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Abstract 

Background:  Peri-implant mucositis and peri-implantitis are highly prevalent biofilm-associated diseases affecting 
the tissues surrounding dental implants. As antibiotic treatment is ineffective to fully cure biofilm mediated infections, 
antimicrobial modifications of implants to reduce or prevent bacterial colonization are called for. Preclinical in vivo 
evaluation of the functionality of new or modified implant materials concerning bacterial colonization and peri-
implant health is needed to allow progress in this research field. For this purpose reliable animal models are needed.

Methods:  Custom made endosseous dental implants were installed in female Sprague Dawley rats following a newly 
established three-step implantation procedure. After healing of the bone and soft tissue, the animals were assigned 
to two groups. Group A received a continuous antibiotic treatment for 7 weeks, while group B was repeatedly orally 
inoculated with human-derived strains of Streptococcus oralis, Fusobacterium nucleatum and Porphyromonas gingivalis 
for six weeks, followed by 1 week without inoculation. At the end of the experiment, implantation sites were clinically 
assessed and biofilm colonization was quantified via confocal laser scanning microscopy. Biofilm samples were tested 
for presence of the administered bacteria via PCR analysis.

Results:  The inner part of the custom made implant screw could be identified as a site of reliable biofilm formation 
in vivo. S. oralis and F. nucleatum were detectable only in the biofilm samples from group B animals. P. gingivalis was 
not detectable in samples from either group. Quantification of the biofilm volume on the implant material revealed 
no statistically significant differences between the treatment groups. Clinical inspection of implants in group B ani-
mals showed signs of mild to moderate peri-implant mucositis (4 out of 6) whereas the mucosa of group A animals 
appeared healthy (8/8). The difference in the mucosa health status between the treatment groups was statistically 
significant (p = 0.015).

Conclusions:  We developed a new rodent model for the preclinical evaluation of dental implant materials with a 
special focus on the early biofilm colonization including human-derived oral bacteria. Reliable biofilm quantification 
on the implant surface and the symptoms of peri-implant mucositis of the bacterially inoculated animals will serve as 
a readout for experimental evaluation of biofilm-reducing modifications of implant materials.
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Background
Implants are of increasing importance in several medical 
disciplines, which is due to both technical advances and 
growing demand in ageing populations. Although endos-
seus dental implants increase the life quality of affected 
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patients [1, 2], implant sites are prone to bacterial infec-
tions [3, 4]. A particular threat to the health of implant-
surrounding tissues are pathogenic bacterial biofilms 
located on the implant surface [5, 6]. Without adequate 
treatment, accumulation of bacterial biofilms on dental 
implant surfaces can lead to peri-implant mucositis, an 
inflammation of the peri-implant soft tissue which affects 
more than 50% of dental implants [7–9]. A randomized 
controlled trial found management of peri-implant 
mucositis to be successful in only 70% of implants after 
12  weeks [10]. Without resolution mucositis may pro-
gress to peri-implantitis, which also affects the under-
laying alveolar bone and occurs at more than 25% of 
implants after 5 years [9]. Ensuing sequelae may include 
bone regression and ultimately implant loss [11–13].

Biofilms develop on teeth and dental implants alike 
[14]. Biofilm colonization typically follows a certain pro-
gression of organisms being incorporated into the bio-
film, with specific genera fulfilling key functions in this 
process. Oral biofilm organisms can be classified as early 
and late colonizers [15]. Early colonization of teeth and 
titanium implants is dominated by streptococci spe-
cies like Streptococcus sanguinis, Streptococcus mitis and 
Streptococcus oralis (S. oralis) and actinomyces species 
[16–19]. These pioneer organisms, which coaggregate 
extensively with each other, are needed to attach to the 
salivary pellicle and establish a kind of substrate for fur-
ther bacterial attachment [20–22]. Among the late colo-
nizers there are several species, which strongly correlate 
with periodontal disease, like the “red complex” cluster of 
Porphyromonas gingivalis (P. gingivalis), Treponema den-
ticola and Tannerella forsythia. The integration of these 
species in the biofilm actually depends on the presence 
of Fusobacterium nucleatum (F. nucleatum) and other 
bacteria of the “orange complex” [23–25]. F. nucleatum 
is one of the most frequently found species in dental 
plaque [26] and is known to function as a “bridge organ-
ism” between early and late colonizers due to its ability to 
coaggregate with a variety of other species [15, 27].

The bacterial composition of implant-associated bio-
films is highly predictive for the clinical state of the 
implant. Interestingly, while there are several species 
involved in both conditions, the microbial profile of 
periodontal disease and peri-implant infections are not 
completely identical [28]. In a very recent publication 
by Ghensi and colleagues, which focused on the identi-
fication of microbiota and expression profiles associated 
with peri-implantitis and peri-implant mucositis, P. gin-
givalis and F. nucleatum were both found to be strongly 
associated with peri-implantitis while F. nucleatum 
alone also showed a strong correlation with the preced-
ing peri-implant mucositis [8]. This might be expected, 
considering its function as a key bridge organism in the 

development of pathogenic oral biofilms [8]. Well-estab-
lished biofilms are resistant against both the patient’s 
immune system and antibiotic treatments [29], often 
leaving only mechanical removal as a treatment option 
[14]. Development of these infectious biofilms has to 
be prevented, especially at sites, which cannot be ade-
quately reached by routine tooth brushing or flossing, 
like the interstices between the components of multi-
part implant systems. Bacterial leakage from such sites 
has been reported to threaten implant health [30, 31]. To 
achieve a reduction of biofilm colonization new devel-
opment of implant materials and anti-bacterial surface 
modifications is paramount.

Before new or modified implant materials can be used 
in patients, both intended and unintended effects have to 
be evaluated via preclinical testing in vitro and in suitable 
animal models. For the assessment of the efficacy of a 
new implant material, an in vivo model which mimics the 
initial stages of the development of peri-implant infec-
tions in a patient is desirable.

Today, mainly large animal models, like dogs and pigs 
[32–35], are used to test new implant designs and for 
studies on dental peri-implant infections. However, with 
regard to housing complexity and possible ethical issues, 
there is an increasing interest in easier-to-handle small 
animal models. Most existing rodent models are still 
under development regarding the methods for implanta-
tion and induction of pathogenic processes. In general, 
the focus of these models is not on the quantification of 
implant-associated biofilms, but on etiology, pathology 
and therapy of peri-implant infections. Furthermore, the 
applied methods do not always intend the induction of 
peri-implant-infections via the naturally occurring way 
of successive biofilm colonization of the implant sur-
face. Current treatment procedures include ligatures tied 
around implants to facilitate the accumulation of bacte-
ria, implants that are colonized with a human pathogen 
in  vitro prior to implantation [36–38], or lipopolysac-
charid injections into the implant-surrounding soft tis-
sue to induce peri-implantitis-like symptoms [39, 40]. 
To our knowledge, there is currently only one model for 
experimental induction of peri-implantitis in rats via 
oral application of human-derived pathogenic bacteria 
[41]. However, the formation of bacterial biofilms on the 
implants was not assessed in this study.

For the in  vivo evaluation of antibacterial implant 
materials, a specific setup is needed, which allows for the 
reliable analysis of these bacterial biofilms.

