demonstrated in the femur and tibia, as indicated by
darker stained newly mineralised bone (woven bone) and a large
number of osteoblast seams, as well as osteoclasts. After 12
weeks of implantation, most of the bone, especially around the
femoral implants, was already remodelled and more closely
resembled highly organised lamellar bone. Some active areas
could still be seen, especially at the borders between the bone and
the marrow and close to the implant surface. No adverse events
such as inflammation were detected.

Histomorphometry
The bone area percentage within the threads increased over

time in both the tibia and femur, but did not differ between
coated and control implants (Table 4). The bone-implant contact
did not change substantially over time and was similar for the
two implant types (Table 5). One exception was found for the
bone-implant contact in the femur after 12 weeks, which was
significantly lower for the coated screws compared with the
controls (p = 0.018). Both bone area and bone-implant contact
were higher in trabecular bone (femur) compared with cortical
bone (tibia) for both coated and control screws.

Ultrastructural analysis of bone-implant interface
Ultrastructural analysis with backscattered SEM was used to

further analyse the bone in relation to the implants. A large
amount of mineralised bone was found filling the threads.
Osteocyte lacunae were observed close to the implant surface in
all samples. A gap of commonly 1–2 μm was seen between the
bone tissue and the implant, as is normally the case for relatively
smooth implants.22,23 However, the bone contour generally
followed the screw surface (Figure 5), indicating that direct



Figure 4. Bone formation in the femur after 12 weeks of implantation. There
was no histological difference between noble metal coated (Pd, Ag, Au)
(right) and control (left) implants.

Table 4
Bone area around the implants.

Femur (%) Tibia (%)

6 weeks 12 weeks 6 weeks 12 weeks

Coated 75 ± 9.1 82 ± 3.3 40 ± 9.0 57 ± 4.7
Control 78 ± 3.9 85 ± 3.6 46 ± 5.2 54 ± 19

Bone area (%) measured as the area within the threads along the sides of the
screw implant on histological sections using light microscopy. Results are
presented as the mean ± standard deviation.

Table 5
Bone-implant contact (BIC).

Femur (%) Tibia (%)

6 weeks 12 weeks 6 weeks 12 weeks

Coated 33 ± 8.8 26 ± 8.1 17 ± 7.0 17 ± 8.1
Control 33 ± 11 36 ± 8.6 19 ± 5.8 18 ± 5.4

BIC (%) measured along the sides of the screw implant on histological
sections using light microscopy. Results are presented as the mean ±
standard deviation.
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contact between bone and implant had been established in vivo
but had been disturbed during sample preparation. In overall
terms, the bone-implant interface was equivalent for coated and
control implants.
Discussion

New generations of biomaterials intended for implantation in
the human body are likely to have multiple functions, e.g. to
promote the regeneration of tissue and to prevent adverse
reactions such as medical device-related infections. One tentative
example is orthopaedic prostheses that might benefit from
surface modifications that stimulate osseointegration and prevent
bacterial adhesion. Strategies to prevent biofilm formation
include the promotion of cell adhesion and tissue regeneration
on and in close contact with the implant surface,24 thereby
facilitating the host defence and reducing the available surface
for microbial adhesion and colonisation. This theory of “race for
the surface”24 is accompanied by the critical observation that
bacteria may also reside in the tissue, some distance away from
the implant surface.25 Other lines of defence include local
administration of antimicrobial substances to interfere with
bacterial survival, cross-talk and biofilm formation.26

The results of the present study show that a noble metal
coating composed of Pd, Au and Ag, known to reduce infections
in extra-osseous clinical applications,9–11 resulted in an equally
high degree of bone-implant contact and amount of regenerated
bone as machined c.p. titanium implants, which are used
successfully in medicine and dentistry. The study was performed
using an experimental model that allows the detection of material
surface modifications that lead to either improved or reduced
bone-implant contact and bone bonding.27,28 In addition, in vitro
tests showed 99% inhibition of S. aureus adhesion on coated
compared to non-coated implants.

