
Bioactive Materials 31 (2024) 497–508

2452-199X/© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Silver-integrated EDM processing of TiAl6V4 implant material has 
antibacterial capacity while optimizing osseointegration 

Hilmar Büssemaker a,1, Ann-Kathrin Meinshausen a,1, Viet Duc Bui b, Joachim Döring a, 
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A B S T R A C T   

Periprosthetic joint infections (PJI) are a common reason for orthopedic revision surgeries. It has been shown that the silver surface modification of a titanium alloy 
(Ti–6Al–4V) by PMEDM (powder mixed electrical discharge machining) exhibits an antibacterial effect on Staphylococcus spp. adhesion. Whether the thickness of 
the silver-modified surface influences the adhesion and proliferation of bacteria as well as the ossification processes and in-vivo antibacterial capacity has not been 
investigated before. Therefore, the aim of this work is to investigate the antibacterial effect as well as the in vitro ossification process depending on the thickness of 
PMEDM silver modified surfaces. 

The attachment of S. aureus on the PMEDM modified surfaces was significantly lower than on comparative control samples, independently of the tested surface 
properties. Bacterial proliferation, however, was not affected by the silver content in the surface layer. We observed a long-term effect of antibacterial capacity in 
vitro, as well as in vivo. An induction of ROS, as indicator for oxidative stress, was observed in the bacteria, but not in osteoblast-like cells. No influence on the in vitro 
osteoblast function was observed, whereas osteoclast formation was drastically reduced on the silver surface. No changes in cell death, the metabolic activity and 
oxidative stress was measured in osteoblasts. 

We show that already small amounts of silver exhibit a significant antibacterial capacity while not influencing the osteoblast function. Therefore, PMEDM using 
silver nano-powder admixed to the dielectric represents a promising technology to shape and concurrently modify implant surfaces to reduce infections while at the 
same time optimizing bone ingrowth of endoprosthesis.   

1. Introduction 

Besides the aseptic loosening and malpositioning of an orthopedic 
implant, the periprosthetic joint infection (PJI) is a common reasons for 
revision surgery [1]. The infection rate is about 1% for hip and about 2% 
for knee endoprosthesis after primary implantation [2]. After a previous 
PJI revision surgery, the risk of re-infection increases up to 10% [3–5]. 
PJI usually occurs in the first two years (60–70%) after joint replace
ment [6,7]. 

The classification of PJIs is divided into acute, subacute, and late 
infections, which mainly depends on the pathogen causing the PJI. 
Staphylococcus aureus is, because of its high virulence, a frequently 

detected pathogen in acute PJI. An acute PJI is defined as an infection up 
to 3 months after the endoprosthesis implantation. Both subacute (3–12 
months post-surgical) and late (12–48 months post-surgical) infections 
are caused by less virulent pathogens. Here, coagulase-negative staph
ylococci or enterococci are often detected in these cases [7]. However, 
late infections can also be caused by a hematogenous infection, where 
the bacteria are transported via the bloodstream from different areas of 
the body to the implant. Again, a typical pathogen of late-stage PJI with 
a hematogenous origin is S. aureus [8]. S.aureus and S. epidermidis are the 
most common bacteria associated with bone infections caused by tita
nium implants [9]. 

To keep the risk of infections low, antibiotics are given during and 
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after the surgery to prevent a PJI. However, antibiotics mainly affect the 
PJIs occurring during the immediate post-implantation time [10]. 
Especially, hematogenous or late infections cannot be prevented by 
antibiotic therapy during and post-surgery. The use of antibacterial 
coatings on implants, with the aim to interfere with the bacterial 
adhesion on the implants, therefore, represents a promising antibacte
rial strategy to prevent PJI [11,12]. Antibacterial coatings based on 
silver or copper showed a high efficiency against GRAM-positive and 
GRAM-negative bacteria [12–16]. It has been shown in vitro and in vivo 
that silver-coated implants can reduce the number of infections, even in 
cases of revision surgery due to previous PJI [17]. Silver ions used for 
current antibacterial implant coatings are rapidly released from the 
surface within the first hours after surgery, influencing mainly early 
infection rates [18]. However, most approaches currently are based on 
silver nanoparticles to induce bone repair especially for PJI revision 
surgeries [19–22]. 

A variety of technologies such as physical vapor deposition, chemical 
vapor deposition, ion implantation and thermal spraying have been used 
to apply potential antibacterial surface modifications. The novelty of 
this manuscript is, that we apply Electrical Discharge Machining (EDM) 
for the generation of a silver modified surface layer, that includes silver 
within the implant material surface layer. EDM is a nonconventional 
process that is widely used for machining various metallic materials of 
medical devices [23]. By adding silver nano-powders to the dielectric 
fluid, the EDM process has been developed to powder mixed electrical 
discharge machining (PMEDM), and has been used for machining the 
implant and concurrent transfer of silver to the modified layer of 
Ti–6Al–4V implant materials thereby creating antibacterial properties 
[24]. 

The antibacterial capacity of silver ions is based on different mech
anisms that potentially contribute to the antibacterial capacity [25]. 
Silver ions bind to sulfhydryl groups and proteins present in the bacterial 
membrane, which gets destabilized by a progressive release of lipo
polysaccharides [26,27]. After entering the cell, the silver ions interact 
with the thiol group of proteins leading to an inhibition of metabolic 
pathways [28–30]. The inhibition increases the reactive oxygen species 
(ROS), resulting in oxidative stress, protein damage, DNA strand breaks, 
and cell death [30,31]. It has already been shown that even low silver 
concentrations decrease the adhesion of bacteria to a surface [17,24], 
but cannot prevent biofilm formation completely [24,32].However, 
besides silver exhibiting a marked antibacterial activity, potential toxic 
effects on eukaryotic cells should be taken into account. Some studies 
show that silver ions can cross the cytoplasmic membrane and interact 
with DNA or induce oxidative damage or interfere with the cell cycle 
[33,34]. Further studies need to be performed to establish the optimal 
dose-response spectrum for antibacterial property of potential implant 
surface modifications, whilst exhibiting optimal osseointegrative ca
pacity [20]. 

Therefore, the aim of this work is to investigate the antibacterial 
effect as well as ossification processes of PMEDM modified Ti–6Al–4V 
surfaces integrated with silver. 

2. Materials and methods 

2.1. Powder mixed electrical discharge machining (PMEDM) 

The principle of the PMEDM surface modification is shown in Fig. 1. 
In the plasma channel of the discharge, temperatures over T = 10,000 K 
prevail locally, which leads to melting and evaporation of the tool 
electrode and work piece materials as well as silver powder particles 
admixed in the dielectric fluid. After the re-solidification process, the 
modified layer, formed by a series of overlapping craters, contains 
combined materials from the work piece, tool electrode and silver. Silver 
is transferred to the modified layer through the four mechanisms im
plantation, alloying, attachment and spattering as represented in Fig. 1 
[26]. 

