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Abstract

In prosthetic joint surgery, Ag coating of implant areas in direct contact with bone has been met with hesitation 
for fear of compromising osseointegration. The physicochemical, antibacterial and osteoconductive properties 
of three different Ti samples were studied: Ti6Al4V alloy that was grit-blasted (GB), Ti6Al4V alloy with 
an experimental Ti-Ag-nitride layer (SN) applied by physical vapour deposition (PVD) and commercially 
available PVD-coated Ti6Al4V alloy with a base Ag layer and a surface Ti-Ag-nitride layer (SSN, clinically 
known as PorAg®). Ag content on the surface of experimental SN and SSN discs was 27.7 %wt and 68.5 % wt, 
respectively. At 28 d, Ag release was 4 ppm from SN and 26.9 ppm from SSN substrates. Colonisation of discs 
by Staphylococcus aureus was the highest on GB [944 (± 91) × 104 CFU/mL], distinctly lower on experimental 
SN discs [414 (± 117) × 104 CFU/mL] and the lowest on SSN discs [307 (± 126) × 104 CFU/mL]. Primary human 
osteoblasts were abundant 28 d after seeding on GB discs but their adhesion and differentiation, measured by 
alkaline-phosphatase production, was suppressed by 73 % on SN and by 96 % on SSN discs, in comparison 
to GB discs. Thus, the PVD-applied Ag coatings differed considerably in their antibacterial effects and 
osteoconductivity. The experimental SN coating had similar antibacterial effects to the commercially available 
SSN coating while providing slightly improved osteoconductivity. Balancing the Ag content of Ti implants 
will be vital for future developments of implants designed for cementless fixation into bone.

Keywords: Silver, titanium, osteoconductivity, arthroplasty, periprosthetic joint infection, human osteoblasts, 
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of Ag released into surrounding compartments and 
antimicrobial properties against clinically relevant 
bacterial strains (Politano et al., 2013; Romanò et al., 
2015; Wyatt et al., 2019). Most in vitro studies use 
laboratory strains from the ATCC, examples are 
MRSA (ATCC 43300 or EDCC 5247), Staphylococcus 
epidermidis (SE RP62A, ATCC 35983 and DSM 18857), 
Pseudomonas aeruginosa (PA 01 or ATCC 9027), S. 
aureus (ATCC 6538, 12600 or 29213), Streptococcus 
sanguinis (NCTC 10904) or Escherichia coli (NRBC3972) 
(Amin Yavari et al., 2016; Ando et al., 2010; Besinis et al., 
2017; Das et al., 2008; Devlin-Mullin et al., 2017; Funao 
et al., 2016; Khalilpour et al., 2010; Kose et al., 2013; 
Trujillo et al., 2012; Zhao et al., 2011). These strains 
have been isolated from skin lesions, nasopharynx 
and wounds but not specifically from patients with 
orthopaedic infections, raising questions around the 
validity of these models in the context of PJI research.
 There is relatively little information on how Ag-
coated Ti surfaces interact with OBs, but this question 
is of high interest if uncemented fixation of Ag-coated 
Ti implants intended for direct bone contact were 
to be used. hOB adhesion to Ag-coated Ti surfaces 
would be crucial to achieve solid secondary stability 
in the host bone but most experimental studies on 
Ag-coated Ti have used OB-like cell lines but not 
hOBs (Spriano et al., 2018).
 The use of hOBs together with patient-specific 
bacterial strains would help the understanding of the 
clinical efficacy of Ag-coated Ti implants and unravel 
their interactions with cells and bacteria, but no such 
study has hitherto been performed (Devlin-Mullin 
et al., 2017; Hardes et al., 2007b; Spriano et al., 2018). 
Thus, the present study explored the physicochemical 
and biological properties of two different Ag coatings 
of Ti, one commercially available (PorAg®) and one 
experimental, and compared them to a GB Ti alloy 
(PoroLink®). PorAg® is a relatively thick dual-layer 
Ag coating, but it is not present on parts of the 
implant that are intended for bone ingrowth. The 
experimental Ag coating that has not yet been in 
clinical use is thinner, as it lacks the base Ag layer, 
and has the objective of maintaining antimicrobial 
effects while potentially enabling cementless fixation 
in the host bone. To enhance the validity of the study 
models, a PJI-derived S. aureus strain was used to 
investigate the antimicrobial properties of these 
coatings, and adhesion and differentiation of primary 
hOBs on these samples were examined.

