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Abstract 

Objectives: Staphylococcus spp. are postulated to play a role in peri-implantitis. This 

study aimed to develop a “submucosal” in vitro biofilm model, by integrating two 

staphylococci in its composition. Materials and methods: The standard “subgingival” 

biofilm contained Actinomyces oris, Fusobacterium nucleatum, Streptococcus oralis, 

Veillonella dispar, Campylobacter rectus, Prevotella intermedia, Streptococcus 

anginosus, Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola, 

and was further supplemented with Staphyoccous aureus and/or Staphylococcus 

epidermidis. Biofilms were grown anaerobically on hydroxyapatite or titanium discs, 

and harvested after 64 h for real-time polymerase chain reaction, to determining their 

composition. Confocal laser scanning microscopy and fluorescence in situ 

hybridization were used for identifying the two staphylococci. Results: Both 

staphylococci established within the biofilms when added separately. However, when 

added together, only S. aureus grew in high numbers, whereas S. epidermidis was 

reduced almost to the detection limit. Compared to the standard subgingival biofilm, 

addition of the two staphylococci had no impact on the qualitative or quantitative 

composition of the biofilm. When grown alone, S. epidermidis and S. aureus formed 

small distinctive clusters, and confirmed that S. epidermidis was not able to grow in 

presence of S. aureus. Conclusions: S. aureus and S. epidermidis can be individually 

integrated into an oral biofilm grown on titanium, hence establishing a “submucosal” 

biofilm model for peri-implantitis. This model also revealed that S. aureus 

outcompetes S. epidermidis when grown along in the biofilm, which may explain the 

more frequent association of the former with peri-implantitis. 

 

Running title:  Peri-implantitis submucosal biofilm model 

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

Peri-implant diseases are infectious diseases that affect the tissues surrounding the 

dental implants (Mombelli & Lang 1998). Peri-implant mucositis and peri-implantitis 

are analogous to gingivitis and periodontitis of natural teeth, exhibiting several 

similarities but also differences (Belibasakis 2014). While the pathological events that 

govern peri-implantitis qualitatively resemble periodontitis, the extent and rapidity of 

the tissue destruction is more pronounced in peri-implantitis (Belibasakis, et al. 2015, 

Heitz-Mayfield & Lang 2010). In addition, the microbial composition of peri-

implantitis biofilms resembles that of periodontitis (Mombelli & Decaillet 2011). 

However, with the increasing use of molecular technologies based on metagenomics, 

it is likely that more differences will be identified, and a broader diversity will be 

revealed (Charalampakis & Belibasakis 2015, Faveri, et al. 2015). 

Several studies admittedly show that some taxa identified in peri-implantitis 

are less common in periodontitis, including Staphylococcus aureus and 

Staphylococcus epidermidis (Charalampakis, et al. 2012, Persson & Renvert 2014, 

Rams & Link 1983, Rams, et al. 1991, Renvert, et al. 2007, Zhuang, et al. 2014). The 

biological rationale behind the involvement of Staphylococcus spp. in peri-implantitis 

is their capacity to efficiently attach onto titanium surfaces (Harris & Richards 2004), 

and contribute to the medical device infections, which are biofilm-associated 

(Costerton, et al. 2005). In this light, S. aureus is a potential pathogen of relevance to 

orthopedics, as it exhibits a strong association to ostomyelitis and orthopedic implant 

infection (Arciola 2009). Regarding titanium-based dental implants, S. aureus can be 

detected on their surface within an hour following surgical insertion (Salvi, et al. 

2008). With regards to peri-implant infections, it is indeed confirmed that S. aureus or 
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Staphylococcus anaerobius are found at higher numbers is biofilm obtained from 

implants with peri-implantitis, than peri-implant health (Persson & Renvert 2014). 

Multi-species in vitro biofilm models can serve as useful tools in the study of 

various polymicrobial infections. A “subgingival” biofilm model consisting of 10-11 

periodontitis-associated species grown on hydroxyapatite (HA) discs was developed 

in order to address questions related to the etiology of periodontitis (Ammann, et al. 

2012, Guggenheim, et al. 2009). Such questions are pertinent to the interaction 

between species in the biofilm (Ammann, et al. 2013, Bao, et al. 2014, Bao, et al. 

