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Abstract

Postoperative implant-associated infections are a severe complication in orthopaedics and trauma surgery. 
To address this problem, a novel implant coating was recently developed, which allows for the release of 
low concentrations of bactericidal silver. For an intended use on load-bearing endoprostheses, stable bone 
integration is required. The aim of the present study was to evaluate the biocompatibility and osseointegration 
of titanium implants with the novel coating in a mechanically loaded bone-defect model in sheep.
	 Silver-coated devices were implanted into weight-bearing and non-weight-bearing tibial and femoral bone 
defects whereas, in the control group, uncoated titanium implants were inserted. The bony integration of the 
implants was assessed mechanically and histologically after 6 months. Silver concentrations were assessed 
in peripheral blood, liver, kidney and local draining lymph nodes as well as at the implantation site.
	 After 6 months, shear strength at the interface and bone apposition to the implant surface were not 
significantly different between coated and uncoated devices. Mechanical loading reduced bony integration 
independently of the coating. Silver content at the implantation site was larger in the group with silver-coated 
implants, yet it remained below toxic levels and no cytotoxic side effects were observed.
	 Concluding, the novel antibacterial silver coating did not negatively influence bone regeneration or 
implant integration under mechanically unloaded and even loaded conditions, suggesting that the silver 
coating might be suitable for orthopaedic load-bearing implants, including endoprostheses.

Keywords: Silver, antibacterial coatings, orthopaedic implants, load-bearing implants, periprosthetic 
infections, postoperative infections.
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Introduction

Postoperative infections are a severe complication in 
orthopaedics and trauma surgery and are associated 
with significant patient morbidity. The presence of an 
orthopaedic implant at the surgical site increases the 
susceptibility to infections because of a compromised 
immune response at the bone-implant interface and 
potential biofilm formation on the device surface 
(Busscher et al., 2012; Rochford et al., 2012; ter Boo 
et al., 2015). For internal fixation devices, an overall 
infection rate of 5 % is reported (Darouiche, 2004). 
However, the incidence can dramatically increase, for 
example, in the case of open fractures (McGraw and 
Lim, 1988; Trampuz and Widmer, 2006). Accordingly, 
a more recent randomised clinical trial of tibial shaft 

fractures has revealed an infection risk of 2  % for 
closed tibial shaft fractures as compared to 8.8  % 
for open fractures (Bhandari et al., 2008). Following 
primary hip and knee replacement, infection rates 
are < 1 %, but can increase up to 40 % after revision 
surgery (Kurtz et al., 2008; Trampuz and Widmer, 
2006; Widmer, 2001). The clinical and socioeconomic 
consequences of implant-associated infections are 
tremendous. Median treatment costs for orthopaedic 
trauma patients with surgical site infections are 
almost twice as high as treatment costs for non-
infected patients (Thakore et al., 2015). A growing 
proportion of surgical site infections are caused by 
multi-resistant pathogens, leading to a substantially 
increased patient morbidity and mortality as well as 
a further increase in treatment costs (Anderson et al., 



250 www.ecmjournal.org

S Stein et al.                                                                                                          Osseointegration of silver-coated implant

rabbits (Fabritius et al., 2020; Khalilpour et al., 2010). 
Moreover, the coating has demonstrated efficacy in 
clinical use on veterinary fracture-fixation devices 
(BioMedtrix, Whippany, NJ, USA). However, there 
are no scientific data available to show whether the 
new silver coating influences bone regeneration 
and implant integration when implants are inserted 
directly into bone. Unlike fracture-fixation devices, 
which are used for the temporary reposition and 
stabilisation of fractured bones, solid integration 
into the surrounding bone is of utmost importance 
for the biomechanical stability and functionality of 
load-bearing devices, e.g. endoprostheses. Therefore, 
the aim of the present study was to evaluate the 
osseointegration of titanium implants with the new 
silver coating in a mechanically loaded implantation 
model in sheep (Ignatius et al., 1997; Simon et al., 
2003).