Materials and Methods

Three types of Ti6Al4V alloy-based discs, with a 
diameter of 12.5 mm and a thickness of 2 mm, were 
used for all experiments. The first group consisted 
of PoroLink®, GB Ti discs; the second group with the 
experimental coating, consisted of the same Ti6Al4V 
alloy, without grit-blasting, but instead featuring a 
monolayer of SN; the third group consisted of Ti6Al4V 

XRD  X-ray diffraction
α-MEM  minimum essential medium Eagle
   alpha modification

Introduction

A key step in the pathogenesis of a PJI on implants 
is bacterial adherence and formation of biofilm. Ag 
coating of different metallic devices implanted into 
the human body is a common strategy for preventing 
the early stages of the biofilm formation process 
(Klasen, 2000; Spriano et al., 2018). In the context of 
orthopaedic surgery, these coatings should ideally 
fulfil the dual requirements of being both antimicrobial 
and osteoconductive, since their use is intended to 
inhibit bacterial proliferation without substantially 
interfering with the viability of surrounding bone 
tissue or with implant osseointegration (Albrektsson 
and Johansson, 2001; Hoover et al., 2017).
 Ti alloys, foremost Ti6Al4V, are commonly 
used in prosthetic joint surgery (Wang and Khoon, 
2013). Several Ag-coated Ti implants are in clinical 
use, such as the galvanically Ag-coated MUTARS® 
(Implantcast) tumour prostheses, the PorAg® 
(Waldemar Link) coating applied on MegaC® 
(Waldemar Link) hip or knee megaprostheses by 
PVD and the Agluna® (Accentus Medical) coating 
of Stanmore tumour prostheses that carries the least 
amount of Ag (Fiore et al., 2020). Such implants seem 
to reduce the risk of a PJI but conclusions are mainly 
based on retrospective, uncontrolled cohort studies 
with limited sample sizes (Wyatt et al., 2019). In a 
recent observational study comparing Ag-coated 
and non-Ag-coated MUTARS® prostheses of the 
proximal femur, PJI rates were 9.4 % in patients 
treated with Ag-coated and 14.3 % in patients with 
uncoated implants (Streitbuerger et al., 2019). In a 
similarly designed study on the same implant, the 
incidence of a PJI was 8.9 % after use of Ag-coated 
megaprostheses of the proximal tibia, while it was 
16.7 % among patients within the non-Ag-coated 
implants (Hardes et al., 2017). The PorAg® coating 
also conferred a relatively low risk of developing a 
PJI; however, this was observed in a non-comparative, 
rather heterogenous study design (Scoccianti et al., 
2016). A case-control study of 170 patients (Wafa et al., 
2015) reported a 2-fold increase in PJI cases in a group 
of patients with non-Ag-coated implants compared 
to those receiving Ag-coated Agluna® implants (22 % 
vs. 11 %). Except for asymptomatic local argyria, 
toxic side effects seem to be rare (Glehr et al., 2013; 
Hardes et al., 2007a; Hussmann et al., 2013) and Ag 
coating of orthopaedic implants is, thus, deemed a 
reasonable approach to reduce the risk of developing 
a PJI (Hardes et al., 2010; Romanò et al., 2019). It has to 
be noted that all the above mentioned commercially 
available Ag coatings are only applied on parts of the 
implant that are not intended for direct bone contact.
 For clinically used implants, there are a limited 
amount of data on mechanisms of action, amount 
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alloy coated with the SSN coating, commercially 
known as PorAg® (patent number US8845751B2 
endoprosthesis component, 2014-09-30). All disc 
groups consisted of the same Ti6Al4V substrate and 
the Ag coatings were created by PVD. The discs and 
their coatings were manufactured by Waldemar Link 
GmbH & Co KG (Hamburg, Germany). In the SSN 
discs, the underlying Ag layer had a thickness of 
~ 1 μm, while the TiAgN on top was about 0.1 μm 
thick. According to the manufacturer, the molar 
fraction of Ag in the coatings was XAg = 10 % ± 2 % 
for SN and XAg = 20 % ± 4 % for SSN. All samples 
were sterilised by gamma irradiation prior to the 
experiments.

Material characterisation
Phase characterisation of the bulk samples 
was investigated by XRD using a D8 Advance 
diffractometer (Bruker) equipped with a Cu Kα 
anode and Ni filter and operated at 40 kV and 
40 mA. Data acquisition was performed in the range 
of 5-80° 2θ with a step of 0.02° and 1 s per step. The 
experimental patterns obtained were compared to 
those of Ti (JCDPS 44-1294), corundum (JCDPS 01-
085-1337), Ag (JCDPS 01-1164) and Ti nitride (JCDPS 
38-1420). Surface morphology was investigated by 
SEM (Merlin, Zeiss) and chemical composition by 
EDX for each substrate. Measurements of surface 
roughness were carried out using white light 
interferometry (NexView ZYGO, Ametek Inc, 
Weiterstadt, Germany) on each sample (4 samples for 
each material), scanning a surface of 1.68 × 1.68 mm2 
at 4 different sites for each single sample. The average 
results were computed for both the profile average 
height (Ra) and the area profile average height (Sa).