2015) or the interaction of the biofilm itself with host cells or tissues (Belibasakis & 

Guggenheim 2011, Belibasakis, et al. 2013, Belibasakis, et al. 2011, Belibasakis, et al. 

2011, Belibasakis, et al. 2013, Bostanci, et al. 2011, Thurnheer, et al. 2014, Willi, et al. 

2014). Since peri-implantitis is a newly emerged oral infection (Belibasakis 2014, 

Heitz-Mayfield & Lang 2010), there is a need for the establishment of a biofilm 

model of relevance to this disease. Therefore the aim of this study was to convert our 

standard periodontitis “subgingival” biofilm model into a peri-implantitis 

“submucosal” one, by incorporating S. aureus and/or S. epiderimidis into its 

composition, and replacing the biofilm growth surface from hydroxyapatite to 

titanium. This new model would serve as an important tool 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 “subgingival” biofilm model was used abiding 

a slightly modified protocol as described previously (Ammann, et al. 2012, 

Guggenheim, et al. 2009, Thurnheer, et al. 2014). In brief, biofilms were grown in 
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medium, consisting of 60% of processed whole unstimulated pooled saliva, 30 % 

modified fluid universal medium (mFUM) (Gmur & Guggenheim 1983) and 10 % 

heat inactivated human serum. Incubation was carried out for 64 h under anaerobic 

conditions at 37 °C. The standard subgingival in vitro biofilm was composed of 

Actinomyces oris (OMZ 745; formerly Actinomyces naeslundii), Campylobacter 

rectus OMZ 698, Fusobacterium nucleatum subsp. nucleatum OMZ 598, 

Porphyromonas gingivalis ATCC 33277T (OMZ 925), Prevotella intermedia ATCC 

25611T (OMZ 278), Streptococcus anginosus ATCC 9895 (OMZ 871), Streptococcus 

oralis SK248 (OMZ 607), Tannerella forsythia OMZ 1047, Treponema denticola 

ATCC 35405T (OMZ 661), and Veillonella dispar ATCC 17748T (OMZ 493). This 

standard biofilm was supplemented with either Staphylococcus epidermidis ATCC 

14990 (OMZ 423) (treatment 1), or S. aureus ATCC 25923 (OMZ 1122) (treatment 2) 

or a mixture of the two staphylococci (treatment 3) or a mixture of the latter and an 

additional boost inoculation of S. epidermidis after 16 h (treatment 4). All strains were 

maintained on Columbia Blood Agar (CBA) plates, with the exception of T. forsythia 

and T. denticola that were maintained in liquid growth media as described previously 

(Ammann, et al. 2012). Biofilms were grown in 24-well polystyrene cell culture plates 

on hydroxyapatite (Ø 9 mm; Clarkson Chromatography Products, South Williamsport, 

PA, USA) and titanium discs (TiUnite, Nobel Biocare, Kloten Switzerland) that had 

been preconditioned (pellicle-coated) in 1 ml of pasteurized whole un-stimulated 

saliva, pooled from individual donors, and incubated for 4 h at room temperature. The 

same saliva batch was used in all experimentations. To initiate biofilm formation, the 

pellicle-coated discs were covered with 1 ml of growth medium (see above), and 200 

µl of a microbial suspension prepared from equal volumes and densities of each strain, 

corresponding to OD550=1.0. The carbohydrate concentration in FUM was 0.3% (w/v) 
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glucose. After 16 h of incubation the growth medium was renewed, along with adding 

50 µl of T. denticola liquid culture as well as 50 µl of S. epidermidis culture (OD550 = 

1.0) in treatment 4 (see above). At 16, 20, 24, 40, 44, and 48 h biofilms were washed 

by three consecutive dips in 2 ml of sterile physiological saline. Fresh medium was 

provided after 16 h and 40 h. After 64 h the biofilms were dip-washed again prior to 

harvesting for quantification by real time quantitative PCR (qPCR) or processing for 

fluorescence in situ hybridization (FISH) staining and confocal laser scanning 

microscopy (CLSM) analyses, as described below. 