There are few in vivo studies that have focused on the effect
of single and combined noble metals on bone regeneration in
association with implanted medical devices. A reduction in the
osseointegration of implants composed of pure gold, which
normally lacks a surface oxide,29,30 indicated that the properties
of oxides may play an important role in osseointegration.31 In the
present study, the dominant surface elements detected by the
surface sensitive technique XPS were titanium and oxygen,
titanium being in the form of a TiO2 surface oxide, for both noble
metal coated titanium (test) and titanium (control) screws.
Furthermore, ultrastructural observations revealed a qualitatively
different topography but a similar quantitative surface roughness
value on the micron scale, as judged by quantitative interferom-
etry. Prominent features of the coated titanium implants were the
presence of small amounts (b1 μg cm−2) of Pd, Au and Ag in
the form of 10–150 nm metal deposits that formed a distinct
nanotopography. Although the metal deposits appeared to be
more numerous on the outer parts of the threads, in contrast to the
more scarce distribution in the valleys, this difference did not
seem to affect the local bone response, since the bone-implant
contact at the peaks of the screw threads appeared similar for
both implants. Interestingly, in one in vitro study, bone cell
adhesion and proliferation onto surfaces exhibiting a gradient of
nanoparticles was reduced when the particle density was high.32

Moreover, in another study, it was shown that disordered
nanostructures increased osteoblast differentiation in vitro.33

Notably, for coated implants, the underlying machined titanium
topography was less evident. However, despite this qualitative
difference in topography between coated and control implants,
the interferometry measurements did not reveal any quantitative
difference in roughness in terms of Sa values.



Figure 5. Backscattered scanning electron microscopy was used to evaluate the ultrastructure of the bone-implant interface. Several osteocytes were seen trapped
within the bone close to the bone-implant interface. A gap, 1–2 μmwide, was seen between the implant and the bone. However, the bone edge follows the screw
contour, indicating that direct contact between tissue and implant was established after implantation. (A) control, tibia, 12 weeks; (B) control, tibia, 12 weeks;
(C) noble metal coated (Pd, Ag, Au), tibia, 6 weeks. OC = osteocyte.
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The combination of altered chemistry and surface topography
presents major difficulties when it comes to interpreting the
specific surface property (chemistry vs. micro- and nanotopo-
graphy) that played the most important role for the current
in vivo observations. A change in one material surface-related
variable may lead to other chemical and/or topographical
changes. For example, coatings or treatments that generate
nanostructures onto a biomaterial added a completely different
chemistry to the surface, e.g. hydroxyapatite (HA), other calcium
phosphates (CaP) or poly-lactic-co-glycolic acid (PLGA),6,34

thus leaving the question of whether it was the topography or the
chemistry that caused the changes in the cell or tissue response.
In a study by Meirelles et al, the authors tried to separate the
chemistry from the nanotopographic structures by making ultra-
smooth titanium surfaces with either HA nanocrystals or titania
nanostructures.5 The authors demonstrated that the bone-implant
contact was higher with nano-titania after 4 weeks of implantation
in rabbit tibia and suggested that bone healingwasmore dependent
on the size and distribution of nanofeatures than on the chemistry.
On the other hand, it is assumed that, on the nano-scale and beyond,
certain properties of the material surface will inevitably change
compared with the same material in the bulk phase. For example,
properties such as charge, conductivity, roughness, porosity,
wettability and friction, as well as physical and chemical reactivity,
can be influenced by the nanostructuring of a surface.35 This
implies that, even though the same material (e.g. Ti) is used as
nanostructures, the properties of the surface will nonetheless be
different. The protein affinity for the surface will be altered, which
will in turn affect the cell adhesion and behaviour at the material
surface.36,37 It is known that material surface chemistry and
microtopography have synergistic effects, with respect to
osteoblast differentiation, for example.38 It is therefore possible
that the nanotopography and the chemistry of a surface also act in
synergy and provide properties that promote or inhibit osteogen-
esis, as well as influence bacterial adhesion and colonisation.

The bone response to the two types of surfaces studied here
was very similar, as demonstrated by the large amount of newly
formed bone around the implants and in contact with the implant
surface after 6 weeks and increasing up to 12 weeks. The
difference in bone-implant contact between coated and non-
coated implants in the femur after 12 weeks was the only
significant observation. An explanation might be an increased
bone remodelling in the proximity of the surface. Although a
negative effect of the coating cannot be excluded, no such
assumption was verified by the histological examination after 12
weeks, which excluded adverse events such as inflammation or
bone resorption localised at the surface of the implants. To
examine possible noble metal particle release from the coating,
an in vitro bench-test in Sawbone® plastic resembling the
density and structure of the compact tibial cortex was performed.
The test is presumed as a worst-case scenario, being performed in
a dry environment with both insertion and removal of the
implants in non-pre-threaded holes with a smaller diameter than
the screws. Hence, the observed result that 20–35% of the
coating was lost to the plastic can be assumed to be an
overestimation of what would take place in an in vivo situation,
and still the majority of the coating was intact. Gosheger et al
implanted silver-releasing implants in rabbit femur and found
that the mean silver concentration was 1.88 ppb in blood and
90.4 ppb in the liver, but no pathological findings were made.39

