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Abstract: The prevention of biofilm formation on orthopedic implants is essential, as biofilms are the
main challenge in the effective treatment of periprosthetic joint infection (PJI). A silver multilayer
(SML) coating was developed to prevent biofilm formation on the implant surface. Previous studies
have already demonstrated its antibacterial properties without cytotoxic effects. However, the
coating has not been previously tested when applied to common titanium surfaces used in total
joint arthroplasty implants. These surfaces often have increased roughness and porosity in the case
of cementless implants, which can alter the antibacterial effect of the coating. In this study, we
assessed the antibacterial and anti-biofilm properties of the SML coating on corundum-blasted and
plasma-sprayed microporous-coated titanium alloy surfaces, using S. aureus, S. epidermidis, and E. coli.
An antibacterial activity test following the principles of ISO 22196, ASTM E2180-18, and JIS Z 2801
standards was performed, as well as a biofilm proliferation assay investigating bacterial adhesion and
biofilm formation. The SML coating exhibited strong antibacterial effects for all bacterial strains. After
24 h biofilm culture, a >4-log reduction in CFU was induced by the SML coating for S. epidermidis
and E. coli on the corundum-blasted and plasma-sprayed microporous-coated titanium surfaces,
respectively, when compared to the uncoated surfaces. The coating showed bactericidal properties
against Gram-positive bacteria on the corundum-blasted discs. The SML coating on two common
titanium surfaces demonstrates significant potential as an effective strategy in combating PJI across a
wide range of orthopedic implants.

Keywords: prosthetic joint infections; biofilm formation; in vitro; antibacterial coating; silver

1. Introduction

Periprosthetic joint infection (PJI) is a severe complication that can occur after joint re-
placement surgery, leading to significant patient suffering, morbidity, and healthcare costs.
With a 5-year mortality rate of >21%, PJI is a major problem in orthopedic surgery [1]. The
incidence of PJI is estimated to be 1%–2% after primary surgery [2–7]. In hip and knee arthro-
plasty surgery, PJI is the main cause of 15% and 25% of all revisions, respectively [8–11]. As
more than a million primary total hip arthroplasties are performed annually worldwide, the
prevalence of PJI is extremely high and is expected to keep rising due to the growing target
population for total joint arthroplasty [12–15]. Also, the rapid emergence of antimicrobial
resistance (AMR) endangers the efficacy of antibiotic treatment strategies for PJI [16,17].

PJI treatment is complex and consists of antibiotic therapy and surgery, where the
main surgical options are debridement and retention of the implant, particularly for early
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infections, and resection arthroplasty with re-implantation in one or two stages [18–20].
The failure rate of PJI treatment is high (10%–45%), mainly attributed to the formation
of bacterial biofilms [21,22]. Biofilm formation is a multi-stage process, where bacteria
adhere to the implant surface, cluster together to form microcolonies, and produce an
extracellular matrix (ECM) [23]. The ECM shields the bacteria against host immune cells as
well as antibiotics, and the efficacy of antibiotic treatment decreases as bacteria within the
biofilm can have a lower metabolic rate [24]. With implant-retaining surgical debridement,
it is challenging to remove all biofilm from the implant without creating excessive side
damage to the implant or healthy tissue. Also, mature biofilms release daughter cells,
leading to new infection loci on the implant or elsewhere in the body with hematogeneous
spread [25]. The rapid emergence of resistant bacteria increasingly endangers the range
of effective antibiotic therapies, as the main pathogens involved in PJI are Staphylococcus
aureus and coagulase-negative staphylococci, predominantly Staphylococcus epidermidis,
with increasing incidence of MRSA infections [16,26–28]. Surviving bacteria within the
biofilm after PJI treatment are the main cause of PJI recurrence [29]. Therefore, there is
a critical need for preventative strategies for biofilm formation on orthopedic implants.
Additional solutions that protect implant surfaces against biofilm formation, not depending
solely on antibiotics, should be developed and implemented in clinical practice.

Various antibacterial implant coatings not based on antibiotics are available in the
clinic, mostly based on silver as an antimicrobial agent [30]. Silver is an effective antimicro-
bial compound, whereby free silver ions interfere with bacterial energy production, impair
the integrity of the bacterial cell wall, and bind to cellular components, thereby interfering
with cellular processes [31]. However, challenges are present when using silver in an an-
timicrobial implant coating, as the strength of the antibacterial properties and safety levels
must be balanced by the silver concentration [32]. With high silver concentrations, toxic
side effects such as argyria can occur, while low concentrations yield limited antibacterial
efficacy [33,34]. So far, a few silver-based antimicrobial coatings have been implemented in
the clinic, such as the MUTARS® tumor prosthesis and the AgPROTEX® coating on total
hip arthroplasty implants. However, the use of the current antimicrobial-coated implants
is only justified in high-risk cases after individual risk–benefit analysis, as there is a lack
of prospective randomized clinical trials [35]. Also, the available antimicrobial implant
coatings are only suitable for metal implants and cannot be applied to polymer surfaces,
while polyethylene liners are highly susceptible to biofilm formation [36].

