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ABSTRACT
Objectives: To explore the antimicrobial potential of strontium (Sr)‐functionalized wafers against multiple bacteria associated

with per‐implant infections, in both mono‐ and multispecies biofilms.

Materials and Methods: The bactericidal and bacteriostatic effect of silicon wafers functionalized with a strontium titanium

oxygen coating (Sr‐Ti‐O) or covered only with Ti (controls) against several bacteria, either grown as a mono‐species or

multispecies biofilms, was assessed using a bacterial viability assay and a plate counting method. Mono‐species biofilms were

assessed after 2 and 24 h, while the antimicrobial effect on multispecies biofilms was assessed at Days 1, 3, and 6. The impact of

Sr functionalization on the total percentage of Porphyromonas gingivalis in the multispecies biofilm, using qPCR, and gingipain

activity was also assessed.

Results: Sr‐functionalized wafers, compared to controls, were associated with statistically significant less viable cells in both

mono‐ and multispecies tests. The number of colony forming units (CFUs) within the biofilm was significantly less in Sr‐
functionalized wafers, compared to control wafers, for Staphylococcus aureus at all time points of evaluation and for Escherichia

coli at Day 1. Gingipain activity was less in Sr‐functionalized wafers, compared to control wafers, and the qPCR showed that P.

gingivalis remained below detection levels at Sr‐functionalized wafers, while it consisted of 15% of the total biofilm on control

wafers at Day 6.

Conclusion: Sr functionalization displayed promising antimicrobial potential, possessing bactericidal and bacteriostatic ability

against bacteria associated with peri‐implantitis grown either as mono‐species or mixed in a multispecies consortium with

several common oral microorganisms.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly

cited.
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1 | Introduction

Modern dental implant technology and current surgical
techniques have resulted in high osseointegration rates of
titanium (Ti) implants, as evident from the very low early
implant loss rates reported in several studies (e.g., Jemt 2017;
Lin et al. 2018). High implant survival and success rates have
also been reported in the long term in patients with a history of
periodontal disease (Pandolfi et al. 2019). Nevertheless,
bacterial colonization and biofilm formation on the surface of
implant reconstructions may cause inflammation in the peri‐
implant mucosa (i.e., peri‐implant mucositis) and eventually
lead to peri‐implant bone loss (i.e., peri‐implantitis) (Heitz‐
Mayfield and Salvi 2018; Klinge et al. 2018). Peri‐implantitis
prevalence estimates vary largely depending on the cut‐off value
of bone loss, for case definition; for instance, the weighted mean
prevalence of peri‐implantitis with ≥ 2mm bone loss has been
estimated to be 22% at the patient level (Derks et al. 2016).
Furthermore, peri‐implantitis is often overseen/neglected and
patients referred to specialist treatment often show advanced
bone destruction and complicated bone defect morphology.
Peri‐implantitis treatment is demanding and often involves
complex surgery (Donos et al. 2023; Stavropoulos et al. 2019)
and is thus associated with substantial patient suffering and
high costs; in addition, systemic antibiotics are often prescribed,
although not necessarily effective, contributing thereby to the
burden of antibiotic resistance. Importantly, recurrence rates in
the short to medium term are high, which leads to implant loss
(Karlsson et al. 2023). As peri‐implantitis appears to affect a
considerable portion of patients with implants and its treatment
is challenging, it is important to find effective preventive
measures.

On the basis of the understanding that a major component in
peri‐implant biological complications is the oral biofilm,
preventive strategies have aimed at providing Ti surfaces with
antimicrobial potential (Chouirfa et al. 2019; Grischke,
Eberhard, and Stiesch 2016); one approach has been combining
Ti with other metals. For example, a good antimicrobial effect
on various bacteria linked to peri‐implantitis has been shown
when silver (Ag) was used, in both in vitro (Choi et al. 2019)
and in vivo studies (Masamoto et al. 2021); yet, there are major
concerns with this approach due to Ag‐related cytotoxicity
(Hadrup, Sharma, and Loeschner 2018; Zhang et al. 2014).
Recently, there is increasing interest in strontium (Sr), an
alkaline earth metal previously used in the form of strontium
ranelate for the treatment of osteoporosis (O'Donnell et al. 2006;
Stevenson et al. 2007), because preliminary in vitro studies have
indicated that Sr exhibits relevant antibacterial properties
(Alshammari, Bakitian, et al. 2021; Alshammari, Neilands,
et al. 2021). For example, in an exploratory study, 10 mM of Sr
(OH)2 achieved significant growth inhibition in planktonic
cultures of Streptococcus mitis, Streptococcus epidermidis,
Aggregatibacter actinomycetemcomitans, Escherichia coli, and
Porphyromonas gingivalis, and also exhibited strong bactericidal
effect in mono‐species biofilm viability assays (Alshammari,
Neilands, et al. 2021). Sr is particularly interesting in this
context because Sr‐functionalized Ti implants have exhibited
enhanced osseointegration in several preclinical in vivo studies
(Andersen et al. 2013; López‐Valverde et al. 2019; Offermanns,
Andersen, et al. 2018).