During PMEDM, the distribution of silver powder in the machining 
gap plays a vital role in the distribution of silver deposited in the 
modified surface. The use of cylindrical tool electrodes with side flush
ing results in non-uniform distribution of the deposited silver, whereby 
the silver contents tends to decrease from the outer edge to the center of 
the modified surface. This is due to the un-uniformity of silver powder 
distribution and flushing conditions in the machining gap [27]. This 
negative effect could be reduced by utilizing sheet tool electrodes 
without rotation in this study. Before machining, the work piece surfaces 
and tips of the tool electrodes were ground and then polished to achieve 
a flat surface and a roughness value of 1 μm Rz. 

The samples had a size of (10 × 10 x 1) mm3. For antibacterial and 
osseointegrative investigations three areas each with a size of (3 × 4) 
mm2 were modified on each plate. Experimental conditions and 

Fig. 1. Principle of the PMEDM surface modification [26].  

Table 1 
PMEDM experimental conditions and parameters.  

Machine Sarix T1-T4 μ-EDM machine 

Work piece  - Material: Ti–6Al–4V  
- Size: 10 mm × 10 mm x 1 mm 

Tool electrode  - Material: Ti–6Al–4V  
- Sheet electrodes, sizes (W x H): 
3 mm × 1 mm 
12 mm × 1 mm 

Dielectric fluid HEDMA111 
Powder added to dielectric  - Material: Silver 99.9%  

- Particle size: (50 … 60) nm  
- Concentrations: 15 g/l, 17.5 g/l and 20 g/l 

Discharge energies 10 μJ, 55 μJ and 125 μJ 
Polarity Positive at tool electrode  
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parameters of the PMEDM process are shown in Table 1. 

2.2. Surface characterization 

Each sample was cleaned in an ultrasonic bath filled with ethanol at 
room temperature for 10 min, and then air dried. The surface topog
raphy and composition was analyzed using a scanning electron micro
scope (SEM) and energy dispersive X-Ray spectroscopy (EDS) (Thermo 
Fisher Scientific, Waltham, MA), as well as a ZEISS EVO MA 10 (Carl 
Zeiss Microscopy GmbH, Jena, Germany). The roughness was measured 
using a μsurf expert confocal microscope (NanoFocus AG, Oberhausen, 
Germany). The measuring field of 1280 μm × 320 μm was acquired with 
a 50x magnification objective offering a lateral resolution of 267 nm and 
a vertical resolution of 4 nm. Roughness parameters according to DIN 
EN ISO 25178-2 such as the arithmetic average roughness (Sa) and 
average maximum profile height (Sz) were measured. 

The mechanical properties of the modified layer were investigated 
using nano-indentation experiments according to DIN EN ISO 14577–1/- 
4 (NHT3 from Anton Paar GmbH, Graz, Austria). A Berkovich diamond 
indenter with a centerline-to-face angle of 65.3◦ ± 0.3◦ was used to 
evaluate the hardness and indentation modulus of the coatings. Quasi- 
static load-controlled measurements were performed with a constant 
load increasing rate of 24 mN/min to a maximum of 12 mN. In order to 
minimize substrate effects, the maximum indentation depth was kept to 
less than 10% of the layer thickness. 

For evaluation of depth dependent hardness, a dynamic mechanical 
analysis (DMA) was performed by nano-indentation tests (n = 6) in sinus 
mode. During the measurement the indentation force is increased up to 
500 mN with a constant load rate of 300 mN/min according to sinus 
function and a frequency of 5 Hz as well as an amplitude of 50 mN. 

The thickness of the modified layer was analyzed on cross-section 
samples. The samples were carefully ground, polished with a wet 
abrasive paper and afterwards chemically etched using Kroll solution. 
The cross-sectional shape of each sample was scanned using a Keyence 
VK9700 confocal 3D laser scanning microscope and analyzed with 
Keyence VK-analyser software. Fifty points per sample were analyzed, 
thus allowing for a calculation of an average thickness as well as stan
dard deviation. 

2.3. SEM and EDS analyses 

SEM and EDS surface area analyses were performed using a FEI Scios 
DualBeam (Thermo Fisher Scientific, Waltham, MA). Integral EDS ana
lyses of the surface area were conducted at a magnification of 200x at 10 
kV using a TEAM Trident System (EDAX, AMETEK GmbH, Weiterstadt, 
Germany). Elemental mappings were collected at a magnification of 
10,000x at 20 kV. 

2.4. Scratch tests 

The hardness of the surface layer was examined with a scratch test 
according to DIN EN ISO 20502 (Table 2). A Micro Scratch Tester (MST3 
Anton Paar TriTec SA, Peseux, Switzerland) was used. 

2.5. Cultivation with Staphylococcus aureus eGFP/mKikumeGR 

The staphylococcal strains SH1000/pSB2035 and SH1000/pMD303 
(both from AG Müller, IMKI University Hospital Magdeburg) were 
cultured as an overnight culture in Brain heart infusion (BHI) medium at 
37 ◦C and 150 rpm. A bacterial solution with an OD 1 was inoculated 
from this overnight culture. The PMEDM silver-coated samples were 
inoculated 1:1000 with bacteria from the overnight culture in 1 ml BHI 
medium. After incubation at 37 ◦C for 24h, the samples were washed 
twice with PBS and then inoculated with 1 ml of new BHI medium. This 
was followed by another incubation for 24h at the above conditions. The 
SH1000/pSB2035 samples were washed twice with PBS (Dulbecco) 
before and after fixation with 4% formaldehyde. 

2.6. Cultivation with Staphylococcus aureus/eGFP 

The Staphylococcus aureus strain SH1000/pSB2035 was cultivated 
and fixed on the PMEDM modified sample platelets according to the 
above-mentioned procedure. Due to the plasmid, encoding for the green 
fluorescent protein eGFP, the bacteria were visualized under the fluo
rescence microscope (Axio Observer, Carl Zeiss, Jena, Germany). 5 im
ages were taken per sample and the arithmetic mean values were 
calculated for these. The area of green fluorescence was measured using 
Image J. 

2.7. Cultivation of Staphylococcus capitis and long term antibacterial 
tests 

Staphylococcus capitis was cultured as an overnight culture in tryptic 
soy broth (TSB) medium at 37 ◦C and 150 rpm. A bacterial solution with 
an OD 1 was inoculated from this overnight culture. The PMEDM silver- 
coated samples were inoculated 1:10.000 with bacteria from the over
night culture in 1 ml TSB medium. After incubation at 37 ◦C for 24h, the 
samples were washed twice with PBS and then inoculated with 1 ml of 
new TSB medium. The medium was changed every second day. This was 
followed by another incubation for 7 days at the above conditions. The 
samples were washed twice with PBS (Dulbecco) before and after fixa
tion with 4% formaldehyde. The bacteria were stained with DAPI to 
visualize the adhering bacteria using a fluorescence microscope (Axio 
Observer, Carl Zeiss, Jena, Germany). 5 images were taken per sample 
and the arithmetic mean values were calculated for these. The area of 
green fluorescence was measured using Image J. 