A silver multilayer coating (SML) (HyProtectTM, Bio-Gate, Nuernberg, Germany) has
been developed in previous studies, which consists of an ultra-thin layer containing silver
clusters embedded in a polysiloxane (SiOxCy) matrix [37,38]. This coating can be applied
to metal as well as polymer components. The SML coating has been characterized in
previous studies, as described by Fabritius et al., whereby the chemical structure, silver
content, and coating thickness were analyzed [37]. Because of the thinness of the coating
(~90 nm), the surface structure of the substrate material is not affected. An SEM image
of the cross-section of the coating is shown in Supplementary Figure S1. The safety and
antibacterial properties of the SML coating have been shown in multiple studies, which
include in vitro, in vivo and ex vivo antimicrobial activity assays, as well as in vitro and
in vivo cytotoxicity assays [37–40]. Also, a clinical case study was performed where the
SML coating was used in a knee arthrodesis after recurrent prosthetic knee infection, and
silver blood concentrations after 48 h remained under the detection limit of 2 ppb [41].

The SML coating is a high-potential antibacterial coating; however, it is widely known
that the susceptibility of bacterial adhesion to implant surfaces and the efficacy of an
antibacterial coating depends on the surface properties of the implant and the pathogenic
microorganisms involved. Surface roughness and porosity can affect the coating surface
area as well as the susceptibility to the adherence of bacteria [42]. Importantly, orthopedic
implants often have significantly higher roughness to promote bone ingrowth, especially
cementless implants where the base surface is often sputter-coated to increase roughness.
The antibacterial properties of the SML coating on these substrate materials have not
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been assessed. In addition, little is known about the antibacterial mechanism of the
coating and the effect of the coating in different phases of biofilm formation, including
bacterial adhesion, biofilm formation and maturation, and biofilm dispersal. Therefore, the
objectives of this study were to assess the antibacterial properties of the SML coating on
two titanium substrate materials broadly applied in total joint replacement and to elucidate
the antibacterial mechanism of the SML coating using different in vitro models following
the principles of the ISO 22196, ASTM E2180-18, and JIS Z 2801 testing standards.

2. Materials and Methods
2.1. Test Samples

Two types of titanium discs (Ø14 mm × 5 mm) with different roughness values were used
as base materials for the coating. Corundum-blasted (CB) and plasma-sprayed microporous-
coated (PS) titanium discs were included as substrate materials for the SML coating. The CB
discs had a roughness of Ra 3.5–5.5 µm, and the PS discs (with the base material Ti6Al4V
according to ISO 5832-3 and coated with commercially pure titanium according to ISO 5832-2;
Plasmapore®, Aesculap AG, Tuttlingen, Germany) had a pore size ranging from 50 to 200 µm
with a microporosity of 35%. These test items were coated with the SML coating [37,38,41].
Firstly, a SiOxCy base layer was deposited on the respective surface by means of chemical vapor
deposition (CVD), after which silver clusters (~2.7 µg/cm2, as measured by ICP-OES) were
deposited on the base layer by means of physical vapor deposition (PVD). Thirdly, a top layer
of SiOxCy was applied by means of CVD, resulting in a coating with a thickness of ~90 nm,
as measured using spectral ellipsometry. The coated items were packed individually, and
gamma sterilized (BBF Sterilisationsservice GmbH, Kernen-Rommelshausen, Germany). The
two experimental groups included in this study are non-SML-coated (referred to as ‘uncoated’)
and SML-coated discs. Uncoated CB, SML-coated CB, uncoated PS, and SML-coated PS
titanium discs were included as experimental groups in all experiments in this study. The
materials are shown in Supplementary Figure S2.

2.2. Bacterial Culture

Staphylococcus aureus ATCC 6538P, S. epidermidis ATCC 35984, and Escherichia coli ATCC
8739 were used to assess the antibacterial and anti-biofilm properties of the SML coating.
Bacterial stocks were stored in 20% glycerol at −80 ◦C. The strains were inoculated onto
blood agar plates and incubated overnight under aerobic conditions at 37 ◦C. The bacteria
were cultured in 5 mL tryptic soy broth (TSB; Sigma-Aldrich, St Louis, MO, USA, 22092) for
18 h at 37 ◦C at 200 rpm, washed with PBS, and diluted to the target inoculum concentration
based on the optical density at 600 nm in the desired solution as will be discussed below.

2.3. Antibacterial Activity Test

The antibacterial activity of the SML coating on CB discs was examined according to
the principles of the ISO 22196, ASTM E2180-18, and JIS Z 2801 test standards [43,44]. The
antibacterial activity of the SML coating on the PS discs was not tested according to these
standards due to the porosity of the surfaces. In each experiment, six uncoated discs and
three SML-coated discs were included, and for each bacterial strain, the experiment was
performed in triplicate. A molten agar slurry was made by diluting nutrient broth (NB;
Sigma-Aldrich, 70149) 500× with sterile DI water and adding 0.9 gr of agar (Sigma-Aldrich,
05040) per 300 mL of the diluted NB. The pH value of this molten agar slurry was adjusted
to 7.0 through the addition of sodium hydroxide or hydrochloric acid. All reagents used
in the experiments in this study were high-pressure steam-sterilized at 121 ◦C for 15 min.
The test inoculum with a target concentration of 6 × 105 colony-forming units (CFUs)/mL
was prepared by diluting the bacterial culture in the molten agar slurry (45 ◦C). The test
discs were aseptically placed on a 12-well sterile polystyrene tissue culture plate and were
pre-wetted with sterile saline. All discs were inoculated with 100 µL of the test inoculum,
with the inoculum homogeneously spread across the sample surface. According to the
ISO 22196 standard, three uncoated discs were retrieved directly after inoculation and
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processed for CFU counting, to determine the starting inoculum level in the agar slurry
on each sample. The discs were placed in 5 mL neutralizing broth (casein peptone lecithin
polysorbate broth, Sigma-Aldrich, 22089; Tween-20, Sigma-Aldrich, P7949), and bacteria
were detached from the discs by means of 10 min sonication in a sonication bath (Branson
2210 sonicator, Branson Ultrasonics Co., Ltd, Danbury, CT, USA) and 5 s vortexing [43–46].
The viable bacteria retrieved from each sample were quantified by making a serial dilution
of the sonicate and plating out 100 µL aliquots of the serial dilution on blood agar plates in
duplo (Thermo Scientific, Waltham, MA, USA, R01217). After 24 h incubation of the plates
at 37 ◦C, the CFUs were counted. The remaining uncoated discs (n = 3) and SML-coated
discs (n = 3) were incubated for 24 h at 37 ◦C in a humid environment. After the incubation
period, the discs were processed for CFU counting as described above. The log reduction
in CFUs between the uncoated discs and the SML-coated discs was calculated, and the
antibacterial activity (R) was calculated using the following formula:

R = Ut − At (1)

where Ut and At are the average of the decadic logarithm of the number of viable bacteria
recovered from the uncoated and SML-coated test discs, respectively. Also, the percentage
of reduction in CFU on the discs when comparing the uncoated and SML-coated discs was
calculated as:

%reduction =
CFU(uncoated)− CFU(SML-coated)

CFU(uncoated)
× 100 (2)

where CFU(uncoated) and CFU(SML-coated) are the average number of CFUs on the
uncoated and SML-coated test discs, respectively.

2.4. Biofilm Proliferation Assay

A biofilm proliferation assay was performed to investigate the antibacterial properties
of the SML coating on both CB and PS discs as compared to uncoated discs. For each
bacterial strain, all experiments were performed in triplicate. Different stages of biofilm
formation were investigated, including bacterial adhesion, biofilm maturation, and daugh-
ter cell dispersal, as will be described below. The test inoculum with a concentration of
106 CFU/mL was prepared by diluting the bacterial culture in TSB. The test discs were
aseptically placed in 24-well sterile polystyrene tissue culture plates and pre-wetted with
sterile saline. All discs were inoculated with 1 mL of the test inoculum and were incubated
for 1 h at 37 ◦C in a humid environment.

2.4.1. Effect of the SML Coating on Bacterial Adhesion

After 1 h, a part of the discs was retrieved for CFU counting (n = 3 per group), to
determine the anti-adhesion properties of the coating. The discs were rinsed with PBS
and placed in 5 mL PBS, and the bacteria were detached from the discs following 5 min of
sonication in a sonication bath and 5 s of vortexing. The viable bacteria retrieved from each
sample were quantified by making a serial dilution of the sonicate and plating out 100 µL
aliquots of the serial dilution on blood agar plates. After 24 h incubation of the blood agar
plates at 37 ◦C, the CFUs were counted. The log reduction in CFUs between the uncoated
discs and the SML-coated discs after 1 h of bacterial exposure was calculated as a measure
of their adhesion.

2.4.2. Effect of the SML Coating on Biofilm Formation and Maturation

The remaining discs that were not retrieved for CFU counting after 1 h of incubation
were washed in PBS to remove non-adherent cells. Fresh 1% TSB (1 mL) was added to each
sample, and the discs were incubated for 24 h at 37 ◦C in a humid environment to form a
biofilm. After 24 h, the effect of the SML coating on biofilm maturation was assessed using
three read-outs.
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Firstly, the discs were processed for CFU counting (n = 3 per group) as described above.
The bacteriostatic and bactericidal properties of the SML coating were assessed by looking
at whether further growth of adherent bacteria is prevented in the biofilm formation stage
or whether adherent bacteria are actively killed by the SML coating. The suppression of
bacterial growth shows bacteriostatic properties, whereas the killing of bacteria shows
bactericidal properties [47].

Secondly, biofilm biomass was quantified with safranin staining (n = 4 per group) [48].
Safranin is a positively charged dye, which adheres to cell membranes and substances in
the biofilm matrix, consisting mainly of exopolysaccharides, extracellular DNA (eDNA),
and proteins. The biofilms were washed with PBS to remove media residues and fixed
with 1 mL of 10% formalin (VWR, Radnor, PA, USA, 2090.368) for 10 min. The biofilms
were rinsed three times with 2 mL of Milli-Q to remove all of the fixative. After air-drying
for 30 min, the biofilms were stained with 1 mL of 0.5% safranin per well for 10 min.
The excess staining was rinsed off with Milli-Q, and the staining adherent to the biomass
was solubilized with 33% glacial acetic acid (VWR, 20102.292). Approximately 100 µL of
the solubilized staining was pipetted onto a transparent 96-well plate, and four technical
replicates per sample were included. The absorbance of the staining extracted from the
biofilms was measured at 540 nm in a microplate reader (Multiskan FC, Thermo Scientific).
The percentage of reduction in biomass when comparing the uncoated and SML-coated
discs was calculated as:

%reduction =
OD540(uncoated)− OD540(SML-coated)

OD540(uncoated)
× 100 (3)

where OD540(uncoated) and OD540(SML-coated) are the average absorbances measured
on the uncoated and SML-coated test discs, respectively. As background controls, two
discs per experimental group were included that were inoculated with TSB without a
bacterial inoculum. The background signals from these discs were subtracted from the
experimental data.

