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Introduction: Paradigm Shifts

This book is intended to outline the various aspects of the interactions
between biofilms and modern dental materials and to highlight recent and
potentially emerging paradigm shifts in the way we study and interpret these
interactions. Biofilms are complex structures hosting microbial communities
that support extraordinarily sophisticated interactions with the substrate they
are colonising as well as with the outer microenvironment, and within the
biofilm itself among the different microbial species inhabiting an ecological
niche. These interactions aim to reach an equilibrium with the host and its
microenvironment, ensuring the survival of the community over time in that
particular ecological niche. Any factor that modifies this equilibrium in the
sense of a detrimental effect to the host can be considered as dysbiosis. From
this point of view, dental caries is an infectious disease originating from a
disease of the biofilm itself, namely an imbalance between pathogenic and
non-pathogenic species inhabiting the ecological niche. Considering this
aspect, Chap. 1 summarises the essential characteristics of oral biofilms and
processes involved in their development.

Regarding the aetiological processes involved in dental caries, all patho-
genic microbial species involved feature acid production. The conventional
wisdom is that local demineralisation of tooth structures by acids produced
by cariogenic bacteria is the ultimate aetiological factor for caries formation.
Demineralisation of hydroxyapatite initiates already at a pH of around 5.5,
yet acidogenic biofilms reach values that are even lower than 4.0. Moreover,
the accumulation of small, recurrent steps towards dysbiosis can also cause a
drift of the equilibrium, as demonstrated by Philip Marsh [1]. With regard to
this aspect, the relevance of saliva and the salivary pellicle cannot be overes-
timated. The salivary pellicle paves the ground for distinct microorganisms to
firmly adhere to hard surfaces; thus, the salivary pellicle can impact the com-
position of a biofilm at least in its early colonisation phases. In this context,
Chap. 2 summarises relevant properties of the salivary pellicle and its interac-
tion with the surface of dental materials.

It might be amusing that the term “paradigm shift” was introduced by
Thomas Kuhn, a physicist, philosopher, and historian of science, around the
same time Bowen introduced the use of resin-based materials in dentistry.
The term implies a fundamental change in the basic concepts and experimen-
tal practices of a scientific discipline, often driven not only by the introduc-
tion of new materials but also by a change in the protocols applied to a
particular field. It regularly coincides with a complete change of perspective.
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Perhaps the most used (and overused) example of paradigm shift is the intro-
duction of Einstein’s theory of relativity. That theory does not reject
Newtonian physics, since, for extremely low speeds of light such as the ones
that we are used to, the behaviour of the universe is just as well described by
Newton’s. Einstein, however, provided a completely new way to look at
things, and tools for that, so far that it changed our perspective. In dentistry,
the resin-based materials that were introduced by Bowen paved the ground
for a paradigm shift towards adhesive and truly aesthetic dentistry, and
towards the development of minimally invasive treatment concepts, as nicely
summarised by Burke in his work from extension for prevention to preven-
tion of extension [2].

In fact, resin-based materials are the materials of choice in modern mini-
mally invasive dentistry. While relevant improvements in adhesive tech-
nology have relevantly paved the ground for the clinical success of these
materials, computer-assisted design and manufacturing (CAD/CAM) tech-
niques, as well as continuing advancements in 3D printing, will pave the
ground for another paradigm shift as even complex rehabilitation can be
planned and performed in an extensive, highly predictable and minimally
invasive manner. Nevertheless, the main reasons for the failure, particularly
of direct resin-based restorations, are secondary caries and material failure
(fractures). While dramatic improvements have been made regarding the
mechanical properties of the resin-based dental materials, secondary caries
remains a relevant issue, particularly in patients with high caries risk. Until
now, approaches to supplement resin-based materials with antibacterial prop-
erties have not led to the desired results. While for a long time the received
opinion has been that secondary caries originates from gaps between the
material and surrounding tooth tissues, we now know that this assumption
is not correct unless the gap is exceedingly wide. Similarly to the primary
disease, secondary caries results from an imbalance in the biofilm adherent
to the surface of the restored tooth. As dental materials can now accurately
reproduce some aspects of natural tooth tissues, the main aetiological factor
in the onset of secondary caries might be the material itself. Concerning this
aspect, current scientific theories regarding the aetiology of secondary caries
and its implication with oral biofilms are discussed in Chap. 3.