Materials and Methods

The study was approved by the local regulatory 
authority (no. 1380, Regierungspräsidium Tübingen, 
Germany). All animal procedures were performed 
according to the national and international regulations 
for the care and use of laboratory animals. The study 
follows the standard ISO 10993-6: 2016 guidelines 
(Web Ref. 1), with a small variation: coated and 
control implants were not implanted into the same 
animals, but in two different groups. This was 
necessary as elemental analyses of local and systemic 
silver contents were additionally performed to assess 
any potential silver accumulation.

Implants with antibacterial coating
Titanium-vanadium implants (Ti6Al4V) were 
coated with a polysiloxane layer with embedded 
elementary silver particles (HyProtect™, Bio-Gate 
AG, Nuremberg, Germany) as previously described 
(Khalilpour et al., 2010). The coating was applied to 
the titanium implant in a three-step process. First, a 
SiOxCy base layer was applied to the implant surface 
by chemical vapour deposition. Subsequently, 
silver clusters (~  2.7  µg/cm2) were deposited on 
the base layer by physical vapour deposition 
and, finally, covered with a SiOxCy top layer. The 
resulting uniform coating displayed a thickness 
of approximately 90  nm, which was measured by 
spectral ellipsometry (IFAM Fraunhofer Institute, 
Bremen, Germany) (Khalilpour et al., 2010).

Animal study
In total, 16 adult female Merino sheep (4-6  years, 
90-118 kg) were randomly assigned to two surgical 
groups (each n  =  8). One group received silver-
coated, the other group uncoated Ti6Al4V implants. 
To compare the performance of the implants under 
different load-bearing conditions, the devices were 
implanted bilaterally in unloaded drill-hole defects 
in the trabecular bone at the medial femoral condyle 

2007; Parvizi et al., 2010). This emphasises the need for 
effective measures to prevent surgical-site infections 
in orthopaedic and trauma surgery.
	 Antibacterial coatings can prevent bacterial 
biofilm formation on a device surface and could 
contribute to a reduction in implant-associated 
infections (ter Boo et al., 2015). However, due to 
the emerging microorganism drug-resistance, the 
widespread clinical use of conventional antibiotics, 
which are usually applied on orthopaedic implants 
for treatment and prevention of surgical-site 
infections, has to be doubted and reconsidered. 
Silver appears to be particularly interesting for 
this application, because it effectively acts against 
a broad spectrum of bacteria, including multi-
resistant bacterial strains, viruses and fungi (Alt et 
al., 2004; Atiyeh et al., 2007; Brutel de la Riviere et 
al., 2000; Elechiguerra et al., 2005). Therefore, silver 
is clinically well established as an antimicrobial 
agent and is used for various applications, such as 
implant coatings (Atiyeh et al., 2007; Hardes et al., 
2010; Hollinger, 1996). Metallic silver gets ionised in 
the wound fluid and the highly reactive silver ions 
bind to bacterial cell membranes, leading to cell death 
through induced structural changes and deterioration 
of membrane function. Furthermore, silver ions 
interfere with DNA replication and inhibit oxidative 
enzymes and the respiratory chain, thus impairing 
important cell functions (Brutel de la Riviere et al., 
2000; Hollinger, 1996; Percival et al., 2005). Because 
of this multifactorial mechanism of action, bacteria 
rarely develop resistance to silver (Ahrens et al., 
2006). Health risks associated with systemic silver 
ion absorption are generally considered to be low; 
however, high silver doses may be toxic to human 
cells and can lead to adverse side effects, for example, 
local argyrosis or systemic argyria (Lansdown, 2010). 
Therefore, the concentration of silver ions released 
from an implant surface has to be reduced to a 
therapeutically effective minimum (Chambers et al., 
1962; Tweden et al., 1997).
	 To address this issue, a novel antibacterial coating 
for orthopaedic implants was recently developed, 
which consists of a SiOxCy plasma polymer layer with 
embedded elemental silver particles (Khalilpour et 
al., 2010). The coating can be applied to a variety of 
substrates (titanium, stainless steel, cobalt-chromium, 
polyether ether ketone, etc.) with a thickness of 
< 100 nm, thereby enabling antibacterial treatment of 
even microstructured surfaces. Through controlled 
release of low-dose silver ions, bacterial adhesion 
and biofilm formation on an implant surface should 
be prevented. In addition to its low silver content, 
the main advantage when compared to already 
available silver-coated orthopaedic devices is that 
the silver is embedded and, thus, not in direct 
contact with the surrounding soft tissue. Previous 
studies have demonstrated the antimicrobial 
efficacy of the novel coating in vitro and in an in 
vivo infection model as well as its biocompatibility 
in vivo using a subcutaneous implantation model in 
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and in the cortical bone at the medial tibial diaphysis 
as well as in a well-established weight-bearing defect 
at the proximal tibial metaphysis, as previously 
described (Fig. 1) (Ignatius et al., 1997).
	 2  months after surgery, peripheral blood 
samples of 4 animals of the coated-implant group 
were collected and subjected to analysis of total 
silver content. After 6  months, the implants and 
surrounding bone were explanted for macroscopic, 
biomechanical and histological analyses to assess 
osseointegration and biocompatibility. Additionally, 
peripheral blood samples, samples of liver and 
kidney and local draining lymph nodes as well as 
samples of soft tissue and bone surrounding the 
implant were collected for analysis of total silver 
content.