Thirdly, biofilm morphology was assessed using scanning electron microscopy (SEM)
(n = 2 per group). The biofilms were washed with PBS to remove media residues, and
fixed in 2.5% glutaraldehyde (Sigma-Aldrich, G5882) in 0.1 M phosphate buffer for 1 day.
After secondary fixation with 1% osmium tetroxide in 0.1 M phosphate buffer, the discs
were dehydrated following a graded series of ethanol. After dehydration in ethanol, the
discs were chemically dried with hexamethyldisilazane (Sigma-Aldrich, 440191). The discs
were mounted to specimen stubs (AGAR scientific, Essex, UK) and sputter-coated with
5 nm carbon (Leica ACE600, Amsterdam, The Netherlands). Biofilms were viewed and
imaged using a scanning electron microscope (Jeol JSM-IT200 InTouchScopeTM, Freising,
Germany). SEM images were taken of three different spots on the sample surface. Two discs
per experimental group were included that were inoculated with TSB only without a
bacterial inoculum.

2.4.3. Effect of the SML Coating on Biofilm Dispersal

The effect of the SML coating on biofilm dispersal was assessed based on the repro-
duction and release of daughter cells, using Certika test principles [49,50]. After 24 h
of biofilm culture, the discs were retrieved for CFU counting as described above, and
the remaining media in the wells were supplemented with 1 mL of TSB to cultivate the
daughter cells that were dispersed by the biofilm (n = 3 per group). The daughter cells
were cultured for 18 h at 37 ◦C at 200 rpm. After 0, 6, and 24 h of culture, the growth
activity of these offspring bacteria was assessed by measuring the optical density of the
daughter cell cultures (OD600). Differences in the growth curves between the SML-coated
and uncoated discs could indicate a reduction in biofilm formation and/or a lower rate of
daughter cell dispersal by the biofilm. A shift in the growth curve at OD600 of 6 h when
comparing daughter cell cultures obtained from the SML-coated discs and uncoated discs
indicates a reduction in proliferated daughter cells of 3-log scales [49].
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2.5. Statistics

All data were assumed to be normally distributed. For each test, the uncoated and
SML-coated discs with the same base material (CB or PS discs) were compared using
an unpaired t-test. All statistical analyses were carried out using GraphPad Prism 10.0
(GraphPad Software, Inc., Boston, MA, USA).

3. Results
3.1. Antibacterial Activity Test

The number of viable bacteria in the agar slurry retrieved after 24 h incubation from
the uncoated or SML-CB discs is shown in Figure 1. The number of viable bacteria on the
SML-coated discs was significantly lower than on the uncoated discs. For S. aureus and
S. epidermidis, a reduction greater than 3 log was found. For E. coli, a reduction greater than
2 log was found. The coating showed bactericidal properties against all tested bacterial
strains, as bacteria in the starting inoculum were actively killed. Corresponding R-values
and the percentage of reduction in CFUs on the test discs induced by the SML coating were
calculated for all bacterial strains, as reported in Table 1.

Coatings 2024, 14, x FOR PEER REVIEW  6  of  18 
 

 

remaining media in the wells were supplemented with 1 mL of TSB to cultivate the daugh-

ter cells  that were dispersed by  the biofilm  (n = 3 per group). The daughter cells were 

cultured for 18 h at 37 °C at 200 rpm. After 0, 6, and 24 h of culture, the growth activity of 

these offspring bacteria was assessed by measuring the optical density of the daughter cell 

cultures (OD600). Differences in the growth curves between the SML-coated and uncoated 

discs could indicate a reduction in biofilm formation and/or a lower rate of daughter cell 

dispersal by  the biofilm. A  shift  in  the growth  curve at OD600 of 6 h when comparing 

daughter cell cultures obtained from the SML-coated discs and uncoated discs indicates a 

reduction in proliferated daughter cells of 3-log scales [49]. 

2.5. Statistics 

All data were assumed to be normally distributed. For each test, the uncoated and 

SML-coated discs with the same base material (CB or PS discs) were compared using an 

unpaired  t-test. All  statistical  analyses were  carried  out  using  GraphPad  Prism  10.0 

(GraphPad Software, Inc., Boston, MA, USA). 

3. Results 

3.1. Antibacterial Activity Test 

The number of viable bacteria in the agar slurry retrieved after 24 h incubation from 

the uncoated or SML-CB discs is shown in Figure 1. The number of viable bacteria on the 

SML-coated discs was significantly lower than on the uncoated discs. For S. aureus and S. 

epidermidis, a reduction greater than 3 log was found. For E. coli, a reduction greater than 

2 log was found. The coating showed bactericidal properties against all tested bacterial 

strains, as bacteria in the starting inoculum were actively killed. Corresponding R-values 

and the percentage of reduction  in CFUs on the test discs  induced by the SML coating 

were calculated for all bacterial strains, as reported in Table 1. 

 

Figure 1. Viable bacteria retrieved from the discs in the antibacterial activity test after 24 h of culture. 

Uncoated  corundum-blasted  (CB)  titanium discs are  represented by dark green bars, and SML-

coated CB titanium discs are represented by striped light green bars. The starting inoculum is rep-

resented by the red dotted bar. Statistically evaluated with an unpaired t-test. ** p < 0.01; **** p < 

0.001. The data represent the average means and standard errors of three separate repeated experi-

ments with triplicate samples for each experimental group. 