Therefore, the aim of this study was to develop a small 
animal model to analyze biofilm colonization on dental 
implants. To ensure easier handling and maintenance, 
and allowing for sufficiently large numbers of animals per 
test group, rats were used.
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They also offered a limited diversity of oral microbiota 
to guarantee reproducible testing conditions. To mimic 
human implant dentistry, a multi-part titanium implant 
system which resembles implant models currently used 
in implant dentistry was inserted into the maxilla in a 
three-stage implantation process. As human-derived oral 
primary colonizers and pathogenic bacteria should be 
part of the biofilm colonizing the implant, and the bio-
film formation should occur naturally, key species were 
administered orally. Using this model, reliable biofilm 
colonization was verified using fluorescence staining 
and confocal laser-scanning microscopy and the integra-
tion of the administered bacteria was assessed by strain-
specific PCR. Additional, clinical signs of infection were 
detected and evaluated by a dentist and scored using an 
established method.

Methods
The aims of this study were

1.	 To establish a novel three-step implantation method 
for the installation of a multi-part experimental 
implant in the rat.

2.	 To find out if an introduction of the human-derived 
oral bacteria S. oralis, F. nucleatum and P. gingi-
valis, which are known to be critical components 
for human oral biofilm development and pathogenic 
maturation, is possible in specific pathogen-free 
Sprague Dawley rats.

3.	 To establish a method for reproducible biofilm quan-
tification as a readout for later evaluation of innova-
tive implant materials in this in vivo setting.

Animals
Experimental implantations were performed in 27 spe-
cific pathogen-free female ex-breeder Sprague-Dawley 
rats 47–48 weeks of age, which had been purchased from 
Charles River Laboratories (Sulzfeld, Germany). Animal 

numbers were chosen based on prior experience [42]. 
Throughout the experiment, rats were housed under SPF 
conditions, including nesting material, with free access 
to chow (1320 Maintenance diet for rats and mice, Altro-
min, Spezialfutter GmbH&Co.KG, Lage, Germany) and 
water ad libitum. The overall health status of all animals 
was checked daily. The implant-specific health status and 
the weight of the animals was documented every other 
day throughout the experiment, starting after the first 
surgery. Exclusion criteria were determined before the 
start of the experiment and included the following condi-
tions: weight loss of 20% or more at any time point of the 
experiment, which would also have resulted in immediate 
euthanasia of the animal, loss of both implants, or death 
before conclusion of the experiment. Four animals were 
lost over the course of the experiment as detailed in the 
results section. The remaining 23 animals were included 
in the final analysis of this study. In order to minimize 
animal stress, the animals were housed in groups of three 
per cage until the assignment to the different treatment 
groups after intervention three.

Experimental procedure
The experiment was carried out in three stages (each ini-
tiated by an intervention under anaesthesia).

The experimental procedure is depicted in Fig. 1. Rats 
were pre-treated daily with a combination of ampicil-
lin (Carl Roth GmbH &Co. KG, Karlsruhe, Germany) 
and kanamycin (Carl Roth GmbH &Co. KG, Karlsruhe, 
Germany), 20 mg each, dissolved in 200 µl of ultrapure-
water for at least 7 days by oral application. For all ani-
mals, antibiotic treatment was continued throughout the 
stages 1 and 2 to prevent infection of the peri-implant tis-
sues during the implant insertation and healing phases, 
as well as to suppress the endogenous bacterial flora of 
the rats to facilitate the colonization by human-derived 
species [43–45]. During the different interventions, rats 
were anaesthetised by intraperitoneal injection of 85 mg/
kg ketamine (Anesketin; Albrechts GmbH, Aulendorf, 

Fig. 1  Time line of the experimental procedure of implant installation. I1, Intervention 1: Endosseous implantation; I2, Intervention 2: Placement of 
healing abutments; I3 = Intervention 3: Placement of experimental abutments
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Germany) and 4–6  mg/kg xylazine (Sedaxylan; Albre-
chts GmbH, Aulendorf, Germany). To protect the eyes 
of the rats from chafing or drying during surgery, they 
were covered with a generous amount of dexpanthe-
nol eye-ointment (Bepanthen®, Bayer AG, Leverkusen, 
Germany).

Stage 1: Implantation and endosseous healing
A mesio-distal incision of the gingiva of about 4  mm 
length was made bilaterally in the diastema region of the 
alveolar ridge of the maxilla, anterior to the first molar 
using a disposable scalpel (FEATHER SAFETY RAZOR 
CO., LTD, Osaka, Japan). Once the submucosal bone was 
exposed, a pilot burr (Gebr. Brasseler GmbH & CO. KG, 
Lemgo, Germany) was sunk 1.5 mm deep into the pala-
tal bone to prepare an implant bed. Self- cutting custom-
made, titanium implants (Gebr. Brasseler GmbH& CO. 
KG) with a diameter of 1.8  mm and a thread length of 
2.4  mm were manually screwed in clockwise using an 
equipped screwdriver until no further movement was 
possible (Fig.  2A). Implants were carefully positioned 
in such a way that neither the buccal bone nor the sinus 
was perforated. The mucosa was mobilized in a mini-
mally invasive way by creating a split flap around the 
implants to enable submerged initial healing. The inci-
sion was sutured with non-resorbable suture material 
(PremiCron 6/0, B. Braun Surgical, S.A. Rubi. Spain). 

The implantation was followed by a period of 6 weeks for 
healing and osseous integration.

Stage 2: Placement of healing abutments and healing of soft 
tissue
Six weeks after the implantation, transmucosal heal-
ing abutments were attached to the implant screws. To 
achieve this, implant heads were laid bare at implantation 
sites with fully covered implants. A small incision, about 
2–3 mm in length, was made at the point where the tip 
of the implant’s upper thread was palpable through the 
mucosa. At implantation sites with only partially covered 
implants, the implant head was laid bare, with a minor 
incision, or the gingiva was mobilized using a dental 
probe with a blunt end if necessary. Custom-made tita-
nium healing abutments (Gebr. Brasseler GmbH & CO. 
KG) were placed to generate a trans-mucosal passage at 
the implantation site (Fig.  2B). Healing abutments were 
fitted on the upper thread of the implant and attached 
with a retaining screw.

Stage 3: Placement of experimental abutments 
and experimental treatment
In the final intervention, healing abutments were 
replaced with experimental abutments (Gebr. Brasseler 
GmbH & CO. KG) (Fig.  2C), which remained in place 
during the final stage of the experiment and were used 

Fig. 2  Systematic illustration of the implantation process. A In intervention 1 titanium implants are placed bilaterally in the diastema region of 
the upper jaw. Implants are screwed into the jaw bone and covered by a mucosa flap. The implantation is followed by a healing period of 6 weeks 
(stage 1) to allow healing of the mucosa and osseous integration. B In intervention 2 the mucosa covering the implant is reopened if necessary 
and the titanium healing abutment is attached to the implant with the help of a titanium retaining screw. Placement of the healing abutments is 
followed by a two-week period to allow healing of the mucosa (stage 2). C In intervention 3 the healing abutments are replaced by experimental 
abutments. Each animal is fitted with one unmodified titanium abutment and retaining screw on one side and one functionalized abutment and 
retaining screw on the opposite side, if possible (for details of the success rate at any step of the implantation procedure please refer to the main 
text). D Completely assembled implantation construct as it resides in the oral cavity during the final treatment period of 7 weeks
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for biofilm analysis. All remaining implants were fitted 
with a new titanium abutment and retaining screw, struc-
turally identical with the previous healing abutments. In 
animals, which still had both implants in place, one of 
the implants was fitted with an abutment and retaining 
screw combination which additionally featured a surface 
functionalisation that will be described elsewhere, while 
abutment and retaining screw on the opposite side were 
unmodified.