The development of biofilms on the surface of dental materials and their
individual properties can be studied using different experimental settings.
The conventional wisdom is that in vivo/in situ studies feature the highest
level of evidence and the results from in vitro studies can hardly be trans-
ferred into clinical settings, while studies performed using animal models are
somewhere in between. Bioreactors, or artificial mouths, are sophisticated
experimental systems which allow the analysis of biofilms by reproducing
the conditions of the oral cavity in vitro. As these experimental systems may
simulate many parameters of the oral environment, a reductionistic experi-
mental approach can be employed as research methodology. Thus, the inter-
actions between dental hard tissues, dental biomaterials, and oral biofilms
can be studied extensively. The latest advancements in simulation techniques
allow researchers to scale down the gap between laboratory models and clini-
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cal studies, including experimental models that are even closer to clinical
settings than animal studies. In medicine, the possibility to accurately simu-
late clinical conditions is a relatively new way of looking at experimental
models and is producing a paradigm shift in the way that experiments on den-
tal materials are designed. Currently, several bioreactor models are regularly
used to analyse biofilms on the surface of dental materials. These systems
differ in design and complexity, and, unfortunately, there is no consensus
on parameters such as the type of nutrient broth, flow speed, and the rate of
shear stress. Thus, there is an urgent need for standardisation in order to make
results from different groups comparable. With regard to this aspect, Chap.
4 provides insights into the latest advancements regarding the simulation of
oral environments for analysing biofilm formation in vitro.

Biofilms on the surface of dental materials relevantly differ in terms of
composition and structure from those adherent to natural tooth tissues. As
explained in Chap. 5, the formation of biofilms on the surface of restorative
materials is primarily impacted by surface properties, including surface
roughness, nano- or microtopography, surface free energy, surface chemistry,
and zeta potential. With regard to this aspect, surface properties do also influ-
ence the formation of the salivary pellicle and, thus, adhesion of pioneer
microorganisms. Moreover, it has frequently been discussed that surface
properties may influence microorganisms through several layers of the bio-
film—mechanisms that we are only beginning to understand. For instance,
signalling strategies inside the microbial community such as quorum sensing
make microorganisms prepare for adhesion, including the expression of
adhesins on their membrane. This process initiates already from a consider-
able distance to the substratum surface. Modern resin-based materials feature
a complex composition and are tailored from a variety of ingredients with
very distinct properties. Thus, adherence to the surface of these materials is
more difficult to predict and interpret than to other dental materials. In this
context, Chap. 6 summarises the current evidence on the interaction between
resin-based materials and oral microorganisms in terms of biofilm
formation.

Conventional dental materials are applied for permanent use in the oral
cavity and have to face an extreme environment. In recent years, scientists
discovered that they could degrade with time. This process includes both the
adhesive interface, resulting from the activity of endogenous metalloprotein-
ases, and the outer layers of the restoration, resulting from the activity of
esterases delivered from the host and its biofilm. These processes may rele-
vantly impact the mechanical and aesthetic properties of the material as well
as its interface with natural tooth tissues. Chapter 7 provides a survey on the
impact of the oral environment on the deterioration of dental materials and
highlights current strategies for prevention of these processes.

In contrast to natural tooth tissues, the surface of dental materials is not
capable of modulating the pH in acidic environments. Thus, biofilms on the
surface of dental materials need to withstand low pH values for longer peri-
ods than biofilms on the surrounding natural tissues. This phenomenon fos-
ters the prevalence of acid-tolerant species in the biofilm and underlines the
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fact that modulating the properties of a material can massively impact the
composition and organisation of the biofilm adhering to its surface. As a
result, current and future research focuses not only on the improvement of
mechanical properties of dental materials but also on the optimisation of its
interaction with host tissues and oral biofilms. From this point of view, it is
our opinion and strong belief that a dental material will have to dynamically
react to changing environmental conditions, being able to sustain a specific
behavior and activity for a defined time. This comprehensive approach coin-
cides with another paradigm shift in dental materials science.

As a consequence of the demineralisation process itself, natural tooth tis-
sues may effectively buffer acidic conditions. Thus, dental caries might be
regarded as an attempt of the organism to provide neutral pH conditions.
While this is an entirely new perspective towards a disease that is still treated
by attempting to eliminate biofilms, it appears that any treatment attempting
to restore neutral pH values in close proximity to natural tooth tissues as
quickly as possible after acidic challenge might relevantly affect the compo-
sition of the biofilm.

