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4.1  Introduction

Improvements in oral health rely on the develop-
ment and implementation of new ideas and
approaches including behavioural interventions,
drugs or medical devices such as dental implants.
The translational pathway from idea to imple-
mentation is long and complex. For new drugs
and medical devices, it is essential to demonstrate
safety and efficacy in preclinical models before
moving to clinical trials. Models can also be used
to screen compound libraries and identify prom-
ising drug candidates as well as to define the
mechanism of action underpinning new thera-
pies. Highly simplified models have advantages
such as ease of use, low cost, high throughput and
high measurement accuracy. However, simple
models do not replicate the highly complex biol-
ogy of the human body. Therefore, multiple mod-
els will be needed to fully characterise a new
agent. It is essential to select the most appropriate
model for the research question. This chapter
describes some of the key models that have been

S.-N. Abdullah

Faculty of Dentistry, Universiti Sains Islam Malaysia,
Kuala Lumpur, Malaysia

e-mail: najmi @usim.edu.my

N. S. Jakubovics (<)

School of Dental Sciences, Faculty of Medical
Sciences, Newcastle University,

Newcastle upon Tyne, UK

e-mail: nick.jakubovics @newcastle.ac.uk

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2022

used to investigate biofilm infections on and
around dental implants.

4.1.1 Key Characteristics of Peri-

Implant Biofilms

A good model will replicate the biological sys-
tem as closely as possible while allowing oppor-
tunities to assess the impact of interventions on
different aspects of the system and providing suf-
ficient simplification to enable detailed measure-
ments of system parameters. Before developing a
model, it is essential to consider the key charac-
teristics of the system to be modelled. Biofilm
formation on and around dental implants has
been described earlier in this book. The system is
highly complex in terms of both the microbiol-
ogy and the surrounding environment of host tis-
sues. The microbiome varies according to health/
disease status (Table 4.1) and in all cases, there is
a complex microbial biofilm present with multi-
ple species of bacteria [1]. The biofilm is embed-
ded in a matrix of polymers that includes
extracellular DNA and polysaccharides [2, 3].
During implant healing and in peri-implant dis-
ease, the biofilm is bathed in gingival crevicular
fluid and contains host inflammatory cells and
cytokines [4, 5]. Environmental factors such as
smoking affect the composition of the peri-
implant biofilm [6, 7]. When developing a model,
it is essential to consider which aspects of the
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Table 4.1 Key bacterial taxa enriched in peri-implant health or disease®

Health

Neisseria spp.
Streptococcus sanguinis
Streptococcus intermedius
Corynebacterium matruchotii
Rothia spp.
Capnocytophaga spp.
Veillonella spp.

Lautropia mirabilis
Granulicatella spp.
Actinomyces spp.
Lactobacillus spp.

Peri-mucositis
Porphyromonas spp.
Tannerella forsythia
Treponema denticola
Prevotella spp.
Fusobacterium spp.
Streptococcus spp.
Leptotrichia spp.
Peptostreptococcaceae X1G-5
Selenomonas spp.
Ottowia sp.
Lachnospiraceae [G-3]
Clostridiales [F-2][G-1]

“Data were extracted from the following references: [4, 8-14]

In vitro, static

In vitro, flowing

.

Peri-implantitis
Porphyromonas gingivalis
Porphyromonas endodontalis
Tannerella forsythia
Fusobacterium nucleatum
Fretibacterium fastidiosum
Prevotella intermedia
Treponema spp.

Filifactor alocis
Desulfobulbus sp.

In vivo (animal models)

Cost Low Low/medium Medium High
Throughput High Medium Low Low
Complexity/relevance Low Low/medium High High
Interventions Possible Possible Difficult* Possible

Ethical issues None* None* Discamfort/health Animal welfare
Uses Screening | Advanced screening Matural biohlm analysis Advanced testing

Fig. 4.1 Overview of models for biofilm analysis.
Models need to be selected according to the intended use.
Initial screening of biofilm growth or antibiofilm com-
pounds may use high-throughput in vitro static models
such as the microtitre plate system. More robust biofilms
can be grown in flowing systems such as the Modified
Robbins device. Biofilms grown in situ, for example, on a
piece of enamel held within an intraoral stent, will most
closely mimic natural dental plaque. Animal models may

microbiome, host cells and tissues and environ-
mental factors need to be incorporated.

The host tissue environment surrounding
implants can only be replicated with in vivo ani-
mal models. However, there is a drive to reduce the
use of animal models for ethical reasons and
because findings in animals often do not replicate
those in humans [15]. Appropriate in vitro models
have advantages over in vivo models including
reduced cost and increased reproducibility
(Fig. 4.1). In situ models such as enamel chips
held within stents in the mouths of volunteers can
be used to replicate the growth of biofilms in the

be required to assess toxicity or efficacy of materials
including implants. *Interventions such as the application
of drugs are usually not possible within in situ models, but
may be applied after the biofilm is removed from the
mouth. *Ethical issues for in vitro models may arise if the
model incorporates body fluids such as saliva or serum.
This figure includes artwork from Servier Medical Art
(https://smart.servier.com/)

mouth. Although it is not possible to challenge
these biofilms in situ with products that have not
yet received regulatory approval, some models
allow removal of the biofilms and assessment of
responses in vitro. In general, simple in vitro mod-
els with high throughput and low cost are excellent
for early-stage research such as the screening of
compound libraries or biofilm formation capacity
of microbes. Further characterisation requires
more complex in vitro models. Due to the com-
plexity of the implant environment, animal models
are still required for a more detailed understanding
of the interactions between biofilm and host.