Experimental treatment groups
Twenty-three animals that had been successfully fit-
ted with experimental abutments in intervention 3 were 
there after divided into two treatment groups. Twelve 
animals in the control group (A) were continuously 
treated with ampicillin and kanamycin as described 
above during the following 7 weeks. For the eleven ani-
mals of the experimental group (B), antibiotic treatment 
was terminated the day after the third intervention. After 
the arbitrary assignment of the animals to treatment or 
control group the animals were reassigned to cages con-
taining two animals of the same treatment group each if 
socially compatible. Some animals had to be kept in sin-
gle cages after that time point, as no socially compatible 
partner was available within the same treatment group. 
From then on, animals of experimental group B were 
inoculated orally with a combination of P. gingivalis, F. 
nucleatum and S. oralis during the following six weeks. 
In the seventh week, the rats in group B did not receive 
any treatment. The researcher who conducted the experi-
ment was aware of the group allocation at all times dur-
ing the experiment until the dissection.

Bacterial strains and culture conditions
The oral microbiota of the experimental group rats was 
supplemented with human-derived strains of three key 
biofilm- or peri-implantitis-associated bacterial species: 
P. gingivalis (American Type Culture Collection (ATCC 
33277)), F. nucleatum (ATCC 25586) and S. oralis (Ger-
man Collection of Microorganisms and Cell Cultures 
(DSMZ 20627)). Culture and handling of all three strains 
were done in an anaerobic incubator under an atmos-
phere containing 80% nitrogen, 10% carbon dioxide and 
10% hydrogen. For P. gingivalis and F. nucleatum, agar 
plate precultures were inoculated from previously pre-
pared glycerol stock aliquots. P. gingivalis was plated 
from stock on Fastidious Anaerobe Agar (Oxoid Limited, 
Basingstoke, Hampshire, UK) supplemented with 5% 
defibrinated sheep blood (Oxoid Limited), once a week. 
Every other day, liquid cultures were prepared by inocu-
lating Schaedler medium (Oxoid Limited), supplemented 
with vitamin K (10 µg/ml, Carl Roth GmbH & CO. KG, 
Karlsruhe, Germany), with P. gingivalis scraped from this 

plate. F. nucleatum was plated on Fastidious Anaerobe 
Agar supplemented with 5% defibrinated sheep blood 
once a week. Fastidous Anaerobe Broth (Oxoid Limited), 
medium supplemented with 5% horse serum (USA ori-
gin, Sigma-Aldrich Chemie GmbH, Munich, Germany), 
was inoculated every day with F. nucleatum scraped from 
the agar plate and cells for oral inoculation were taken 
every day from the liquid overnight culture. Glycerol 
stock aliquots of S. oralis were used to inoculate Brain 
Heart Infusion medium (BHI; Oxoid, Wesel, Germany), 
supplemented with vitamin K (10  µg/ml). Bacteria sus-
pensions for oral inoculation were taken every day from 
these liquid overnight cultures.

Oral inoculation procedure
For all bacterial strains used for oral inoculation, optical 
density at 600 nm and corresponding number of colony 
forming units were previously determined from over-
night cultures. For oral inoculation, 109 cells per strain 
per animal were resuspended in carboxymethyl cellulose 
and administered in an inoculum of about 100 µl to each 
animal of group B. To apply the inoculum into the oral 
cavity of each of the animals, we used a lab pipette with 
regular filter tips (Research plus, 1000  µl, Eppendorf, 
Hamburg, Germany). Oral inoculation was performed 
this way on 5 days per week for six consecutive weeks.

Clinical inspection and assignment of a mucosa index (MI)
At the end of the experiment, 49  days after the instal-
lation of the experimental abutments in intervention 
3, peri-implant health was assessed macroscopically, 
with the animals in deep anaesthesia before dissection. 
Detailed notes on the health status of the peri-implant 
mucosa were taken by a dentist experienced in animal 
studies, who was blinded to sample identity. Based on 
these notes, a mucosa index between 0 and 3, based on 
the gingival index described by Löe [46], was assigned to 
all implantation sites at which the complete implant sys-
tem was retained. The mucosa index was scored as fol-
lows: 0 = normal mucosa; 1 = mild inflammation—slight 
changes in colour, slight oedema, no bleeding; 2 = mod-
erate inflammation -redness, oedema and glazing, 
bleeding on probing; 3 = Severe inflammation, marked 
redness and oedema, ulceration, tendency to spontane-
ous bleeding.

Dissection
Using an overdose of anaesthetics, all animals were sac-
rificed directly after clinical inspection at the end of 
the experiment. Abutments and retaining screws were 
removed from the implants and either frozen immedi-
ately in liquid nitrogen or fixed in glutardialdehyde for 
later microscopic analysis.
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Biofilm quantification on retaining screws
After the experimental abutments and retaining screws 
were removed at the end of the experiments, six abut-
ment and retaining screw combinations (unmodified 
titanium) from group A and eight from group B were 
immediately used for fluorescent staining of the attached 
biofilm. After fixation with 2.5% glutardialdehyde (Carl 
Roth GmbH, Karlsruhe, Germany) in PBS, SYTO®9 
(from the LIVE/DEAD® BacLight™ Bacterial Viability 
Kit, Life Technologies, Darmstadt, Germany) was applied 
at a 1:1000 dilution in PBS. Subsequent microscopic 
examination and quantification of the complete volume 
of the attached biofilm was done using a confocal laser 
scanning microscope (Leica TCS SP8, Leica Microsys-
tems, Mannheim, Germany). The SYTO®9 dye was 
excited at 488 nm and the emission was measured from 
500 to 545 nm. Microscopic examination and quantifica-
tion of the complete volume of the attached biofilm was 
done by a researcher blinded to sample identity. Promi-
nent features of the geometry of the retaining screw 
were used to allow a reproducible scanning procedure. 
The surface marked in green in Fig.  4A was scanned at 
a tenfold magnification during microscopic examination 
with a z-step size of 3 µm. The biofilm volume attached 
to the titanium surface was later quantified by analyzing 
the obtained z-stacks with the software IMARIS (Version 
8.4, release 2016, Oxford Instruments, Abington, UK).

Sampling and polymerase chain reaction to verify 
polymicrobial infection
DNA was isolated from all abutments and retaining 
screws at the end of the experiment, using either the Fast 
DNA-Spin Kit for Soil (MP Biomedicals, Eschwege, Ger-
many) for abutments and retaining screws, which were 
frozen immediately after dissection, or the QIAamp® 
DSP DNA FFPE Tissue kit (QIAGEN, Venlo, Nether-
lands) for abutments after staining and CLSM analysis. 
On these DNA samples, PCR for specific amplification of 
the 16S-rRNA gene sequence of P. gingivalis, of the gtfR 
gene sequence of S. oralis, which encodes the glucosyl-
transferase, and of the rpoB gene sequence of F. nuclea-
tum, which encodes the β subunit of the bacterial RNA 

polymerase, was performed. PCR primer sequences and 
conditions are given in Table 1. The primers used for the 
P. gingivalis and S. oralis PCR were used as published 
before [47, 48]. The primers used for the F. nucleatum 
specific PCR were designed for this study.

Statistical analysis
Normal distribution of the data was accessed using the 
Shapiro–Wilk test and the Kolmogorov–Smirnov test. As 
the results of MI assignment did not pass these tests we 
performed further statistical analysis of the results of this 
analysis applying the non-parametric Mann–Whitney-
test. Data of the biofilm quantification were distributed 
normally and so we applied an unpaired-two tailed t test 
for statistical analysis. For both analyses, the significance 
level was set to α = 0.05 and the software GraphPad 
Prism (Version 8.4.2, GraphPad Prism Software Inc., La 
Jolla, USAreleased on April 8th 2020) was used.