Surgery
All surgical interventions were performed under 
general isoflurane anaesthesia (Isofluran Baxter, 
Baxter Deutschland GmbH, Unterschleißheim, 
Germany). Surgery was carried out on both hind 
limbs. A medial surgical approach was applied 
to gain access to the knee joint region and a 
standardised drill-hole defect (diameter: 10  mm; 
depth: 15 mm) was created in the trabecular bone of 
the medial femoral condyle. At the proximal tibia, 
approximately 3 mm below and parallel to the medial 
tibial plateau, a standardised wedge-shaped defect 
(length: 24 mm; width: 14 mm; height: 7 mm) was 
created as previously described (Ignatius et al., 1997). 
Finally, a cylindrical defect (diameter: 5 mm; depth: 
8  mm) was drilled at the medial side of the tibial 
diaphysis, 75 mm below the wedge-shaped defect 
at the tibial metaphysis. The defects were flushed 
with sterile saline to remove bone debris before the 
implants were press-fit inserted. Finally, the wound 
was closed in layers. Intra- and postoperatively, 

the sheep received carprofen analgesia (4  mg/kg 
body weight, subcutaneously; Rimadyl® 50  mg/
mL, Pfizer Deutschland GmbH, Berlin, Germany) 
and amoxicillin trihydrate (10 mg/kg body weight, 
subcutaneously; Veyxyl® LA 20  %, Veyx-Pharma 
GmbH, Schwarzenbronn, Germany) for antibiotic 
prophylaxis over 3  d. After 6  months, all animals 
were sacrificed.

Sample preparation and macroscopic analysis
Directly after sacrifice, peripheral blood samples, 
samples of liver and kidney and local draining 
lymph nodes (nodus lymphoideus popliteus) were 
collected for analysis of total silver content. The 
femur and tibia of both hind limbs of each sheep 
were explanted for comprehensive post-mortem 
analyses. Devices implanted in one hind limb 
were used for biomechanical analysis, whereas 
implants of the other side were used for histological 
evaluation, the side for either evaluation being 
chosen randomly. The implants and surrounding 
bone were inspected for any macroscopically visible 
abnormality. Furthermore, samples of soft tissue 
and bone surrounding the implants were collected 
for silver analysis.

Analyses of the tissue silver content
Peripheral blood samples of 4 animals of the coated-
implant group, collected 2  months after surgery, 
(n = 4) and samples of peripheral blood, liver, kidney, 
local draining lymph nodes as well as soft tissue 
and bone surrounding the implants of all animals 
of the coated-implant group, collected at sacrifice, 
were subjected to silver analysis (n = 8). 4 animals 
of the control group served as controls. Blood, liver, 
kidney, lymph nodes and soft tissue were digested 
in an UV-digestion apparatus using 65 % nitric acid 
(HNO3) and 40 % hydrogen peroxide (H2O2). Bone 