Colonisation of discs with S. aureus
The discs were colonised with the S. aureus strain 
AN-1400743, which was isolated from a PJI patient 
previously treated at the University Hospital of 
Uppsala. For each experiment, the strain was thawed 
and incubated overnight on blood agar. Then, 1 μL 
of bacterial isolate, defined by the use of a 1 μL 
loop, was added to 4 mL of sterile 0.9 % wt NaCl 
solution (Sigma-Aldrich), further diluted by a factor 
of 50,000 in sterile 0.9 % wt NaCl solution and finally 
diluted another 10-fold in TSB, creating the bacterial 
suspension used for subsequent experiments. To 
calculate the number of bacteria present in this 
suspension, 100 μL aliquots of the suspension were 
incubated on blood agar for 24 h at 37 °C and the 
mean viable bacterial yield was 857 ± 298 CFU/mL.
 The discs were placed in a 50 mL sterile centrifuge 
tube that contained 3 mL of the final bacterial 
suspension. As a control for each tested group, 
one disc was incubated with 3 mL of bacteria-free 
TSB. Discs were incubated at 37 °C (Termarks, 
B9130, Bergen, Norway) with the original bacterial 
suspension for 24 h, 72 h and 10 d to find the optimal 
incubation time. To remove non-adherent bacteria, 

the discs were rinsed twice in 10 mL sterile 0.9 % 
NaCl solution.

Fluorescent assay for biofilm viability
The biofilm that had been formed after the incubation 
was stained using the LIVE/DEAD™ Biofilm Viability 
Kit according to the manufacturer’s instructions 
(LIVE/DEAD BacLight Bacterial Viability Kit, Thermo 
Fischer Scientific). Briefly, 150 μL of the nucleic acid 
staining solution (3 μL/mL SYTO®9 and 3 μL/mL 
PI) dissolved in distilled water was added onto the 
previously colonised Ti discs and incubated at room 
temperature for 30 min in the dark. The excess dye 
was aspirated, the sample gently rinsed with sterile 
saline solution and fluorescence was analysed by 
confocal laser scanning microscopy (Carl Zeiss LSM 
700). SYTO®9 was excited at 488 nm and emission 
measured at 540 nm; PI was excited at 555 nm and 
emission measured at 590 nm. The intensity was set 
at 2 % of the laser power and the object was observed 
with a pinhole diameter of 1 AU. For each disc, three 
random positions were scanned and acquired images 
were processed using Fiji software (Web ref. 1).

Biofilm detachment assay and colony quantification
Enzymatic detachment was performed for the 
quantification of biofilm formation using S. aureus, 
as previously described by Doll et al. (2016). 4 mg/mL 
collagenase type I and 2 mg/mL dispase type II were 
dissolved in PBS and 600 μL were transferred to each 
well containing a single disc. The implant discs were 
left in the shaker at 37 °C and 220 rpm for 2 h. After 
incubation, the implants were vortexed for 2 min to 
completely detach adherent bacteria, the supernatant 
was serially diluted (10-fold, 100-fold, 1,000-fold and 
10,000-fold) in sterile saline and aliquots of 100 μL 
were plated on blood agar. After incubation for 
24 h at 37 °C, colonies were counted and the results 
were expressed as CFU/mL. To assess the efficacy of 
enzymatic detachment, an additional LIVE/DEAD™ 
assay of the discs was performed as above mentioned 
after enzymatic detachment.
 The presence of bacteria on the implant surface 
was assessed by SEM (Merlin, Zeiss, Germany) at an 
operating voltage of 3 kV and a working distance of 
6 mm after 24, 48 and 72 h of incubation. The discs 
were rinsed in PBS and immersed for 30 min at room 
temperature in 2.5 % glutaraldehyde in PBS (Sigma-
Aldrich). Afterwards, samples were rinsed with PBS 
and dehydrated through series of increasing ethanol 
concentrations (10, 30, 50, 70, 90 and 100 %). Finally, 
discs were coated with a 5 nm layer of Au/Pd and 
investigated by SEM.

hOB isolation and culture
All cells were isolated after approval by the Swedish 
Ethical Review Authority (approval number: 2020-
04462). hOBs were isolated from femoral heads of 
6 human donors undergoing hip replacement, as 
previously described (Helfrich and Ralston, 2012). 
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The finely diced bone fragments were placed in 
25 cm2 flasks containing α-MEM (GE Healthcare) 
supplemented with 10 % FBS (Sigma-Aldrich), 
2 mmol/L L-glutamine, 50 U/mL penicillin and 
50 μg/mL streptomycin (SVA, Uppsala, Sweden). 
The medium was refreshed weekly until the cells 
were approximately 90 % confluent (4-6 weeks). 
25 cm2 flasks were used for passage 1 and 2, while 
from passage 3, cells were cultured in 75 cm2 flasks. 
Passage 2 and 3 of hOBs were used for cell culture 
experiments.
 Prior to seeding, the discs were incubated for 
24 h at 37 °C and 5 % CO2 in 24-well plates (1.9 cm2/
well) in α-MEM supplemented with 10 % FBS 
and 1 % penicillin/streptomycin. The next day, 
cell medium was removed and 1 mL of the cell 
suspension containing 105 cells was added onto the 
discs. Wells without discs were seeded similarly 
and used as internal controls. The seeded discs were 
incubated with cell medium for 7 d without medium 
exchange. After 7 d, the cell medium was replaced 
with osteoinduction medium based on the above cell 
medium but with the addition of β-glycerophosphate 
(10 mmol/L; Sigma-Aldrich), ascorbic acid (50 μL/
mL; Sigma-Aldrich) and dexamethasone (100 nmol/L; 
Sigma-Aldrich) and exchanged once every 7 d for the 
remaining 3 weeks, giving a total culture time of 4 
weeks.