Figure 1. Viable bacteria retrieved from the discs in the antibacterial activity test after 24 h of culture.
Uncoated corundum-blasted (CB) titanium discs are represented by dark green bars, and SML-coated
CB titanium discs are represented by striped light green bars. The starting inoculum is represented
by the red dotted bar. Statistically evaluated with an unpaired t-test. ** p < 0.01; **** p < 0.001. The
data represent the average means and standard errors of three separate repeated experiments with
triplicate samples for each experimental group.

Table 1. Antibacterial activity R and percentage of reduction in CFUs on the test discs induced by the
SML coating (calculated from the antibacterial activity test data).

Bacterial Strain Antibacterial Activity R Reduction in CFUs (%)

S. aureus 4.0 >99.9
S. epidermidis 3.7 >99.9

E. coli 2.8 >99.4
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3.2. Biofilm Proliferation Test
3.2.1. Effect of the SML Coating on Bacterial Adhesion

Figure 2 shows the number of bacteria that adhered to the surface of the discs after 1 h
of incubation. Both CB discs (green bars) and PS discs (orange bars) with and without the
SML coating were included. As expected, there was little effect of the SML coating on the
number of adherent bacteria after 1 h of incubation. The largest reduction (0.3-log) was
observed for E. coli adhesion on the PS discs.
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microporous-coated (PS) titanium discs. Striped bars show the data of the SML-coated discs. Statisti-
cally evaluated with an unpaired t-test. ns p > 0.05; **** p < 0.001. The data represent the average
means and standard errors of three separate repeated experiments with triplicate samples for each
experimental group.

3.2.2. Effect of the SML Coating on Biofilm Formation and Maturation
CFU Counts

Figure 3 shows the number of viable bacteria within the biofilm after 24 h of biofilm
growth. Again, CB discs (green bars) and PS discs (orange bars) with and without the
SML coating were included. The SML coating shows a large effect on the number of viable
bacteria on the discs. A >4-log reduction in CFUs was found for S. epidermidis on the CB
discs and E. coli on the PS discs. In Table 2, the reductions in viable bacteria on the discs (on
the log 10 scale) when comparing the uncoated discs and SML-coated discs can be found.

Table 2. Log reduction in CFUs induced by the SML coating on corundum-blasted and plasma-
sprayed microporous-coated titanium discs for all three bacterial strains.

Bacterial Strain Log10 (±SD) Reduction

Corundum-Blasted Plasma-Sprayed
Microporous-Coated

S. aureus 3.42 (±0.33) 2.48 (±0.15)
S. epidermidis 4.87 (±0.20) 2.67 (±0.01)

E. coli 2.72 (±0.10) 4.32 (±0.31)



Coatings 2024, 14, 216 8 of 17
Coatings 2024, 14, x FOR PEER REVIEW  8  of  18 
 

 

 

Figure 3. The number of bacteria in the biofilm after 24 h of culture. Again, green bars represent 

corundum-blasted  (CB)  titanium discs  and orange bars  represent plasma-sprayed microporous-

coated (PS) titanium discs. Striped bars show the data of the SML-coated discs. Statistically evalu-

ated with an unpaired t-test. **** p < 0.001. The data represent the average means and standard errors 

of three separate repeated experiments with triplicate samples for each experimental group. 

Table 2. Log reduction  in CFUs  induced by  the SML coating on corundum-blasted and plasma-

sprayed microporous-coated titanium discs for all three bacterial strains. 

Bacterial Strain  Log10 (±SD) Reduction 

  Corundum‐Blasted 
Plasma‐Sprayed   

Microporous‐Coated 

S. aureus  3.42 (±0.33)  2.48 (±0.15) 

S. epidermidis  4.87 (±0.20)  2.67 (±0.01) 

E. coli  2.72 (±0.10)  4.32 (±0.31) 

Bacteriostatic and Bactericidal Properties of the SML Coating 

The bacteriostatic and bactericidal properties of the SML coating were assessed by 

looking at whether  the  further growth of adherent bacteria  is prevented  in  the biofilm 

formation stage or whether adherent bacteria are even actively killed by the SML coating. 

In Figure 4, CB discs (green bars) and PS discs (orange bars) with and without SML coat-

ing were included. As can be seen in Figure 4 and as discussed earlier, the bacterial adhe-

sion levels were comparable for the uncoated and SML-coated discs, and the main part of 

the bacteria in the original starting inoculum adhered to the discs. After further culture of 

these adherent bacteria in fresh media, the uncoated discs showed an increase in viable 

bacteria, whereas  the SML-coated discs showed suppression of  further growth or even 

active killing of the adherent bacteria. This was observed for all bacterial strains with both 

CB and PS discs. With the SML coating on the CB discs, a 2-log decrease in CFU was ob-

served for S. aureus and S. epidermidis when comparing the CFU count after 1 and 24 h of 

culture. This  indicates  that adherent bacteria were killed, and  the coating  thus exerted 

bactericidal properties. The other groups showed bacteriostatic properties. 

Figure 3. The number of bacteria in the biofilm after 24 h of culture. Again, green bars represent
corundum-blasted (CB) titanium discs and orange bars represent plasma-sprayed microporous-
coated (PS) titanium discs. Striped bars show the data of the SML-coated discs. Statistically evaluated
with an unpaired t-test. **** p < 0.001. The data represent the average means and standard errors of
three separate repeated experiments with triplicate samples for each experimental group.

