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Abstract

Objectives: Saphylococcus spp. are postulated to play a role in peri-imptentThis
study aimed to develop a “submucosai’vitro biofilm model, by integrating two
staphylococci in its compositioMaterials and methods: The standard “subgingival”
biofilm containedActinomyces oris, Fusobacterium nucleatum, Streptococcus oralis,
Veillonella dispar, Campylobacter rectus, Prevotella intermedia, Sreptococcus
anginosus, Porphyromonas gingivalis, Tannerella forsythia, andTreponema denticola,
and was further supplemented wigtlaphyoccous aureus and/or Saphylococcus
epidermidis. Biofilms were grown anaerobically on hydroxyapatr titanium discs,
and harvested after 64 h for real-time polymerdmsencreaction, to determining their
composition. Confocal laser scanning microscopy dhgbrescencein situ
hybridization were used for identifying the two mtglococci. Results: Both
staphylococci established within the biofilms wlastded separately. However, when
added together, onl§ aureus grew in high numbers, where&s epidermidis was
reduced almost to the detection limit. Compareth&standard subgingival biofilm,
addition of the two staphylococci had no impacttba qualitative or quantitative
composition of the biofilm. When grown alort,epidermidis andS. aureus formed
small distinctive clusters, and confirmed tisaepidermidis was not able to grow in
presence of aureus. Conclusions:S. aureus andS epidermidis can be individually
integrated into an oral biofilm grown on titaniuhence establishing a “submucosal”
biofilm model for peri-implantitis. This model alsoevealed thatS aureus
outcompetes epidermidis when grown along in the biofilm, which may explaire

more frequent association of the former with pempiantitis.

Running title: Peri-implantitis submucosal biofilm model

Key words: biofilms, in vitro model, peri-implantitis, titanium surface



Introduction

Peri-implant diseases are infectious diseasesatf@tt the tissues surrounding the
dental implants (Mombelli & Lang 1998). Peri-imptanucositis and peri-implantitis
are analogous to gingivitis and periodontitis oftunal teeth, exhibiting several
similarities but also differences (Belibasakis 2014hile the pathological events that
govern peri-implantitis qualitatively resemble pelontitis, the extent and rapidity of
the tissue destruction is more pronounced in pepkantitis (Belibasakis, et al. 2015,
Heitz-Mayfield & Lang 2010). In addition, the midi@al composition of peri-
implantitis biofilms resembles that of periodomtifMombelli & Decaillet 2011).
However, with the increasing use of molecular t@tbgies based on metagenomics,
it is likely that more differences will be idensfi, and a broader diversity will be
revealed (Charalampakis & Belibasakis 2015, Fae¢m@]. 2015).

Several studies admittedly show that some taxatiftezh in peri-implantitis
are less common in periodontitis, includin@aphylococcus aureus and
Staphylococcus epidermidis (Charalampakis, et al. 2012, Persson & Renverd201
Rams & Link 1983, Rams, et al. 1991, Renvert, eP@07, Zhuang, et al. 2014). The
biological rationale behind the involvement@éphylococcus spp. in peri-implantitis
is their capacity to efficiently attach onto titam surfaces (Harris & Richards 2004),
and contribute to the medical device infections,icwhare biofilm-associated
(Costerton, et al. 2005). In this ligl&, aureus is a potential pathogen of relevance to
orthopedics, as it exhibits a strong associatioastomyelitis and orthopedic implant
infection (Arciola 2009). Regarding titanium-basehtal implantsS. aureus can be
detected on their surface within an hour followiswgrgical insertion (Salvi, et al.

2008). With regards to peri-implant infectionsisiindeed confirmed th& aureus or



Staphylococcus anaerobius are found at higher numbers is biofilm obtaineadnfr
implants with peri-implantitis, than peri-implanedith (Persson & Renvert 2014).
Multi-speciesin vitro biofilm models can serve as useful tools in thelgtof
various polymicrobial infections. A “subgingival'idiilm model consisting of 10-11
periodontitis-associated species grown on hydroateg (HA) discs was developed
in order to address questions related to the etjotd periodontitis (Ammann, et al.
2012, Guggenheim, et al. 2009). Such questionsparénent to the interaction
between species in the biofilm (Ammann, et al. 2880, et al. 2014, Bao, et al.
2015) or the interaction of the biofilm itself witlost cells or tissues (Belibasakis &
Guggenheim 2011, Belibasakis, et al. 2013, Belikiasat al. 2011, Belibasakis, et al.
2011, Belibasakis, et al. 2013, Bostanci, et al120 hurnheer, et al. 2014, Willi, et al.
2014). Since peri-implantitis is a newly emergedl| anfection (Belibasakis 2014,
Heitz-Mayfield & Lang 2010), there is a need foe testablishment of a biofilm
model of relevance to this disease. Therefore ittneoé this study was to convert our
standard periodontitis “subgingival” biofilm modeinto a peri-implantitis
“submucosal’” one, by incorporating aureus and/or S. epiderimidis into its
composition, and replacing the biofilm growth sodafrom hydroxyapatite to
titanium. This new model would serve as an impdrtanl for various applications