Assessment of hOB adhesion and differentiation
The seeded discs were transferred to new 24-well 
plates and washed with 1 mL PBS once, before adding 
400 μL lysis buffer (C2978, Sigma-Aldrich). Then, the 
multiwell plates were placed on a shaker for 15 min at 
room temperature and cell lysates were collected and 
used for further measurements. Cell adhesion was 
quantified by LDH reaction (TOX7, Sigma-Aldrich) 
according to manufacturer’s specifications. To assess 
cell viability, intracellular LDH was measured from 
cell lysates. Briefly, 100 μL of LDH solution were 
added to 50 μL of cell lysate and incubated at 37 °C 
for 30 min, followed by absorbance measurement at 
490 and 690 nm using a spectrophotometer (Tecan, 
Männedorf, Switzerland). Cell differentiation was 
investigated by ALP concentrations in cell lysates. 
Briefly, 100 μL of ALP substrate (Sigma-Aldrich) was 
added to 50 μL of cell lysate and incubated at 37 °C 
for 30 min before measuring absorbance at 405 nm 
wavelength. ALP and LDH values for each sample 
were normalised to the control values corresponding 
to cells cultured in the absence of discs.
 Cellular cytoskeletons and nuclei were investigated 
using fluorescence microscopy after 4 weeks of 
culture. For phalloidin staining of the cytoskeleton, 
the seeded discs were transferred to a 24-well plate 
containing 1 mL PBS per well. Cells were fixed 
with 4 % buffered formaldehyde for 10 min. 100 μg 
phalloidin (P1951, Sigma-Aldrich) were dissolved 
in 95 % ethanol to a concentration of 50 μg/mL. The 
formaldehyde-fixed cells were permeabilised using 

0.1 % Triton X-100 (USB Corporation, Cleveland, 
OH, USA) for 5 min and then 40 μL of the phalloidin 
solution were added per well. The plates remained 
at room temperature for 40 min, then discs were 
rinsed twice with PBS and 1 mL of DAPI (Life 
Technologies) stain was added to each well. For discs 
where only DAPI staining was performed, cells were 
not permeabilised with Triton X-100. After 60 min 
incubation at room temperature in the dark, the 
DAPI solution was removed by aspiration and the 
discs were rinsed twice with PBS. The plates with 
the discs were immersed in PBS solution and stored 
at 4 °C until microscopy imaging was performed.

Image acquisition and analysis
The discs were analysed using a Leica inverted 
microscope (Leica DMi8, Microsystem CMS GmbH, 
Wetzlar, Germany) using Leica Application Suite X 
(LasX, Leica Microsystems) software. 5 images per 
disc were acquired using a 20× objective at a mean 
exposure of 18-20 ms and a gain of 10 AU. Focus 
depth correction was applied due to cell dispersion 
along the Z-axis. CellProfiler software (version 3.1.8, 
Broad Institute, Cambridge, MA, USA) was used to 
quantify cell numbers by counting the DAPI positive 
nuclei per image using an adapted pipeline. Briefly, 
cellular nuclei were identified after all non-elliptical 
shapes were eliminated and luminosity correction 
filters were applied. A global threshold was used for 
the identification of primary objects.

Ag release
The Ag ion release into the supernatant from GB, 
SN and SSN discs seeded with hOBs was quantified 
by ICP-OES (Avio 200, PerkinElmer) at specific time 
points (1, 2, 3, 5, 7, 9, 14, 19, 21, 26 and 28 d). The 
measurements were conducted under Ar plasma at 
a flow rate of 1 mL/min. Calibration was performed 
using dilutions of stock standard solutions (1 μg/mL, 
10 μg/mL and 100 μg/mL). The supernatants from 3 
specimens (n = 3) of each sample type were collected 
at each time point and analysed by ICP-OES using 
dilutions into 2 % HNO3. A blank containing cell 
medium both with and without cells was included 
as matrix standard. Data are presented as cumulative 
and non-cumulative Ag release for each investigated 
time point.