Results
Three‑step implantation procedure
In this study, a three-step implantation procedure was 
applied, similar to the original Brånemark protocol for 
installation of dental titanium implants in patients [49, 
50].

Of the 27 rats included in the experiment, none was 
lost due to excessive weight loss. Four animals were lost 
over the course of the experiment: two of these died due 
to complications during anaesthesia, one was removed 
from the study after both implants were found missing 
during the experiment. A fourth animals had to be sac-
rificed due to a sudden decline in its physical condition 
during the experiment (see below).

In the first intervention (Fig.  2A) implants were suc-
cessfully placed on both sides in 24 animals. Two ani-
mals died during intervention 1 due to complications in 
anaesthesia. In one animal implant placement was suc-
cessful only on one side. Overall, 49 implants were placed 
in 25 animals for osseous integration during stage 1. 46 
of these implants were covered successfully with a gin-
gival flap to allow osseous integration as unperturbed by 

Table 1  Bacterial species-specific primers used in PCR

Species Primer sequence Strand Size (bp)

Porphyromonas gingivalis 5′ AGG​CAG​CTT​GCC​ATA​CTG​CG 3′ + 404

5′ ACT​GTT​AGC​AAC​TAC​CGA​TGT 3′ −
Fusobacterium nucleatum 5′ GCC​TCA​TGG​CTC​TAA​GGG​AG 3′ + 165

5′ ACC​CCT​TTG​TTT​CCA​TGC​CT 3′ −
Streptococcus oralis 5′ TCC​CGG​TCA​GCA​AAC​TCC​AGCC 3′ + 374

5′ GCA​ACC​TTT​GGA​TTT​GCA​AC 3′ −
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external influences as possible. For three implants (from 
three animals) covering was only partially achieved.

At the time of the second intervention, six weeks later, 
46 implants were still in place. Ten of these implants were 
still fully submerged beneath the mucosa, while 36 were 
either only partially covered by the mucosa (13/36) or 
not covered at all. Three implants were lost in the course 
of stage 1 and gingiva covered the vacant implantation 
sites. In the second intervention, healing abutments were 
attached to all 46 remaining implants to allow transmu-
cosal healing (Fig. 2B). The healed mucosa was reopened 
at the ten implantation sites where the mucosa fully cov-
ered the implant. As most of the implants were not fully 
covered anymore but the mucosa had already healed 
around the penetration site, only minor incisions or a 
slight mobilization of the mucosa were necessary before 
healing abutments could be attached. At sites where the 
mucosa had healed around the implant, it was left unper-
turbed during healing abutment attachment.

During the following healing period one animal had 
to be euthanized with both implants still in place, due to 
a poor state of health, which was unrelated to the per-
formed treatment. Three more implants were lost in the 
course of stage 2 healing (two of them in one animal, 
which was removed from the study when the loss was 
detected). In the third intervention, the healing abut-
ments were replaced by experimental abutments for later 
biofilm analysis (Fig. 2C). At the time of the third inter-
vention, 41 implants were still in place. Two more were 
removed during the third intervention due to insuffi-
cient osseous integration. Overall, 39 implants were still 
in place and could be fitted with 22 unmodified titanium 
abutments and retaining screws and 17 abutments and 
retaining screws which featured a surface functionaliza-
tion. A completely assembled implant with experimental 
abutment and retaining screw is shown in Fig. 2D.

At the end of the experiment, 39 implants were still in 
place, but 9 abutments and retaining screws were lost. 
The remaining 14 modified and 16 unmodified titanium 
abutments and retaining screws could be re-isolated in 
the final dissection. Of the sixteen unmodified abutments 
and retaining screws analysed in this study 8 were iso-
lated from control group A animals and 8 from group B.

Clinical inspection of implantation sides before dissection
The outcome of the final clinical macroscopic inspec-
tion was described using a mucosa index. As the loss of 
the abutment might influence the health status of the 
peri-implant tissue, implants, which were no longer 
fully assembled, were not taken into consideration for 
the final assessment of the clinical situation in the two 
treatment groups. Overall, the mucosa index could be 
assigned to 8 implantation sites in animals from group 

A and 6 implantation sites from group B. The analysis 
revealed that 4 out of six animals from group B (experi-
mental group) showed signs of mild to moderate mucosal 
inflammation (3 with score 2; 1 with score 1; 2 with score 
0) whereas the peri-implant mucosa of all 8 control ani-
mals (group A) appeared healthy with no signs of inflam-
mation (8 with score 0). This difference was statistically 
significant (p = 0.015) (Fig. 3).

Biofilm on retaining screws
Extensive microscopic examination of the isolated abut-
ments and retaining screws revealed that bacterial bio-
films could most reliably be quantified on a defined 
surface area inside the retaining screws. Comparison 
of both treatment groups revealed no significant differ-
ence (p = 0.508) between animals treated with oral bac-
terial inoculation (group B) and animals continuously 
treated with ampicillin and kanamycin (group A) (Fig. 4). 
The results of the quantification also showed that the 
amount of biofilm was variable between the samples 
from different animals. It ranged between 4.28 × 106 and 
1.02 × 108  µm3 in group A and between 3.83 × 106 and 
6.54 × 107 µm3 in group B.

Success rate of oral infection
To verify that the bacteria administered via oral inocu-
lation had successfully established themselves as part of 
the biofilm on the titanium surfaces in  vivo, DNA was 
isolated from all abutments and retaining screws re-
isolated at the end of the experiment and subjected to a 
species-specific PCR analysis. F. nucleatum and S. oralis 
were detectable in all samples from group B and in none 

Fig. 3  Clinical inspection of implantation sites at the end of the 
experiment using a mucosa index based on the gingival index 
introduced by Löe [46]. Criteria for the assignment of the mucosa 
index: 0 = normal mucosa; 1 = mild inflammation—slight changes 
in colour, slight oedema, no bleeding; 2 = moderate inflammation 
-redness, oedema and glazing, bleeding on probing; 3 = Severe 
inflammation, marked redness and oedema, ulceration, tendency 
to spontaneous bleeding. A = control group treated with antibiotics 
continuously (N = 8); B = group infected via oral inoculation with P. 
gingivalis, F. nucleatum and S. oralis (N = 6)
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of the samples from group A. P. gingivalis was not detect-
able in either group (Table 2).

Discussion
The aim of this study was to establish a novel rodent 
model for functional evaluation of new implant materi-
als, which allows for a reliable quantification of bacte-
rial biofilm on the implant material. For this purpose, 
we developed an experimental multi-part custom-made 
dental implant, consisting of an endosseous implant 
screw and a transmucosal abutment, and a protocol for a 
three-step implantation procedure in the diastema region 
of the rat maxilla. The implant design allows the removal 
of the experimental abutment together with the retaining 
screw at the end of the experiment, facilitating further 
analysis like microbiological and molecular examination 
of the attached biofilm, while preserving the endosseous 
part of the implant for other analyses. Using this proce-
dure, three-dimensional biofilm formation could reliably 
be quantified by confocal laser-scanning microscopy. 
Oral inoculation with human-derived strains of S. oralis, 
F. nucleatum and P. gingivalis resulted in the integration 
of S. oralis, an important primary colonizer of human 
dental biofilm, and F. nucleatum, a “bridge organism” for 
further biofilm maturation and attachment of late colo-
nizers, into the pre-existing oral flora of the rat and the 

implant associated biofilm. Animals with confirmed S. 
oralis and F. nucleatum integration in the oral biofilm 
showed signs of mild to moderate peri-implant mucosi-
tits, which was not detectable in control animals with 
permanent oral application of kanamycin and ampicillin.