Bacteriostatic and Bactericidal Properties of the SML Coating

The bacteriostatic and bactericidal properties of the SML coating were assessed by
looking at whether the further growth of adherent bacteria is prevented in the biofilm
formation stage or whether adherent bacteria are even actively killed by the SML coating.
In Figure 4, CB discs (green bars) and PS discs (orange bars) with and without SML coating
were included. As can be seen in Figure 4 and as discussed earlier, the bacterial adhesion
levels were comparable for the uncoated and SML-coated discs, and the main part of the
bacteria in the original starting inoculum adhered to the discs. After further culture of these
adherent bacteria in fresh media, the uncoated discs showed an increase in viable bacteria,
whereas the SML-coated discs showed suppression of further growth or even active killing
of the adherent bacteria. This was observed for all bacterial strains with both CB and PS
discs. With the SML coating on the CB discs, a 2-log decrease in CFU was observed for
S. aureus and S. epidermidis when comparing the CFU count after 1 and 24 h of culture.
This indicates that adherent bacteria were killed, and the coating thus exerted bactericidal
properties. The other groups showed bacteriostatic properties.

Biofilm Biomass Quantification

After biofilm culture, the formed biomass on the discs was quantified with safranin
staining. OD540 values were obtained and are shown in Figure 5. In all groups, great
reductions in biomass were found when comparing the uncoated discs to the SML-coated
discs. In Table 3, the percentage of reduction in biomass can be found, when comparing
the uncoated and SML-coated discs. On the CB discs, E. coli formed significantly lower
biofilm than the Gram-positive strains, and the smallest effect of the SML coating on
biomass formation was found in this group. However, the largest effect of the coating was
found for E. coli on the PS discs, with no biomass left on the SML-coated discs. Higher
amounts of biomass were detected on the PS discs compared to the CB discs. For the Gram-
positive strains, a mean OD540 of roughly five times higher was found when comparing the
uncoated PS discs to the CB discs. For E. coli, the mean OD540 was roughly 15 times higher.
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Figure 4. Viable bacteria on the discs after 1 h of bacterial adhesion and 24 h biofilm formation,
indicating bacteriostatic or bactericidal coating properties. The red dotted line indicates the starting
inoculum level. Green bars represent corundum-blasted (CB) titanium discs and orange bars rep-
resent plasma-sprayed microporous-coated (PS) titanium discs. Striped bars show the data of the
SML-coated discs. Statistical evaluations between groups indicative of bacteriostatic or bactericidal
properties were performed with an unpaired t-test. ns p > 0.05, * p < 0.05, ** p < 0.01, and **** p < 0.001.
The data represent the average means and standard errors of three separate repeated experiments,
with quadruplicate samples for each experimental group.
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Figure 5. Biofilm biomass assessed by means of safranin staining (OD540) on uncoated and
SML-coated (A) corundum-blasted (CB) and (B) plasma-sprayed microporous-coated (PS) titanium
discs, after 24 h of biofilm culture. **** p < 0.001. No biomass was found on the SML-coated PS discs
inoculated with E. coli (n/a). The data represent the average means and standard errors of three
separate repeated experiments with triplicate samples for each experimental group.

Table 3. Percentage of reduction in biomass (OD540) induced by the SML coating on corundum-
blasted and plasma-sprayed microporous-coated titanium discs, for all three bacterial strains.

Bacterial Strain Reduction in Biomass (OD540)

Corundum-Blasted Plasma-Sprayed
Microporous-Coated

S. aureus 97.9% 81.6%
S. epidermidis 93.4% 76.2%

E. coli 60.0% 100%

SEM

The biofilms were visualized after 24 h of culture using SEM. In Figures 6 and 7, the
SEM images of the CB and PS discs, including uncoated and SML-coated discs for all
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three strains, can be seen, respectively. On the uncoated discs, biofilms are clearly visible,
whereas for the SML-coated discs, individual bacteria can be spotted.
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Figure 6. Corundum-blasted (CB) titanium discs after 24 h biofilm culture, with the uncoated discs
(upper row) and SML-coated discs (bottom row) for all three bacterial strains divided per column.
Orange arrows point out individual bacteria on the SML-coated discs. The magnification bars
represent 5 µm.
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per column. Orange arrows point out individual bacteria on the SML-coated discs. The magnification
bars represent 5 µm.
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3.2.3. Effect of the SML Coating on Biofilm Dispersal

The daughter cells dispersed by the biofilms were cultured for 24 h, and daughter cell
growth was assessed by measuring the OD600 at the start of culture and after 6 and 24 h.
The OD600 values before the 24 h culture were comparable in all groups, and after 24 h, a
saturated bacterial culture was present for all groups, as expected. In Table 4, the average
∆OD600 values (defined as OD600,uncoated − OD600,SML-coated) for each bacterial strain for
both the CB and PS discs after 6 h of daughter cell cultivation are shown. For all groups,
∆OD600 > 0.3 was found, indicating a reduction in proliferating daughter cells of 4-log
scales when comparing daughter cell cultures from the uncoated and SML-coated discs.

Table 4. ∆OD600 values for each bacterial strain for both the corundum-blasted and plasma-sprayed
microporous-coated titanium discs after 6 h of daughter cell cultivation.