In perspective, since peri‐implantitis involves a dysbiotic
multimicrobial biofilm attached to a Ti surface, it is relevant
to assess the possible antimicrobial potential of Ti surfaces
functionalized with Sr against multispecies consortia. Thus, this
study assessed the antimicrobial potential of Sr‐functionalized
wafers, using magnetron‐sputtering, against bacteria associated
with peri‐implantitis in mono‐ and multispecies cultures.

2 | Materials and Methods

2.1 | Sample Preparation

Silicon wafers were functionalized using a magnetron‐
sputtering process with a target comprising 50% commercially
pure Ti and 50% Strontium titanate (SrTiO3) to produce a Ti‐Sr‐
O surface coating (0.8–2 μm thick); a commercially pure Ti
target was used to produce wafers coated with Ti (50 nm thick)
as controls (Andersen et al. 2013; Offermanns, Steinmassl,
et al. 2018). The wafers were initially cut into small square‐
shaped samples, approximately 10 × 10mm. Before each test,
both Sr‐functionalized and Ti control wafers were cleaned using
70% alcohol for 30 s and then rinsed using phosphate‐buffered
saline (PBS). Then they were transferred to 12‐well plates (Ibidi
μ‐Slide, Ibidi GmbH, Martinsried, Germany) using a sterile
tweezer and placed in the testing wells facing upwards.

2.2 | Bacterial Strains

The following bacterial strains were used: E. coli (ATCC 25922),
Staphylococcus aureus (ATCC29213), as well as clinical
strains Streptococcus oralis (2009‐213A1), Actinomyces naeslun-
dii (BJJ), Parvimonas micra (EME), P. gingivalis (SUB1), and
Fusobacterium nucleatum (FMD); all had been recovered from
patients with established periodontitis. The bacteria had been
identified at the species level as described previously using a
combination of colony morphology, appearance after Gram
staining, and biochemical or molecular tests (Neilands, Bikker,
and Kinnby 2016). Two different modes of culturing were used
for testing the antimicrobial effect of the Sr‐functionalized and
Ti control wafers, that is, mono‐ and multispecies biofilms.

2.3 | Mono‐Species Biofilms

Three bacteria, commonly associated with peri‐implantitis,
were selected for mono‐species biofilms: E. coli, S. aureus, and
P. gingivalis. Each bacterial isolate was stored at −80°C and
recovered on Brucella agars before experimental use. Colony
forming units (CFUs) from each strain were vortexed,
separately, in either Tryptone yeast extract (TYE) (Becton,
Dickinson and Co., Albertslund, Denmark) for E. coli, and
S. aureus, or Brain heart infusion broth (BHI) (Neogen
Corporation, Lancashire BL9 7JJ, United Kingdom) for
P. gingivalis until reaching optical density = 0.1 at OD 600 nm.
Afterward, bacterial suspensions were incubated, for aerobic
bacteria at 37°C in 5% CO2 and for anaerobic bacteria at 37°C
10% H2, 5% CO2 in N2 anaerobically, until reaching log‐phase
(approximately reaching optical density = 0.5 at OD 600 nm).
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Subsequently, 3.5 mL of each bacterial suspension was added to
the wafer samples in the 12‐well plates and incubated, as
described above, over a rocking platform. To evaluate early
bacteria adherence and viability, two time points were set for
evaluation: 2 and 24 h. All tests were done in triplicates for each
species and time point.