Novel three‑step implantation procedure
The experimental implants designed for this study showed 
good osseous integration properties. In spite of the abut-
ment exchange, eight weeks after endosseous implantation, 
which certainly meant a strain on the implant-bone inter-
face and requires a certain stability of the implant, implan-
tation was successful in 79.6% of the cases.

The optimal implantation site for an endosseus experi-
mental implant in the oral cavity of the rat is still under 
discussion. Freire et al. reported a good primary stability 
of one-piece implants after placing them in the alveolar 
ridge of the diastema region in rats. After six weeks, one 
out of six implants had exfoliated in the control group of 
their experiment, yielding a success rate of 83.3% [51]. To 
our knowledge, Koutouzis et  al. [41] described the only 
two-step installation of an experimental dental implant 
in the rat so far, using the healed extraction site of the 
first maxillary molar for implantation. Although they 
reported the loss of several animals due to surgery related 
issues and self-injury of the animals, the rate of implants 
with successful osseous initial integration in the remain-
ing animals is at 78.6% remarkably similar to the one of 
this study. Based on the results of these studies and our 
own, we suggest that implantation in the diastema region 
as well as in the molar extraction site can result in a good 
primary stability of endosseous dental implants in the rat.

The design of the implant system and the implantation 
procedure applied in this study was based on the original 

Fig. 4  Quantification of biofilm on test surface inside unmodified titanium retaining screws. A Representative pictures of biofilm on uncoated 
titanium surface in group A and B detected via CLSM. B Statistical comparison of biofilm volume detected in the two treatment groups. A = control 
group treated with antibiotics continuously; B = group infected via oral inoculation with P. gingivalis, F. nucleatum and S. oralis. For group A N = 6, for 
group B N = 8

Table 2  Distribution of DNA samples with positive PCR results 
for the administered bacteria in both treatment groups

Treatment group P. gingivalis F. nucleatum S. oralis

Group A 0/8 0/8 0/8

Group B 0/8 8/8 8/8
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Brånemark procedure described for dental implant 
patients [49]. Although the original two-step implanta-
tion procedure by Brånemark is partially replaced today 
by regimes of early or even immediate loading, too early 
loading is still considered a thread to long-time implant 
stability, if the primary stability is not perfect [52, 53]. 
Both in patients and in the rat model, osseous integra-
tion of implants can be impeded if the implant head 
protrudes into the oral cavity to the level of the occlusal 
surface of the molars, imitating the situation of too early 
loading. Even minute movements of the implant during 
osseous integration can interfere with the establishment 
of a direct bone-implant interface, resulting instead in 
an implant ensheathed by connective tissue [49]. The use 
of an implant which is assembled step by step, as in the 
present study and the publication by Koutouzis et al. [41], 
can probably help to prevent this harmful effect in exper-
imental implantation.

A major focus of this study was to establish an implant 
system in the animal model, which allows an easy 
insertion and removal of the implant abutment. Our 
multi-part implant design and sequential implantation 
procedure enable the attachment of the experimental 
abutment to the implant right before the oral inoculation 
and biofilm colonization by the introduced bacteria. In 
this way, wear effects and abrasion or early colonization 
by endogenous bacteria can be avoided before the test 
period. Without prolonged exposure before the actual 
testing conditions are established, masking of poten-
tial antibiofilm effects is reduced, which facilitates the 
final evaluation of the tested material or modification. 
Also, experimental abutments and retaining screws can 
be removed separately from the osseous integrated part 
of the implant at the end of the experiment. This feature 
allows the final quantitative and qualitative analysis of the 
biofilm on experimental abutment and retaining screw, 
sparing the osseous integrated part of the implant for fur-
ther analysis.

Concerning the first healing stage of the implantation 
procedure, a higher number of implants fully submerged 
under the mucosa would be desirable to further improve 
the comparability of the starting conditions between the 
individual samples. A disadvantage of the three-piece-
design of our implant that has to be taken into account 
is the possible loss of experimental abutments. During 
the final seven weeks of our experiment, we documented 
a loss of nine out of thirty-nine abutments. The losses 
mainly occurred during the first week after abutment 
exchange (8/9).

Effect of the bacterial infection
One of the aims of this project was the introduction of 
bacterial key-organisms of human dental biofilm into the 
microbial community present in the oral cavity of spe-
cific pathogen-free rats. To avoid false positive results 
in the final PCR-based detection of the inoculated bac-
teria in the implant-attached biofilm, bacterial inocula-
tion was terminated one week before dissection. Thus, 
administered bacteria, which remained in their plank-
tonic form or which had only temporarily attached to an 
oral surface, should have been eliminated from the oral 
cavity by mechanical stimuli and swallowing by the time 
of sampling. We were able to confirm the presence of S. 
oralis and F. nucleatum DNA in samples obtained from 
titanium abutments and retaining screws in all animals of 
experimental group B and in none of the control group 
animals via species-specific PCR. This indicates that S. 
oralis and F. nucleatum were successfully established in 
biofilms on the implant material.

Although streptococci have been found to be part of 
the endogenous oral microbiota of the rat with a relatively 
high abundance of about 20% [54], a regular oral inocula-
tion with a human-derived strain of S. oralis, was suffi-
cient to achieve its integration into the pre-existing oral 
microbiota and biofilm. S. oralis belongs to the yellow 
complex of plaque bacteria, which is commonly not asso-
ciated with periodontal or peri-implant infections, but 
rather with a healthy state of periodontal tissues [25, 55, 
56]. That is why it is usually not used in animal models for 
periodontal or peri-implant infections. Nevertheless, S. 
oralis is one of the most common species among the clus-
ter of early colonizers, which pave the way for any oral 
biofilm [23]. For that reason, it will be particularly use-
ful for implant material evaluation in this model. A sur-
face modification which effectively reduces colonization 
by streptococci will most likely help to prevent all later 
steps of biofilm maturation as well. Fusobacteria are con-
sidered to be “… central structural components of plaque 
and essential for plaque maturation and an increase in 
plaque diversity…” [23]. F. nucleatum has recently been 
described to appear in dental implant associated biofilms 
at the time when the shift from a healthy to a pathogenic 
biofilm takes place and signs of peri-implant mucositis 
become apparent. For this reason, it is considered one of 
the most important members of a peri-implantitis related 
complex of oral bacteria [8].

At the end of our experiment, we observed clini-
cal symptoms indicating peri-implant mucositis in four 
of the six animals in group B, with bleeding on probing 
occurring in three of these four animals, whereas none of 
the antibiotics-treated control group animals showed any 
signs of inflammation in the implant area. These findings 
indicate that S. oralis and F. nucleatum, in combination 
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with the endogenous oral microbiota of the rats, were 
sufficient to induce a phenotype of mild to moderate 
peri-implant mucositis. Also, the lack of inflammation in 
the antibiotics-treated control group animals indicates 
that the reduction of bacterial biofilms, in the situation 
of a material test experiment via the application of a sur-
face modification, will probably result in a reduction of 
clinical signs of inflammation, establishing a good experi-
mental readout for material evaluation. Obviously, like 
any other animal model, this newly developed model of 
in vivo biofilm-formation on dental implants has its limi-
tations in mimicking all the aspects of the situation in 
human patients. The third inoculated human microbiota-
derived bacterium, P. gingivalis, was detectable neither 
in group B nor in group A samples. Potential reasons, 
such as differences in coaggregation efficiency between 
certain combinations of individual bacterial strains, will 
be examined in further studies. The lack of coloniza-
tion with P. gingivalis might account for the rather mild 
to moderate clinical symptoms observed in the animals. 
To mimic the situation of advanced peri-implantitis in 
patients and elicit more severe symptoms, it would surely 
be necessary to inoculate the animals with a combina-
tion of pathogenic late colonizers. For the testing of new 
implant materials though a special focus should be on 
early colonization as this is the aspect of biofilm devel-
opment which should primarily be prevented by these 
materials and modifications. These early steps of biofilm 
formation are reproduced well in our model, as the pri-
mary and intermediate colonizers S. oralis and F. nuclea-
tum are obviously part of the implant associated biofilm.