Fig. 1. Schematic illustrations of the femoral and tibial bone defects. (a) Cylindrical defect (10 × 15 mm) in 
the trabecular bone of the medial femoral condyle. Medial view. (b) 1. Wedge-shaped defect (24 × 14 × 7 mm) 
in the trabecular bone of the tibial metaphysis, 3 mm below the tibial plateau. 2. Cylindrical defect (5 × 8 mm) 
in the cortical bone of the tibial diaphysis. Frontal view. (c) Wedge-shaped defect below the medial tibial 
plateau. Top view. (d) Photograph of the silver-coated and uncoated titanium-vanadium implants. Implants, 
which were biomechanically tested within a pull-out test until failure (femoral cylinders and tibial wedge-
shaped implants), were equipped with a screw-thread. 
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samples were leached with hot nitric acid (HNO3, 
65 %, 1  : 10) to detect silver mainly situated at the 
bone surface that was in contact with the implant. An 
aliquot of each sample was measured by inductively 
coupled plasma mass spectrometry, according to EN 
ISO 17294-2 guidelines (Web Ref. 2).

Biomechanical evaluation
To mechanically assess the bony integration of the 
implants, the cylindrical implants of the femoral 
condyle and the wedge-shaped implants of the tibial 
metaphysis (each n  =  8 per group) were subjected 
to a pull-out test until failure. Bone samples were 
embedded in polymethyl methacrylate (Technovit® 
3040, Kulzer GmbH, Wehrheim, Germany) and 
mounted in a standard material testing machine 
(Zwick Z10, Zwick/Roell GmbH & Co. KG, Ulm, 
Germany). An adapter was used to connect the 
implants to a 10  kN load cell (Z12, HBM GmbH, 
Darmstadt, Germany; accuracy ≤ 0.25 %) and a tensile 
load was applied at a constant velocity of 2  mm/
min until failure. The maximum force Fmax in N was 
determined and the shear strength τ in N/mm of the 
material-bone interface was calculated as (Eq. 1)

where A is the contact area between bone and implant 
in mm2.
	 To assess bony integration of the cylindrical 
implants in the tibial diaphysis (n  =  8 per group), 
a push-out test until failure was performed. 
A cylindrical indenter (diameter =  5  mm) was 
connected to a 10  kN load cell (U1, HBM GmbH; 
accuracy  ≤  0.22  %) and a compressive load was 
applied to the cylindrical implant at a constant 
velocity of 2  mm/min until failure. Thereby, force 
was applied perpendicular to the tibial cortex. From 
the load-displacement curve, the maximum force Fmax 
in N was determined and the shear strength τ in N/
mm was calculated using Eq. 1.

Histological evaluation
Defect regions with approximately 10  mm of 
surrounding bone were processed for non-decalcified 
bone histology. In brief, bone specimens were 
fixed in 4 % buffered formaldehyde for up to 5 d, 
dehydrated in an ascending series of ethanol and 
embedded in methyl methacrylate (Merck KGaA). 
Using the sawing and grinding technique of Donath 
and Breuner, histological slices of 70 µm thickness 
were prepared and the surface was stained with 
Giemsa according to standard protocols (Donath and 
Breuner, 1982).
	 Slices of the femoral and tibial cylinders as well 
as of the tibial wedge-shaped implants (each n = 8 
per group) were evaluated qualitatively at different 
magnifications using a light microscope (DMI6000B, 
Leica). Surrounding bone and the bone-material 
interface were assessed with regard to the following 
parameters: vitality of the bone cells, contact area 

between bone and implant, inflammation, coating 
(particles in the surrounding soft/hard tissue). The 
extent of bone apposition was quantified for each 
implant by light microscopy (Axiophot 451887, Carl 
Zeiss) at 50-fold magnification using a software 
for histomorphometric analysis (Osteomeasure™, 
Osteometrics Inc., Decatur, GA, USA). The relative 
surface of the implant to which the mineralised bone 
was attached, was determined by dividing by the 
length of the total implant surface available for tissue 
apposition.