https://smart.servier.com/

4 InVitro and In Vivo Models to Understand Biofilm Implant Infections 49

4.1.2 InVitro Model Systems
4.1.2.1 Static Models
The simplest model systems involve a defined
inoculum such as a single species of bacteria, an
inert surface and a rich medium to ensure the
strong growth of the biofilm. Microtitre plates
with 96 wells provide a simple, economical sys-
tem for evaluating biofilm growth. Following
incubation of microorganisms in the growth
medium, biofilms are formed on the surface of
the wells or in a ring around the air-liquid inter-
face and can be stained with crystal violet to
quantify the level of biomass formed [16].
However, it is well-recognised that stochastic
variation from handling and processing samples
can affect the conclusions drawn from the crystal
violet biofilm assay and is therefore recom-
mended that this is not used for detailed charac-
terisation of biofilm formation [17]. One concern
with the microtitre plate system is that biofilm
formation may be affected by the settling of
microbes due to gravity. To ameliorate this issue,
models have been developed to grow biofilms on
vertical surfaces such as pegs attached to the lid
of the plate (the Calgary biofilm device) or discs
of different materials suspended in clamps fitted
to a custom-made lid of a 24-well plate (the
active attachment biofilm model) [18, 19].
Criteria for defining medically relevant bio-
films include both structural characteristics and
increased recalcitrance to antimicrobial agents
[20]. Staining with crystal violet provides little
information about either of these. Instead, indica-
tors of metabolic activity can be employed to
understand the vitality of the biofilm. For exam-
ple, tetrazolium salts such as 3-(4,5-dimethylthia
zol-2-yl)-2,5-diphenyl  tetrazolium  bromide
(MTT) or 2,3-Bis-(2-Methoxy-4-Nitro-5-Sulfop
henyl)-2H-Tetrazolium-5-Carboxanilide (XTT)
provide a colour change when they are reduced
by metabolically active cells [21, 22]. In addition,
live:dead staining can highlight specific locations
where bacteria in a biofilm are inactivated by
antimicrobial treatments [23]. The direct visuali-
sation of biofilm in microwell plates requires
either a relatively large well with a dipping lens
or an optically clear glass bottom placed on an

inverted microscope [24]. Alternatively, biofilms
may be cultured on removable inserts within the
microplate to facilitate microscopy. Confocal
laser scanning microscopy (CLSM) has become
the method of choice for biofilm visualisation
since it can provide three-dimensional structural
information in combination with fluorescent dyes
and without any requirement for dehydrating the
samples (Fig. 4.2a). Structural parameters of bio-
films can then be quantified with software pack-
ages such as COMSTAT?2, daime, BiofilmQ or
BAIT [25-28]. However, for high-resolution
images of biofilms, tools such as scanning elec-
tron microscopy (SEM) are required. In our
experience, field emission SEM provides excel-
lent structural detail of bacterial cells and matrix
material (Fig. 4.2b), although it is important to
note that the matrix is inevitably collapsed due to
dehydration during sample processing [29].
Three-dimensional SEM approaches involving
sequential imaging of slices produced by a micro-
tome embedded in the microscope (Fig. 4.2c) or
ablation of the surface by a focused ion beam can
provide high-resolution structural information on
microbial communities [30, 31].

4.1.2.2 Models with Fluid Flow

The major nutrient sources for oral biofilms,
saliva or GCF, continuously flow into and out of
the mouth. This creates additional sheer forces
over the biofilms and, perhaps more importantly,
leads to a continual replenishment of nutrients
and removal of waste products. The incorpora-
tion of flow is a key feature of many in vitro bio-
film model systems. There are three main
approaches to deliver fluid flow: (i) drip feed into
the system and over the biofilm samples, (ii) cul-
ture biofilms in stirred vessels, with nutrients
added and removed at a constant rate and (iii)
direct flow over the biofilms. Examples of each
approach are shown in Fig. 4.3.

Drip feed systems are designed to culture bio-
films under a thin film of liquid, replicating the
conditions found on the exposed surfaces of
teeth. This can be achieved simply by dripping
growth medium onto the upper end of a micro-
scope slide that has been tilted at an angle. A
chamber for simultaneously culturing multiple
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Fig.4.2 Microscopy approaches for biofilm visualisation.
(a) Staphylococcus aureus biofilm visualised by CLSM
with live:dead staining. Viable cells are stained with Syto9
and appear green. Compromised cells stained with prop-
idium iodide appear red. (b) Field emission SEM image of

biofilms has been developed and is a recognised
standard test method for the quantification of
Pseudomonas aeruginosa biofilms [32—-34]. This
approach has been used in oral microbiology, for
example, to assess chlorhexidine tolerance in
dual-species biofilms containing Streptococcus
mutans and Actinomyces naeslundii [35]. The
Constant Depth Film Fermenter (CDFF) also
supplies nutrients by dripping them into the reac-
tor vessel, but in this system, the biofilm samples
are held horizontally (Fig. 4.3a) [36, 37]. The
CDFF was originally developed by Julian
Wimpenny and colleagues in the 1980s in order
to culture biofilms in a steady-state and at a con-
stant depth to provide a robust system for moni-
toring responses of a well-defined biofilm to
perturbations [38]. Biofilm samples are held in
pans that are recessed to a fixed depth (300 pm in
the original design). Liquid drips into the system
over paddles that scrape across the biofilm sam-

subgingival dental plaque, showing thin strings of biofilm
matrix material. (¢) Three-dimensional SEM reconstruc-
tion of a dual-species biofilm containing Streptococcus
gordonii (artificially coloured green based on cell shape)
and Fusobacterium nucleatum (coloured red)

ples, which are continuously rotated by a motor
underneath the system. Although long-term
steady-state biofilms are difficult to achieve, the
fluid flow characteristics and the ability to culture
multiple biofilms within a single vessel make this
system well-suited to longitudinal studies of oral
biofilm formation. One disadvantage is that all
samples within a CDFF vessel have the same
exposure so parallel experiments require multiple
vessels, which are costly and technically chal-
lenging to set up. Nevertheless, it has been shown
that CDFF vessels run in parallel have good lev-
els of reproducibility for culturing oral micro-
cosm biofilms [39].

An alternative to culturing biofilms in steady
state is to grow them on coupons immersed in a
more traditional fermenter, in which the free-living
(planktonic) cells are in steady-state growth. For
example, a two-stage chemostat system has been
described for the culture of a 10-membered oral
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Stirred vessel reactor: CDC

W

Flow-over reactor: MRD

Fig. 4.3 Examples of biofilm reactors that incorporate
flow. (a) The constant depth film fermenter (CDFF) drips
medium onto paddles that scrape over the surface of the
biofilm holders. Biofilms are grown on surfaces recessed at
a fixed depth. The lower part of the system incorporates a
motor that rotates the biofilm sample holders, ensuring
they are continuously scraped by the paddle. (b) The CDC

biofilm community [40]. In this model, the first
chemostat was used to obtain steady-state plank-
tonic growth before the second-stage chemostat,
containing suspended biofilm coupons, was
attached to the outflow. A simpler single-stage
chemostat specifically designed to hold biofilm
coupons, known as the CDC Biofilm Reactor®, is
commercially  available = from  BioSurface
Technologies, Bozeman, MT, USA (Fig. 4.3b).
This is a relatively controllable system that is well-
suited to assessing biofilm growth on dental mate-
rials or in dental unit waterlines [41, 42].