Statistics
Data distribution was described using mean, 
median, interquartile range and standard deviation. 
For comparisons of mean between groups, one-
way ANOVA followed by pairwise t-test using 
the Benjamini-Hochberg method was carried out 
and the level of significance was set at p < 0.05. If 
the assumption of homogeneity of variances was 
violated, as determined by Levene’s test, Welch’s 
robust test was performed. R software version 3.6.1 
(Web ref. 2) and the packages ‘’readx1’’, ‘’dplyr’’, 
‘’Hmisc’’, ‘’car’’ and ‘’Gmisc’’ were used.
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Results

Material characterisation
Phase characterisation by XRD (Fig. 1a) showed typical 
α-Ti peaks for all substrates. GB discs showed peaks 
corresponding to Al oxide consistent with the grit-
blasting process that is performed using corundum. 
The two Ag coatings differed in composition: the 
experimental SN discs showed peaks of Ti together 
with Ag and nitride, while SSN substrates depicted 
highly crystalline phases of Ti and Ag. The colour 
mapping of surface elemental contents investigated 
by EDX (Fig. 1c; green: Ti; blue: Ag; red: nitrogen) 
further evidenced the difference in compositions. GB 
contained Ti together with Al, V, O and C, whereas 
both Ag-coated Ti substrates contained mainly Ti, 
Ag and N. Ag constituted 27.7 % of the total material 
mass on the surface of SN discs, amounting to less 
than half the amount of Ag measured on SSN discs 
that contained 68 % of surface mass (Fig. 1b). SN 
featured Ag clusters whereas SSN showed a more 
homogenous distribution of Ag (Fig. 1c). Cumulative 
Ag release analysed by ICP was higher from SSN 
compared to SN discs (Fig. 1d). GB discs were also 
analysed, but no Ag release was detected (data not 
shown). After 4 d, the Ag release for both Ag-coated 
discs yielded approximately 3-6 ppm. After 5 d, SSN 
Ag release increased substantially, while SN reached 

a steady release after 9 d of approximately 4 ppm. 
SSN discs’ release increased along with the cell 
culture time, reaching values up to 26.9 ppm at 28 d.
 The  surface  morphology,  assessed by 
interferometry, indicated higher surface roughness 
of GB discs (Fig. 1b, 2b,d), compared to the Ag-
coated discs (Fig. 2h,l), and larger surface grains 
(Fig. 2c,g,k). GB discs had a Ra of 12.5 μm and Sa of 
14.41 μm. The microstructure of both Ag coatings 
varied substantially despite having similar surface 
roughness values. SN, with a surface roughness 
(Ra) of 1.75 μm exhibited heterogeneous pores (Fig. 
2f) with small grains (Fig. 2g), while SSN with a 
surface roughness (Ra) of 1.79 μm had homogenously 
distributed circular pores (Fig. 2j) and larger grains 
than SN (Fig. 2k).

Assessment of antimicrobial activity
After incubation of discs with planktonic (i.e. freely 
floating) S. aureus, bacteria adhered, became sessile 
and initiated the formation of a biofilm. On uncoated 
GB discs there was a noticeable increase in the area 
covered by biofilm after 72 h of incubation, followed 
by a less dynamic progression up to 10 d (Fig. 3a). The 
most noticeable difference between 72 h and 10 d was 
the number of dead bacteria, which was increased at 
10 d. The CFU yields (n = 2) of implants incubated 
for 24 h were lower in comparison to 72 h and 10 d. 

Fig. 1. Material characterisation of GB (PoroLink®), experimental SN coating and clinically used SSN 
(PorAg®). (a) XRD analysis of the surfaces showing crystalline phases. (b) Interferometry for surface 
roughness and quantitative % wt EDX results. (c) EDX colour mapping of the surface chemistry of 
experimental Ag-coated SN discs (left column) and commercially available SSN discs (right column). (d) 
Ag release as measured with ICP-OES (n = 3); hollow points are presenting the Ag release for each day; 
full points are presenting the cumulative release.



MG Kontakis et al.                                                                                                                        Silver-coated titanium

699 www.ecmjournal.org

In addition, the differences between CFU yields after 
72 h and 10 d were moderate (Fig. 3b). On GB discs, 
1,017.5 × 104 CFU/mL (± 140.7 × 104) were counted 
after 72 h, with a very modest and statistically non-
significant increase to 1,097 × 104 CFU/mL (± 89 × 104) 
after 10 d (p = 0.61). On SN discs, 398 × 104 CFU/mL 
(± 21.2 × 104) were counted after 72 h, as compared to 
506.5 × 104 CFU/mL (± 43.1 × 104) after 10 d (p = 0.18) 
On SSN discs, 288.5 × 104 CFU/mL (± 10.6 × 104) 
were counted after 72 h and 409.5 × 104 CFU/mL 
(± 125.1 × 104) after 10 d (p = 0.47). For that reason, 
further microbiological assays were read out after 
72 h, which were based on 7 biological replicates, 
each performed in triplicate.
 The SEM images at 24 h, 48 h and 72 h evidenced 
a smaller amount of bacterial colonisation on SSN 
discs, with slightly more colonisation being present 
on SN, while GB displayed the largest amount of 
adherent bacteria (Fig. 4). In the LIVE/DEAD™ assay 
of different disc types after 72 h, it became apparent 
that SN and SSN discs were covered by biofilm to 
a lesser extent than the uncoated GB discs (Fig. 5a). 
The increased number of dead bacteria in GB could 
be explained by higher total bacterial counts being 
present on GB discs when compared to SN and SSN 
discs. S. aureus biofilm formation on GB was more 
homogenous whereas it was disrupted on SN and 
SSN discs. The number of dead bacteria (indicated 
by red fluorescence) was larger on SSN discs than on 
SN.
 In the CFU yield assay following enzymatic 
detachment, the biofilm derived from GB discs after 
72 h contained the largest number of CFU/mL (Fig. 
5b). The mean CFU concentration derived from 
biofilm formed on GB discs was 944 × 104 (± 91 × 104) 
CFU/mL, while the concentration in biofilm formed 