Statistics
Prior to the animal experiment, the required sample 
size was calculated by a statistician at the Institute 
of Epidemiology and Medical Biometry, Ulm 
University. Statistical analyses were performed using 
GraphPad® Prism (Graph Pad Software Inc.). The 
Gaussian distribution of the obtained mechanical 
and histological data was checked using the Shapiro-
Wilk normality test. Then, normally distributed data 
were analysed using unpaired t-tests to evaluate 
differences between coated and uncoated titanium 
implants. When normal distribution was not given, 
Mann-Whitney-U-test was performed. Potential 
influences of mechanical loading on implant 
integration and bone regeneration (implant location 
at tibial plateau vs. femoral condyle) were assessed 
using a paired t-test or Wilcoxon signed-rank test. 
Data of the silver analyses were statistically analysed 
using a non-parametric Mann-Whitney-U-test. The 
level of significance was defined as p ≤ 0.05.

Results

There were no complications during surgery or in 
the post-operative period. After 3 to 5 post-operative 
days, sheep returned to a normal gait. In the further 
course of the study, sheep displayed no abnormalities 
in movement and there were no macroscopically 
visible signs of inflammation or disturbed wound 
healing. When the implants were retrieved after 
6 months, there were no visible macroscopic signs of 
inflammation. All implants were tightly integrated 
into vital bone with a layer of fibrous or cartilaginous 
tissue or bone covering the lateral implant surface.

Analyses of the tissue silver content
2 months after surgery, silver content in peripheral 
blood samples was below the detection limit of 3 µg/
kg. After 6  months implantation time, total silver 
content in blood, kidney and lymph nodes also 
remained below the detection limit of 3 µg/kg in both 
groups with coated or uncoated implants (Table 1). 
In both groups, the highest silver concentration was 
detected in the liver, with no significant differences 
between the groups. The silver content of tissue and 
bone surrounding the implants was significantly 
higher in the group that received the silver-coated 
implants.
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Devices implanted in trabecular bone
Mechanical evaluation of osseointegration
In each group, one femoral sample had to be excluded 
from the evaluation because the implant could not be 
pulled out of the femoral condyle. The implants were 
so well integrated that the pull-out force exceeded 
the measuring capacity of the used 10 kN load cell. 
The silver coating did not significantly influence the 
interface shear strength of the titanium implants, 
whether implanted in femur or tibia (p  =  0.4 and 
p = 0.7, respectively) (Fig. 2). However, mechanical 
implant integration was significantly influenced 
by mechanical loading. Both coated and uncoated 
titanium implants inserted into the weight-bearing 
defect displayed an up to 50 % reduced shear strength 
when compared to unloaded implants.

Histological evaluation
All implants, which were inserted in the trabecular 
bone of femur and tibia, were surrounded by a 
newly formed bony lamella with abundant osteoid 
formation (Fig. 3a,b). There were no inflammatory 
cells or abraded particles of the coating detectable in 
the surrounding of the implants. The silver coating 
did not significantly influence bone apposition at any 
implant location. Bone apposition was the most for 

the devices implanted under non-loaded conditions 
at the femoral condyle (Fig. 3c).

Devices implanted in cortical bone
Mechanical evaluation of the osseointegration
The shear strength of the cylindrical devices 
implanted in the tibial diaphysis was not significantly 
different between coated or uncoated implants 
(p = 0.4) (Fig. 4a).

Histological evaluation
The cortical bone surrounding the implants was 
vital and a bone lamella had formed around the 
devices (Fig. 5). No signs of inflammation or particles 
derived from the implant surface were detectable. 
Bone apposition to the implants was not significantly 
influenced by the silver coating (Fig. 4b).

Discussion

The aim of the present study was to evaluate the 
osseointegration of titanium-vanadium implants 
coated with a novel antibacterial silver coating in a 
mechanically loaded bone defect model in sheep. The 
study demonstrated that osseointegration of titanium 

Table 1. Results of the silver analyses in the silver-coated and control groups. Total silver content (in 
µg/kg) was determined using inductively coupled plasma mass spectrometry. The silver content of soft 
tissue and bone in the silver-coated group was significantly higher when compared to the control group. 
Median (range); a p ≤ 0.05.