Many biofilm models simply flow growth
medium directly over the substratum to culture
biofilms within the channel of the device. For

biofilm reactors are stirred vessels that contain biofilm
samples in specialised holders. (¢) The Modified Robbins
Device (MRD) contains samples set flush against the walls
of a tube. Medium is directly flowed over the samples. The
direction of flow into the vessels is shown as black arrows
and flow out of the systems is indicated by red arrows. In
each case, fluid flow is driven by pumps (not shown)

example, the Modified Robbins Device (MRD) is
designed to hold removable sample discs of dif-
ferent materials flush against the wall of the ves-
sel (Fig. 4.3c) [43]. This system provides a
relatively large channel and can be used for cul-
turing mixed-species oral biofilms that produce
extensive polysaccharides which would block
smaller systems [44]. Parallel MRD chambers
enable comparisons of biofilm formation under
different conditions and the presence of multiple
sampling ports allows repeated biofilm sampling
and analysis during longitudinal studies.
However, it is important to note that a gradient of
adhesion may be present along the device and
sampling strategies should take this into account
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[45]. In addition, the MRD does not permit real-
time visualisation of biofilm growth or removal.
This requires systems such as the flow-cell that
culture biofilms on transparent cover glass [46].
Like the MRD, flow cells contain a central chan-
nel through which the growth medium is pumped.
Comparisons between different treatments
require multiple channels or flow cells run in par-
allel. The relatively small dimensions of the flow-
cell make it realistic to use diluted human saliva
as a growth medium for biofilms, replicating the
conditions present in the mouth [46]. However, to
run flow cells overnight usually requires more
than 100 mL of human saliva. To reduce the need
for saliva collection from volunteers, minia-
turised systems such as the BioFlux microfluidics
model have been employed to culture oral bio-
films [47].

4.1.2.3 Importance of the Inoculum

Oral biofilms typically contain tens or hundreds
of different species of bacteria, with viruses,
Archaea and single-celled eukaryotes such as
fungi and/or protozoa. Models often aim for sim-
plification to increase reproducibility and facili-
tate analytical approaches. Some bacteria will
form monospecies biofilms in vitro that allow the
dissection of molecular pathways involved in sur-
face attachment and colonisation. P. aeruginosa
has become the model of choice for many biofilm
studies due to its clinical relevance in cystic fibro-
sis, burn and wound infections, its genetic tracta-
bility and its ability to form structured biofilms
[48]. However, P. aeruginosa is not a major con-
stituent of dental plaque, except perhaps in certain
populations [49, 50]. Streptococcus mutans is
more commonly used as a target for assessing
biofilm control agents due to its strong association
with dental caries [51]. Biofilm formation by S.
mutans is highly dependent on the presence of
sucrose, which is utilised by extracellular glucos-
yltransferase and fructosyltransferase enzymes
for the production of exopolysaccharides [52]. By
contrast, Enterococcus faecalis, a persistent colo-
niser in root canal infections, produces biofilm
matrix enriched in extracellular DNA [53].
Although extracellular matrix is readily observed
in E. faecalis monospecies biofilms, it is difficult

to replicate the dense cell-cell interactions
observed in more complex systems (Fig. 4.4).

Many studies have employed defined commu-
nities of bacteria to model some of the interspe-
cies interactions that occur in oral biofilms. When
members of the community form clearly distinct
cell shapes, it may be possible to distinguish
them by SEM or other high-resolution micros-
copy (Fig. 4.4b). Selective culture can also be
employed where the appropriate selective agents
are known [54]. A quantitative PCR approach has
been used to enumerate different species in a
I4-member community [55]. This study
employed a DNA cross-linking dye to bind extra-
cellular DNA and DNA within non-viable cells
so that only viable bacteria were quantified. In
theory, similar approaches can be combined with
deep sequencing to quantify the viable microbi-
ome of any microbial system. However, caution
is warranted with this method since complex
microbial communities do not respond consis-
tently to cross-linking agents such as propidium
monoazide [56]. Nevertheless, more conven-
tional microbiome analysis provides a powerful
tool to assess the relative numbers of different
taxa and enables a detailed analysis of biofilms
containing the natural microbes present in the
oral cavity. Consequently, there has been signifi-
cant interest recently in finding systems that will
allow the stable culturing of microcosm biofilm
communities isolated from oral health or disease.
For example, recent work has shown that saliva
supplemented with 5% human serum provides an
excellent growth medium for culturing the sub-
gingival microbiota [57].

4.1.2.4 Incorporation of Host Cells

and Environmental Factors
The biofilm models described above are designed
to model the growth of bacteria on hard surfaces
such as human enamel. However, peri-implant
biofilms are also in contact with soft tissues.
Although it is difficult to achieve stable long-
term co-culture of bacteria with soft tissues,
models have been developed to challenge cells
and tissues with biofilms and biofilm products.
For example, studies of invasive infections such
as candidiasis have employed organotypic mod-
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Fig. 4.4 Levels of
microbial complexity in
biofilm models
visualised by FE-SEM.
(a) Monospecies
biofilms of E. faecalis
contain extracellular
material that appears as
strings between the
microbial cells.
However, cells do not
adopt the densely
packed arrangements of
more complex biofilms.
(b) A 7 species biofilm
including two fungi
(Candida) and five
bacteria isolated from
tracheoesophageal
speech valves. The
bacteria are
Lactobacillus
fermentum,
Streptococcus oralis,
Ochrobactrum anthropi,
Staphylococcus aureus
and Staphylococcus
epidermidis. Different
species can be
distinguished by their
cell shape and
arrangement such as S.
oralis (So, strings of
cocci), L. fermentum (Lf,
relatively thin rods) or
Candida (CalCg, large
yeast, pseudohyphae or
hyphae). Matrix material
is also visible. (c)
Subgingival dental
plaque on a recently-
extracted tooth contains
many different cells that
cannot easily be
identified without
staining. Extracellular
matrix material is
abundant

B Monospecies:

E. faecalis

7 species:

C. albicans

C. glabrata

L. fermentum
S. oralis

O. anthropi
S. aureus

~100 species:
Subgingival
dental plaque
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els as substrates for the development of biofilms
[58]. Similarly, Aggregatibacter actinomycetem-
comitans has been shown to reduce the expres-
sion of keratin by gingival epithelial cells in an
organotypic model of gingival tissue [59]. An
alternative approach to investigate biofilm-host
interactions is to culture biofilms in a transwell
system and apply them to tissue culture cells on
the surface of plastic dishes [60]. The use of these
and other systems to investigate the immune
response to oral biofilms and these have been
reviewed in detail recently by Brown et al. [61].
The incorporation of dietary factors into bio-
film models is easily achieved by adjusting the
growth medium as needed. However, exposure to
cigarette smoke and e-cigarette vapour is an
important factor for periodontal disease and peri-
implantitis that is more difficult to reproduce in the
laboratory. The simplest approach is to add tobacco
smoke extract, nicotine or e-cigarette liquids to the
biofilm growth medium. For example, the addition
of cigarette smoke extract to planktonic
Streptococcus gordonii or Porphyromonas gingi-
valis causes changes in gene expression [62].
More recently, systems have been developed to
expose biofilms to smoke or vapour [63]. Exposure
to e-cigarette vapour increases the expression of
genes encoding glucosyltransferase, competence
and glucan-binding proteins and enhances biofilm
formation by S. mutans [64]. In a more complex
model involving mixed-species biofilms and host
cells, exposure to tobacco smoke led to enhanced
immunogenicity of commensal biofilms, but a
dampening down of the inflammatory capacity of
pathogen-rich biofilms [65]. Overall, these data
highlight the complex interplay between microbes,
host and environmental factors that can only be
replicated by sophisticated model systems.

4.1.3 InSitu Models

The development of a model to culture marine
‘bacterial films’ in situ was perhaps the first
example of biofilm research [66]. In situ models
are also widely used for developing biofilms
within the oral cavity that can then be extracted
and analysed. A wide range of models have been
developed and these have been reviewed else-

where [67]. Of course, these models are restricted
to areas of the mouth that can be accessed without
causing harm. Therefore, the majority of in situ
models have been developed for studying early
microbial colonisation of teeth or the develop-
ment of cariogenic biofilms. One innovative
approach is the development of a combined sys-
tem that develops biofilms in situ and then utilises
a 3D-printed microfluidic flow-cell device to con-
tinue culturing biofilms in vitro [68]. This system
has been employed to demonstrate the effects of
exposing in situ-grown biofilms to sucrose on the
pH in different areas of the biofilm. The model
could also be employed to challenge natural bio-
films with experimental agents that are not yet
approved for use in clinical studies.

4.1.4 InVivo Models

A major limitation of in vitro and in situ models
for research on peri-implant biofilms is that they
do not include the interaction with alveolar bone
that is a critical factor for stabilising the implant.
Branemark introduced the term ‘osseointegration’,
which was initially described as ‘a direct structural
and functional connection between ordered, living
bone and the surface of a load-carrying implant’
[69] and later redefined as ‘clinical osseointegra-
tion implies histologic osseointegration, it is nec-
essary [there is] a contiguous contact between the
alveolar bone and the implant surface’ [70]. Many
factors influence osseointegration such as the
implant surface topography, chemical composition
and surface roughness [71]. The process of osseo-
integration is still actively studied as it is not yet
fully understood [72].

The use of animal models is the only way cur-
rently to include osseointegration in addition to
biofilm formation and to translate the experimen-
tal knowledge for clinical uses related to dental
implant applications. Several different parameters
need to be considered such as the variety of dental
implants [73] and materials used [74], in addition
to the factors that cause implant failure including
biofilm formation and treatment [75]. Models
may address peri-implant mucositis (inflamma-
tory lesion of the soft tissues around the implant)
or peri-implantitis (affecting supporting bone)
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since both are caused by microbial biofilms. It is
important to note that peri-implantitis varies from
periodontitis in terms of the rate of progression,
the extent of lesion formation and the composi-
tion of cells in the lesion [76]. It is still not clear
how closely the microbiome of peri-implantitis
resembles that of periodontitis, but a review by
Rakic et al. [77] suggested that there are common
species found in cases of periodontal disease and
peri-implant infection, but their microbiome sta-
tus is not identical.

Previously, many studies modelling peri-
implant infections employed large animal models
such as dogs and pigs [73, 78, 79]. However, due
to housing, ease of handling and commercial avail-
ability with different genetic backgrounds, small
laboratory animals such as rodents are gaining
some interest for implant-associated animal model
research [80, 81]. These animal models are
induced to form peri-implant infections by various
methods such as implantation of a device colo-
nised with a human pathogen [82], split-mouth
model [83] or ligatures tied around implants to
facilitate the accumulation of bacteria [81].

Ligature-induced defect animal models are
employed to mimic a natural peri-implantitis
lesion [81, 82, 84]. This technique involves the
induction of mucositis and peri-implantitis lesions
by the introduction of ligatures around the implant
neck in a submucosal position in areas of plaque
formation [84]. This experimentally induced inva-
sive procedure is associated with spontaneous dis-
ease progression in a majority of sites [79] and is
more often employed to study osseointegration
than biofilm infection per se [82]. The use of liga-
tures will initiate an inflammatory response and
induce bone destructive processes [85]. Changes
in the microbial composition of peri-implant
pockets will also be influenced by ligatures [86].

4.1.4.1 Canine Models

Canine models are commonly used to investigate
biofilm accumulation and spontaneous periodon-
titis [87] in studies of dental implant application
and its association with peri-implantitis [78].
Human and canine bones possess similarities
including bone weight, density and composition
and dogs are able to use human-sized implants.
However, there are some limitations since the

rate of remodelling and apposition may vary
within and/ or between dogs [72, 80].

Studies have employed the split-mouth design
in a beagle dog model to evaluate peri-implant tis-
sue clinically, radiographically, microbiologically
and histologically [83, 88, 89]. In the split-mouth
model, each dog hemi-mandible will be randomly
assigned by matched pair design to either test
implant group or control implant group. To exam-
ine the role of oral hygiene, the control implant can
be brushed daily while the test implants are left
untouched [88]. From this work, the test group had
differences in total bacteria, Fusobacterium spp.,
A. actinomycetemcomitans and Porphyromonas
gingivalis and there were significant increases in
probing depth, bleeding-on-probing and clinical
attachment level versus baseline that were consis-
tent with the onset of peri-implantitis. Furthermore,
the split-mouth model adapted from previous stud-
ies [83] can also be used for the detection, classifi-
cation and measurement of peri-implant bone
defects. Various analysis methods are available and
a recent study has shown advantages of cone beam
computed tomography (CBCT) compared with
intra-oral (IO) radiography for the assessment of
bone defects [89].

