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The oral cavity, or mouth, represents a nutrient-rich, warm and moist environment 
which is ideal for the growth of various bacteria (Marsh 2003). To date, a total of 775 
bacterial species have been identified, of which 57% are officially named, 13% are 
unnamed but cultivated, and 30% are still uncultivated phylotypes (the Human Oral 
Microbiome Database; http://www.homd.org/). This makes the oral microbiome 
the second most complex and diverse microbiome in the human body after the gut 
(Wade 2013). These bacteria colonize at several distinct habitats of the oral cavity, 
such as teeth, tongue and cheeks, and form structurally and functionally integrated 
microbial communities known as oral biofilms (Stoodley et al. 2002).

Oral biofilms in health and disease

In a healthy state, oral biofilms are beneficial for the host. They can protect the host 
by preventing the colonization of exogenous and potentially harmful microorganisms, 
and also contribute to the development of critical metabolic and immunological 
functions of the host (Kilian et al. 2016). At a diseased state, however, oral biofilms 
act as primary etiological factors of diseases like dental caries and periodontal disease.

The understanding of how oral biofilms play a role in the development of oral 
diseases has evolved over time (Rosier et al. 2014). In the past, studies mainly focused 
on the pathogenic properties of individual bacterial species such as Streptococcus 
mutans to dental caries (Loesche 1979) and Porphyromonas gingivalis to periodontal 
disease (Lamont and Jenkinson 1998). However, these pathogens were found to 
be present in healthy sites as well (Lourenço et al. 2014). In addition, introduction 
of new techniques for microbial identification has revealed an increasing number 
of newly identified species associated with disease (Pérez-Chaparro et al. 2014). 
These findings have promoted a holistic concept of the oral biofilm community: it 
is a functional and dynamic unit that plays a critical role in disease pathogenesis 
(Colombo and Tanner 2019).

Oral diseases are now seen as a consequence of a microbial shift in the 
composition and function of the entire biofilm community. Under environmental 
stress, oral biofilms can shift from a state of symbiosis into a state of dysbiosis 
(Marsh 2003; Mira et al. 2017). Symbiosis can be defined as a microbial composition, 
activity, and ecology that keeps a balanced relationship with the host (Rosier et al. 
2017). Dysbiosis refers to the loss of symbiosis, which often leads to a decrease in 
beneficial species and an increase in pathogenic species, resulting in a breakdown 
of the homeostatic balance (Berezow and Darveau 2011). For example, a healthy 
supragingival biofilm community colonizing the teeth can counterbalance the 
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organic acids produced from dietary carbohydrates and help maintain an intact 
tooth surface (Burne and Marquis 2000). However, accumulation of these acids 
from frequent carbohydrate intake can cause a sustained acidic condition. This 
sustained acidic condition promotes the growth of aciduric and acidogenic species 
in biofilms but suppresses that of acid-sensitive species, causing a shift in the 
microbial composition towards a caries-provoking state (Marsh 2010b; Takahashi 
and Nyvad 2010). In periodontology, biofilms in health are mainly comprised of 
Gram-positive bacteria. A few Gram-negative species are also present but in limited 
numbers (Curtis et al. 2020). Nonetheless, plaque accumulation as a result of poor 
oral hygiene, and the concomitant inflammatory response of the gingival tissues 
can result in a favorable environment for proteolytic Gram-negative species (Marsh 
2003). This can subsequently cause a compositional shift of the biofilm towards a 
pathogenic state (Roberts and Darveau 2015). Additionally, keystone pathogens 
such as P. gingivalis can induce a dysregulated host response by interfering with 
immune functions (Darveau et al. 2012; Hajishengallis et al. 2012). This can further 
favor and maintain the state of imbalance since an impaired host response indirectly 
serves as a protective mechanism for the altered microbial community.

Combating oral biofilms: from removal to restoring

Conventional prevention and treatment of oral diseases have mainly focused 
on eliminating oral biofilms from teeth. For this purpose, antimicrobial agents 
are often used to help achieve considerable bacterial reduction (Marsh 2010a). 
However, limitations of these approaches have been gradually pointed out. These 
include bacterial regrowth/recolonization after antimicrobial treatment (Husejnagic 
et al. 2019; Wade et al. 1992) and the alarming issue of antimicrobial resistance 
worldwide (Fair and Tor 2014). More importantly, considering the beneficial role 
of some microorganisms in biofilms, indiscriminative killing of the entire microbial 
population with antimicrobial agents can perturb the oral ecology further, which 
may reduce the long-term clinical treatment efficacy (Philip et al. 2018).