2.8. Cultivation with mKikumeGR proliferation assay 

The Staphylococcus aureus strain SH1000/pMD303 (AG Müller, IMKI 
Uniklinikum Magdeburg) is transformed with a plasmid encoding for the 
green fluorescent protein mKikumeGr. The bacteria were cultivated 
according to the scheme described above. The mKikumeGr protein can 
be converted into a red fluorescent protein by 30 s photoconversion at a 
wavelength of 405 nm by a 2 × 2 LED diode [26]. The red fluorescent 
protein begins to gradually be diluted after photoconversion during 
proliferation, as proliferating bacteria can only express green fluores
cent mKikumeGr protein. Therefore, the proliferation rate can be 
determined from the ratio of the red and green fluorescent bacteria. 
After this photoconversion, the sample platelets were incubated in BHI 
medium for 60 min at 37 ◦C to allow for proliferation. Subsequently, the 
sample platelets were fixed with 4% formaldehyde for 30 min and 
washed with PBS. Images were acquired using a fluorescence micro
scope (Axio Observer, Carl Zeiss, Jena, Germany) using the 488 nm and 
555 nm filter set. The combined red and green channel was taken for 
analysis and the Fiji program in ImageJ was used. 

2.9. TUNEL staining for cell death 

To test the cell death influenced by silver, SaOs-2 cells were seeded 

Table 2 
Scratch tests parameters.   

linear Scratch 

starting force [N] 0.03 
end force [N] 10 (15) 
loading rate [N/min] 99.65 
scratch speed [mm/min] 4.99 
scratch path [mm] 1 (1.5) 
radius Rockwell diamond [μm] 100  
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on the silver surfaces. For this purpose, Ti–6Al–4V sample surfaces 
without PMEDM modification (control TAV surfaces) were used as well 
as coverslips for the positive and negative control. In order to keep the 
cells and the solutions of the kit on the surface, the surfaces were rim
med with sterile petroleum jelly. However, the cells were seeded with a 
cell number of 1 × 105 in a 24 well plate on the sample plates. For 
culturing RPMI medium with the addition of 10% FCS and 1% P/S was 
used. The cells were incubated for 24 h on the surfaces. The medium 
supernatant was removed from the platelet, and washed twice with 1x 
PBS. For staining the in situ cell death kit from Roche was used. 
Approximately 80 μl of TUNEL reagent was added to the surface of the 
platelets. For the positive control, the cells were previously stimulated 
with DNase. The reagent was incubated for 1h at 37 ◦C in the dark. 
Subsequently, the platelets were washed twice with 1x PBS and fixed for 
15 min at RT with formaldehyde, again the platelets were washed twice 
with 1x PBS. Followed by staining with DAPI (1:1000) and Phalloidin 
(1:100) in PBS. The images were taken using a fluorescence microscope 
(Axio Observer, Carl Zeiss, Jena, Germany). 

2.10. WST staining for cell viability 

To test the cell viability, SaOs-2 cells were seeded on the silver sur
faces, as a control TAV surfaces and glass coverslips were used. In order 
to keep the cells and the solutions of the kit on the surface, the surfaces 
were rimmed with sterile petroleum jelly. However, the cells were 
seeded with a cell number of 1 × 105 in a 24 well plate on the sample 
plates. For culturing RPMI medium with the addition of 10% FCS and 
1% P/S was used. The cells were incubated for 24 h on the surfaces. For 
the WST assay the assay Kit from Abcam was used. For staining, 10 ml of 
WST reagent was added to the platelets and mixed with the medium. 
This was followed by incubation for 3h at 37◦. For measurement, 100 μl 
of the supernatant was transferred to a new well plate and the absorp
tion was measured via Tecan at 430 nm. 

2.11. DHE assay for investigation of reactive oxygen species 

To investigate the reactive oxygen species the DHE assay Kit from 
Abcam was used. For the analyzation, the SaOs-2 cells were seeded on 
the silver surfaces, as a control TAV surfaces were used as well as cov
erslips for the positive and negative control. In order to keep the cells 
and the solutions of the kit on the surface, the surfaces were rimmed 
with sterile petroleum jelly. However, the cells were seeded with a cell 
number of 0.3 × 105 in a 24 well plate on the sample plates. For 
culturing RPMI medium with the addition of 10% FCS and 1% P/S was 
used. The cells were incubated for 24 h on the surfaces. The reagent were 
prepared as described in the Kit. The Antimycin A was used as positive 
control, while N-acetyl Cysteine was used for the negative control. For 
staining, the medium was removed from the surface and washed with 
80 μl of Cell-Based Buffer. Subsequently, 60 μl of the buffer was removed 
and 60 μl of the ROS staining solution was added. Additional, 8 μl of N- 
acetyl cysteine was added for preparing the negative control. The in
cubation was for 30 min at 37◦degrees. For the positive control, 10 μl 
Antimycin A was added and all samples were again incubated for 1h at 
37◦. After incubation, all platelets were washed with 100 μl Cell based 
Assay buffer. The sample plates were fixed with formaldehyde. Followed 
by staining with DAPI. The images were taken using a fluorescence 
microscope (Axio Observer, Carl Zeiss, Jena, Germany). 

2.12. ROX assay for investigation of the reactive oxygen species in 
Staphylococcus capitis 

To measure the reactive oxygen species in Staphylococcus, the 
S. capitis DSM 20326 was used. The bacteria were incubated overnight at 
37 ◦C and 150 rpm in TSB from a glycerol stock. After OD determination 
of 600 nm a culture with an OD of 1 was prepared. The silver platelets, 
TAV platelets and glass coverslips were inoculated in 1:100 in TSB 

medium, witch an end Volume of 1 ml. The samples were incubated at 
37 ◦C for 24h and washed twice with PBS. For the positive control the 
glass coverslips were incubated with 0.05% H2O2 for 2 min. For the 
staining the CellROX Oxidative Stress Kit deep red was used from 
ThermoFisher. In order to keep the solution of the kit on the surface, the 
surfaces were rimmed with sterile petroleum jelly. For the staining the 
CellROX reagent with a final concentration of 5 μM was added to the 
surfaces and incubated for 30 min at 37 ◦C. The cells were washed 3 
times with 1x PBS and fixed with formaldehyde. Followed by staining 
with DAPI. The images were taken using a fluorescence microscope 
(Axio Observer, Carl Zeiss, Jena, Germany). 