4.1.4.2 Rodent Models

Rodent models of polymicrobial peri-implantitis
have been used to investigate the inflammatory
response to human microbial biofilms [90, 91]. For
example, a split-mouth implant model in specific
pathogen-free female ex-breeder Sprague-Dawley
rats was used to investigate and quantify the
implant-associated biofilm. Besides the establish-
ment of a three-step implantation method for tita-
nium implants [92], this model can be excellent for
analysing microbial growth when the biofilm for-
mation process is left to occur naturally after the
inoculation of human-derived oral bacteria
Streptococcus oralis, Fusobacterium nucleatum
and P, gingivalis orally [90]. This approach is simi-
lar to a previous report that used Wistar rats and
established reproducible biofilm quantification
using fluorescence staining and confocal scanning
laser microscopy [91]. In addition, PCR was used
for the identification of microbial taxa present in
the samples. A blinded clinical inspection of the
implantation site was done by a dentist and any
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signs of infection were evaluated at the end of the
experiment using an established mucosa index
based on the gingival index described by Loe [93].
Koutouzis et al. [91] and Sun et al. [75] reported
that bacterial colonisation/infection — around
implants caused significant IgG and IgM antibody
responses. There was advanced bone resorption,
and extensive inflammation with granulation tissue
and PMNSs observed in the peri-implantitis model.

The rat model was reported to have 79.6% suc-
cessful osseous initial integration [90], similar to a
report by Koutouzis et al. [91]. This high success
rate may be due to the implant assembling steps
practised in both studies. This technique overcame
problems with the establishment of a direct bone-
implant interface reported in previous studies that
were caused by movements of the implant during
osseous integration [92]. Furthermore, there were
signs of mild to moderate peri-implant mucositis
in animals with confirmed polymicrobial infec-
tion, which were absent in control animals treated
with antibiotics [90].

This animal model allows an easy insertion and
removal of the implant abutment when needed.
This advantage is that this not only protects the
abutment from wear and abrasion or unwanted
colonisation by endogenous bacteria but also pro-
vides the possibility to observe and quantify three-
dimensional biofilm formation of this model using
confocal scanning laser microscopy of the abut-
ment and retaining screw. Besides the established
clinical situation where there is bacterial leakage
from the implant-abutment connection, they high-
lighted that this model still needs a further modifi-
cation due to the presence of a cavity under the
retaining screw that may act as a good hiding place
for the biofilm community to form [94, 95].

4.2 Summary

There is still much to learn about the develop-
ment of microbial biofilms on dental implants
and the surrounding tissues. Good model systems
are essential for enhancing our understanding of
these processes and how to control them. In addi-
tion to the in vitro, in situ and in vivo models
described here, it is likely that we will see a rapid
expansion in the use of in silico models, in part

driven by the development of artificial intelli-
gence and deep learning [96]. Ultimately, these
models will lead to the development of improved
dental implants that provide strength, longevity
and that are able to remain free of pathogenic
infections over their lifetime of use.

References

1. Belibasakis GN, Manoil D. Microbial community-
driven etiopathogenesis of peri-implantitis. J Dent
Res. 2021;100(1):21-8.

2. Costa RC, Souza JGS, Bertolini M, Retamal-Valdes
B, Feres M, Barao VAR. Extracellular biofilm matrix
leads to microbial dysbiosis and reduces biofilm sus-
ceptibility to antimicrobials on titanium biomaterial:
an in vitro and in situ study. Clin Oral Implants Res.
2020;31(12):1173-86.

3. Rostami N, Shields RC, Yassin SA, Hawkins AR,
Bowen L, Luo TL, Rickard AH, Holliday R, Preshaw
PM, Jakubovics NS. A critical role for extracel-
lular DNA in dental plaque formation. J Dent Res.
2017;96(2):208-16.

4. Schincaglia GP, Hong BY, Rosania A, Barasz J,
Thompson A, Sobue T, Panagakos F, Burleson JA,
Dongari-Bagtzoglou A, Diaz PI. Clinical, immune,
and microbiome traits of gingivitis and peri-implant
mucositis. J Dent Res. 2017;96(1):47-55.

5. Payne JB, Johnson PG, Kok CR, Gomes-Neto JC,
Ramer-Tait AE, Schmid MJ, Hutkins RW. Subgingival
microbiome colonization and cytokine produc-
tion during early dental implant healing. mSphere.
2017;2(6)

6. Pimentel SP, Fontes M, Ribeiro FV, Corréa MG,
Nishii D, Cirano FR, MZ C, RCV C. Smoking habit
modulates peri-implant microbiome: a case-control
study. J Periodontal Res. 2018;53(6):983-91.

7. Tsigarida AA, Dabdoub SM, Nagaraja HN, Kumar
PS. The influence of smoking on the peri-implant
microbiome. J Dent Res. 2015;94(9):1202-17.

8. Dabdoub SM, Tsigarida AA, Kumar PS. Patient-
specific  analysis of periodontal and peri-
implant microbiomes. J Dent Res. 2013;92(12
Suppl):168s—75s.

9. Ghensi P, Manghi P, Zolfo M, Armanini F, Pasolli
E, Bolzan M, Bertelle A, Dell’Acqua F, Dellasega
E, Waldner R, et al. Strong oral plaque microbiome
signatures for dental implant diseases identified
by strain-resolution metagenomics. NPJ Biofilms
Microbiomes. 2020;6(1):47.

10. Lu H, Yan X, Zhu B, Zhang L, Feng X, Piao M,
Huang B, Wang X, Zhang H, Wang Q, et al. The
occurrence of peri-implant mucositis associated with
the shift of submucosal microbiome in patients with
a history of periodontitis during the first two years. J
Clin Periodontol. 2021;48(3):441-54.

11. Martellacci L, Quaranta G, Fancello G, D'Addona A,
Sanguinetti M, Patini R, Masucci L. Characterizing



In Vitro and In Vivo Models to Understand Biofilm Implant Infections

57

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

peri-implant and sub-gingival microbiota through cul-
turomics. First isolation of some species in the oral
cavity. A pilot study. Pathogens. 2020;9(5)

Polymeri A, van der Horst J, Buijs MJ, Zaura E,
Wismeijer D, Crielaard W, Loos BG, Laine ML,
Brandt BW. Submucosal microbiome of peri-implant
sites: a cross-sectional study. J Clin Periodontol. 2021;
Sanz-Martin I, Doolittle-Hall J, Teles RP, Patel M,
Belibasakis GN, Hammerle CHF, Jung RE, FRF
T. Exploring the microbiome of healthy and diseased
peri-implant sites using illumina sequencing. J Clin
Periodontol. 2017;44(12):1274-84.