In view of the microbial community-based pathogenesis of oral diseases, 
ecological approaches that can favorably modulate the microbial composition of 
biofilms have emerged and received increased attention in recent years (Marsh 2018; 
Nascimento 2019; ten Cate and Zaura 2012). The common goal is to promote the 
growth of beneficial bacteria and/or suppress that of pathogenic species in biofilms, 
hereby restoring a health-compatible microbial community. For instance, the use 
of arginine-based therapies in caries management has been widely investigated 
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(Nascimento 2019). Arginine in the mouth is metabolized mainly by the arginine 
deiminase system (ADS) of certain bacteria to produce ammonia (Burne and 
Marquis 2000). The produced ammonia can raise cytoplasmic and environmental 
pH, favoring the growth of a desirable non-cariogenic biofilm (Nascimento 2018). 
Evidence from both in vitro and clinical studies has shown the beneficial microbial 
shifts of oral biofilms towards reduced cariogenicity after arginine treatment, 
suggesting its potential for caries intervention (Agnello et al. 2017; Nascimento et 
al. 2014; Zheng et al. 2017). However, arginine supplement may also instigate some 
unwanted effects on the biofilms, such as the increase of proteolytic taxa Treponema, 
Porphyromonas and Prevotella, which may undermine periodontal health (Zaura 
and Twetman 2019). Probiotics, defined as “live microorganisms which when 
administered in adequate amounts confer a health benefit on the host” (Morelli and 
Capurso 2012), represent another research interest for promoting oral ecological 
balance and subsequent health (Nguyen et al. 2020). Probiotics could exert an 
effect on the oral microbiota via multiple mechanisms, including the production 
of antimicrobial substances, competitive exclusion, bacterial adhesion inhibition 
and immune modulation (Teughels et al. 2011). While a large number of studies 
have assessed the improvements of clinical parameters after probiotic consumption 
both in caries and periodontal treatment (Cagetti et al. 2013; Martin-Cabezas et 
al. 2016), the effects on microbial composition, however, are rarely reported, with 
inconsistent results being shown (Zaura and Twetman 2019). Moreover, the effects 
of probiotics on the composition of oral microbiome have been mostly evaluated in 
healthy subjects (Dassi et al. 2018; Toiviainen et al. 2015), and their potential effects 
on the diseased microbial community need further investigation. 

Overall, in spite of some promising results, the application of microbiome 
modulation in oral healthcare is still in its infancy. In addition to the abovementioned 
strategies, various other approaches are also under exploration (Guo et al. 2015; 
Rosier et al. 2020).

Oral biofilm models in vitro

In vitro oral biofilm models offer us an easy-to-use and controllable platform for 
preliminary evaluation of novel microbiome modulators. Although these models 
cannot completely reproduce the real situation in an oral environment, they 
contribute to acquire empirical data that provide a foundation for future in vivo 
research. A wide range of in vitro biofilm models have been developed to study oral 
biofilms. They can be roughly divided into mono-species or multi-species biofilm 
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models based on the number of species included in the biofilms. A brief review is 
given below, with a focus on the models that aim to assess the microbial ecology of 
the biofilm communities.

Mono-species biofilm models
Mono-species biofilms have been used to determine physiological responses such 
as biofilm formation and gene expression of specific bacterial species under given 
experimental conditions (Jeon et al. 2009; Kumbar et al. 2021). Bacteria of choice 
in these biofilms are often species that have classically been assigned to be of great 
importance in the development of diseases, for example, S. mutans in caries-related 
studies (Zanin et al. 2005), Enterococcus faecalis in endodontic-related studies (Frough-
Reyhani et al. 2016), and P. gingivalis in periodontal-related studies (Noiri et al. 2003). 
However, it is obvious that biofilms consisting of only one species can hardly represent 
the oral environment where polymicrobial biofilms are the norm (Kolenbrander et al. 
2010). In light of this, multi-species biofilm models have been developed, either using 
defined consortia or clinical microbial samples with unknown composition, which are 
widely used now in in vitro studies (Sim et al. 2016).