 

Quantitative determination of the biofilm species  

After 64 h of biofilm growth, the hydroxyapatite discs were vortexed vigorously for 1 

minute in 1 ml of 0.9% NaCl and then sonicated at 25W in a Sonifier B-12 (Branson 

Ultrasonic, Urdorf, Switzerland) for 5 sec, to harvest the adherent biofilms. The 

resulting bacterial suspensions were then used for quantification by qPCR as 

described earlier (Ammann, et al. 2013). Primer sequences and properties of the 

standard 10-species biofilm are given in Table 1. The staphylococci were quantified 

using the microbial DNA qPCR assays for S. epidermidis and S. aureus (Qiagen 

Instruments, Hombrechtikon, Switzerland; Cat. no. BPID00316A and BPID00314A, 

respectively). 

Staining of biofilms 

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

protocols described before (Thurnheer & Belibasakis 2015, Thurnheer, et al. 2004). 

Probe sequences and formamide concentrations used for the hybridizations, as well as 

the NaCl concentrations of the washing buffers are given in Table 2. For 

counterstaining, biofilms were stained using 3 µM Syto 59 (Invitrogen) (20 min, room 
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temperature, in the dark), following the FISH procedure. After staining, the samples 

were embedded upside-down on chamber slides in 100 µl of Mowiol 4-88 

(Calbiochem-Novabiochem, San Diego, CA) (Guggenheim, et al. 2001). 

Confocal laser scanning microscopy (CLSM)  

Stained biofilms were examined by CLSM at randomly selected positions using a 

Leica TCS SP5 microscope (Leica Microsystems, Wetzlar, Germany) fitted with an 

Ar laser (458 nm / 476 nm / 488 nm / 496 nm / 514 nm excitation), and a He-Ne laser 

(561 nm / 594 nm / 633 nm excitation). Filters were set to 500–540 nm to detect FAM, 

to 570–630 nm for Cy3, and to 660–710 nm for Syto 59. Confocal images were 

obtained using x63 (numeric aperture 1.30) glycerol immersion objective. Z-series 

were generated by vertical optical sectioning with the slice thickness set at 1.02 µm. 

Image acquisition was performed in x8 line average mode. Scans were recombined 

and processed using Imaris 7.6.5 software (Bitplane, Zürich, Switzerland), without 

any qualitative changes to the raw images. 

Statistical analyses 

Three independent experiments were performed, and within each experiment every 

group was represented in triplicate biofilm cultures. Hence, statistics were performed 

on nine individual data-points, deriving from the nine individual biofilm cultures per 

experimental group. The statistical significance of the differences in microbial 

numbers between the control group (standard 10-species “subgingival” biofilm) and 

the four treatments was evaluated by two-way analysis of variance (ANOVA), 

corrected by Tukey’s multiple comparisons test (significance level P<0.05). 

Undetectable values were ascribed the lowest detection limit value of the assay to 

allow for log transformation. Comparisons were performed between the control group 
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and each experimental group, for each individual species. The data were analyzed 

using the Prism version 6, statistical analysis software (GraphPad). 

Results 

A standard 10-species “subgingival” biofilm was used as the ground model for this 

study, grown either on HA or titanium discs. Firstly, biofilm growth on HA was 

investigated (Figure 1A). When S. aureus or S. epidermidis were included in the 

initial inoculum, either individually or together, all of the remaining original 10 

species were grown un-impeded in the biofilm. Significant (p<0.05) changes in C. 

rectus, P. gingivalis and T. forsythia numbers were observed only when S. 

epidermidis was re-inoculated (i.e. “booster”) after 16 h following the initiation of 

biofilm formation. The numbers of P. gingivalis and T. forsythia were increased by 

2.9-fold and 3.2-fold respectively, when the two staphylococci were present in the 

biofilm, whereas C. rectus decreased by 6.1-fold. Yet these changes in numbers 

remained within one step of the log10 scale. Importantly, S. aureus was successfully 

incorporated and grown in the biofilm under any of the tested conditions. This was 

also the case for S. epidermidis when inoculated together with the 10 “subgingival” 

species. However, when S. epidermidis and S. aureus were inoculated together along 

with the 10 other species, the growth of the former was significantly inhibited by 

approximately 3 steps of the log10 scale (Figure 1A). 