Wang Q, Lu H, Zhang L, Yan X, Zhu B, Meng
H. Peri-implant mucositis sites with suppuration have
higher microbial risk than sites without suppuration. J
Periodontol. 2020;91(10):1284-94.

Kerecman Myers D, Goldberg AM, Poth A, Wolf MF,
Carraway J, McKim J, Coleman KP, Hutchinson R,
Brown R, Krug HF, et al. From in vivo to in vitro:
the medical device testing paradigm shift. ALTEX.
2017;34(4):479-500.

Merritt JH, Kadouri DE, O'Toole GA. Growing and
analyzing static biofilms. Curr Protoc Microbiol.
2005; Chapter 1:Unit 1B.1

Kragh KN, Alhede M, Kvich L, Bjarnsholt T. Into
the well—a close look at the complex structures
of a microtiter biofilm and the crystal violet assay.
Biofilms. 2019;1:100006.

. Ceri H, Olson ME, Stremick C, Read RR, Morck

D, Buret A. The calgary biofilm device: new tech-
nology for rapid determination of antibiotic sus-
ceptibilities of bacterial biofilms. J Clin Microbiol.
1999;37(6):1771-6.

Fernandez Y, Mostajo M, Exterkate RAM, Buijs MJ,
Beertsen W, van der Weijden GA, Zaura E, Crielaard
W. A reproducible microcosm biofilm model of sub-
gingival microbial communities. J Periodontal Res.
2017;52(6):1021-31.

Parsek MR, Singh PK. Bacterial biofilms: an emerg-
ing link to disease pathogenesis. Annu Rev Microbiol.
2003;57:677-701.

Li YY, Li BS, Liu WW, Cai Q, Wang HY, Liu
YQ, Liu YJ, Meng WY. Effects of d-arginine on
porphyromonas gingivalis biofilm. J Oral Sci.
2020;62(1):57-61.

Peeters E, Nelis HJ, Coenye T. Comparison of mul-
tiple methods for quantification of microbial biofilms
grown in microtiter plates. J Microbiol Methods.
2008;72(2):157-65.

Takenaka S, Trivedi HM, Corbin A, Pitts B, Stewart
PS. Direct visualization of spatial and temporal pat-
terns of antimicrobial action within model oral bio-
films. Appl Environ Microbiol. 2008;74(6):1869-75.
Rao D, Arvanitidou E, Du-Thumm L, Rickard
AH. Efficacy of an alcohol-free cpc-containing
mouthwash against oral multispecies biofilms. J Clin
Dent. 2011;22(6):187-94.

Daims H, Liicker S, Wagner M. Daime, a novel image
analysis program for microbial ecology and biofilm
research. Environ Microbiol. 2006;8(2):200-13.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Hartmann R, Jeckel H, Jelli E, Singh PK, Vaidya
S, Bayer M, DKH R, Vidakovic L, Diaz-Pascual F,
JCN F, et al. Quantitative image analysis of micro-
bial communities with biofilmq. Nat Microbiol.
2021;6(2):151-6.

Heydorn A, Nielsen AT, Hentzer M, Sternberg C,
Givskov M, Ersboll BK, Molin S. Quantification of
biofilm structures by the novel computer program
comstat. Microbiology (Reading). 2000;146(Pt
10):2395-407.

Luo TL, Hayashi M, Zsiska M, Circello B, Eisenberg
M, Gonzalez-Cabezas C, Foxman B, Marrs CF,
Rickard AH. Introducing bait (biofilm architec-
ture inference tool): a software program to evalu-
ate the architecture of oral multi-species biofilms.
Microbiology (Reading). 2019;165(5):527-37.
Holliday R, Preshaw PM, Bowen L, Jakubovics
NS. The ultrastructure of subgingival dental plaque,
revealed by high-resolution field emission scanning
electron microscopy. BDJ Open. 2015;1:15003.
Cao'Y, Su B, Chinnaraj S, Jana S, Bowen L, Charlton
S, Duan P, Jakubovics NS, Chen J. Nanostructured
titanium surfaces exhibit recalcitrance towards staph-
ylococcus epidermidis biofilm formation. Sci Rep.
2018;8(1):1071.

Mutha NVR, Mohammed WK, Krasnogor N, Tan
GYA, Choo SW, Jakubovics NS. Transcriptional
responses of streptococcus gordonii and fuso-
bacterium nucleatum to coaggregation. Mol Oral
Microbiol. 2018;33(6):450-64.

ASTM Standards. Standard test method for quanti-
fication of pseudomonas aeruginosa biofilm grown
using drip flow biofilm reactor with low shear and
continuous flow. West Conshohocken, PA: ASTM
International; 2020.

Goeres DM, Hamilton MA, Beck NA, Buckingham-
Meyer K, Hilyard JD, Loetterle LR, Lorenz LA,
Walker DK, Stewart PS. A method for growing
a biofilm under low shear at the air-liquid inter-
face using the drip flow biofilm reactor. Nat Protoc.
2009;4(5):783-8.

Goeres DM, Parker AE, Walker DK, Meier K,
Lorenz LA, Buckingham-Meyer K. Drip flow reac-
tor method exhibits excellent reproducibility based
on a l0-laboratory collaborative study. J Microbiol
Methods. 2020;174:105963.

de Oliveira RVD, Bonafe FSS, Spolidorio DMP,
Koga-Ito CY, Farias AL, Kirker KR, James GA,
Brighenti FL. Streptococcus mutans and actinomy-
ces naeslundii interaction in dual-species biofilm.
Microorganisms. 2020;8(2)

Kinniment SL, Wimpenny JW, Adams D, Marsh
PD. The effect of chlorhexidine on defined, mixed
culture oral biofilms grown in a novel model system. J
Appl Bacteriol. 1996a;81(2):120-5.

Kinniment SL, Wimpenny JWT, Adams D, Marsh
PD. Development of a steady-state oral microbial
biofilm community using the constant-depth film
fermenter. Microbiology (Reading). 1996b;142(Pt
3):631-8.



58

S.-N. Abdullah and N. S. Jakubovics

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.

Peters AC, Wimpenny JW. A constant-depth labo-
ratory model film fermentor. Biotechnol Bioeng.
1988;32(3):263-70.