2.13. Osteogenic differentiation and alizarin red S assay 

SaOs-2 cells or bone marrow macrophages (BMM) from wildtype 
were differentiated into osteoblasts. The SaOs-2 cells from human os
teosarcoma cells were seeded with a cell number of 0.5x 105 in a 24 well 
plate on the sample plates. 3x 105 BMMs were seeded after isolation 
from murine femur and tibia bones with a cell count of cells. Cells were 
then treated with osteogenic medium (DMEM 0.2 mM ascorbic acid, 10 
mM glycerol phosphate, 10 nM dexamethasone) for 10 days. The me
dium was renewed three times per week. After discarding the medium, 
cells were fixed with 4% PFA for 30 min and washed with distilled water 
(dH2O). Staining was performed with Alizarin Red S solution (2g Aliz
arin Red S (Sigma-Aldrich, St. Louis, MO, USA) in 100 ml dH2O at pH 4) 
for 45 min. De-staining was performed with 50 μl cetylpyridium chloride 
(Sigma-Aldrich, St. Louis, MO, USA). After 5–10 min incubation time, 
the solution was transferred to a 96-well microplate and the absorbance 
was measured at 540 nm (Infinite F200 Pro, Tecan Group AG, Maen
nedorf, Switzerland). 

2.14. In vitro osteoclast differentiation 

For in-vitro osteoclast formation, we used bone marrow-derived 
macrophages (BMMs) as described before [35]. Briefly, bone marrow 
cells were cultured in α-MEM containing 10% fetal calf serum (Invi
trogen) and 50 ng/ml M-CSF (R&D) for 3 days to obtain BMM’s. BMM’s 
were cultured with 50 ng/ml M-CSF and 50 ng/ml RANKL (R&D). Me
dium was changed on day 4. On day 11, osteoclast-like cells were 
characterized by DAPI and Phalloidin staining. We counted the number 
of three or more DAPI-positive multinucleated cells. 

2.14.1. RNA extraction, cDNA synthesis, real-time RT-PCR 
Total RNA was extracted from differentiated osteoclasts using TRIzol 

reagent (Invitrogen). 1 ng of total RNA from each sample was reverse 
transcribed using High-Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems) using oligo dT primers. Quantitative polymerase 
chain reaction (PCR) was performed with SYBR Green I (SG) asym
metrical cyanine dye (SYBR) green using Applied Biosystems™ PRISM 
7900HT (Thermo Scientific). Absolute quantification was carried out 
using standard curves. Target gene expression was normalized to 
Glyceraldehyde-3-Phosphate Dehydrogenase (GAPDH).The following 
primers were used: TRAP (forward CGACCATTGTTAGCCACATACG and 
reverse TCGTCCTGA AGATACTGCAGGTT), Cathepsin K (forward 
GGAAGAAGACTCACCAGAAGC and reverse GTCATA
TAGCCGCCTCCACAG) and GAPDH (forward AGCAAGG ACACTGAG
CAAGAGAGG and reverse GGGTCTGGGATGGAAATTGTGAGG). 

2.15. Cleaning of the sample plates 

The samples were incubated for 10 min in 20% TCA, for 30 min in 
RIPA buffer and for 30 min in 0.05% trypsin at 37 ◦C in a sonication 
bath, before being incubated in 70% of EtOH. Between the steps, the 
sample plates were washed with distilled water. Following this washing 
procedure, the sample plates were placed under UV light overnight. 
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2.16. Galleria mellonella infection model 

Staphylococcus capitis was cultured as described before. The PMEDM 
silver-coated pins and non-modified control pins were inoculated 1:100 
with S. capitis from the overnight culture (OD 1) in 1 ml TSB medium. 
After incubation at 37 ◦C for 24h, the samples were washed twice with 
PBS and then implanted into Galleria mellonella as described before [36]. 
Briefly, the infected pins were implanted at the second proximal 
segment on the ventral side of the larvae. The larvae were kept at room 
temperature for up to 6 days and the number of living larvae was 
counted every day. 

2.17. Statistics 

All data were presented as mean ± SD. Data comparing two groups 
were analyzed by a t-test for statistical significance. Data with more than 
two groups were analyzed by a one-way ANOVA following a Dunnett’s 
test as post-hoc test in case of a statistically significant ANOVA result. 
Data analyses were performed using GraphPad Prism version 6.00 for 
Windows (GraphPad Software, La Jolla California USA, www.graphpad. 
com). Statistical significance was determined at level of P ≤ 0.05. 

3. Results 

3.1. Characterization of silver modified surface layer 

The distribution of silver embedded in the PMEDM modified surfaces 
using powder concentrations from 15 g/l to 20 g/l and discharge en
ergies from 10 μJ to 125 μJ was analyzed. Fig. 2A shows representative 

EDS analyses using nine different spectra spanning the total modified 
area. A quite uniform silver distribution (1.6 ± 0.2) % can be observed 
for all within the total modified area. Representative microscopic im
ages of the cross-sectional cut through the modified layers are shown in 
Fig. 2B. The thickness of the modified layer generated using the low 
discharge energy of 10 μJ was about 1.7+0.4

− 0.2 μm (thin layer). The use of 
55 μJ resulted in a surface layer thicknesses of 2.9+0.5

− 0.6 μm (medium 
layer) and 125 μJ of discharge energy resulted in 4.1+1.3

− 1.7 μm (thick 
layer). Therefore, a thicker layer was generated when higher discharge 
energy was applied. 

Top view SEM images of surfaces modified are shown in Fig. 2C. 
When applying higher discharge energy (from left to right), bigger 
craters were observed. Using backscattered electrons in the SEM anal
ysis, silver is shown as bright color on the surface. Regarding micro- 
cracks, although applying relatively low discharge energy, they are 
visible on all surfaces. 

Average silver contents of the samples with (10 × 10) mm2 and (3 ×
4) mm2 modified area sizes are shown in Fig. 2D. For the samples with 
(10 × 10) mm2 modified area size, according to the limited maximum 
size of EDS analysis, two EDS spectra each with a size of approx. (4 × 4) 
mm2 were performed on each sample and the average silver content was 
calculated from these two spectra. It can be seen that with suitably 
adapting powder concentration and discharge energy, modified layers 
containing relatively similar silver content are possible whereby modi
fied thicknesses can be varied. 

Using confocal microscopy the surface roughness was analyzed. The 
average maximum profile height Sz shows higher values with increasing 
layer thickness and therefore increasing discharge energy. Representa
tive surface topographic images are shown in Fig. 3a. The arithmetic 

Fig. 2. (A) Distribution of deposited silver on the (10 × 10) mm2 modified area: (a) top view image of the sample surface; (b) analyzed silver contents of EDS spectra; 
sample modified using 17.5 g/l powder concentration and 55 μJ discharge energy. (B) SEM images showing the modified layers in cross-section after PMEDM using 
(a) 15 g/l, 10 μJ; (b) 17.5 g/l, 55 μJ and (c) 20 g/l and 125 μJ. (C) Top view SEM images of the modified surfaces using a backscattered electrons analysis: (a) 15 g/l, 
10 μJ; (b) 17.5 g/l, 55 μJ and (c) 20 g/l and 125 μJ. Arrows point on microcracks. (D) Average silver contents (Mean ± SD) of the investigated sample surfaces 
modified by applying different powder concentrations (g/l) and discharge energies (μJ): upper panel: samples with (10 × 10) mm2 modified area size; Lower panel: 
samples with (3 × 4) mm2 modified area size. 
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average roughness Sa of the thin layer showed the lowest roughness of 
Sa = 0.175 ± 0.003 μm, which is similar to the unmodified TAV control. 
The thick layer shows the highest roughness of Sa = 0.75 ± 0.05 μm, 
which is four times higher in comparison to the TAV control. The me
dium thick layers show a medium roughness of Sa = 0.35 ± 0.004 μm 
(Fig. 3B). Similar results were observed for Sz, which showed higher 
values with increasing layer thickness and therefore discharge energy 
(thin: Sz = 0.35 ± 0.18 μm; medium: Sz = 0.57 ± 0.17 μm; thick: Sz =
0.87 ± 0.1 μm (Fig. 3C). 