Biofilm formation on titanium surfaces was thereafter investigated in a similar 

manner (Figure 1B). It was found that presence of S. aureus or S. epidermidis in the 

inoculum (together or individually) did not cause any changes in the numbers of the 

10 original species after 64 h of biofilm growth. Accordingly, S. aureus and S. 

epidermidis were able to successfully grow as part of the biofilm, along with the other 

species. However, when these two staphylococci were inoculated together, only S. 
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aureus was able to grow in the biofilm, whereas the growth of S. epidermidis was 

suppressed. 

This newly established biofilm model whereby S. epidermidis or S. aureus 

were able to integrate among the 10 “subgingival” species, was also analysed 

structurally by CLSM (Figure 2). Technically it was not possible to perform CLSM 

on the biofilm grown on titanium discs, since the biofilm displayed increased 

detachment from this surface during the execution of the FISH-staining protocol. 

Therefore, this analysis was performed only on the biofilms formed on HA discs. The 

structure and bacterial distribution of the 10-species (control) biofilm is visualized in 

Figure 2A, whereas the presence of S. epidermidis (Figure 2B) or S. aureus (Figure 

2C) were individually confirmed by FISH staining, using fluorescence-labeled 16S 

rRNA oligonucleotide probes (Table 2). In both staphylococci groups, there were 

small but distinctive bacterial cell clusters of the associated species (red color), which 

were scattered across the biofilm mass (green color). In the case where S. aureus and 

S. epiermidis were simultaneously co-inoculated (Figure 2D), or when S. epiermidis 

was re-inoculated after 16 h (Figure 2E), only S. aureus was identified in the biofilm, 

whereas S. epidermidis was not detectable. The distribution and clustering of S. 

aureus when co-inoculated with S. epidermidis did not differ from the biofilm group 

where S. aureus was inoculated alone. These findings corroborate the low detection 

levels of S. epidermidis by qPCR in the corresponding biofilm groups (Figure 1). 

Discussion 

The present study established and characterized an in vitro multi-species “submucosal” 

biofilm model, which is of relevance to peri-implantitis. It is based on the 

advancement of the original 10-species “subgingival” bioflm grown anaerobically on 

HA discs (Ammann, et al. 2013, Ammann, et al. 2012, Belibasakis & Thurnheer 2014, 
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Guggenheim, et al. 2009). The novelty lies in the growth of the biofilm on titanium 

discs, as well as the incorporation of S. aureus or S. epidermidis individually in its 

structure. Staphylococci have allegedly been more associated with peri-implantitis 

than peri-implant health, or periodontitis (Belibasakis 2014, Heitz-Mayfield & Lang 

2010). Studies have also shown that S. aureus DNA counts are greater on dental 

implants than on natural teeth, as evaluated by DNA-DNA hybridization assays 

(Renvert, et al. 2008). However, such methods should be considered with more 

caution due to potential cross-reactivity between taxa that could lead to over-

interpretation of the findings (Charalampakis & Belibasakis 2015). Yet, culture-

dependent methods have confirmed the presence of staphylococci in peri-implantitis, 

albeit rather infrequency (Charalampakis, et al. 2012, Leonhardt, et al. 1999). Hence, 

there is sufficient reasoning to incorporate further staphylococci into our 10-species 

experimental biofilm model. Formation of mono-species biofilms of S. epidermidis 

has previously been investigated in relation to titanium surfaces (Burgers, et al. 2012).  

Both S. aureus and S. epidermidis were able to grow as part of the biofilm, at 

numbers comparable to the other constituent “subgingival” species. Moreover, it was 

possible for the biofilms to grow on both HA and titanium surfaces, denoting that 

there is no selective advantage of the growth of this biofilm on one surface over the 

other. These results are in line with the recent observation that S. aureus can 

efficiently grow within a biofilm consisting of another six “supragingival” species, 

without affecting their numeric composition (Thurnheer & Belibasakis 2015). Within 

that biofilm, S. aureus appeared to localize in small and rather secluded clusters of its 

own species. This observation is very similar to the localization pattern of either S. 

aureus or S. epidermidis observed in the present “submucosal” biofilm. This may 

denote that staphylococci can grow in a sparse, yet distinctive, pattern as part of oral 
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biofilms, without outcompeting in growth and spatial arrangement with the remaining 

constituent species, as has been shown in the case of Escherichia coli (Thurnheer & 

Belibasakis 2015). 