Animals 
(n) Blood Liver Kidney

Nodus lymphoideus 
popliteus – right hind limb 

Nodus lymphoideus 
popliteus – left hind limb

Soft tissue 
and bone

Silver-
coated 
group

8 < 3 34
(15-98) < 3 < 3 < 3 9 (6-21)a

Control 
group 4 < 3 20

(13-62) < 3 < 3 < 3 5 (4-6)a

Fig. 2. Shear strength of the coated 
and uncoated devices implanted 
in the trabecular bone of femur 
and tibia. The silver coating 
did not significantly influence 
interfacial shear strength of the 
femoral (unloaded condition) 
and tibial (loaded condition) 
titanium implants when compared 
to uncoated implants. Coated 
and uncoated titanium implants 
inserted into the weight-bearing 
defect  displayed a reduced 
shear strength when compared 
to unloaded implants. Mean 
± standard deviation; a,b p ≤ 0.05. 
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Fig. 3. Histological evaluation of devices inserted into trabecular bone. All implants were surrounded 
by a newly formed bony lamella with abundant osteoid formation. (a) Example of histological images of 
femoral and tibial HyProtect™-coated implants. (b) Example of histological images of femoral and tibial 
uncoated implants. Giemsa staining. Cells and nuclei are stained in different shades of blue, collagen and 
osteoid in pale blue, cartilage matrix in red to violet and mineralised bone matrix in pink to pale pink. 
(c) Bone apposition in percentage of implant surface for coated and uncoated implants in the trabecular 
bone. Bone apposition was the most for the devices implanted under non-loaded conditions at the femoral 
condyle. The silver coating did not significantly influence bone apposition at any implant location as 
there was no difference between coated and uncoated implants. Median and individual values; a p ≤ 0.05. 
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implants was not negatively affected by the coating, 
even under load-bearing conditions. The coating 
exhibited excellent biocompatibility and both the 
local and systemic silver concentrations remained 
below toxic levels, suggesting that the new silver 
coating might be suitable for load-bearing implants, 
including endoprostheses.
	 The general antibacterial efficacy of silver-coated 
orthopaedic devices was previously demonstrated 
(Hardes et al., 2010; Wilding et al., 2016). The 
bactericidal effect of silver is based on its binding 
to membranes, enzymes and nucleic acids, thereby 
impairing crucial cell functions (Brutel de la 
Riviere et al., 2000; Hollinger, 1996). However, 
eukaryotic cells are also affected in a dose-dependent 
manner (Chambers et al., 1962; Tweden et al., 1997). 
Accordingly, it was demonstrated that silver 
concentrations >  1200  ppm (1.2  g/L) had strong 
cytotoxic effects on fibroblasts in vitro (Tweden et 

al., 1997). The specific influence of silver particles 
and elementary silver on bone cells has been also 
investigated in vitro (Albers et al., 2013; Hardes 
et al., 2007b). Elementary silver, displaying no 
cytotoxicity at concentrations of 5-10  mg/well 
(six well plate), actually stimulates osteogenic 
differentiation of osteoblastic cells (Hardes et al., 
2007b). In contrast, another study revealed that 
silver nanoparticles exhibit strong cytotoxic effects 
in primary osteoblasts and osteoclasts, already at a 
bactericidal concentration of 128 µg/mL. Thereby, 
osteoblasts are more susceptible when compared to 
osteoclasts (Albers et al., 2013). Preclinical and clinical 
studies on silver-coated orthopaedic implants have 
generally shown good biocompatibility and health 
risks associated with systemic absorption of silver 
ions are considered to be low (Gosheger et al., 2004; 
Hardes et al., 2007a; Hardes et al., 2010; Hussmann et 
al., 2013; Wilding et al., 2016). Nevertheless, the release 

Fig. 5. Histological evaluation of devices inserted into cortical bone. (a) Histological image of a 
HyProtect™-coated implant in the tibial diaphysis. (b) Histological image of an uncoated implant in the 
tibial diaphysis. In both animals, cortical bone surrounding the implants was vital and a lamella of new 
bone has formed around the implant. Giemsa staining. Cells and nuclei are stained in different shades of 
blue, collagen and osteoid in pale blue, cartilage matrix in red to violet and mineralised bone matrix in 
pink to pale pink. 