Scratch tests were carried out to test the adhesion of the modified 
surface layer using a Rockwell diamond indenter. A tendency was 
observed that with increasing layer thickness the forces for layer failure 
were increased, which varied between 5.69 ± 0.43 N for the thin layer 
P1 and 9.24 ± 0.23 N for the thick layer P7 (Fig. 3D). 

Nanoindentation tests (n = 6) with constant load (Fig. 3E) and dy
namic measurements in sinus mode (Fig. 3F) were used to analyze the 
hardness of the modified surface layers. All modified layers exhibit an 
increased hardness in the range of 830 HV (P1) - 1762 HV (P5) in 
comparison to the unmodified TAV control (500 HV). The medium thick 

layers P5 and P6 show the highest surface hardness values, whereas the 
surface hardness of the thick layer (P7 and P8) was comparably high. 

The dynamic measurements in sinus mode show that the hardness 
values of P7 and P8 declines less with a growing depth. At the depth 
range from 400 nm up to 2000 nm plates P7 and P8 exhibit the highest 
hardness values (Fig. 3F). 

3.2. Reduced attachment of Staphylococcus aureus to silver modified 
surface layer independent of layer thickness 

The quantification of Staphylococcus aureus (SH1000/pSB2035) 
adhesion to different silver modified surface layers is shown in Fig. 4. 
The S. aureus strain expresses a green fluorescent protein, therefore the 
green fluorescence on the surface represents attaching bacteria 
(Fig. 4A). The area of green fluorescence was measured for each image. 
An unmodified titanium aluminum vanadium (TAV) surface served as 
control sample. The samples were sorted according to the thickness of 
the silver modified surface layer in thin (light grey), medium (grey) and 
thick (white). The silver concentration for the tested samples was 
comparable (1.27%–2.59%) and is indicated in the upper left corner of 
the representative images (Fig. 4A). All silver-containing modified sur
faces resulted in a significant reduction of adhering S. aureus compared 
to the control surface (p < 0.05) (Fig. 4B). However, no difference was 
observed with regard to the layer thickness, as well as the minor changes 
in the silver concentration. 

To exclude an influence of the differences in surface roughness of the 
silver modified surface layer on the number of adhering bacteria the 
amount of attaching bacteria was also tested against the average Sa 
values (Fig. 4C). Again, the amount of adhering bacteria on the different 
silver modified surface layers were compared to the control surface (Sa 
0.150 μm). All three silver layers showed a significant decrease in 
adhering S. aureus (p < 0.0001) compared to the unmodified sample. As 
the Sa value for the unmodified control sample was comparable to the 
thin layer, no influence of the roughness on the number of adhering 
bacteria was observed. 

In a next step, we analyzed the long-term antibacterial capacity of 
the silver modified surface layer. This time we used S. capitis for the 
adhesion to different silver modified surface layers for 7 days (Fig. 4D). 
The samples were again evaluated according to the thickness of the 
silver modified surface layer (thin: light grey, medium: grey and thick: 
white). Again, the area of green fluorescence was measured for each 
image. All silver-containing modified surfaces resulted in a reduction of 
adhering S. capitis compared to the control surface after 7 days of in
cubation (Fig. 4D). However, only the amount of bacteria detected on 
the medium and thick surface layer was significantly reduced in com
parison to the unmodified TAV surface, that served as control sample 
(both p < 0.015). 

3.3. Silver does not inhibit the proliferation of attaching S. aureus 

In order to test the influence of the surface silver content on the 
proliferation rate of adhering bacteria we performed an mKikumeGR 
proliferation assay. We used the S. aureus strain SH1000/pmD303 con
taining a plasmid that encodes a photo convertible green fluorescent 
protein (Fig. 5). The bacteria were incubated for 24 h on the sample 
plates and subsequently photo converted and then incubated again for 
1h to measure the proliferation. During the photo conversion the green 
fluorescent protein is converted into a red fluorescent protein. During 
the proliferation a green fluorescent protein is produced, leading to a 
dilution of red fluorescence and an increase in green fluorescence in 
proliferating bacteria. Non-proliferating bacteria stay red fluorescent. 
Fig. 5A shows representative images of the mKikumeGR assay. The 
proliferation rate for each sample was normalized to the green fluores
cence before photoconversion (100%) and a red fluorescence as marker 
for photoconversion efficacy (0%). We calculated the ratio between red 
and green fluorescence as parameter for the proliferation rate. 

Fig. 3. (A)Representative 3D topographic images of the surfaces B) measured 
arithmetic average roughness (Sa) C) average maximum profile height (Sz) D) 
LC values from layer adhesion scratch-test (n = 3 ± SD) scratch test D) average 
indentation hardness constant load cycle (n = 6 ± SD) E) dynamic measure
ments in sinus mode with depth profiles (n = 6). The statistical analyses was 
performed using an ordinary one-way ANOVA with a Dunett’s post-hoc test. *p 
< 0.05, **p < 0.01,***p < 0.001, ****p < 0.0001. 
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Therefore, higher values correlate with higher proliferation rates and 
low values with low proliferation rates. Fig. 5B shows the comparison of 
the proliferation ratios for the tested samples. No significant difference 
between the silver modified surfaces and the control surface was 
observed with regard to the proliferation rate of S. aureus (Mean ± SD; 
control: 55.30 ± 5.26 thin: 50.07 ± 8.47, medium: 43.37 ± 5.00, thick: 
44.45 ± 5.09). When we investigated the oxidative stress induced by the 
silver integration into the surface we observed significantly more ROX 
positive bacteria on thick silver modified surfaces compared to the 
control (p = 0.0003) (Fig. 5C).We observed a trend of increasing ROX 
staining with increasing thickness of the silver modified layer, which did 
only reach statistical significance for the thick layer. 