2.4 | Multispecies Biofilms

Each of the previous bacterial strains (i.e., E. coli, S. aureus, and
P. gingivalis) was seperately mixed with four common oral
bacterial species, representing a multispecies oral biofilm;
S. oralis, P. micra, A. naeslundii, and F. nucleatum, giving a
mixture of a five species consortia in each test; P. gingivalis‐,
S. aureus‐ and E. coli‐multispecies tests. As described previ-
ously, bacterial strains were stored at −80°C and recovered on
Brucella agar before experimental use. A solution of 20% horse
serum (Håtunalab AB, Håtunaholm, Sweden) and Fastidious
anaerobic broth (FAB) (Neogen Corporation, Lancashire,
United Kingdom) at a ratio of 50/50% was prepared and pre‐
reduced 24 h before the start of each experiment. Afterward,
CFUs from each bacterial strain were mixed into the
solution until reaching optical density = 0.1 at OD 600 nm. Two
Sr‐functionalized and two Ti control wafers were then placed in
12‐well plates (facing upwards) corresponding to each time
point of evaluation (1, 3, and 6 days). The wells were then filled
with 3.5 mL of the multispecies suspension prepared earlier,
where each multispecies consortium was tested separately and
incubated in an anaerobic chamber for 6 h. Following 6 h of
incubation, the wafer samples were washed carefully in PBS,
then transferred into a new pre‐reduced solution and incubated
anaerobically. The tests were done in triplicates for each
multispecies consortium.

2.5 | Bacterial Viability Assay

For each time point of evaluation, for both mono‐species and
multispecies cultures, samples of Sr‐functionalized and Ti
control wafers were taken from the 12‐well plates and washed
carefully with PBS. Afterward, 60 μL of LIVE/DEAD BacLight
(Invitrogen, Eugene, USA) was added to the surface of the
wafers. After 15min, the samples were transferred to a 2‐well
μ‐Slide (Ibidi μ‐Slide, Ibidi GmbH, Martinsried, Germany) and
evaluated under a confocal scanning laser microscope (CSLM,
Eclipse TE2000 inverted CSLM, Nikon, Japan). From each
sample, a total of 10 CSLM images were taken using the
software EZ‐C1 v.3.40 build 691 (Nikon) at a resolution of
512 × 512 pixels and with a zoom factor of 1.0, giving a final
pixel resolution of 0.42 μm/pixel. The number of viable cells
was analyzed using the software bioImage_L.

2.6 | Vortexing and Bacterial Cell Detachment

To ensure complete biofilm detachment for plating without
affecting bacterial viability, different vortexing times were
evaluated for the least amount of time required for complete
cell detachment. Evaluation of samples under CSLM showed

that all bacterial cells were completely detached from the
surface after 20 s, while with vortexing below 20 s, bacterial cells
attached to the wafers could still be observed. Thus, vortexing
for 20 s was set for cell detachment for both plate‐counting
and qPCR.

2.7 | Plate Counting

Additional Sr‐functionalized and Ti control wafer samples from
E. coli and S. aureus multispecies tests were separately vortexed
for 20 s in a pre‐reduced dilution blank. Then, the detached
bacterial solution was further diluted, to the 10th, in different
dilution blanks, four times (−1, −2, −3, and −4). Subsequently,
200 µL aliquot of each solution was inoculated onto MacConkey
plates, for E. coli identification, and 110‐plates, for S. aureus
identification. All plates were then incubated aerobically for
2 days, followed by counting CFUs in each sample.

2.8 | Proteolytic Activity

Gingipain activity was analyzed utilizing the synthetic fluoro-
genic substrate BIKKAM‐16 (PepScan Presto B.V., Lelystad, The
Netherlands). From the supernatant of P. gingivalis multispecies
biofilm, 50 µL of the suspension was added to 1.5 µL of BIKKAM‐
16 in a 96‐well plate (NUNC, Thermo Fisher Scientific, Roskilde,
Denmark). Afterward, fluorescence was measured at 1‐min
intervals for 10min in a Clariostar program, a Fluostar Optima
plate reader (BMG Labtech, Offenburg, Germany).