Fig. 4. Osseointegration of devices inserted into the cortical bone. (a) Shear strength in N/mm2 of 
cylindrical implants inserted into the tibial diaphysis. There was no difference between coated and uncoated 
implants. (b) Bone apposition in percentage of implant surface of the coated and uncoated devices implanted 
in the tibial diaphysis. Bone apposition to the implants was not influenced by the silver coating as there 
was no difference between coated and uncoated devices. Median and individual values. 
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of silver from antibacterial implant coatings should 
be reduced to the therapeutically necessary minimum 
to avoid potential cytotoxic side-effects and to allow 
for good osseointegration, particularly in the case of 
load-bearing devices.
	 The coating investigated in the present study 
consists of a SiOxCy plasma polymer layer with 
embedded silver particles (HyProtect™) (Khalilpour 
et al., 2010). Thereby, silver is not in direct contact 
with the surrounding tissue and a controlled release 
of silver ions is ensured. Exhibiting a quite low 
silver content of 2.7  µg/cm2, in vitro antibacterial 
efficacy against Staphylococcus epidermidis, methicillin-
sensitive S. aureus, methicillin-resistant S. aureus as 
well as in vivo efficacy against methicillin-sensitive 
S. epidermidis and in vivo biocompatibility are 
demonstrated (Fabritius et al., 2020; Khalilpour 
et al., 2010). Recently, a clinical case report of the 
successful treatment of a recurrent periprosthetic joint 
infection using a HyProtect™-coated intramedullary 
arthrodesis system has been published (Alt et al., 
2019). The applied arthrodesis nail exhibits a reduced 
silver content when compared to a silver-coating 
technology, which is already in routine clinical use for 
modular tumour and revision implants (MUTARS®, 
Implantcast, Buxtehude, Germany) (Hardes et al., 
2007a). Alt et al. (2019) have assessed silver content 
in wound drainage fluid 24 and 48 h after surgery 
to estimate local silver concentrations. Exhibiting 
silver contents of 170  ppb and 57  ppb at 24 and 
48 h, respectively, values remained far beyond toxic 
levels. 26  months after implantation of the silver-
coated arthrodesis nail, silver serum levels remained 
<  2  ppb (2  µg/kg) (Alt et al., 2019). Accordingly, 
in the present study, elemental analysis revealed 
silver concentrations in peripheral blood below the 
detection limit of the used analysis method (3 µg/kg). 
The slightly elevated silver concentrations observed 
in liver tissue of the coated implant group have to 
be considered in view of the fact that the liver is the 
primary organ for silver accumulation and excretion 
(Lansdown, 2010). Even in patients with blood silver 
concentrations > 200 µg/L or advanced argyria, there 
is no evidence for irreversible pathological hepatic 
damage due to silver (Lansdown, 2010). According 
to the scientific committee on medicinal products and 
medical devices of the European Commission, the 
amount of silver which can be safely consumed daily 
by humans is 5 µg/kg body weight. Thereby, daily 
consumption of drinking water (silver concentration 
~ 100 µg/L), milk (silver concentration 27-54 µg/L) 
and certain foods (e.g. mushrooms) contributes 
substantially to the daily silver uptake (Commission, 
2010).
	 Osseointegration is described as the process 
of healing and anchorage of an implant into the 
surrounding bone. Thereby, direct contact between 
bone and implant without fibrous encapsulation 
is formed and maintained under functional loads 
(Branemark et al., 2001). The bony integration of 
a medical device is influenced by various factors, 