related to the study of peri-implantitis.

Material and Methods

Formation of in vitro biofilms
For this study, our standard 10-species “subgitghiafilm model was used abiding
a slightly modified protocol as described previgugAmmann, et al. 2012,

Guggenheim, et al. 2009, Thurnheer, et al. 201 )orlef, biofilms were grown in



medium, consisting of 60% of processed whole ungtied pooled saliva, 30 %
modified fluid universal medium (mMFUM) (Gmur & Guggheim 1983) and 10 %
heat inactivated human serum. Incubation was chwig for 64 h under anaerobic
conditions at 37 °C. The standard subgingiwvalvitro biofilm was composed of
Actinomyces oris (OMZ 745; formerly Actinomyces naedundii), Campylobacter
rectus OMZ 698, Fusobacterium nucleatum subsp. nucleatum OMZ 598,
Por phyromonas gingivalis ATCC 33277 (OMZ 925), Prevotella intermedia ATCC
25611 (OMZ 278), Streptococcus anginosus ATCC 9895 (OMZ 871)Streptococcus
oralis SK248 (OMZ 607),Tannerella forsythia OMZ 1047, Treponema denticola
ATCC 35408 (OMZ 661), andVeillonella dispar ATCC 17748 (OMZ 493). This
standard biofilm was supplemented with eitlS&phylococcus epidermidis ATCC
14990 (OMZ 423) (treatment 1), 8raureus ATCC 25923 (OMZ 1122) (treatment 2)
or a mixture of the two staphylococci (treatmenbBy mixture of the latter and an
additional boost inoculation & epidermidis after 16 h (treatment 4). All strains were
maintained on Columbia Blood Agar (CBA) plates,ntite exception of. forsythia
andT. denticola that were maintained in liquid growth media asctésd previously
(Ammann, et al. 2012). Biofilms were grown in 24#molystyrene cell culture plates
on hydroxyapatite (& 9 mm; Clarkson Chromatographyducts, South Williamsport,
PA, USA) and titanium discs (TiUnite, Nobel Biocakdoten Switzerland) that had
been preconditioned (pellicle-coated) in 1 ml ofstearized whole un-stimulated
saliva, pooled from individual donors, and inculddfie 4 h at room temperature. The
same saliva batch was used in all experimentatibmsnitiate biofilm formation, the
pellicle-coated discs were covered with 1 ml ofvgito medium (see above), and 200
pl of a microbial suspension prepared from equalimes and densities of each strain,

corresponding to Ofy=1.0. The carbohydrate concentration in FUM wa&O(@/v)



glucose. After 16 h of incubation the growth mediwars renewed, along with adding
50 pl of T. denticola liquid culture as well as 50 pl & epidermidis culture (ORso =

1.0) in treatment 4 (see above). At 16, 20, 24,440,and 48 h biofilms were washed
by three consecutive dips in 2 ml of sterile phiggiecal saline. Fresh medium was
provided after 16 h and 40 h. After 64 h the bio§lwere dip-washed again prior to
harvesting for quantification by real time quartita PCR (qgPCR) or processing for
fluorescence in situ hybridization (FISH) stainiramd confocal laser scanning

microscopy (CLSM) analyses, as described below.

Quantitative determination of the biofilm species

After 64 h of biofilm growth, the hydroxyapatitesds were vortexed vigorously for 1
minute in 1 ml of 0.9% NaCl and then sonicated5wW2n a Sonifier B-12 (Branson
Ultrasonic, Urdorf, Switzerland) for 5 sec, to hest the adherent biofilms. The
resulting bacterial suspensions were then used qgtantification by gPCR as
described earlier (Ammann, et al. 2013). Primeruseges and properties of the
standard 10-species biofilm are given in Table He $§taphylococci were quantified
using the microbial DNA gqPCR assays farepidermidis and S aureus (Qiagen
Instruments, Hombrechtikon, Switzerland; Cat. n®IB00316A and BPIDO0314A,

respectively).