on SN discs was 414 × 104 (± 117 × 104) CFU/mL 
(p < 0.01). Biofilm formed on SSN discs gave rise to a 
mean 307 × 104 CFU/mL (± 126 × 104), but the difference 
compared to the SN discs was not statistically 
significant (p = 0.052).

hOB adhesion and differentiation
hOBs visualised by DAPI/phalloidin staining 28 d 
after seeding showed very different densities and 
morphologies on the 3 investigated discs (Fig. 6). 
Cells on GB discs covered a larger area, producing a 
confluent monolayer, with round, prominent nuclei 
and typical cytoskeleton. On the SN discs, the cell 
layer was not always confluent and islands of cell 
aggregates with smaller, irregular nuclei were present 
in some areas. In SSN discs, the cells were sparse, 
had small nuclei and contracted cytoskeleton. They 
also had the tendency to form aggregates. Image 
analysis was used to quantify the observations above, 
supporting that GB discs were covered by a larger 
number of cells compared to SN and SSN (Fig. 6). The 
presented results were based on technical duplicates 
or triplicates, with a total of 3 biological replicates. 
On GB discs, a larger mean number of 149 ± 43 cells/
image field was counted compared to 60 ± 55 cells/
image field on SN discs; however, this difference was 
not statistically significant (p = 0.057). Cell numbers 
on SN discs were considerably larger than on SSN 
discs, where a mean of 4 ± 3.6 cells/image field was 
found, despite not being statistically significant 
(p = 0.14). However, the difference in cell numbers 
was statistically significant between GB and SSN 
(p < 0.05).
 The following results were based on 4 biological 
replicates, with 2 to 5 technical replicates per 
biological replicate. LDH measurement from cell 

Fig. 2. Images of the different substrates obtained by SEM and 3D surface roughness maps obtained by 
interferometry. (a-d) Surface morphology of GB. (e-h) Surface morphology of SN. (i-l) Surface characteristics 
of SSN. 
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Fig. 4. SEM images of bacteria on GB, SN and SSN at different magnifications showing biofilm growth 
after 24, 48 and 72 h. 

Fig. 3. Biofilm viability assays at different time points. (a) LIVE/DEAD™ confocal images of GB samples 
after different incubation periods with an S. aureus strain (red-propidium iodide: dead bacteria; green-SYTO®9: 
live bacteria). Biofilm formation after 24 h, 72 h and 10 d. (b) Number of CFU/mL measured at different time 
points (n = 2) on the 3 investigated samples: GB, SN and SSN. 
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lysates (Fig. 7) was the highest after culture of hOBs 
on GB discs, with a mean of 1.08 ± 0.28 AU, compared 
to 0.49 ± 0.34 AU on SN (p < 0.05). LDH was the 
lowest in lysates from SSN discs, at 0.04 ± 0.04 AU, 
much lower than GB (p < 0.01). The difference in LDH 
measurement from hOB lysates that were cultured on 
SN or SSN was also statistically significant (p < 0.05). 
ALP release from cell lysates was the highest 
after culture of hOBs on GB discs, with a mean of 
0.60 ± 0.35 AU, compared to 0.16 ± 0.19 AU from 
hOBs cultured on SN and 0.02 ± 0.01 AU from hOBs 
cultured on SSN (Fig. 7). The difference in ALP release 
between GB and SSN was statistically significant, as 
was the difference between GB and SN (p < 0.05). SN 
and SSN were not statistically different (p = 0.41).

Discussion

Due to the antibacterial properties of Ag coating of 
orthopaedic implants, some consider using it as a 
means to prevent and possibly treat a PJI. However, 
since Ag ions confer a multitude of cytotoxic effects, 

adverse effects on the osteoconductive properties of 
Ag-coated Ti are a potential obstacle to the widespread 
use of this appealing method (Albers et al., 2013). In 
the present study, two different Ag coatings of Ti 
alloys, one clinically used (SSN, PorAg®) and one 
experimental (SN), were investigated and compared 
to a GB Ti alloy without Ag coating.
 Due to the grit-blasting process, GB discs had a 
higher surface roughness than the Ag-coated discs 
and analysis of the chemical surface composition 
of GB indicated the presence of alumina, reflecting 
the blasting procedure with corundum. The two 
investigated Ag coatings differed in composition 
and morphology, although they had a similar surface 
roughness. SSN discs had a considerably larger Ag 
content (more than double the amount) than the 
experimental SN counterparts, as illustrated by both 
XRD and EDX analysis. That could explain the larger 
Ag release from SSN surfaces, in comparison to SN.
 Moderate surface roughness (Ra: 1-2 μm) has been 
demonstrated to promote osteoblast adhesion and 
osteogenesis (Feller et al., 2015). On the other hand, 
higher surface roughness (Ra > 0.2 μm) correlates 