3.4. Reduced osteoclast formation, but no influence of silver modified 
surface layers on in vitro ossification 

Since osteoclasts play an essential role in endoprosthesis integration 
and bone restructuring processes, bone marrow macrophages (BMMs) 
were differentiated by the addition of RANKL and M-CSF for 12 days to 
osteoclasts on the silver modified samples with the TAV control sample. 
We stained the osteoclasts with Phalloidin (red) to visualize the cyto
skeleton and DAPI (blue) for cell nuclei. Osteoclasts were defined to 

have more than five nuclei. Fig. 6A indicates the average numbers of 
osteoclasts on the different silver modified surface layers and the control 
sample. No osteoclast formation was observed on any silver modified 
surface, whereas on the control samples an average of 6.3 ± 0.33 oste
oclasts was counted (N = 3). The representative images show on the 
control (TAV) large osteoclasts on the surface with the typical formation 
of multinucleated cells (blue) that are clearly surrounded by the cyto
skeleton (red). On the right a representative picture of the silver surface 
modified sample without multinuclear cells being present is shown 
(Fig. 6A). To verify the observation that less or no osteoclasts are formed 
on the silver-modified surfaces, we performed a quantitative real-time 
PCR for osteoclast marker genes. We observed a significant reduced 
expression of tartrate-resistant acid phosphatase (TRAP) on silver 
modified platelets compared to the control surface (p = 0.003), as well 
as cathepsin K (p = 0.0004) (Fig. 6 B and C). 

To test the bone forming activity of osteoblasts on the silver coatings, 
human SaOs2 cells were incubated for 24 h on the different silver 
modified samples and the metabolic activity was analyzed using the 
WST assay. This assay gives a first indication about cytotoxic effects of 
the silver in the modified surface. No changes in the metabolic activity 
were observe, as indicated by changes in the WST assay depending on 
the silver modified surface (Fig. 6C). Furthermore, to exclude cytotoxic 

Fig. 4. Significant reduction of S. aureus attach
ment to silver modified surface layer independent 
of layer thickness. A) Representative images of the 
S. aureus/pSB2035 were taken, every green dot rep
resents one bacterium on the surface. The pictures 
were evaluated depending on the layer thickness and 
the surface roughness (μm). The pictures were taken 
with a magnification of 630 fold (scale bar: 20 μm). 
(B) For the quantification of the fluorescent area the 
values are normalized to the unmodified TAV control 
for each experimental setup (Mean ± SD). 5 images 
were taken per sample and the experiment was 
repeated in five independent setups (N = 5: n = 25). 
For the statistical evaluation a Kruskal Wallis test 
with Benjamini, Krieger and Yekultieri posthoc test
was used (C) Quantification of fluorescent area rep
resenting SH1000/pSB2035 attachment to silver 
modified surface layers evaluated depending on the 
surface roughness (Sa values). The values are 
normalized to the unmodified TAV control for each 
experimental setup (Mean ± SD). 5 images were 
taken per sample and the experiment was repeated in 
five independent setups (N = 5: n = 25). D.) Repre
sentative images of the S. capitis were taken, every 
green dot represents one bacterium on the surface. 
The pictures were evaluated depending on the layer 
thickness and the surface roughness (μm). The pic
tures were taken with a magnification of 630 fold 
(scale bar: 50 μm). For the quantification of the 
fluorescent area, the values are normalized to the 
unmodified TAV control for each experimental setup 
(Mean ± SD). 5 images were taken per sample and 
the experiment was repeated in five independent 
setups (N = 3: n = 15). For the statistical evaluation a 
Friedmann test with Benjamini, Krieger and Yekul
tieri posthoc test was used; *p < 0.05, **p < 0.01, 
***p < 0.001,****p < 0.0001.   
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effects, a TUNEL assay was performed to investigate cell death induced 
by the silver modified surfaces. No significant increase in TUNEL posi
tive cells were detected after incubation of SaOs-2 cells for 24 h on the 
different surfaces (Suppl Fig. 1). As silver has been shown to induce 
oxidative stress in cells, DHE assays were performed to evaluate the 
formation of reactive oxygen species (ROS) in SaOs-2 cells depending on 
the cultivation on the different silver modified surfaces. No significant 
effect on the ROS formation, as measured by DHE, was observed 
(Fig. 6D). Representative images of the positive and negative control, as 
well as the DHE staining of SaOs-2 cells on the different surfaces are 
given in the bottom panel. To investigate the bone forming activity of 
SaOs-2 osteoblast like cells, these cells were differentiated for 10 days 
under ossifying conditions on the different platelets. To quantify the 
amount of in vitro bone formation an alizarin Red assay was performed 
as shown on the left-handed diagram (Fig. 6E). Again, the samples were 
analyzed according to the thickness of the silver modified surface layer 
(normalized to TAV control). No significant effect of the silver modified 
surface layers on the osteoblasts mediated in vitro mineralization, as 
measured by the alizarin red assay, was observed. 

3.5. Silver modified surfaces exhibit a marked in vivo antibacterial 
capacity 

As a final proof of the antibacterial property of the investigated silver 
modified TAV surface, we performed an in vivo infected implant model 
using larvae of Galleria mellonella. These insect larvae were used as a 
model for implant associated S. capitis infections and to test in vivo 
biocompatibility. In preliminary experiments, we have shown that the 
larvae with 4–5 mm TAV pins that had a diameter of 0.8 mm were as 
active and viable as the non-implanted controls. The implantation of 
TAV pins did not cause adverse effects, such as metal toxicity, restricted 
mobility, negative impact on wound healing or melanisation at the site 
of implantation (Fig. 7 A). To investigate the potential antibacterial ef
fect, the silver modified and unmodified TAV pins were incubated with 
S. capitis and implanted in the larvae. We used unmodified TAV pins 
without prior incubation with bacteria as negative control. Our data 
clearly show that the survival of larvae was significantly increased with 
the silver modified implants compared to the implants without silver in 
the surface layer (F (2, 14) = 9.840; p = 0.0021). Without silver 
modification, most larvae were dead after 3 days, whereas about 60% of 
larvae with silver implants survived at this time. The experiment was 
aborted after 6 days. At this time point still about 25% of larvae with 
silver implants survived. 

Fig. 5. Silver does not inhibit the proliferation of 
attaching S. aureus (A) Representative images of 
SH1000/pMD303 on control or silver modified sur
faces. Every red dot represents a photo converted 
bacterium and every green dot shows a proliferating 
bacterium. The pictures were evaluated according to 
the layer thickness. The pictures were taken with a 
magnification of 630 fold (scale bar: 20 μm). (B) For 
the quantification, we analyzed the proliferation rate 
of SH1000/pMD303 on different silver modified 
based on the layer thickness compared to unmodified 
TAV controls (Mean ± SD). 5 images were taken per 
sample and the experiment was repeated in five in
dependent setups (N = 5: n = 25). The statistical 
evaluation was performed using a One-way ANOVA 
with Dunnett’s posthoc test. C) ROX assay for quan
tification of oxidative stress in adhering bacteria. For 
the quantification, we analyzed the ROX stained area 
on different silver modified based on the layer 
thickness compared to TAV controls (Mean ± SD). 5 
images were taken per sample and the experiment 
was repeated in five independent setups (N = 5: n =
25). The statistical evaluation was performed using a 
One-way ANOVA with Dunnett’s posthoc test (F (3, 
16) = 10.53; p = 0.0005). *p < 0.05, **p < 0.01, 
***p < 0.001,****p < 0.0001.   
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To verify the silver content in the manufactured implant pins, we 
analyzed the surface silver concentration using SEM-EDS. All samples 
contained more than 1.5% of silver, whereas only 0.45% of silver was 
detected in the samples without silver flushing (negative control) 
(Fig. 7B). 