Hope CK, Bakht K, Burnside G, Martin GC, Burnett
G, de Josselin de Jong E, Higham SM. Reducing the
variability between constant-depth film fermenter
experiments when modelling oral biofilm. J Appl
Microbiol. 2012;113(3):601-8.

Bradshaw DJ, Marsh PD, Allison C, Schilling
KM. Effect of oxygen, inoculum composition and
flow rate on development of mixed-culture oral bio-
films. Microbiol-UK. 1996;142:623-9.

Rudney JD, Chen R, Lenton P, Li J, Li Y, Jones RS,
Reilly C, Fok AS, Aparicio C. A reproducible oral
microcosm biofilm model for testing dental materials.
J Appl Microbiol. 2012;113(6):1540-53.

Yoon HY, Lee SY. Establishing a laboratory model of
dental unit waterlines bacterial biofilms using a cdc
biofilm reactor. Biofouling. 2017;33(10):917-26.
Kharazmi A, Giwercman B, Hgiby N. [16] rob-
bins device in biofilm research. Methods Enzymol.
1999:207-15.

Yassin SA, German MJ, Rolland SL, Rickard AH,
Jakubovics NS. Inhibition of multispecies biofilms
by a fluoride-releasing dental prosthesis copolymer. J
Dent. 2016;48:62-70.

Kerr CJ, Jones CR, Hillier VF, Robson GD, Osborn
KS, Handley PS. Statistical evaluation of a newly
modified robbins device using a bioluminescent pseu-
domonad to quantify adhesion to plastic. Biofouling.
2000;14(4):267-717.

Palmer RJ Jr, Kazmerzak K, Hansen MC,
Kolenbrander PE. Mutualism versus independence:
strategies of mixed-species oral biofilms in vitro
using saliva as the sole nutrient source. Infect Immun.
2001;69(9):5794-804.

Samarian DS, Jakubovics NS, Luo TL, Rickard
AH. Use of a high-throughput in vitro microfluidic
system to develop oral multi-species biofilms. Jove-J
Vis Exp. 2014;94

Musken M, Di Fiore S, Dotsch A, Fischer R, Haussler
S. Genetic determinants of pseudomonas aeruginosa
biofilm establishment. Microbiology. 2010;156(Pt
2):431-41.

Colombo APV, Tanner ACR. The role of bacterial
biofilms in dental caries and periodontal and peri-
implant diseases: a historical perspective. J Dent Res.
2019;98(4):373-85.

Vieira Colombo AP, Magalhdes CB, Hartenbach FA,
Martins do Souto R, Maciel da Silva-Boghossian
C. Periodontal-disease-associated biofilm: a reservoir
for pathogens of medical importance. Microb Pathog.
2016;94:27-34.

. Lemos JA, Quivey RG, Koo H, Abranches J.

Streptococcus mutans: anew gram-positive paradigm?
Microbiology (Reading). 2013;159(Pt 3):436-45.
Koo H, Xiao J, Klein M1, Jeon JG. Exopolysaccharides
produced by streptococcus mutans glucosyltrans-
ferases modulate the establishment of microcolo-
nies within multispecies biofilms. J Bacteriol.
2010;192(12):3024-32.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Barnes AM, Ballering KS, Leibman RS, Wells CL,
Dunny GM. Enterococcus faecalis produces abun-
dant extracellular structures containing DNA in the
absence of cell lysis during early biofilm formation.
MBio. 2012;3(4):e00193-12.

Bradshaw DJ, Marsh PD. Analysis of ph-driven dis-
ruption of oral microbial communities in vitro. Caries
Res. 1998;32(6):456-62.

Chatzigiannidou I, Teughels W, Van de Wiele T, Boon
N. Oral biofilms exposure to chlorhexidine results in
altered microbial composition and metabolic profile.
npj Biofilms Microbiomes. 2020;6(1):13.

Wang Y, Yan Y, Thompson KN, Bae S, Accorsi
EK, Zhang Y, Shen J, Vlamakis H, Hartmann EM,
Huttenhower C. Whole microbial community via-
bility is not quantitatively reflected by propidium
monoazide sequencing approach. Microbiome.
2021;9(1):17.

Baraniya D, Naginyte M, Chen T, Albandar JM,
Chialastri SM, Devine DA, Marsh PD, Al-hebshi
NN. Modeling normal and dysbiotic subgingi-
val microbiomes: effect of nutrients. J Dent Res.
2020;99(6):695-702.

Sobue T, Bertolini M, Thompson A, Peterson DE,
Diaz PI, Dongari-Bagtzoglou A. Chemotherapy-
induced oral mucositis and associated infections
in a novel organotypic model. Mol Oral Microbiol.
2018;33(3):212-23.

Beklen A, Torittu A, Thalin R, Po6llinen M.
Aggregatibacter  actinomycetemcomitans  biofilm
reduces gingival epithelial cell keratin expression
in an organotypic gingival tissue culture model.
Pathogens. 2019;8(4)

Millhouse E, Jose A, Sherry L, Lappin DF, Patel
N, Middleton AM, Pratten J, Culshaw S, Ramage
G. Development of an in vitro periodontal biofilm
model for assessing antimicrobial and host modula-
tory effects of bioactive molecules. BMC Oral Health.
2014;14(1):80.

Brown JL, Johnston W, Delaney C, Short B, Butcher
MC, Young T, Butcher J, Riggio M, Culshaw
S, Ramage G. Polymicrobial oral biofilm mod-
els: simplifying the complex. J Med Microbiol.
2019;68(11):1573-84.

Bagaitkar J, Daep CA, Patel CK, Renaud DE, Demuth
DR, Scott DA. Tobacco smoke augments porphy-
romonas gingivalis-streptococcus gordonii biofilm
formation. PLoS One. 2011;6(11):¢27386.

Holliday R, Chaffee BW, Jakubovics NS, Kist R,
Preshaw PM. Electronic cigarettes and oral health. J
Dent Res. 2021;100(9):906-13.

Rouabhia M, Semlali A. Electronic cigarette vapor
increases streptococcus mutans growth, adhesion,
biofilm formation, and expression of the biofilm-
associated genes. Oral Dis. 2021;27(3):639-47.

Shah SA, Ganesan SM, Varadharaj S, Dabdoub SM,
Walters JD, Kumar PS. The making of a miscreant:
tobacco smoke and the creation of pathogen-rich bio-
films. NPJ Biofilms Microbiomes. 2017;3:26.