Bacterial Strain ∆OD600 (±SD)

Corundum-Blasted Plasma-Sprayed
Microporous-Coated

S. aureus 0.357 (±0.015) 0.366 (±0.002)
S. epidermidis 0.434 (±0.000) 0.449 (±0.001)

E. coli 0.496 (±0.001) 0.469 (±0.001)

4. Discussion

Biofilm formation is a major challenge in PJI treatment, and there is a critical need
for preventative strategies for bacterial colonization and biofilm formation on orthope-
dic implants. Therefore, in this study, the antibacterial properties of the SML coating on
two substrate materials common in orthopedic implants (CB and PS titanium) were investi-
gated. It is known that surface properties, such as roughness or porosity, have a great effect
on the ability of bacteria to adhere to a surface and grow a biofilm, and coating efficacy can
depend on these properties. In addition, the effect of the SML coating on different phases
in biofilm formation was assessed.

The antibacterial activity of the SML coating on the CB discs, according to test princi-
ples of ISO 22196, ASTM E2180-18, and JIS Z 2801 test standards, showed a >2-log reduction
in CFUs on the sample surface for the SML-coated discs, as compared to the uncoated
discs. Especially for the Gram-positive strains S. aureus and S. epidermidis, a strong effect
was observed with a >3-log reduction in CFUs. The log reduction for E. coli was lower
compared to the Gram-positive strains, which was to be expected as E. coli growth on the
uncoated discs was higher than for the Gram-positive strains (dark green bars). In absolute
numbers, a higher number of E. coli bacteria were killed by the coating than S. aureus or
S. epidermidis bacteria. The efficacy of the coating can be explained by the release of a
high enough concentration of silver ions from the metallic silver particles present in the
coating. Silver ions have multiple mechanisms that are responsible for their antimicrobial
properties. For example, silver ions bind to thiol groups in enzymes and proteins, damage
the cell membrane, increase reactive oxygen species levels, and target the cell wall [51–54].
These interferences are responsible for cell disruption and interference in cellular processes.
Bactericidal properties were found for all bacterial strains, as the levels of CFUs on the
discs were lower after culture compared to the original inoculum. The antibacterial activ-
ity was also expressed in ‘R’, calculated according to the ISO 22196 standard. However,
various descriptions for the interpretation of this value are present in the literature. When
comparing the R-values reported in the literature, the R-value of 2.8 for E. coli is considered
a significant antibacterial effect, and R-values of R ≥ 3.7 for the Gram-positive strains are
considered a strong antibacterial effect [55]. This is in line with log reductions in the viable
bacteria found. A limitation of these test standards is that the PS discs were excluded due
to their porosity.

Even though the strong antibacterial properties found indicate a reduction in biofilm
formation on the SML-coated discs, a biofilm proliferation assay was performed to gain a
deeper understanding of the prevention of biofilm formation and the antibacterial mecha-
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nism of the coating. Coating efficacy after 1 h of initial bacterial adhesion, 24 h of biofilm
cultivation (including the number of viable bacteria and biomass), and biofilm dispersal
were assessed. The SML coating did not prevent bacterial adhesion after 1 h of incubation,
which was expected due to the time required by the metallic silver present in the coating
to be oxidized in a solution and subsequently, the silver ions that require time to diffuse
to the coating surface. After 24 h of biofilm culture, a major decrease in viable bacteria on
the sample surface was observed. Bacteriostatic and bactericidal properties were assessed,
by observing whether the growth of adherent bacteria was inhibited or whether adherent
bacteria were actively killed, respectively.

In the literature, the bacteriostatic and bactericidal properties of antimicrobial coatings
are defined as the suppression of growth or the killing of bacteria in the original inocu-
lum [47,56]. However, as culture media were refreshed after 1 h to include only adherent
bacteria in the biofilm culture, the bacteria of the original inoculum that did not adhere
to the surface were washed away. Therefore, we assess the bacteriostatic and bactericidal
properties by comparing the CFU counts after 24 h of culture to the CFU counts after 1 h of
adhesion, instead of comparing them to the original inoculum. Bactericidal properties were
found for S. aureus and S. epidermidis on the CB discs, and the coating showed bacteriostatic
properties in all other groups. However, in a biofilm culture without an intermediate
washing step, the bacteriostatic and bactericidal properties can be assessed by comparing
the CFU counts after culture with the original inoculum level. It is expected that in such an
experimental setup, the bactericidal properties of the SML coating will also be found for
more bacterial strains when coated on the PS discs. Given the fact that the SML coating
showed bactericidal properties against E. coli in the antibacterial activity test and not in
the biofilm proliferation assay, care must be taken when labeling antibacterial coatings
as bacteriostatic or bactericidal, as the definition of these labels greatly depends on the
washing steps used in the biofilm culture and the experimental set-up used.

The observed antibacterial properties highlight the significant value of the SML coating
in clinical practice. When bacteria adhere to the implant surface, the SML-coated implant
prevents the cascade of biofilm formation and maturation, which supports the host immune
system to eliminate bacteria and win the race for the surface. The SML coating may even ac-
tively kill adherent bacteria [57]. However, an inoculum level of 106 CFUs/mL on a surface
of 1.54 cm2 is not realistic in a clinical scenario, as inoculum levels of 102–103 CFUs/mL
are generally found on orthopedic implants in clinical practice [45,58–62]. With a lower
inoculum level, active (or even complete) killing of the bacteria might occur. However, the
large reductions in viable bacteria with the high inoculum used in this study emphasize the
strength of the antibacterial properties of the SML coating. This is also supported by the
decrease in daughter cells, dispersed by the biofilms. Daughter cell release was measured
as the killing of mother cells on the surface by the SML coating, which is an important
outcome as daughter cells are responsible for infection development [49,50]. In all groups,
a large reduction in daughter cells was measured after 6 h of culture. This reduction in
the growth activity of these offspring bacteria indicates a reduction in mother cells on the
surface and therefore impaired dispersal of daughter cells by the biofilms grown on the
surfaces [38,49].