Staining of biofilms

Biofilms were stained by FISH using Cy3- or FAM-#led probes following the

protocols described before (Thurnheer & Belibas&Ki$5, Thurnheer, et al. 2004).
Probe sequences and formamide concentrations as#éuefhybridizations, as well as
the NaCl concentrations of the washing buffers green in Table 2. For

counterstaining, biofilms were stained using 3 b9 (Invitrogen) (20 min, room



temperature, in the dark), following the FISH prdwee. After staining, the samples
were embedded upside-down on chamber slides in @O0®f Mowiol 4-88

(Calbiochem-Novabiochem, San Diego, CA) (Guggenheimal. 2001).

Confocal laser scanning microscopy (CLSM)

Stained biofilms were examined by CLSM at randomsdyected positions using a
Leica TCSSP5 microscope (Leica Microsystems, Wetzlar, Gegnéitted with an
Ar laser (458 nm / 476 nm / 488 nm / 496 nm / 5ilexcitation), and a He-Ne laser
(561 nm /594 nm / 633 nm excitation). Filters wee€to 500-540 nm to detect FAM,
to 570-630 nm for Cy3, and to 660-710 nm for Sy8 Gonfocal images were
obtained using x63 (numeric aperture 1.30) glycarohersion objective. Z-series
were generated by vertical optical sectioning Wit slice thickness set at 1.02 pm.
Image acquisition was performed in x8 line averag®le. Scans were recombined
and processed using Imaris 7.6.5 software (Bitplaigich, Switzerland), without

any qualitative changes to the raw images.

Statistical analyses

Three independent experiments were performed, dtidnweach experiment every
group was represented in triplicate biofilm cultirelence, statistics were performed
on nine individual data-points, deriving from thaen individual biofilm cultures per
experimental group. The statistical significance tbé differences in microbial
numbers between the control group (standard 10espésubgingival” biofilm) and
the four treatments was evaluated by two-way armsalgé variance (ANOVA),
corrected by Tukey's multiple comparisons test r(gigance level P<0.05).
Undetectable values were ascribed the lowest detetitnit value of the assay to

allow for log transformation. Comparisons were parfed between the control group



and each experimental group, for each individugcss. The data were analyzed

using the Prism version 6, statistical analysisveafe (GraphPad).

Results

A standard 10-species “subgingival” biofilm was dises the ground model for this
study, grown either on HA or titanium discs. Fystbiofiim growth on HA was
investigated (Figure 1A). Whe8 aureus or S epidermidis were included in the
initial inoculum, either individually or togethesll of the remaining original 10
species were grown un-impeded in the biofilm. Sigant (p<0.05) changes irT.
rectus, P. gingivalis and T. forsythia numbers were observed only wheéh
epidermidis was re-inoculated (i.e. “booster”) after 16 h daling the initiation of
biofilm formation. The numbers d®. gingivalis andT. forsythia were increased by
2.9-fold and 3.2-fold respectively, when the twapstylococci were present in the
biofilm, whereasC. rectus decreased by 6.1-fold. Yet these changes in nwnber
remained within one step of the lggcale. ImportantlyS aureus was successfully
incorporated and grown in the biofilm under anytleé tested conditions. This was
also the case fd& epidermidis when inoculated together with the 10 “subgingival”
species. However, whef epidermidis andS. aureus were inoculated together along
with the 10 other species, the growth of the formes significantly inhibited by
approximately 3 steps of the lpgcale (Figure 1A).

Biofilm formation on titanium surfaces was thereafinvestigated in a similar
manner (Figure 1B). It was found that presenc& @fureus or S epidermidis in the
inoculum (together or individually) did not causeyachanges in the numbers of the
10 original species after 64 h of biofilm growthcddrdingly, S aureus and S
epidermidis were able to successfully grow as part of the bmgfalong with the other

species. However, when these two staphylococci weveulated together, onl§



aureus was able to grow in the biofilm, whereas the glowt S epidermidis was
suppressed.