Bioactive materials have been available in many fields of dentistry for a
long time, including materials for guided bone and tissue regeneration, dental
implants, endodontic repair, and ion-releasing restorative materials such as
glass-ionomer cements. In the surgical, periodontal, prosthetic, and endodon-
tic field, clinical pressures on the advancement of such technologies have
mainly been directed towards improved biocompatibility and healing as well
as maximised predictability. Current strategies aim to produce dental materi-
als with similar properties to natural tooth tissues, which can release ions and
active compounds and can also be recharged. This approach allows healing of
compromised natural tissues by the activity of the restorative biomaterial.
Biomaterials with direct activity on biofilms, such as materials releasing
active principles modulated by acidic conditions of the microenvironment in
close proximity, may buffer and regulate the acidogenicity of a biofilm. While
research has focused on the possibility to recharge these materials with active
compounds for a long time with mixed results, recent studies have high-
lighted that biofilms may modulate the release and uptake of active com-
pounds from a biomaterial surface by themselves. With regard to this aspect,
the latest advancements in the development, chemistry, and performances of
bioactive dental materials are summarised in Chaps. 8 and 9.

Moreover, antimicrobial dental materials that are being developed, cur-
rently being available to the clinicians, are based on two distinct strategies to
influence biofilm formation. These strategies include either contact inhibition
of microorganisms using immobilised bactericides or controlled release of
antibacterial compounds. Chap. 10 reports on these approaches and their
clinical effectiveness.

All these considerations underline that research on dental (bio)materials is
exciting and evolving with extreme speed. However, we are convinced that
the concepts and reasons beyond these evolutionary processes will produce
changes in the next years that will influence the way we look at things for a
long time.



Introduction: Paradigm Shifts ix

We hope our readers will enjoy reading this book at least as much as our
colleagues and we enjoyed writing it.

Sincerely,

Andrei Cristian Ionescu and Sebastian Hahnel
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Oral Biofilms: What Are They?

Lakshman Samaranayake, Nihal Bandara,

and Siripen Pesee

Abstract

Biofilms are ubiquitous in nature. It is now
known that within the oral ecosystem, bacteria
and fungi mostly exist attached to surfaces, in
the biofilm phase in contrast to their suspended
or planktonic phase existence. Development of
a biofilm from the initial seeding of organisms
onto an oral substrate, such as enamel or a
newly inserted appliance, to the climax com-
munity of a mature biofilm is a multiphasic
process. A biofilm develops as soon as an
appliance is introduced into the oral cavity,
irrespective of the quality of the fabricated
material or its manufacturing process. As
plaque biofilms are the major etiologic agents
of caries and periodontal disease, any dental
biomaterial that suppresses the process would
be superior and desirable than the traditional
counterparts. This chapter outlines the various
stages, and the factors that impact plaque bio-
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film development within an oral substrate or a
surface of a biomaterial within the oral cavity.
A basic understanding of this critical phenom-
enon would be valuable for fabricating
“biofilm-retardant” new dental materials.

1.1 Introduction

The human body is composed of approximately
hundred trillion cells, of which 90% comprise the
resident microflora of the host and only 10% are
mammalian eukaryotic cells. Bacteria are by far
the predominant group of organisms in the oral
cavity, and there are probably some 700 common
oral species or phylotypes of which only 50-60%
are cultivable in the laboratory. Of these, approxi-
mately 54% are officially named, 14% are
unnamed (but cultivated), and 32% are known
only as uncultivated phylotypes, or so-called
uncultivable flora. Humans are not colonized at
random and the microbial residents we harbor
and provide shelter have coevolved with us over
millions of years. This has led to the realization
that the host and its residents together contribute
to health and disease as a holobiont.

Although the coexistence and coevolution of
microbes and humans have been known for decades
it is only now we understand the massive complex-
ity of the human microbiome due to the evolution of
analytical tools and new genomic technologies. The
latter, now miniaturized through microfluidics,
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dominated by next-generation sequencing (NGS)
and third-generation sequencing (TGS) and the
associated advances in bioinformatics have pro-
vided the scientific community with powerful tools
to understand the role of the oral microbes in health
and disease. This chapter provides a thumb sketch
of the oral microbiome and biofilms, their develop-
ment, functionality, and how they may interact in an
oral environment replete with artificially introduced
dental materials.