A competition trend between the newly introduced staphylococci was also 

observed in the present study. That is, when S. epidermidis was co-inoculated with S. 

aureus, the former failed to grow in the biofilm. This trait was observed on both HA 

and titanium surfaces. Clearly, this denotes an ecological advantage of S. aureus over 

S. epidermidis under the present micro-environmental conditions. This may explain 

the more frequent detection of S. aureus than S. epidermidis in biofilms from sites 

with peri-implantitis (Mombelli & Decaillet 2011). Otherwise, there is also contrary 

evidence that the mono-species competition between S. aureus and S. epidermidis by 

means of quorum-sensing may generally be in favor of S. epidermidis, which might 

explain its predominance on skin and infections on indwelling medical devices (Otto, 

et al. 2001). Yet, one has to consider that every micro-environmental niche of the 

human body is ecologically different, and may therefore provide selective conditions 

for the growth of different bacteria, or their interactions with each other. Hence, 

within a “submucosal” oral biofilm, such as the one developed in this study, the 

behavioral interaction between S. aureus and S. epidermidis can be different than on 

skin. It is worth noting at this stage that, with the present experimental approach it is 

not possible to gauge if this effect was due to direct suppression of S. epidermidis by S. 

aureus, or a community effect of S. aureus on this polymicrobial species biofilm. 

In conclusion, the present study has established and characterized 

“submucosal” biofilm model for peri-implantitis grown on titanium surfaces, by 

individually integrating S. aureus or S. epidermidis. The model can be used for testing 

potential modalities for the prevention or treatment of peri-implantits, before being 
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applied into the clinics. Moreover, this model also revealed a competitive interaction 

between S. aureus and S. epidermidis in biofilms, whereby the former outcompetes 

the growth of the latter.  This is an interesting micro-ecological observation that may 

explain the more frequent detection of S. aureus than S. epidermidis, in peri-

implantitis biofilms. 
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Tables 

Table 1. Primer sequences and properties 

Organism Sequence (5' → 3') Strand 

on 

template 

Tm(°C) Product 

length 

(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 FISH Probes 

Organism Name Label FAa 

(%) 

NaClb 

(mM) 

Sequence (5’→ 3’) Source 

S. aureus Saur229 Cy3 30 112 CTAATGCAGCGCGGATCC c 

S. epidermidis Sepi229 FAM 30 112 CTAATGCGGCGCGGATCC This study 

 
a Formamide concentration in the hybridisation buffer 

b Concentration of NaCl used in the washing buffer 

c Thurnheer and Belibasakis (2015), Virulence 6, 258-64 
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Figures 

 

Figure 1. Cells/biofilm of the standard 10-species subgingival biofilm grown on 

hydroxapatite (A) or titanium discs (B) (control group; blue), containing additionally 

S. epidermidis (treatment 1; red), or S. aureus (treatment 2; green), or S. epidermidis 

+ S. aureus (treatment 3; purple), or S. epidermidis + S. aureus + a boost inoculation 

of S. epidermidis after 16 h of growth (treatment 4; orange). Box plots represent 

cells/biofilm determined by qPCR. The OMZ strain number is provided in the 

parenthesis after the species names. Statistically significant differences compared with 

the control group are indicated with asterisks (* P<0.05; ** P<0.01; *** P<0.001).  
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Figure 2. CLSM images of the standard 10-species subgingival biofilm after 64 h of 

growth on hydroxyapatite discs (control group; A) containing additionally S. 

epidermidis (treatment 1; B), or S. aureus (treatment 2; C), or S. epidermidis + S. 

aureus (treatment 3; D), or S. epidermidis + S. aureus + a boost inoculation of S. 

epidermidis after 16 h of growth (treatment 4; E). Bacteria appear green due to DNA-

staining using Syto 59. Due to FISH staining with 16S rRNA probes Sepi229 and 

Saur229 S. epidermidis and S. aureus appear blue and red, respectively. The biofilm 

base in the cross sections is directed towards the top view. Scale = 15 µm.  