Biofilm development and quantification
The aim of this study was to establish an in vivo model to 
test implant materials for their biofilm reducing proper-
ties. To this end, a method for reliable and reproducible 
quantification of biofilm on the implant material surface 
was needed.

As elaborated in a preliminary experiment (data not 
shown), the amount of biofilm on the outer surface of the 
experimental abutments in both treatment groups was 
very variable. Two possible explanations for this varia-
tion are mechanical destruction of the attached biofilm 
during the removal of the abutments at the end of the 
experiment or disturbed biofilm development on this rel-
atively exposed surface throughout the experiment due 
to constant mechanical manipulation in the oral cavity. 
In search of a suitable test surface which is reliably colo-
nized by biofilm, we identified the hollow space within 
the retaining screw as an area which was colonized by 
bacteria invading this cavity from the outside, and which 
was relatively protected from mechanical disturbances 
during the experiment.

To quantify the biofilm in this area, we applied a 
modified version of a protocol developed in our group 
for biofilm quantification via confocal laser scanning 
microscopy on flat, regularly shaped test bodies out of 
non-transparent materials [57]. The major modification 
was in the adjustment of the procedure for an irregu-
larly shaped surface. We solved this problem by using 
landmarks of the retaining screw geometry as reference 
points to determine a region for reproducible scanning 
and, thus, could reliably detect three-dimensional biofilm 
on the bottom and side walls inside the retaining screw. 
As our results showed, the amount of biofilm detected 
in this way is still very variable between samples. It will 
be recommendable to use a sufficiently great number of 
samples for the testing of new materials in this model and 
to set up the experiment for paired comparisons involv-
ing one unmodified and one modified sample within each 
animal.

No differences were detectable in the amount of bio-
film between antibiotic-treated animals of group A and 
animals from group B. The fact that we found biofilm 
formation in control group animals despite the antibi-
otic treatment is not surprising. It was to be expected 
that ampicillin and kanamycin would not be sufficient to 
permanently suppress all bacterial growth, although the 
composition of the oral bacteria available for this coloni-
zation was probably different in these animals after weeks 
of antibiotic treatment. We identified the cavity under 
the retaining screw as an area of reliable biofilm forma-
tion, comparable to the well-known clinical situation of 
bacterial leakage from the inside of multi-component 
implant systems [30, 31]. For coatings or surface modifi-
cations intended for these challenging areas, which can-
not be reached during routine oral hygiene procedures, 
this model will be of particular use.

Conclusions
In this study, we developed a novel small animal model to 
analyze the biofilm formation on dental implant systems 
additionally including human-derived strains of S. ora-
lis and F. nucleatum. The central structural function of 
both S. oralis and F. nucleatum in biofilm formation and 
maturation towards the pathogenic shift make the estab-
lishment of both species in an in vivo biofilm on experi-
mental dental implants an achievement of some potential 
for further studies. The resulting model allows not only 
for in vivo evaluation of new implant materials but also 
for experimental addition of a variety of late colonizers, 
which are known to coaggregate with F. nucleatum and 
could be tested for synergistic function in the patho-
genesis of peri-implantitis. Quantification of biofilms 
on dental implants in animal models via CLSM analysis, 
as described in this study, can be used in the future as a 
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powerful tool for functional screenings of newly devel-
oped implant materials or material modifications.

Acknowledgements
We would like to acknowledge the company Brasseler GmbH & CO. KG, 
Lemgo, Germany, for financially supporting this study and for designing and 
producing the experimental multi-part implant system used in this study. 
Furthermore we acknowledge Marly Dalton for excellent technical assistance.

Authors’ contributions
AW, JE and MS conceived of the project and designed the experiments. EB, 
AW and JG carried out the experiments. EB analyzed the data, wrote the 
manuscript and prepared all figures. NK, KD and IY contributed substantially 
to the acquisition, analysis and interpretation of data. All authors reviewed the 
manuscript. All authors read and approved the final manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study was 
financially supported by the company Brasseler GmbH & CO. KG, Lemgo, Ger-
many. Ines Yang is funded by “Federal and State Program Promoting Female 
Professors”, Grant No. 01FP19068J and by the program “Women Professors for 
Lower Saxony”, Reference No. 22-76251-99 P4/20. Nadine Kommerein and 
Katharina Doll were supported by funding from the ministry of Lower Saxony 
and the VolkswagenStiftung (both BIOFABRICATION for NIFE, VWZN2860).

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on request.

Declarations

Ethics approval and consent to participate
This study was conducted in accordance with the German Animal Welfare 
Act and with the European Communities Council Directive 2010/63/EU for 
the protection of animals used for experimental purposes. All experiments 
were approved by the Local Institutional Animal Care and Research Advisory 
Committee and permitted by the local authority (Lower Saxony State Office 
for Consumer Protection, Food Safety, and Animal Welfare Service, permission 
number 33.12-42502-04-15/1854, file reference AZ 15/1854). This manuscript 
adheres to the ARRIVE guidelines 2.0 as detailed in “The ARRIVE guidelines 2.0: 
author checklist—The ARRIVE Essential 10.

Consent for publication
Not applicable.

Competing interests
We wish to confirm that there are no known conflicts of interest associ-
ated with this publication. The company Brasseler GmbH & CO. KG, Lemgo 
supported the project financially and by providing implant design and 
production. The funders had no influence on study design, data collection and 
analysis, decision to publish, or preparation of the manuscript. Therefore, the 
authors declare no conflict of interest.

Author details
1 Department of Dental Prosthetics and Biomedical Materials Science, Han-
nover Medical School, Carl‑Neuberg‑Str. 1, 30625 Hannover, Germany. 2 The 
University of Sydney Dental School & The Charles Perkins Centre, Faculty 
of Medicine and Health, The University of Sydney, Sydney, NSW, Australia. 
3 Lower Saxony Centre for Biomedical Engineering, Implant Research 
and Development (NIFE), Stadtfelddamm 34, 30625 Hannover, Germany. 

Received: 23 February 2021   Accepted: 2 June 2021

References
	1.	 Nickenig HJ, Wichmann M, Andreas SK, Eitner S. Oral health-related qual-

ity of life in partially edentulous patients: assessments before and after 

implant therapy. J Cranio-Maxillofac Surg [Internet]. 2008;36(8):477–80. 
https://​doi.​org/​10.​1016/j.​jcms.​2008.​07.​002.

	2.	 Passia N, Abou-Ayash S, Reissmann DR, Fritzer E, Kappel S, Konstantinidis 
I, et al. Single mandibular implant study (SMIS)—masticatory perfor-
mance—results from a randomized clinical trial using two different 
loading protocols. J Dent. 2017;65:64–9.