Fig. 5. Incubation of implant discs for 72 h, yield of colony forming units. (a) Dead bacteria in red (PI), 
live bacteria in green (SYTO®9). (b) CFU/mL count after 72 h of incubation on GB, SN and SSN discs (n = 7). 
The largest amount of biofilm was formed on GB discs as compared to the experimental SN coating and 
the commercial SSN. ** p < 0.01
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Fig. 7. Boxplot graphs of LDH and ALP production from the hOB lysates from GB, SN and SSN discs 
(n = 4). ** p < 0.01, * p < 0.05. 

Fig. 6. hOBs on GB, SN and SSN stained with DAPI (blue) for nuclei and phalloidin (green) for 
cytoskeleton. Boxplots showing cellularity per image field after quantitative image analysis (n = 3). * p < 0.05. 

with enhanced bacterial adhesion (Mas-Moruno 
et al., 2019), which is in agreement with the larger 
number of CFUs/mL present in biofilm derived from 
GB discs. GB, with the highest surface roughness of 
all investigated discs, allowed the largest number of 
CFU to form, followed by SN and SSN. Similarly to 
previous studies (Albers et al., 2013; Ewald et al., 2006), 
the antimicrobial activity of the coatings increased 
with higher Ag content. Ag release investigated in the 
supernatants up to 4 weeks showed that SSN released 
up to 6 times more ionic Ag than experimental SN 

coatings. Accordingly, the antimicrobial effect of SSN 
was stronger than that of SN, although the difference 
was not statistically significant. However, further 
studies are required to elucidate a dose-dependency 
between bactericidal effect and Ag-ion release.
 To date, clinically available Ag coatings are 
mostly applied on parts of the implants that are 
not in direct contact with host bone (Hardes et al., 
2007a; Hardes et al., 2017; Streitbuerger et al., 2019; 
Wafa et al., 2015), with the singular exception of the 
Kyocera® coating of cementless cups and stems for 
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use in primary total hip arthroplasty that contains 
extremely small amounts of Ag (Eto et al., 2015; 
Eto et al., 2016; Kawano et al., 2019). However, the 
presumed cytotoxic effects of Ag on OBs are of crucial 
importance if cementless fixation of Ag-coated Ti is 
considered. In vivo studies demonstrated that higher 
concentrations of Ag reduced bacterial colonisation 
of coated implants, however, with a concomitant 
negative impact on OB viability (Eto et al., 2015; Liu 
and Man, 2017; Spriano et al., 2018). This is supported 
by a study on Ti alloys sputtered with Ag that had 
antibacterial activity but lacked osteoconductivity 
(Wojcieszak et al., 2017). Liu and Man (2017) 
investigated thicker Ag coatings containing up to 
2 wt % Ag combined with hydroxyapatite on Ti 
alloys and found antibacterial activity against S. 
aureus with preserved osteoconductivity in a model 
using mice calvaria-derived bone cells. Prabu et al. 
(2015) found an Ag-dependent toxicity of Ag-coated 
Ti alloys using OB-like MG63 cells. With regard to 
Ag release, concentrations of Ag up to 5 ppm in 
simulated body fluid were found to be biocompatible 
while at the same time effective against S. aureus. In 
addition, a study on the effects of Ag nanoparticles 
in human mesenchymal stem cells showed a dose-
dependent reduction in ALP, osteocalcin and osteoid 
production after osteoinduction (Sengstock et al., 
2014). In line with these results, larger amounts of 
Ag on the surface of the discs, as investigated in 
the present study, reduced the number of hOBs on 
the disc surface. Experimental SN discs, releasing 
smaller amounts of Ag than the SSN discs coated 
with the established PorAG® coating, induced a 
67 % reduction in hOB numbers, while SSN reduced 
their numbers by 98 % when compared to the GB 
substrates. LDH measured in cell lysates reflected a 
cell viability reduction of 55 % in SN and 74 % in SSN 
when compared to the GB substrates. Similarly, ALP 
expression was reduced by 73 % in cell lysates from 
OBs that were seeded on SN and a 96 % reduction 
was observed on SSN when compared to the ALP 
expression of cells grown on GB. In addition to a 
decrease in cell numbers, cell shape seemed gravely 
affected on SSN discs, with OBs forming aggregates 
consisting of cells with small nuclei. These apoptotic 
hOB aggregates should not be confused with the 
bone-forming noduli that appear on rougher or 
hydroxyapatite-coated Ti surfaces (Eto et al., 2015; 
Ewald et al., 2006; Perizzolo et al., 2001). Thus, SSN 
had a detrimental effect on cell viability, whereas SN 
retained a strong antibacterial effect causing at the 
same time less harm to hOBs.
 Factors such as coating technique, layer thickness 
and implant surface modification are important in 
establishing a biofilm-inhibiting and at the same 
time osteoconductive interface. For instance, the 
canine model by Hauschild et al. (2015) constitutes an 
example of suppressed osseointegration of press-fit 
Ag-coated hip stems despite satisfactory roughness. 
The Ag coating was applied by PVD and it alternated 
with layers of a SiO𝑥C𝑦 polymer applied by CVD, as 