2.9 | qPCR

Total CFUs and the percentage of P. gingivalis attached to Sr‐
functionalized and Ti control wafers were assessed using a
Quantstudio 3 Real‐Time PCR system (Thermo Fisher Scien-
tific). DNA was extracted using a QIAamp UCP Pathogen mini‐
kit (Qiagen) according to the manufacturer's instructions, with
additional lysozyme treatment step (20mg/mL lysozyme in
20mM Tris pH 8.0, 2 mM EDTA, 1,2% Triton X‐100), 37°C for
1 h). The specific primer sequences used for the detection of P.
gingivalis were: 5′‐TGTAGATGACTGATGGTGAAAACC‐3′
and 5′‐ACGTCATCCCCACCTTCCTC‐3′.

Each primer was diluted from 20 pmol/μL to 5 μM in ultrapure
water and kept at −20°C until use. Each reaction mixture (final
volume of 10 μL) contained 1 μL DNA template, 0.5 μM forward
and reverse primer, 5 μL Power SYBR Green Master Mix
(Thermo Fisher Scientific), and 2 μL nuclease‐free ultrapure
water. All reactions were done in triplicates and with negative
controls. The thermocycling protocol used an initial step of
2 min at 50°C followed by 10min at 95°C, and 40 cycles of 15 s
at 95°C and 1min at 60°C thereafter. Reaction specificities were
confirmed by melting curve analysis. Estimates of cell number
were made against standards prepared from 10‐fold serial
dilutions of each bacteria (ranging from 65 ng/μL to 0.65 pg/μL)
and quantifications were made based on the estimated 16S
rRNA gene copy numbers and amounts of chromosomal DNA
in each P. gingivalis cell (four copies, 2.5 fg).
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2.10 | Statistical Analysis

All experiments were done in triplicates and statistical analysis
was performed using SPSS 27 (IBM Corp. Released 2020, IBM
SPSS Statistics for Macintosh, Version 27.0. Armonk, NY: IBM
Corp). The Mann–Whitney U test was used to assess differences
between Sr‐functionalized and Ti control wafers in the number
of viable cells, in both mono‐ and multispecies cultures
(bacterial viability assay) and differences in mean CFUs in
multispecies cultures (plate counting). The differences were
regarded as significant if p< 0.05 and graphically presented as:
*p< 0.05, **p< 0.01, ***p< 0.001.

3 | Results

3.1 | Effect of Sr on Biofilm Growth and Bacterial
Viability

For mono‐species biofilms, at 2 h, Sr‐functionalized wafers showed
reduced numbers of viable cells compared to Ti control wafers for
all bacteria tested, that is, P. gingivalis, S. aureus and E. coli,with the
differences being statistically significant for S. aureus and E. coli
(p<0.001). Following 24 h of incubation, Sr‐functionalized wafers
showed significantly less viable cells compared to Ti control wafers
for all three species (Figure 1). For multispecies biofilms, following
incubation for 1, 3, and 6 days, Sr‐functionalized wafers showed
significantly less attached bacterial cells (i.e., total biomass) and
significantly less viable cells for all different consortia mixtures, that
is, P. gingivalis‐, S. aureus‐, and E. coli‐multispecies cultures
compared with Ti control wafers (Figure 2).

3.2 | Effect of Sr on Bacterial Growth in
Multispecies Biofilms

The growth of E. coli and S. aureus bacteria in the multispecies
biofilms on Sr‐functionalized and Ti control wafers was
evaluated using serial dilution and plating on MacConkey and
110‐plates, for E. coli and S. aureus, respectively, after detaching
the biofilms from the surfaces using vortexing. Following
incubation of 2 days, 110‐plates inoculated from S. aureus
multispecies showed a significantly lower number of CFU
growth in Sr‐functionalized wafers compared to Ti control
wafers at all time points of evaluation (Figure 3a). Similarly,
a lower number of E. coli CFUs were associated with
Sr‐functionalized wafers compared to Ti control wafers; however,
the differences were statistically significant only at Day 1
(Figure 3b). The amount of P. gingivalis in the multispecies
biofilms was evaluated using qPCR. P. gingivalis was detected
only at Day 6, and only on Ti control wafers constituting 15% of
the total biofilm, while it had remained below detection levels in
all Sr‐functionalized wafers and at all time points of evaluation.