Multi-species biofilm models from defined consortia
Multi-species biofilms cultured from defined consortia allow for the study of 
bacteria in a polymicrobial environment where bacterial interactions are involved. 
So far, up to 35 bacterial species can be constructed in biofilms using this method 
(Soares et al. 2015). Some of the representative biofilm models developed over the 
last 20 years have been summarized in a recent review (Brown et al. 2019). Since the 
types of bacterial species introduced in the biofilms are self-defined at the start of 
the experiment, the species composition of these biofilms can be easily quantified 
(Sim et al. 2016). Therefore, they have been used to test the influence of various 
factors on the microbial ecology of oral biofilms, such as inter-species interactions 
(Thurnheer and Belibasakis 2018b), treatment agents (Thurnheer and Belibasakis 
2018a; Zheng et al. 2015) and bacterial virulence factors (Bao et al. 2014; Stephen 
et al. 2016). While an initial understanding of microbial ecology can be obtained 
using these biofilm models, they do not reflect the vast diversity and complexity of 
biofilms found in the oral cavity (Dewhirst et al. 2010). Furthermore, laboratory 
reference strains are often used in these biofilm models, which is another major 
disadvantage since both genetic and phenotypic differences between laboratory 
strains and clinical isolates have been revealed in previous studies (Fux et al. 2005; 
Seers et al. 2020). To overcome these problems, an alternative is to generate the so-
called microcosm biofilms.
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Microcosm biofilm models
Microcosm biofilms refer to biofilms that are inoculated using natural microbial 
samples collected from the environment of interest, such as dental plaque and saliva 
in the case of oral settings (McBain 2009). Microcosm biofilms have the advantage 
of being able to capture much of the complexity and diversity of in vivo biofilm 
communities (Wimpenny 1988). Therefore, they are considered as simplified 
ecosystems that can be used to study microbial ecology of oral biofilms existing 
in a natural environment under controlled conditions (Sissons 1997). However, the 
improved authenticity of microcosm biofilms has also made them difficult to be 
characterized in early studies (Marsh et al. 1983). It was until recently that the use 
of microcosm biofilms has regained widespread popularity in dental research due to 
advances in culture-independent techniques for microbial identification.

An outstanding feature of microcosm biofilm models is their versatility. Several 
factors can be implemented, such as inoculum, medium, substrate and apparatus for 
biofilm growth, resulting in biofilm models with varied microbial composition that 
are suitable for testing different hypothesis (Baraniya et al. 2020; Cleaver et al. 2019; 
Kistler et al. 2015; Walker and Sedlacek 2007). Different types of microbial samples 
from the oral cavity have been used to inoculate biofilms in vitro, including saliva, 
supra/sub-gingival plaque, tongue and tonsil samples (Cieplik et al. 2019; Fernandez 
et al. 2017a). Among these, saliva is the most widely used inoculum due to its easy 
and non-invasive collection method. It can also be collected in larger volumes 
compared to other intraoral samples, which allows for large-scale experiments 
with several replications. Moreover, studies indicate that saliva contains numerous 
bacteria shed from microbial communities on different intraoral surfaces, and the 
bacterial composition in saliva mirrors different oral conditions (Takeshita et al. 
2016; Takeshita et al. 2009). Nevertheless, it is noteworthy that some obligatory 
anaerobic species, such as the major periodontal pathogen P. gingivalis, constitute, if 
present, an extremely low proportion in saliva due to its relatively aerobic atmosphere 
(Damgaard et al. 2019). For this reason, the outgrowth of these bacterial species in a 
saliva-derived microcosm biofilm based on their natural amount in saliva inoculum 
faces great uncertainty. 

The choice of growth medium is another crucial factor for microcosm biofilms. 
In general, the growth of microcosm biofilms requires a more enriched medium than 
growing biofilms from defined consortia (Maske et al. 2017). A number of growth 
media have been developed to simulate different nutritional aspects in the oral cavity, 
aiming to sustain an in vitro biofilm community with high diversity (Thompson 
et al. 2015; Tian et al. 2010; Wong and Sissions 2001). Studies have also showed 
that, by adjusting key components in the media, such as mucin, sucrose and serum, 
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microbial composition of the cultured biofilms can be pushed towards different 
directions, resulting in biofilm models relevant to different clinical situations (e.g., 
healthy or pathogenic) (Baraniya et al. 2020; Buskermolen et al. 2018; Lamont et al. 
2020). Most of the microcosm biofilm models have been developed using microtiter 
plates, since they are uncomplicated to use and biofilm samples can be easily 
obtained in batches (Edlund et al. 2013; Kistler et al. 2015). Dynamic systems, such 
as the Centre for Disease Control (CDC) biofilm reactor and Multiplaque Artificial 
Mouth (MAM), have also been used (Koopman et al. 2016; Rudney et al. 2012). 
While these systems mimic the oral condition by allowing for a continuous flow of 
medium during biofilm growth, they are relatively complicated to run. Microcosm 
biofilms can be grown on different substrates, such as glass (Exterkate et al. 2014), 
hydroxyapatite (Fernandez et al. 2017c), resin composite (Rudney et al. 2012) and 
titanium (Sousa et al. 2016), emulating the biological or non-biological surfaces in 
the oral cavity that biofilms attach to.