Besides a reduction in viable bacteria and daughter cells released from the biofilms
after 24 h of culture, a major reduction in biomass was found on the SML-coated discs.
The CB discs showed lower absolute OD values than the PS discs. Safranin has been
validated as a replacement for toxic crystal violet for staining biomass; however, it is known
that safranin can yield lower OD values, indicating biofilm presence [48,63,64]. When
looking at the CFU counts, more bacteria were present on the PS discs compared to the CB
discs, except for E. coli growth on the PS discs. Even though these trends are consistent
with the trends observed in the biomass measurements, it is unlikely that the number of
viable bacteria explains the difference in biomass between the two types of discs. Matrix
production might have been higher on the PS discs compared to the CB discs, induced by
the structural changes and physiochemical factors between the two materials, leading to a
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different bacterial response and activity when adhering to the surface [65]. For example,
nutrient availability in the deeper pores of the PS discs can vary compared to the CB discs.
However, the SEM images do not show differences in the biofilm matrix between the two
materials, though only the superficial pores of the PS discs could be visualized. Also, it
is known that SEM images often show poor-quality matrix structures, due to the fixation
step when processing biofilms for SEM analysis [66]. Nevertheless, the SEM images were
consistent with the CFU counts, showing a great reduction in biofilm formation.

This study is the first to investigate the efficacy of the SML coating with a Gram-
negative bacterial strain. E. coli was chosen as the Gram-negative pathogen as this was
prescribed by the ISO 22196 standard and together with S. aureus is a frequently used
pathogen for in vitro efficacy tests of antibacterial coatings [45,67]. The Gram-negative
bacteria showed different trends in sensitivity to the SML coating than the Gram-positive
strains, as biofilm formation by the Gram-negative strain was more affected on the SML-PS
discs, while the Gram-positive strains were more affected by the SML-CB discs. This
is interesting, as the porous PS discs have a higher contact area for bacteria while the
same quantity of SML coating, and thus, silver content was applied to these discs. Many
factors may have contributed to this contradictory result for E. coli biofilm formation on
two different surfaces. The susceptibility of bacteria to form a biofilm and the sensitivity
of bacteria to an antibacterial compound depend greatly on their microenvironment and
the availability of nutrients. As stated, the microenvironment of the bacteria on the PS
discs can differ greatly from the microenvironment bacteria experience on the CB discs due
to differences in porosity, roughness, and wettability. In future studies, an additional PJI-
related Gram-negative bacterial species such as Pseudomonas aeruginosa should be included
as well as a multispecies biofilm culture, as multispecies PJIs are frequent [68,69].

The current study presents a few other limitations and recommendations for future
research. Firstly, a limitation of this study is the short biofilm culture of 24 h. The coating is
expected to have a long-term antibacterial effect, so it would be interesting to include more
time points with a longer biofilm culture period in a future study, including the CB and PS
substrate surfaces. However, early intervention is crucial for surface-protecting coatings
as it can then interfere with the proliferating germs on the implant surface. As the results
show a positive rate between bacterial killing versus bacterial growth, no further biofilm
maturation is expected. This is supported by a previous study, showing long-term coating
efficacy on a stainless steel substrate [38]. Secondly, it would be recommended to include
live/dead staining as a read-out parameter. Even though a strength of this study is the
elaborate in vitro approach looking beyond CFU counts to assess the antimicrobial effect,
including live/dead staining would give more support when assessing the bactericidal
properties of the coating [37,38,67,70]. Lastly, general biomass stainings such as crystal
violet and safranin are often used in biofilm research; however, molecular analysis of
the contents of this biomass could lead to valuable insights regarding biofilm stability,
metabolic state, and the antibacterial mechanism of anti-biofilm compounds [71]. Ongoing
research is dedicated to investigating the ratio of biofilm components such as (e)DNA,
carbohydrates, proteins, and lipids on biofilms formed on CB and PS discs with and without
the SML coating. This will further elucidate the effect of surface roughness and porosity on
biofilm formation and the mode of action of the SML coating.

5. Conclusions

In summary, the SML coating on CB and PS discs showed strong antibacterial prop-
erties. The coating did not prevent bacterial adhesion but inhibited biofilm growth by
adherent bacteria and even killed Gram-positive bacteria when coated on CB discs. This
study expands the understanding of the antibacterial mechanism of the SML coating and
is the first to show coating efficacy with Gram-negative infection. Despite structural dif-
ferences in substrate material such as roughness and porosity, the bacteria were highly
susceptible to the antibacterial properties of the SML coating. The broad applicability and
strong antibacterial properties found in this study with very low silver concentrations
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present in the coating, leading to no cytotoxic effects as shown in previous studies, makes
the SML coating a promising infection prophylaxis system for orthopedic applications. We
conclude that this coating shows promising results to be effective in fighting PJI in a broad
range of orthopedic implants.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/coatings14020216/s1, Figure S1: SEM image of the cross-section of the SML
coating; Figure S2: From left to right: Uncoated corundum-blasted titanium discs (Uncoated-CB),
SML-coated corundum-blasted titanium discs (SML-CB), uncoated plasma-sprayed microporous-
coated titanium discs (Uncoated-PS) and SML-coated plasma-sprayed microporous-coated titanium
discs (SML-PS).
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