4. Discussion 

PJIs are one of the most common reasons for revisions surgeries [1]. 
To reduce the incidence of PJIs, it has been suggested to coat endo
prosthesis materials with antibacterial substances, e.g. antibiotics or 
metals with antibacterial properties such as silver [37,38]. The anti
bacterial effect of silver has been investigated in vitro as well as in vivo in 
animal studies [24,39,40]. We have shown previously that even at low 
silver concentrations the amount of S. aureus attaching to the PMEDM 
silver modified surfaces was reduced in vitro [24]. However, whether the 
thickness of the silver layer produced by PMEDM affected the attach
ment of bacteria to the surface and whether the proliferation rate of the 
bacteria would also be reduced by silver was not investigated so far. 

Independent of the antibacterial effect of the modified implant 

surface, the biocompatibility, as well as surface characteristics and 
mechanical properties need to be considered [41]. It has been reported 
that Ag+ exhibited a cytotoxic effect in eukaryotic cells, especially 
osteoblast like cells [42–44]. A cytotoxic effect of these nanoparticles 
might be due to an initial Ag burst [45]. However, when applying 
PMEDM to integrate silver in the surface layer of the implant material no 
loose nanoparticles remain on the sample surface, but the silver incor
porated into the surface layer of the implant serves for antibacterial 
effects [24]. 

Our data indicate that, in comparison to the surface modified using 
cylindrical tool electrode that the utilization of sheet tool electrodes has 
significantly enhanced the uniformity of deposited silver distribution on 
the modified surface. The use of the cylindrical tool electrode in our 
previous study resulted in a silver distribution within the range of 6.6 ±
2.5% silver content has been reported when using powder concentration 
of 15 g/l and discharge energy of 10 μJ [24]. In this study a range of 1.8 
± 0.2% silver content was obtained using a sheet tool electrode with the 
same machining parameters, which indicates a more uniform silver 
concentration throughout the modified surface. 

The results of the surface characterization showed an increase in 

Fig. 6. Reduced osteoclast formation, but no in
fluence of silver modified surface layers on in 
vitro ossification. (A) The graph shows the statistical 
difference between the number of osteoclasts on a 
TAV control and the silver-containing samples; silver- 
containing samples are summarized under silver; N =
3; values are given with Mean ± SD, the statistical 
evaluation was performed using the Welch’s t-test; 
**p = 0.028. Representative images of osteoclasts 
from BMMs on TAV controls. The cells were stained 
with Phalloidin (red) to visualize the cytoskeleton 
and DAPI (blue) for the cell nuclei; a magnification 
400x (scale bar: 50 μm) was used. B.) Quantitative 
RT-PCR of TRAP expression in wt murine osteoclasts 
after 11 days of differentiation on silver-modified 
surfaces or the unmodified TAV control. GAPDH 
was used as housekeeping gene. The values are 
normalized to the control and analyzed using an un
paired t-test for statistical significance. C) Quantita
tive RT-PCR of cathepsin K expression in wt murine 
osteoclasts after 11 days of differentiation on silver- 
modified surfaces or the unmodified TAV control. 
GAPDH was used as housekeeping gene. The values 
are normalized to the control and analyzed using an 
unpaired t-test for statistical significance. D.) WST 
Assay for metabolic activity of SaOs-2 cell on the 
different silver modified samples. The experiment 
was repeated in five independent setups (N = 5). No 
difference in the metabolic activity was observed. The 
statistical evaluation was performed using a One-way 
ANOVA with Dunnett’s posthoc test (F (3, 19) = 0.42; 
p = 0.74). D.) The intensity of DHE staining was 
evaluated for each silver condition. 5 images were 
taken per sample and the experiment was repeated in 
five independent setups (N = 5: n = 25). The statis
tical evaluation was performed using a One-way 
ANOVA with Dunnett’s posthoc test (F (3, 16) =
3.078, p = 0.058). Representative images are shown 
for the positive control as well as the negative control 
(DAPI: blue, DHE: red). (F) Alizarin Red Ossification 
Assay of SaOs 2 cells was performed to calculate the 
calcification. No significant differences between the 
TAV control and the silver coatings were analyzed on 
different silver modified surfaces clustered based on 
the layer thickness and silver content compared to 
unmodified TAV controls (one-way ANOVA: with 
Dunnett’s post-hoc was performed; ns > 0.05). *p <
0.05, **p < 0.01,***p < 0.001,****p < 0.0001.   
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surface roughness for the medium and especially for the thick modified 
surface layers. This increase is due to the higher discharge energy, 
inducing bigger and deeper craters, as well as larger amount of the 
molten and re-solidified material, leading to a rougher surface. How
ever, the results for the layer hardness do not reflect this linear behavior. 
The hardness of all modified layers was significantly increased as 
compared to the substrate control value. The highest hardness was 
achieved at 55 μJ of discharge energy which resulted in a medium layer 
thickness. The layer thickness showed no systematic change due to the 
high standard deviations. 

The adhesion of modified layers on the substrate was investigated by 
scratch tests. Neither the thin, medium nor the thick layers showed an 
adhesion failure. However, the thickness of modified layers affects the 
force of scratches significantly, whereby the force tends to increase for 
thicker modified layers. 

In order to study the influence of the silver modified surface layer 
thickness and its roughness on the antimicrobial capacity, three 
different layer thickness with similar silver contents were produced. The 
thin layer had a thickness of 1.7+0.4

− 0.2 μm, the medium layer of 2.9+0.5
− 0.6 μm 

and the thick layer of 4.1+1.3
− 1.7 μm. The silver concentration within these 

layer was about 1.27%–1.77%. This range of silver concentration was 
chosen based on the previously published study showing a low attach
ment of S. aureus at this silver concentration and no further reduction of 
attaching S. aureus with higher silver concentrations [24]. The attach
ment of S. aureus was analyzed after 24h of incubation, reflecting a short 
term exhibition. At this time the bacteria would reach the stationary 
growth phase, where they stop growing but are still metabolically active 
[46]. As expected, all three thicknesses of surface layers resulted in a 
significant reduction (p < 0.0001) of adhering bacteria (Fig. 4). This 
observation is in line with a previous publication showing the inhibition 
of Staphylococcus spp. growth by silver [47,48]. 