In early studies, microcosm biofilm models were mainly used to test their 
susceptibility to different antimicrobial treatments (Fontana et al. 2009; Pratten 
et al. 1998). Contemporary focus has shifted to elucidating the dynamic changes 
of the microbial ecology of oral biofilm communities. Studies using microcosm 
biofilm models have investigated factors that perturb a balanced microbial 
community, such as dietary intake (Signori et al. 2018; Sissons et al. 2007) and 
biofilm microenvironment (Costa et al. 2020; Dalwai et al. 2006). In order to search 
strategies that can restore and/or maintain a health-compatible biofilm community, 
the modulatory effects of classical agents, such as fluoride (López-López and Mira 
2020) and chlorhexidine (Fernandez et al. 2017c), as well as various new approaches 
on the microbial composition of oral biofilms have been tested (Janus et al. 2016; 
Jiang et al. 2020; Ledder et al. 2017; Pham et al. 2011).

The development of novel microbiome modulators requires realistic in vitro 
biofilm models. Such models should resemble the clinical situation (i.e., compositional 
shift from symbiosis to a pathogen-enriched dysbiotic state) and also be feasible for 
large-scale experiments.

Outline of this thesis

The aim of this thesis was to utilize saliva-derived microcosm biofilm models to 
provide more insight into the ecological changes of oral biofilm communities under 
different settings. A special interest was to develop biofilm models to assist the 
evaluation of novel microbial modulation strategies contributing to periodontal 
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health.
Complete elimination of oral biofilms with antimicrobial agents remains a great 

challenge. The residual bacteria can recover shortly after treatment, posing a threat 
of treatment failure. In Chapter 2, biofilm regrowth after different antimicrobial 
treatments (citric acid, chlorhexidine, and hydrogen peroxide) was investigated in 
saliva-derived microcosm biofilms. Specifically, the microbial composition of the 
biofilms was analyzed with 16S rDNA sequencing.

Bacteria of the red complex consortium, including P. gingivalis, Tannerella 
forsythia and Treponema denticola, are strongly associated with periodontitis, and 
subgingival plaque is generally used for microbial analysis of these pathogens. In 
order to determine whether saliva could be an easily obtainable alternative for 
microbial identification of the red complex bacteria, in Chapter 3, a systematic 
review and meta-analysis were performed to compare the microbial findings of the 
red complex bacteria determined using saliva and subgingival plaque samples in 
patients with periodontitis.

The easy availability of saliva also makes it an attractive inoculum for growing 
biofilms in vitro, especially for high-throughput use. However, the enrichment of 
abovementioned pathogens may not be achieved in the cultured biofilms when using 
saliva alone as the inoculum, limiting its application for evaluating microbiome 
modulation approaches that are potentially benefit to periodontal health. In Chapter 
4, by incorporating P. gingivalis into saliva-derived microcosms, we aimed to develop 
a pathogen-enriched biofilm model that can resemble a dysbiotic subgingival biofilm. 

As a follow-up step, in Chapter 5, a pilot study was performed to develop 
saliva-derived microcosm biofilm models enriched with both P. gingivalis and T. 
forsythia.

Biofilm modulation has been proposed as a promising strategy for disease 
management. In Chapter 6, the modulation effects of two synthetic peptides (LL-31 
and D-LL-31) on the growth and microbial composition of biofilm communities 
were investigated and compared using saliva-derived microcosm biofilm models 
with or without the enrichment of P. gingivalis.

Finally, in Chapter 7, a general discussion and considerations for future 
research are given, after which a summary of the findings and conclusions of this 
thesis is presented.
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