a strategy to minimise the release of Ag over time and 
sustain cell viability.
 Different coating techniques lead to different 
functionalities. In the experimental SN coating, Ag 
ions were integrated into the Ti and nitride layer, 
providing satisfactory antibacterial effects. Thus, 
adjusting the molecular fraction of Ag on Ti could 
lead to a reduced release of Ag ions that is more 
compatible with osteoblast survival and, thus, 
potentially applicable for cementless fixation. In 
contrast, the established coating with an intermediate 
Ag layer (SSN) underneath a superficial interrupted 
layer of AgTiN led to a prolonged and larger release 
of Ag ions with potentially negative effects on OBs. 
Therefore, SNN coatings are useful for parts of the 
implant that are not in contact with the bone.
 Eto’s group has explored the use of osteoconductive 
materials in combination with Ag (Eto et al., 2015). 
They used flame spraying to coat Ti rods with 
a powder containing hydroxyapatite and Ag. 
Interestingly, rods that contained hydroxyapatite 
with 50 wt % Ag had much lower anchorage strength 
than rods containing hydroxyapatite alone 2 weeks 
after press-fit implantation into rat femora, but 
that difference was abolished after 4 and 6 weeks. 
The same group showed that primary total hip 
arthroplasty implants coated with hydroxyapatite 
containing 3 wt % Ag (KYOCERA®, Kyocera Medical, 
Osaka, Japan) were both stable and infection-free, 
albeit in a small, non-comparative cohort (Eto et 
al., 2016; Noda et al., 2009). Bone ingrowth was 
histologically described on KYOCERA®-coated cups 
in 2 patients who had their implants revised for hip 
dislocation (Kawano et al., 2019).
 A strength of the present study was the use of 
primary hOBs derived from actual patients and not 
OB cell lines such as MG-63 or Saos-2, which each 
bears their own disadvantages (Czekanska et al., 
2012). Moreover, the use of an S. aureus strain that was 
isolated from an actual patient with a PJI added to 
the generalisability of the findings to a clinical setting. 
Additionally, 2 of the investigated coatings are today 
clinically used under the trade names PoroLink® (GB) 
and PorAg® (SSN), with PorAg® being applied on 
areas of megaprostheses that are not in contact with 
the host bone. Weaknesses of the study included 
the use of only one bacterial strain and the lack of 
in vivo data, including biomechanical testing of the 
anchorage strength of Ag-coated implants, but future 
experiments will address such issues.

Conclusions

Ag-coated Ti implants investigated in the present 
study conferred significant inhibitory effects on 
bacterial adhesion and biofilm formation, but they 
were considerably less osteoconductive than uncoated 
GB Ti. However, the experimental thinner Ag coating 
promoted hOB adhesion and differentiation better 
than the clinically used dual-layer Ag coating 
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(PorAg®), although their antibacterial properties were 
similar. Differences in Ag thickness, Ag release and 
the subtle differences in surface morphology of the 
two Ag substrates might be reasons underlying the 
improved osteoconduction on SN discs. These results 
supported the use of the already established coating 
with high Ag content (SSN) in patients at high risk 
of developing a PJI where osseointegration is not 
needed (i.e. cemented megaprostheses). Although the 
experimental Ag coating containing smaller amounts 
of Ag was slightly less toxic to OBs, further research 
on coatings with different porosities and Ag contents 
is needed before cementless fixation of Ag-coated 
implants can be explored under clinical conditions.
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Discussion with Reviewer

Reviewer: Considering that the design goals for a 
Ag-loaded implant may not be entirely established, 
please comment on how the SN coating was designed 
to yield optimal performance in antibacterial and cell 
culture experiments.

Authors: Different coating techniques lead to 
different functionalities. 
 In the single Ag layer coating (SN), Ag ions were 
integrated into a thin Ti-nitride layer, providing a 
satisfactory antibacterial action with less compromise 
to osteoblast adhesion and proliferation than on 
the established dual-AG layer (SSN). Adjusting 
the molecular fraction of Ag in SN coatings might 
enabled cementless fixation of Ti implants that were 
protected from bacterial colonisation.
 A coating with a base Ag layer lying under a 
superficial interrupted layer of AgTiN (SSN) led to a 
larger release of Ag ions and, thus, to slightly stronger 
antibacterial effects, but also to considerable toxicity 
to osteoblasts. SNN coatings could be useful for parts 
of the implant that are not in direct contact with bone.

Editor’s note: The Scientific Editor responsible for 
this paper was Fintan Moriarty.