This newly established biofilm model whereBy epidermidis or S aureus
were able to integrate among the 10 “subgingivglécses, was also analysed
structurally by CLSM (Figure 2). Technically it wast possible to perform CLSM
on the biofilm grown on titanium discs, since thafibm displayed increased
detachment from this surface during the executibrthe FISH-staining protocol.
Therefore, this analysis was performed only onltleéilms formed on HA discs. The
structure and bacterial distribution of the 10-spe¢control) biofilm is visualized in
Figure 2A, whereas the presenceSoepidermidis (Figure 2B) orS aureus (Figure
2C) were individually confirmed by FISH stainingsing fluorescence-labeled 16S
rRNA oligonucleotide probes (Table 2). In both $igpcocci groups, there were
small but distinctive bacterial cell clusters of thssociated species (red color), which
were scattered across the biofilm mass (green )cdtothe case wher® aureus and
S epiermidis were simultaneously co-inoculated (Figure 2D)wben S epiermidis
was re-inoculated after 16 h (Figure 2E), o8haureus was identified in the biofilm,
whereasS. epidermidis was not detectable. The distribution and clusterif S
aureus when co-inoculated witls. epidermidis did not differ from the biofilm group
whereS aureus was inoculated alone. These findings corroborageldw detection

levels ofS. epidermidis by gPCR in the corresponding biofilm groups (Fegay.

Discussion

The present study established and characterizé&u\aimo multi-species “submucosal”
biofilm model, which is of relevance to peri-imptais. It is based on the
advancement of the original 10-species “subgingilbadflm grown anaerobically on

HA discs (Ammann, et al. 2013, Ammann, et al. 2B&ljbasakis & Thurnheer 2014,



Guggenheim, et al. 2009). The novelty lies in thewgh of the biofilm on titanium
discs, as well as the incorporation ®faureus or S. epidermidis individually in its
structure. Staphylococci have allegedly been maso@ated with peri-implantitis
than peri-implant health, or periodontitis (Belibkis 2014, Heitz-Mayfield & Lang
2010). Studies have also shown tlsataureus DNA counts are greater on dental
implants than on natural teeth, as evaluated by DN hybridization assays
(Renvert, et al. 2008). However, such methods shdaé considered with more
caution due to potential cross-reactivity betweamat that could lead to over-
interpretation of the findings (Charalampakis & iBabakis 2015). Yet, culture-
dependent methods have confirmed the presencepifiydbcocci in peri-implantitis,
albeit rather infrequency (Charalampakis, et alZ2Q.eonhardt, et al. 1999). Hence,
there is sufficient reasoning to incorporate furte@phylococci into our 10-species
experimental biofilm model. Formation of mono-s@scbiofilms of S epidermidis
has previously been investigated in relation &niitm surfaces (Burgers, et al. 2012).
Both S aureus andS epidermidis were able to grow as part of the biofilm, at
numbers comparable to the other constituent “suigali’ species. Moreover, it was
possible for the biofilms to grow on both HA anthtium surfaces, denoting that
there is no selective advantage of the growth isf biofilm on one surface over the
other. These results are in line with the recenseolmtion thatS aureus can
efficiently grow within a biofilm consisting of atiwer six “supragingival” species,
without affecting their numeric composition (Thuedn & Belibasakis 2015). Within
that biofilm, S aureus appeared to localize in small and rather seclwliesters of its
own species. This observation is very similar te kbcalization pattern of eith&
aureus or S epidermidis observed in the present “submucosal’ biofilm. Tinay

denote that staphylococci can grow in a sparsedigénctive, pattern as part of oral
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biofilms, without outcompeting in growth and sphagrangement with the remaining
constituent species, as has been shown in theofdsherichia coli (Thurnheer &
Belibasakis 2015).

A competition trend between the newly introduceapbylococci was also
observed in the present study. That is, wBegpidermidis was co-inoculated with.
aureus, the former failed to grow in the biofilm. Thisair was observed on both HA
and titanium surfaces. Clearly, this denotes atogaal advantage db aureus over
S epidermidis under the present micro-environmental conditiorteis may explain
the more frequent detection 8f aureus thanS epidermidis in biofilms from sites
with peri-implantitis (Mombelli & Decaillet 2011)0therwise, there is also contrary
evidence that the mono-species competition betveanreus andS epidermidis by
means of quorum-sensing may generally be in fa¥d. epidermidis, which might
explain its predominance on skin and infectionsnaiwelling medical devices (Otto,
et al. 2001). Yet, one has to consider that eveigrarenvironmental niche of the
human body is ecologically different, and may thene provide selective conditions
for the growth of different bacteria, or their irdetions with each other. Hence,
within a “submucosal” oral biofilm, such as the odeveloped in this study, the
behavioral interaction betweéh aureus andS. epidermidis can be different than on
skin. It is worth noting at this stage that, witte tpresent experimental approach it is
not possible to gauge if this effect was due teaisuppression @ epidermidis by S
aureus, or a community effect db aureus on this polymicrobial species biofilm.