	3.	 Grischke J, Eberhard J, Stiesch M. Antimicrobial dental implant func-
tionalization strategies—a systematic review. Dent Mater J [Internet]. 
2016;35(4):545–58.

	4.	 Schwarz F, Derks J, Monje A, Wang HL. Peri-implantitis. J Periodontol. 
2018;(89):S267–90.

	5.	 Elter C, Heuer W, Demling A, Hannig M, Heidenblut T, Bach F-W, et al. 
Supra- and subgingival biofilm formation on implant abutments 
with different surface characteristics. Int J Oral Maxillofac Implants. 
2008;23(2):327–34.

	6.	 Fürst MM, Salvi GE, Lang NP, Persson GR. Bacterial colonization immedi-
ately after installation on oral titanium implants. Clin Oral Implants Res. 
2007;18(4):501–8.

	7.	 Heitz-Mayfield LJA, Salvi GE. Peri-implant mucositis. J Clin Periodontol. 
2018;(45):S237–45.

	8.	 Ghensi P, Manghi P, Zolfo M, Armanini F, Pasolli E, Bolzan M, et al. Strong 
oral plaque microbiome signatures for dental implant diseases identified 
by strain-resolution metagenomics. npj Biofilms Microbiomes [Internet]. 
2020. https://​doi.​org/​10.​1038/​s41522-​020-​00155-7.

	9.	 Dreyer H, Grischke J, Tiede C, Eberhard J, Schweitzer A, Toikkanen SE, et al. 
Epidemiology and risk factors of peri-implantitis: a systematic review. J 
Periodontal Res. 2018. https://​doi.​org/​10.​1111/​jre.​12562.

	10.	 Bunk D, Eisenburger M, Häckl S, Eberhard J, Stiesch M, Grischke J. The 
effect of adjuvant oral irrigation on self-administered oral care in the 
management of peri-implant mucositis: a randomized controlled clinical 
trial. Clin Oral Implants Res. 2020;31(10):946–58.

	11.	 Zitzmann NU, Berglundh T, Marinello CP, Lindhe J. Experimental peri-
implant mucositis in man. J Clin Periodontol. 2001;28(6):517–23.

	12.	 Pontoriero R, Tonelli MP, Carnevale G, Mombelli A, Nyman SR, Lang 
NP. Experimentally induced peri-implant mucositis. A clinical study in 
humans. Clin Oral Implants Res. 1994;5(4):254–9.

	13.	 Jepsen S, Berglundh T, Genco R, Aass AM, Demirel K, Derks J, et al. Primary 
prevention of peri-implantitis: managing peri-implant mucositis. J Clin 
Periodontol. 2015;42(S16):S152–7.

	14.	 Mombelli A, Décaillet F. The characteristics of biofilms in peri-implant 
disease. J Clin Periodontol. 2011;38(SUPPL. 11):203–13.

	15.	 Kolenbrander PE, London J. Adhere today, here tomorrow: oral bacterial 
adherence. J Bacteriol. 1993;175(11):3247–52.

	16.	 Nyvad B, Fejerskov O. Scanning electron microscopy of early microbial 
colonization of human enamel and root surfaces in vivo. Eur J Oral Sci. 
1987;95(4):287–96.

	17.	 Li J, Helmerhorst EJ, Leone CW, Troxler RF, Yaskell T, Haffajee AD, et al. 
Identification of early microbial colonizers in human dental biofilm. J 
Appl Microbiol. 2004;97(6):1311–8.

	18.	 Kumar PS, Mason MR, Brooker MR, O’Brien K. Pyrosequencing reveals 
unique microbial signatures associated with healthy and failing dental 
implants. J Clin Periodontol. 2012;39(5):425–33.

	19.	 Quirynen M, De Soete M, van Steenberghe D. Infectious risks for 
oral implants: a review of the literature. Clin Oral Implants Res. 
2002;13(1):1–19.

	20.	 Kolenbrander PE, Andersen RN, Moore LVH. Intrageneric coaggregation 
among strains of human oral bacteria: potential role in primary coloniza-
tion of the tooth surface. Appl Environ Microbiol. 1990;56(12):3890–4.

	21.	 Alexander M. Advances in microbial ecology. Vol. (I-XII + 2. 1977).
	22.	 Rosan B, Lamont RJ. Dental plaque formation. Microbes Infect. 

2000;2(13):1599–607.
	23.	 Kolenbrander PE, Palmer RJ, Rickard AH, Jakubovics NS, Chalmers NI, Diaz 

PI. Bacterial interactions and successions during plaque development. 
Periodontol 2000. 2006;42(1):47–79.

	24.	 Socransky SS, Haffajee AD. Periodontal microbial ecology. Periodontol. 
2000;2005(38):135–87.

	25.	 Socransky SS, Haffajee AD, Cugini MA, Smith C, Kent RLJ. Microbial com-
plexes in subgingival plaque. J Clin Periodontol. 1998;25(2):134–44.

	26.	 Kolenbrander PE, Andersen RN, Moore LVH. Coaggregation of Fusobacte-
rium nucleatum, Selenomonas flueggei, Selenomonas infelix, Selenomonas 

https://doi.org/10.1016/j.jcms.2008.07.002
https://doi.org/10.1038/s41522-020-00155-7
https://doi.org/10.1111/jre.12562


Page 12 of 12Blank et al. BMC Oral Health          (2021) 21:313 

noxia, and Selenomonas sputigena with strains from 11 genera of oral 
bacteria. Infect Immun. 1989;57(10):3194–203.

	27.	 Kolenbrander PE, Palmer RJJ, Periasamy S, Jakubovics NS. Oral multispe-
cies biofilm development and the key role of cell-cell distance. Nat Rev 
Microbiol [Internet]. 2010;8(7):471–80. https://​doi.​org/​10.​1038/​nrmic​
ro2381.

	28.	 Rakic M, Grusovin MG, Canullo L. The microbiologic profile associated 
with peri-implantitis in humans: a systematic review. Int J Oral Maxillofac 
Implant. 2016;31(2):359–68.

	29.	 Davies D. Understanding biofilm resistance to antibacterial agents. Nat 
Rev Drug Discov. 2003;2(2):114–22.

	30.	 Quirynen M, Van Steenberghe D. Bacterial colonization of the internal 
part of two-stage implants. An in vivo study. Clin Oral Implants Res 
[Internet]. 1993;4(3):158–61. https://​doi.​org/​10.​1034/j.​1600-​0501.​1993.​
040307.x.

	31.	 Lauritano D, Moreo G, Lucchese A, Viganoni C, Limongelli L, Carinci F. 
The impact of implant-abutment connection on clinical outcomes 
and microbial colonization: a narrative review. Materials (Basel). 
2020;13(5):1–12.

	32.	 Wancket LM. Animal models for evaluation of bone implants and devices: 
comparative bone structure and common model uses. Vet Pathol. 
2015;52(5):842–50.

	33.	 Pearce AI, Richards RG, Milz S, Schneider E, Pearce SG. Animal models 
for implant biomaterial research in bone: a review. Eur Cells Mater. 
2007;13:1–10.

	34.	 Schwarz F, Herten M, Sager M, Bieling K, Sculean A, Becker J. Comparison 
of naturally occurring and ligature-induced peri-implantitis bone defects 
in humans and dogs. Clin Oral Implants Res. 2007;18(2):161–70.

	35.	 Berglundh T, Lindhe J, Marinello C, Ericsson I, Liljenberg B. Soft tissue reac-
tion to de novo plaque formation on implants and teeth. An experimen-
tal study in the dog. Clin Oral Implants Res. 1992;3(1):1–8.