3.3 | Effect of Sr on Proteolytic Activity

Supernatants from biofilms grown on Sr‐functionalized
wafers presented lower gingipain activity at all time points
of evaluation, except from one single experiment at Day 6

(Figure 4). At Day 1, gingipain activity was low; however,
it was always higher in Ti control wafers than in
Sr‐functionalized wafers. The peak of gingipain activity
was observed at Day 3; again, gingipain activity was in
general rather higher in Ti control wafers compared to
Sr‐functionalized wafers. A drop in gingipain activity was
seen at Day 6, but again in two of the experiments, there was
lower gingipain activity associated with Sr‐functionalized
wafers (Figure 4).

4 | Discussion

In the current study, Sr‐functionalized wafers presented a
pronounced bacteriostatic and bactericidal potential against
bacteria associated with peri‐implantitis, in both mono‐ and
multispecies biofilms. Specifically, Sr‐functionalized wafers
presented a lower number of attached and viable cells
compared to Ti control wafers, basically for all bacterial
species tested, from after a few hours of culturing and up to
6 days, the longest time point in this study. Furthermore, Sr‐
functionalized wafers interfered with the growth and
proteolytic activity of P. ginigivalis, a pathogen considered
a keystone in the development of a dysbiotic biofilm
(Hajishengallis and Lamont 2012) and commonly present
in high numbers in peri‐implantitis lesions (Persson and
Renvert 2014). Particularly, P. gingivalis remained below
detection levels at all time points of evaluation, while
gingipain activity was at all but one experiments lower in
Sr‐functionalized samples, compared to Ti control wafers.

These results corroborate the findings of previous in vitro
studies (O'Sullivan et al. 2010; Zhao et al. 2019; Zhou and
Zhao 2016). For example, Zhou et al., using plate counting,
reported antimicrobial rates of up to 40% against S. aureus and
E. coli, of various types of coatings of Ti disks, when
functionalized with Sr, within the first 24 h of testing (Zhou
and Zhao 2016). Likewise, Zhao et al., using a similar method
reported an antimicrobial rate of ca. 55% against S. aureus
cultured on microstructured Ti specimens functionalized with
Sr, after 24 h of testing. Furthermore, the finding herein, that
Sr‐functionalized wafers exert bacteriostatic and bactericidal
potential for up to 6 days, is also in agreement with the results
of a previous in vitro study (O'Sullivan et al. 2010) showing a
growth inhibition of S. aureus on Ti coupons functionalized
with Sr‐substituted apatite of about 40% after 7 days. Thus, Sr
appears to have a noticeable antimicrobial effect already at the
early stages of bacterial attachment and continues as long as an
adequate amount of Sr ions is released. Indeed, the limited
antimicrobial effect of hydroxyapatite (HA) coatings functiona-
lized with Sr was observed during the first 24 h, against S.
aureus, E. coli, and P. aeruginosa mono‐species cultures, when
low levels of Sr ions were released (Fielding et al. 2012; Geng
et al. 2016). In fact, in both studies, a rapid cumulative increase
in Sr ions concentration was observed after 24 h; however, no
antimicrobial test was performed beyond the first 24 h (Fielding
et al. 2012; Geng et al. 2016).

In this context, since Sr reacts with water to form Sr(OH)2, the
observed antimicrobial effect of Sr‐functionalized wafers may be
related to changes in the pH of the cultures (Jayasree et al. 2017).
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FIGURE 1 | Bar graph showing the results of mono‐species viability assay showing total biomass, viable (green) and dead (red) cells, and CSLM

images of both Sr‐functionalized and Ti control wafers tested against Porphyromonas gingivalis (a), Staphylococcus aureus (b), and Escherichia coli (c).

**p< 0.01 compared to Ti control. ***p< 0.001 compared to Ti control.
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FIGURE 2 | Bar graph showing the results of multispecies viability assay showing total biomass, viable (green) and dead (red) cells, and CSLM

images of both Sr‐functionalized and Ti control wafers tested against Porphyromonas gingivalis multispecies (a), Staphylococcus aureus multispecies