including material and surface characteristics of the 
implant as well as the biological and mechanical 
environment at the interface (Soballe et al., 1992). 
Excessive micromotions at the interface compromise 
not only the osseointegration but could also 
influence surface characteristics of the implants. 
Consequently, new materials and coatings for 
orthopaedic implants, which have to tightly integrate 
into bone, i.e. endoprostheses, should be analysed 
under dynamic loading conditions to assess their 
stability and functionality. Therefore, in the present 
study, non-loaded drill hole defects in cortical and 
trabecular bone and a well-established load-bearing 
defect model in the proximal sheep tibia, which was 
previously mechanically characterised (Ignatius et al., 
1997; Kanter et al., 2014; Reitmaier et al., 2018; Simon 
et al., 2003), were used. Under non-loaded conditions, 
both coated and uncoated titanium implants were 
very well integrated into both cortical and trabecular 
bone. No signs of inflammation were found, thereby 
confirming previous reports about the excellent 
biocompatibility of titanium (Ignatius et al., 1997). 
Furthermore, biocompatibility of the silver coating, 
which has already been demonstrated in an earlier 
study after subcutaneous implantation in rabbits 
(Khalilpour et al., 2010), was also confirmed after 
implantation into bone. However, it should be noted 
that the histological grinding sections evaluated did 
not allow for precise cellular histology. Even under 
mechanically loaded conditions, the silver coating 
did not negatively influence bone regeneration or 
implant integration, as the direct bone contact to the 
implant surface and the shear strength in the interface 
were not significantly different between coated or 
uncoated titanium implants. However, compared 
to the implants within the non-loaded drill-hole 
defects, implants inserted into the load-bearing defect 
displayed a decreased bone apposition and a reduced 
maximum pull-out force, independently of the 
coating, indicating that mechanical load decreased 
osseointegration. Using a finite element model, it was 
previously shown that in the load-bearing model, 
implants are mainly subjected to axial compression; 
thereby, approximately 33 % of the total axial knee-
joint force is transferred (Simon et al., 2003). The 
resulting micromotions at the interface depend on 
implant stiffness and are calculated to be in the range 
of 6 µm for titanium implants (Simon et al., 2003). 
The good bony integration of titanium implants 
using this loaded implantation model has already 
been demonstrated and confirmed by Ignatius et 
al. (1997). The critical interface motions preventing 
stable osseointegration are regarded to be in the range 
of 100 µm, but strongly depend on the physical and 
chemical surface characteristics of an implant and 
on the biological environment (Pilliar et al., 1986; 
Soballe et al., 1992). The load-bearing model applied 
in the present study allows for the osseointegration 
of titanium, but not of inert aluminium oxide 
ceramics, being only osseointegrated under non-
loaded conditions (Ignatius et al., 2005). This suggests 
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that this model is sufficiently critical to assess the 
functionality of weight-bearing implants and coatings 
because the resulting micromovements can prevent 
stable osseointegration of certain materials.

Conclusions

The present results revealed that the novel silver 
coating did not negatively influence bone regeneration 
or implant integration in trabecular or cortical 
bone even under mechanically loaded conditions. 
Considering the increasing clinical problem of multi-
resistant pathogens, the new coating might be useful 
to prevent implant-associated infections also in 
load-bearing applications, including endoprostheses. 
Further pre-clinical studies should address this 
question, for example, by using animal models of 
bone infection.
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Discussion with Reviewer

Reviewer: The biocompatibility is very important 
and the study showed that osteointegration was 
not affected by the silver coating/release. Have 
the authors also planned to use this coating in an 
infection model to prove the effectivity of the released 
silver?
Authors: The evaluation of the osseointegration 
of the new silver coating in a functional large-
animal model was the primary aim of the study. 
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Additional knowledge about the efficacy of the new 
coating technology for routine clinical application 
was recently acquired. A study was published, 
investigating the antibacterial potential of the 
new silver coating in an infection model in rabbits 
(Fabritius et al., 2020). Silver-coated K-wires were 
seeded and pre-incubated with methicillin-sensitive 
Staphylococcus epidermidis. The K-wires were inserted 
into the tibial medullary canal of the animals. Non-
coated K-wires served as control in another group of 
animals. After a 7 d implantation period, rabbits were 
sacrificed and microbiology revealed a statistically 
significant pathogen reduction on the surface of 
silver-coated devices when compared to non-coated 
devices. 7 of 12 silver-coated K-wires were completely 
free of pathogens as compared to only 1 pathogen-
free K-wire in the control group. The results of the 

study are supported by the already established use 
of HyProtect™-coated fracture fixation devices 
in the veterinary field. Furthermore, the recently 
reported successful application in a human patient 
following revision of a periprosthetic joint infection 
confirmed the bactericidal potential of the coating and 
transferability to the human setting (Alt et al., 2019).
	 Currently, we do not plan an additional preclinical 
study in a large-animal infection model. Instead, 
more clinical studies involving a larger number of 
patients are necessary to confirm the suitability and 
efficacy of the new coating technology for its routine 
clinical application.

Editor’s note: The Scientific Editor responsible for 
this paper was Joost de Bruijn.