	36.	 Pirih FQ, Hiyari S, Barroso ADV, Jorge ACA, Perussolo J, Atti E, 
et al. Ligature-induced peri-implantitis in mice. J Periodontal Res. 
2015;50(4):519–24.

	37.	 Becker ST, Foge M, Beck-Broichsitter BE, Gavrilova O, Bolte H, Rosenstiel 
P, et al. Induction of periimplantitis in dental implants. J Craniofac Surg. 
2013;24(1):e15-18.

	38.	 Freire MO, Devaraj A, Young A, Navarro JB, Downey JS, Chen C, et al. A 
bacterial-biofilm-induced oral osteolytic infection can be successfully 
treated by immuno-targeting an extracellular nucleoid-associated pro-
tein. Mol Oral Microbiol. 2017;32:74–88.

	39.	 Takamori Y, Atsuta I, Nakamura H, Sawase T, Koyano K, Hara Y. Histopatho-
logical comparison of the onset of peri-implantitis and periodontitis in 
rats. Clin Oral Implants Res. 2017;28(2):163–70.

	40.	 Pirih FQ, Hiyari S, Leung H-YY, Barroso ADVV, Jorge ACAA, Perussolo 
J, et al. A murine model of lipopolysaccharide-induced peri-implant 
mucositis and peri-implantitis. J Oral Implantol. 2015;41(5):158–64.

	41.	 Koutouzis T, Eastman C, Chukkapalli S, Larjava H, Kesavalu L, Dentistry C, 
et al. A novel rat model of polymicrobial peri-implantitis: a preliminary 
study. J Periodontol. 2017;88(2):e32–e41.

	42.	 Sun J, Eberhard J, Glage S, Held N, Voigt H, Schwabe K, et al. Develop-
ment of a peri-implantitis model in the rat. Clin Oral Implants Res. 
2020;31(3):203–14.

	43.	 Fine DH, Goncharoff P, Schreiner H, Chang KM, Furgang D. Coloniza-
tion and persistence of rough and smooth colony variants of Actino-
bacillus actinomycetemcomitans in the mouths of rats. Arch Oral Biol. 
2001;46:1065–78.

	44.	 Lalla E, Lamster IB, Hofmann MA, Bucciarelli L, Jerud AP, Tucker S, et al. 
Oral infection with a periodontal pathogen accelerates early athero-
sclerosis in apolipoprotein E-null mice. Arterioscler Thromb Vasc Biol 
[Internet]. 2003;23(8):1405–11.

	45.	 Graves DT, Kang J, Andriankaja O, Wada K, Rossa CJ, Graves DT, Jun Kang 
OA. Animal models to study host-bacteria interactions involved in peri-
odontitis. Front Oral Biol. 2012;15:117–32.

	46.	 Löe H. The Gingival Index, the Plaque Index and the Retention Index 
Systems. J Periodontol. 1967;38(6 Part II):610–6.

	47.	 Kommerein N, Stumpp SN, Musken M, Ehlert N, Winkel A, Haussler S, et al. 
An oral multispecies biofilm model for high content screening applica-
tions. PLoS ONE. 2017;12(3):1–21.

	48.	 Kommerein N, Doll K, Stumpp NS, Stiesch M. Development and charac-
terization of an oral multispecies biofilm implant flow chamber model. 
PLoS One [Internet]. 2018;13(5):e0196967. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01969​67.

	49.	 Albrektsson T, Brånemark PI, Hansson HA, Lindström J. Osseointegrated 
titanium implants: requirements for ensuring a long-lasting, direct bone-
to-implant anchorage in man. Acta Orthop. 1981;52(2):155–70.

	50.	 Chrcanovic BR, Albrektsson T, Wennerberg A. Immediately loaded non-
submerged versus delayed loaded submerged dental implants: a meta-
analysis. Int J Oral Maxillofac Surg [Internet]. 2015;44(4):493–506. https://​
doi.​org/​10.​1016/j.​ijom.​2014.​11.​011.

	51.	 Freire MO, Sedghizadeh PP, Schaudinn C, Gorur A, Downey JS, Choi J-H, 
et al. Development of an animal model for Aggregatibacter actinomyce-
temcomitans biofilm-mediated oral osteolytic infection: a preliminary 
study. J Periodontol. 2011;82(5):778–89.

	52.	 Esposito M, Grusovin MG, Willings M, Coulthard P, Hv W. The effective-
ness of immediate, early, and conventional loading of dental implants: a 
Cochrane systematic review of randomized controlled clinical trials. Int J 
Oral Maxillofac Implants. 2007;22(6):893–904.

	53.	 Esposito M, Grusovin MG, Maghaireh H, Worthington HV. Interventions 
for replacing missing teeth: different times for loading dental implants. 
Cochrane Database Syst Rev. 2009;(1):CD003878.

	54.	 Hyde ER, Luk B, Cron S, Kusic L, McCue T, Bauch T, et al. Characterization of 
the rat oral microbiome and the effects of dietary nitrate. Free Radic Biol 
Med [Internet]. 2014;77:249–57. https://​doi.​org/​10.​1016/j.​freer​adbio​med.​
2014.​09.​017.

	55.	 Al-Ahmad A, Muzafferiy F, Anderson AC, Wölber JP, Ratka-Krüger P, Fret-
wurst T, et al. Shift of microbial composition of peri-implantitis-associated 
oral biofilm as revealed by 16s rRNA gene cloning. J Med Microbiol. 
2018;67(3):332–40.

	56.	 Teles R, Sakellari D, Teles F, Konstantinidis A, Kent R, Socransky S, et al. 
Relationships among gingival crevicular fluid biomarkers, clinical parame-
ters of periodontal disease, and the subgingival microbiota. J Periodontol. 
2010;81(1):89–98.

	57.	 Doll K, Jongsthaphongpun KL, Stumpp NS, Winkel A, Stiesch M. 
Quantifying implant-associated biofilms: comparison of microscopic, 
microbiologic and biochemical methods. J Microbiol Methods [Internet]. 
2016;130:61–8.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1038/nrmicro2381
https://doi.org/10.1038/nrmicro2381
https://doi.org/10.1034/j.1600-0501.1993.040307.x
https://doi.org/10.1034/j.1600-0501.1993.040307.x
https://doi.org/10.1371/journal.pone.0196967
https://doi.org/10.1371/journal.pone.0196967
https://doi.org/10.1016/j.ijom.2014.11.011
https://doi.org/10.1016/j.ijom.2014.11.011
https://doi.org/10.1016/j.freeradbiomed.2014.09.017
https://doi.org/10.1016/j.freeradbiomed.2014.09.017

	Evaluation of biofilm colonization on multi-part dental implants in a rat model
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Animals
	Experimental procedure
	Stage 1: Implantation and endosseous healing
	Stage 2: Placement of healing abutments and healing of soft tissue
	Stage 3: Placement of experimental abutments and experimental treatment

	Experimental treatment groups
	Bacterial strains and culture conditions
	Oral inoculation procedure
	Clinical inspection and assignment of a mucosa index (MI)
	Dissection
	Biofilm quantification on retaining screws
	Sampling and polymerase chain reaction to verify polymicrobial infection
	Statistical analysis

	Results
	Three-step implantation procedure
	Clinical inspection of implantation sides before dissection
	Biofilm on retaining screws
	Success rate of oral infection

	Discussion
	Novel three-step implantation procedure
	Effect of the bacterial infection
	Biofilm development and quantification
	Conclusions
	Acknowledgements
	References