(b) and Escherichia coli multispecies consortia (c). *p< 0.05 compared to Ti control. **p< 0.01 compared to Ti control. ***p< 0.001 compared to Ti

control.
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The magnetron sputtering process, used to functionalize the
samples of the current study, deposits a thin coating on the wafer
surface, with negligible (i.e., at the level of nm) surface roughness
change; it has previously been shown that Sr‐functionalized
turned Ti surfaces, produced with the same process as herein,
release approximately 30 µg/cm2 Sr over 7 days (Offermanns,
Andersen, et al. 2018). This means that within the culture
volume of the current study, assuming the same ion release rate,
the effective concentration of Sr2+ could reach ~0.1mM with a
corresponding of OH− concentration of ~0.2mM. Thus, consid-
ering Sr(OH)2 to be a strong base, one could calculate the pH of
an aqueous solution to be ~10.3. Considering the experimental
setup, it is likely that a concentration gradient would build up
near the surface of the wafer, thus, yielding a region with a
locally higher Sr(OH)2 concentration, that is, with an even higher
pH. Most bacterial species prefer to grow in a pH around neutral
and changes in the pH interfere with their ability to grow and
negatively influence their viability. Indeed, the high pH as an
explanation of the antibacterial effect of Sr has been demon-
strated in a 6‐week in vitro study assessing Sr‐containing dental
cement (Jayasree et al. 2017). Future studies should explore
whether the antimicrobial effect of Sr observed herein is due to
inducing a high alkaline pH.

As previously mentioned, Sr is particularly interesting
because of its known potential to enhance bone formation
by promoting osteoblast adhesion and proliferation, and also
interfere with osteoclast function (López‐Valverde et al. 2019;
Lu et al. 2021; Yamaguchi and Neale Weitzmann 2012).

Indeed, systemic administration of Sr ranelate seems to
somehow enhance peri‐implant bone quality and implant
osseointegration in animals (Scardueli et al. 2018) and to
enhance bone regeneration in grafted bone defects in healthy
and osteoporotic rats (Mardas et al. 2021); while, loading a
bovine bone substitute with Sr, significantly enhanced bone
formation, compared with non‐loaded controls, when im-
planted in critical‐size calvarial defects in rats (Aroni
et al. 2019). Furthermore, Sr functionalized Ti implants,
produced with the same magnetron sputtering used herein,
have exhibited enhanced osseointegration in several pre-
clinical in vivo studies (Andersen et al. 2013; López‐Valverde
et al. 2019; Offermanns, Andersen, et al. 2018).

In perspective, none of the previous studies assessing the
antimicrobial potential of Sr coatings has used biofilms
composed of multispecies bacteria. Thus, the present study used
a multispecies model composed of four common oral micro-
organisms, combined with three different bacterial species that
have been reported to be associated with peri‐implantitis.
Nevertheless, it is estimated that more than 700 different
bacterial species live in the oral cavity (Aas et al. 2005), with
about 30% non‐culturable; obviously, the multispecies cultures
herein, represent simply a negligible fraction of the oral biofilm.
Furthermore, the oral cavity consists of a variety of tissues, and
often a variety of restorative materials and surfaces, where
bacterial attachment, biofilm composition, and function differ
significantly. In this context, modern Ti dental implant surfaces
show great variation and complexity in terms of topographic

FIGURE 3 | Multispecies plate counting method for Staphylococcus aureus and Escherichia coli multispecies test. Differences in number of S.

aureus CFUs from multispecies consortium grown on 110‐plates (a) and E. coli CFUs grown on MacConkey plates (b) for each time point of

evaluation comparing Sr‐functionalized and Ti control wafers. *p< 0.05 compared to Ti control. **p< 0.01 compared to Ti control.

FIGURE 4 | Proteolytic activity of the triplicate experiments of Porphyromonas gingivalis multispecies biofilm showing higher gingipains activity

associated with Ti control wafers compared to Sr‐funtionalized wafers, except in only one experiment at Day 6.
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features, including roughness and microtopography, which are
not represented by the smooth wafer surface used herein.
Implant surface characteristics do not only have an impact on the
biofilm behavior per se (e.g., modified/roughened implant
surfaces are associated with increased risk for bacterial attach-
ment and biofilm formation compared to turned/smooth ones)
(Bermejo et al. 2019) but it may well be expected to modulate the
release profile/amount of Sr, in connection/depending on the
technology used to functionalize the Ti surface.

5 | Conclusion

Sr‐functionalized Ti displayed promising antimicrobial poten-
tial, possessing bactericidal and bacteriostatic ability against
bacteria associated with peri‐implantitis grown either as mono‐
species or mixed in a multispecies consortium with different
common oral microorganisms. Further testing Sr functionaliza-
tion of clinically relevant implant surfaces seems warranted.
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