The influence of the surface roughness on the adhesion of bacteria 
has already been proven in a number of other studies, as the surface 
roughness has been shown to be a critical determinant of bacterial 
attachment to implant surfaces [49,50]. We did not observe an influence 

of minor surface roughness changes on the attachment of bacteria in our 
experiments (Fig. 4B). The thin silver surfaces had an average Ra of 
0.175 μm, which was slightly increased in the medium group (Ra: 0.351 
μm) and the highest Ra value was measured on the thick layer with Ra of 
0.633 μm. No correlation of the surface roughness with the amount of 
adhering S. aureus was observed. This might be due to the fact that the 
roughness of our samples varies between Ra: 0.1–0.6 μm which is below 
the size of a bacterium (approx. 1 μm). Surfaces with higher roughness 
have been proposed to be very attractive for adhering bacteria [51]. 
Interestingly, the silver integrated in the surface layer could abolish the 
effect of the increased roughness. 

However, silver has also been described to inhibit bacterial cell di
vision and thereby proliferation [31]. To investigate the proliferation 
inhibiting effect of our silver modified surface we used the S. aureus 
mKikume strain (Fig. 5). This S. aureus strain expresses the photo 
convertible proliferation reporter mKikumeGR [52]. Our data showed 
that there was no significant influence of the silver modified surface on 
the proliferation rate of attaching S. aureus. This indicates that the silver 
content of the surface has no effect on the division of bacteria, and only 
inhibits their adhesion. A previous study described that silver ions were 
mostly released after the first hours of implantation [18]. However, the 
authors used a different silver modification setup, where silver ions were 
included in silica-based bioactive glass. As the silver ions in our study 
are alloyed in the surface material, no significant loss of silver ions over 
time is expected. It has been suggested that silver might inhibit the 
adhesion of bacteria by producing nanocurrents between precious and 
base metals within the alloy [53]. Due to the integration of silver in the 
titanium surfaces the proposed nanocurrents could have a long-term 
effect on the adhesion of bacteria. Our data confirm a long-term effect 
of our silver modified surface over seven days of culturing on the 
Staphylococcus adhesion, indicating that the silver ions alloyed in the 
surface layer have a long-term antibacterial effect (Fig. 4D). 

Silver has been described to have a cytotoxic effects which can lead 
to cell death of osteoblasts [54]. In contrast, other studies observed that 
a low concentration of silver had a positive effect on osteogenic 

Fig. 7. Silver modified surfaces exhibit a marked 
in vivo antibacterial capacity (A) Representative 
images of Galleria mellonella larvae at the respective 
time points during the in vivo implant infection model 
(day 2, 4 and 6). The dark brown larvae are dead, 
whereas the light brown larvae are alive. A beginning 
darkening of larvae (melanisation) at the implanta
tion site shows the spreading of infection and induc
tion of immune response. For the quantification, we 
analyzed the number of living larvae each day in 
three independent experiments (Mean ± SD). (N = 3: 
n = 6–12). The statistical evaluation was performed 
using a two-way ANOVA with Tukey posthoc test. (B) 
SEM images showing the implant pin (top left). The 
red square indicates the area for SEM EDX analyses of 
the modified layers in a top view. The average silver 
contents (Mean ± SD) of the investigated sample 
surfaces are given in the graph. p = 0.0005). *p <
0.05, **p < 0.01,***p < 0.001,****p < 0.0001.   

H. Büssemaker et al.                                                                                                                                                                                                                           



Bioactive Materials 31 (2024) 497–508

507

maturation [55]. To test the effect of the PMEDM modified silver sur
faces on the bone forming capacity of osteoblasts we used the SaOs2-cell 
line. Saos-2 as well as MG-63 are frequently used osteosarcoma cell lines 
as model systems for investigating osteogenic cell behavior on different 
biomaterials. These cell lines have the capacity to undergo osteoblastic 
differentiation in response to osteogenic medium incubation without the 
variability of human or primary cells [56]. SaOs2 cells are an established 
model for ossification assays on implant materials [57]. SaOs2 cells were 
grown for 10 days on silver surfaces under ossifying culture conditions, 
as a control a Ti–6Al–4V surface was used. The bone formatting capacity 
was analyzed using the Alizarin-Red-Assay. No significant difference 
was found between the control and silver surfaces (Fig. 6). Overall, it 
was shown that silver had no negative effect on the bone formation. 
Suggesting, that the silver surfaces having a similar biocompatibility 
with regard to the calcification compared to the control surface. This is 
in line with previous studies, that even described a positive effect on cell 
spreading using the osteoblastic cell lines MG63 and MC3T3 [58,59]. 
However, osteoblasts also showed increased cell stress after incubation 
with silver nanoparticles stabilized in a matrix for 21 days [48]. No 
increase in osteoblastic cell stress was observed on the silver integrated 
surface layers of this study. Neither the WST assay for metabolic activity, 
nor the TUNEL-assay for cell death and additionally the DHE assay for 
oxidative stress showed a significant difference between the control and 
the silver modified surfaces using SaOs2 cells. We think that the reason 
for this observation is the low amount of silver ion release from the 
surface layer due to the fact that the silver is alloyed into the TAV alloy 
during the PMEDM process. Furthermore, there are studies indicating 
that bacteria are more sensitive towards silver compared to eukaryotic 
cells [60,61]. This fact could explain the induction of oxidative stress in 
bacteria, whereas no such effect was observed in osteoblast-like cells. 

The interaction of osteoblasts and osteoclasts is important for the 
process of bone remodeling. However, an increased formation of oste
oclasts would result in increased bone resorption and bone loss around 
the implant [51]. Silver nanoparticles have been previously described to 
the inhibition of osteoclast formation [62,63]. Therefore, we wanted to 
investigate how the silver modified surfaces impact on the osteoclast 
differentiation. In contrast to the titanium surface, no osteoclasts formed 
on the silver modified surfaces (Fig. 6A). This observation was corrob
orated by the fact that less osteoclastic marker genes were expressed by 
the cells on the silver modified surface compared to the TAV surface 
(Fig. 6B and C). This finding indicates that there would be no induction 
of osteoclast formation, but equal amounts of osteoblast function, that 
might result in a better osseointegration of the silver modified implant 
materials. 

In a final experiment, we investigated the in vivo antibacterial ca
pacity of the silver modified surface using S. capitis incubated TAV pins 
in the Galleria mellonella implant model [36,64]. Our experiments show 
that the survival of Galleria mellonella larvae was significantly increased 
with infected silver modified surface pins compared to infected TAV 
pins. These data indicate that indeed the PMEDM silver surface modi
fication can reduce periprosthetic infections (Fig. 7). 

5. Conclusion 

We show that already small amounts of silver exhibit a significant 
antibacterial capacity, while at the same time the osseointegrative 
function of osteoblasts on the modified surface is not negatively influ
enced. There might even be a positive effect due to the reduced amount 
of osteoclasts formed on the silver modified surface. Therefore, PMEDM 
using silver nano-powder admixed to the dielectric represents a prom
ising technology to shape and concurrently modify implant surfaces to 
reduce infections while at the same time optimizing bone ingrowth of 
endoprosthesis. 
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