Zobell CE, Allen EC. The significance of marine bac-
teria in the fouling of submerged surfaces. J Bacteriol.
1935;29(3):239-51.



In Vitro and In Vivo Models to Understand Biofilm Implant Infections

59

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

Prada-Lopez I, Quintas V, Vilaboa C, Suarez-
Quintanilla D, Tomas I. Devices for in situ develop-
ment of non-disturbed oral biofilm. A systematic
review. Front Microbiol. 2016;7:1055.

Kristensen MF, Leonhardt D, Neland MLB, Schlafer
S. A 3d printed microfluidic flow-cell for micros-
copy analysis of in situ-grown biofilms. J Microbiol
Methods. 2020;171:105876.

Branemark PI, Hansson BO, Adell R, Breine U,
Lindstrom J, Hallén O, Ohman A. Osseointegrated
implants in the treatment of the edentulous jaw.
Experience from a 10-year period. Scand J Plast
Reconstr Surg Suppl. 1977;16:1-132.

Branemark PI, Adell R, Albrektsson T, Lekholm U,
Lundkvist S, Rockler B. Osseointegrated titanium fix-
tures in the treatment of edentulousness. Biomaterials.
1983;4(1):25-8.

Matos GRM. Surface roughness of dental implant
and osseointegration. J Maxillofac Oral Surg.
2021;20(1):1-4.

Elias CN, Meirelles L. Improving osseointegra-
tion of dental implants. Expert Rev Med Devices.
2010;7(2):241-56.

Wancket LM. Animal models
bone implants and devices:
structure and common model uses.
2015;52(5):842-50.

Brunello G, Biasetto L, Elsayed H, Sbettega E,
Gardin C, Scanu A, Carmignato S, Zavan B, Sivolella
S. An in vivo study in rat femurs of bioactive silicate
coatings on titanium dental implants. J Clin Med.
2020;9(5)

Sun J, Eberhard J, Glage S, Held N, Voigt H, Schwabe
K, Winkel A, Stiesch M. Development of a peri-
implantitis model in the rat. Clin Oral Implants Res.
2020;31(3):203-14.

Kantarci A, Hasturk H, Van Dyke TE. Animal mod-
els for periodontal regeneration and peri-implant
responses. Periodontol. 2015;68(1):66-82.

Rakic M, Grusovin MG, Canullo L. The micro-
biologic profile associated with peri-Implantitis in
humans: a systematic review. Int J Oral Maxillofac
Implants. 2016;31(2):359-68.

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

Graves DT, Fine D, Teng Y-TA, Van Dyke TE,
Hajishengallis G. The use of rodent models to inves-
tigate host—bacteria interactions related to periodontal
diseases. J Clin Periodontol. 2008;35(2):89-105.

Oz HS, Puleo DA. Animal models for periodontal dis-
ease. J Biomed Biotechnol. 2011;2011:754857.

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

for evaluation of
comparative bone
Vet Pathol.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Huang Y, Li Z, Van Dessel J, Salmon B, Huang B,
Lambrichts I, Politis C, Jacobs R. Effect of platelet-
rich plasma on peri-implant trabecular bone volume
and architecture: a preclinical micro-ct study in beagle
dogs. Clin Oral Implants Res. 2019;30(12):1190-9.
Berglundh T, Lindhe J, Marinello C, Ericsson
I, Liljenberg B. Soft tissue reaction to de novo
plaque formation on implants and teeth. An experi-
mental study in the dog. Clin Oral Implants Res.
1992;3(1):1-8.

Pesce P, Menini M, Tealdo T, Bevilacqua M, Pera
F, Pera P. Peri-implantitis: a systematic review
of recently published papers. Int J Prosthodont.
2014;27(1):15-25.

Charalampakis G, Abrahamsson I, Carcuac O,
Dahlén G, Berglundh T. Microbiota in experimental
periodontitis and peri-implantitis in dogs. Clin Oral
Implants Res. 2014;25(9):1094-8.

Dard M. 13 - methods and interpretation of perfor-
mance studies for dental implants. In: Boutrand J-P,
editor. Biocompatibility and performance of medical
devices. Woodhead Publishing; 2012. p. 308—44.
Martins O, Ramos JC, Mota M, Dard M, Viegas C,
Caramelo F, Nogueira C, Gongalves T, Baptista
IP. Evaluation of a novel dog animal model for peri-
implant disease: clinical, radiographic, microbiologi-
cal and histological assessment. Clin Oral Investig.
2020;24(9):3121-32.

Song D, Shujaat S, de Faria Vasconcelos K, Huang Y,
Politis C, Lambrichts I, Jacobs R. Diagnostic accu-
racy of cbct versus intraoral imaging for assessment
of peri-implant bone defects. BMC Med Imaging.
2021;21(1):23.

Blank E, Grischke J, Winkel A, Eberhard J,
Kommerein N, Doll K, Yang I, Stiesch M. Evaluation
of biofilm colonization on multi-part dental implants
in a rat model. BMC Oral Health. 2021;21(1):313.
Koutouzis T, Eastman C, Chukkapalli S, Larjava
H, Kesavalu L. A novel rat model of polymicrobial
peri-implantitis: a preliminary study. J Periodontol.
2017;88(2):e32-41.

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

Loe HITJP. The gingival index, the plaque index
and the retention index systems. J Periodontol.
1967;38(6):610-6.

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, Switzerland). 2020;13(5)

Quirynen M, Van Steenberghe D. Bacterial colo-
nization of the internal part of two-stage implants.
An in vivo study. Clin Oral Implants Res.
1993;4(3):158-61.

JodaT, Yeung AWK, Hung K, Zitzmann NU, Bornstein
MM. Disruptive innovation in dentistry: what it is and
what could be next. J Dent Res. 2021;100(5):448-53.



	4: In Vitro and In Vivo Models to Understand Biofilm Implant Infections
	4.1	 Introduction
	4.1.1	 Key Characteristics of Peri-Implant Biofilms
	4.1.2	 In Vitro Model Systems
	4.1.2.1	 Static Models
	4.1.2.2	 Models with Fluid Flow
	4.1.2.3	 Importance of the Inoculum
	4.1.2.4	 Incorporation of Host Cells and Environmental Factors

	4.1.3	 In Situ Models
	4.1.4	 In Vivo Models
	4.1.4.1	 Canine Models
	4.1.4.2	 Rodent Models


	4.2	 Summary
	References