The permissible exposure limit is 0.01 mg/m3 for both ionic and
elemental silver, although metallic silver appears to be less
toxic.40 However, since the noble metal coating used in the
present study contain very small amounts of metallic silver
(b0.5 μg/cm2), very low concentrations of potentially released
silver in the body could be expected. Furthermore, previous
studies using similar noble metal (Pd, Au, Ag) coatings in vitro41

and in soft tissues12 have demonstrated cyto- and biocompati-
bility. In addition, the lack of difference between the two implant
types in the tibia contradicts the possibility that the noble metal
coating would have adversely affected osseointegration. Never-
theless, the observed reduction in bone-implant contact in the
femur after 12 weeks implies that additional future studies with
longer implantation should be considered. Furthermore, biome-
chanical evaluation is important prior to clinical trials.

The fact that osseointegration was achieved for titanium
implants with added anti-infectious functionality in the form of a
nano-scale metal coating provides a strong reason to examine the
role of surface immobilised nanoparticulates of specific chemistry
for osteogenesis, as well as host defence and microbial adhesion.
Most likely, a focus of this kind requires both in vitro and in vivo
approaches. Previous studies in these directions have mainly
focused on osteoblast behaviour in relation to different releasing or
non-releasing silver-containing materials, showing no cytotoxic
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effect.42–45 Many of these studies revealed strong in vitro
antimicrobial properties and osteogenic maturation was stimulated
by low concentrations of elementary silver.44 In contrast, a
tendency towards reduced cell growth and significantly depressed
alkaline phosphatase activity was seen in the case of osteoblasts
cultured in the presence of a silver wire.46 Effects of silver ions on
bone regeneration in vivo are less well studied. Silver-coated
endoprostheses inserted in a rabbit infection model were
associated with a significantly reduced infection rate (40%),
lower signs of inflammation and the absence of toxicological side-
effects in the silver group.39 However, osseointegration was not
assessed. In a clinical study over a 5-year period, the infection rate
was reduced from 17.6% in sarcoma patients (femur and tibia)
with a titanium megaprosthesis to 5.9% in patients with a silver
megaprosthesis.47 The literature on the effect of gold and
palladium on osteoblast behaviour is scarcer than for silver. A
few studies evaluating gold and/or palladium materials have
shown good biocompatibility for osteoblast attachment, growth
and differentiation46,48 and, to some extent, improved long-term
osteoblast adhesion when cultured on gold-palladium sputtered
titanium and stainless steel.49

For bone-implant applications intended for long-term use, it is
essential that the implants with alleged antibacterial properties,
irrespective of their mechanism of action, achieve osseointegra-
tion. If this is not achieved, the lack of stability will most likely
deteriorate the function of the implant and clinical performance. A
close bond between the titanium and the bone tissue may impede
bacterial adhesion, colonisation and biofilm formation.50 Conse-
quently, bone implants that are not well osseointegrated are
presumably more susceptible to infections. According to the
results obtained in this study, titanium implants with a noble metal
coating demonstrate osseointegration, with the added potential
benefit of preventing and/or reducing device-related infections.
Future studies of noble metal coatings in orthopaedic and dental
applications are needed in order to elucidate their ability to resist
infection and to promote and maintain osseointegration.

In conclusion, the bone response to the nanostructured noble
metal coated titanium implants, which possessed anti-adhesive
properties to S. aureus in vitro, was qualitatively and
quantitatively very similar to that of standard, clinically used
machined titanium screws, which become osseointegrated.
These results indicate that the coating does not impede
osseointegration and may thus be used to add extra implant
functionality in the form of increased resistance to infection
without the use of antibiotics. This could be of interest when it
comes to reducing the infection risk in high-risk and compro-
mised patients or in implant systems where the titanium implant
penetrates the skin or the mucosa. However, future studies are
needed to assess osseointegration and antimicrobial activity of
the implants in compromised bone-implant healing situations,
e.g. in an implant infection model.
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