In conclusion, the present study has established a&haracterized
“submucosal” biofilm model for peri-implantitis gnm on titanium surfaces, by
individually integratingS. aureus or S epidermidis. The model can be used for testing

potential modalities for the prevention or treatteh peri-implantits, before being
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applied into the clinics. Moreover, this model atsvealed a competitive interaction
betweenS aureus andS. epidermidis in biofilms, whereby the former outcompetes
the growth of the latter. This is an interestingnorecological observation that may
explain the more frequent detection 8f aureus than S epidermidis, in peri-

implantitis biofilms.
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Tables

Table 1.Primer sequences and properties

Organism Sequence (& 3') Strand Ty (°C) Product
on length
template (bases)
A. oris GCCTGTCCCTTTGTGGGTGGG + 59.57 71
GCGGCTGCTGGCACGTAGTT - 60.32

C. rectus TCACCGCCCGTCACACCATG + 59.35 57
CCGGTTTGGTATTTGGGCTTCGAGT - 59.5

F. nucleatum CGCCCGTCACACCACGAGA + 59.04 75
ACACCCTCGGAACATCCCTCCTTAC - 59.48

P. gingivalis GCGAGAGCCTGAACCAGCCA + 59.07 90
ACTCGTATCGCCCGTTATTCCCGTA - 59.44

P.intermedia  GCGTGCAGATTGACGGCCCTAT + 59.61 68
GGCACACGTGCCCGCTTTACT - 60.24

S anginosus ACCAGGTCTTGACATCCCGATGCTA + 59.25 76
CCATGCACCACCTGTCACCGA - 59.04

S oralis ACCAGGTCTTGACATCCCTCTGACC + 59.42 70
ACCACCTGTCACCTCTGTCCCG - 59.85

T. denticola TAAGGGACAGCTTGCTCACCCCTA + 58.84 55
CACCCACGCGTTACTCACCAGTC - 59.76

T. forsythia CGATGATACGCGAGGAACCTTACCC + 59.07 72
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CCGAAGGGAAGAAAGCTCTCACTCT - 58.01
V. dispar CCCGGGCCTTGTACACACCG + 59.7 62
CCCACCGGCTTTGGGCACTT - 59.83

Tm melting temperature

Table 2.Sequence and formamide concentrations for FISHeRrob

Organism Name Label PA NaCP Sequence (5> 3) Source
(%)  (mM)
S aureus Saur229 Cy3 30 112 CTAATGCAGCGCGGATCC’

S epidermidis  Sepi229 FAM 30 112 CTAATGCGGCGCGGATCC  This study

% Formamide concentration in the hybridisation buffe

P Concentration of NaCl used in the washing buffer

¢ Thurnheer and Belibasakis (2015), Virulence 6,-288
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Figure 1. Cells/biofilm of the standard 10-species subgingivefilm grown on
hydroxapatite (A) or titanium discs (B) (controbgp; blue), containing additionally
S epidermidis (treatment 1; red), o8 aureus (treatment 2; green), & epidermidis

+ S aureus (treatment 3; purple), @ epidermidis + S aureus + a boost inoculation
of S epidermidis after 16 h of growth (treatment 4; orange). Bowrtplrepresent
cells/biofilm determined by gPCR. The OMZ strainnther is provided in the
parenthesis after the species names. Statistgigiyficant differences compared with

the control group are indicated with asterisk®€9.05; ** P<0.01; *** P<0.001).
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Figure 2. CLSM images of the standard 10-species subgindindilm after 64 h of
growth on hydroxyapatite discs (control group; Adntaining additionally S
epidermidis (treatment 1; B), oS aureus (treatment 2; C), o6 epidermidis + S
aureus (treatment 3; D), oS epidermidis + S aureus + a boost inoculation o
epidermidis after 16 h of growth (treatment 4; E). Bacteriaegpgreen due to DNA-
staining using Syto 59. Due to FISH staining wihS1rRNA probes Sepi229 and
Saur229S. epidermidis and S. aureus appear blue and red, respectively. The biofilm

base in the cross sections is directed toward®fheiew. Scale = 15 pm.
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