1.2  The Oral Microbiome
A perplexing array of organisms with diverse
characteristics live in the oral cavity and the latter
is arguably one of the most heavily colonized
parts of the human body. This is due to its unique
anatomical structures found nowhere else in the
body, such as teeth and gingiva. Under normal
circumstances this vast array of organisms
including bacteria, archaea, fungi, mycoplasmas,
protozoa, and a viral flora usually live in harmony
in eubiosis with the host. But diseases such as
caries and periodontal disease ensue when there
is an ecological imbalance in the oral cavity due
to either intrinsic or extrinsic causes, and a dysbi-
otic microbiome develops.

The totality of the oral microbes, their
genetic information, and the oral environment
in which they interact is called the oral microbi-

Fig. 1.1 The three
major components of the
oral microbiome: the
relative size of the
circles indicates the
proportionality of the
three components.
(From Samaranayake L,
Essential Microbiology
for Dentistry, S5th Ed,
Elsevier 2018, with
permission)

Oral
Bacteriome

ome whilst all living microbes constituting the
oral microbiome are termed the oral microbi-
ota. The oral microbiome in turn could be
divided into three major sub-compartments as
the oral bacteriome (bacterial component), oral
mycobiome (fungal component), and the oral
virome/virobiome (viral component) (Fig. 1.1).
Apart from the above three distinct compart-
ments of the oral microbiome, recent reports
indicate the existence of a multitude of yet-to-
be cultured (or uncultivable) ultrasmall bacteria
that may fall within the bacteriome group, and
these have been classified into a sub-sector
called “candidate phyla radiation (CPR)”
group. CPR group organisms are ultrasmall
(nanometer range, compared to micron-scale
bacteria) and highly abundant (>15% of bacte-
riome) group with reduced genomes and
unusual ribosomes. They appear to be obligate
symbionts, living attached to either the host
bacteria or the fungi.

In recent studies of the structure, function, and
diversity of human oral microbiome, evaluated
using next-generation sequencing (NGS) tech-
nology mentioned above, it has been clearly
shown that the oral microbiome is unique to each
individual. It is indeed a “microbial thumbprint”
of the individual. Even healthy individuals differ
remarkably in the composition of the resident
oral microbiota. Although much of this diversity
remains unexplained, diet, environment, host

Oral
Mycobiome

Oral Virome
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genetics, and early microbial exposure have all
been implicated in the constituent flora of the
community that eventually stabilizes to form the
so-called “climax community.”

The oral microbiota exist either suspended in
saliva as planktonic phase organisms or attached
to oral surfaces, in the biofilm phase (also called
the sessile phase) for instance as the plaque bio-
film. In general, despite the high diversity in the
salivary microbiome within and between indi-
viduals, little geographic variations can be
noticed. Individuals from different parts of the
world harbor similar salivary microbiota, indicat-
ing that host species is the primary determinant
of the oral microbiome.

Some oral microbes are more closely associ-
ated with diseases than others (e.g., Porphyromonas
gingivalis, a periodontal pathogen) although they
commonly lurk within the normal oral flora with-
out harming the oral health. This symbiosis
between beneficial and pathogenic organisms is
the key factor that contributes to the maintenance
of oral health. |In other words, when this homeo-
stasis and the symbiotic equilibrium breaks down
for example on taking broad-spectrum antibiotics,
a state called dysbiosis sets in - leading to diseases
such as caries, periodontal disease, and candidal
infections. Essentially, in a dysbiotic microbiome
the diversity and relative proportions of species or
taxa within the microbiota are disturbed.

On occasions, specific microbes (mainly lac-
tobacilli) could be administered to help restore a
natural healthy microbiome in a given habitat
(i.e., to convert a dysbiotic state to a symbiotic
state). Such organisms are known as probiotics.

1.3  Biofilm Formation

Up to 65% of human infections are thought to be
associated with microbial biofilms. Dental plaque
on solid enamel surfaces is a classic example of a
biofilm. As biofilms are ubiquitous in nature and
form on hulls of ships, warm water pipes, dental
unit water systems, and so on, their study has rap-
idly evolved during the past few decades, leading
to many discoveries on communal behavior of
microbes.

The sequence of events leading to oral biofilm
formation is rather unique. When an organism
first enters the oral cavity through either contami-
nated food particles or liquids, they are in the sus-
pended planktonic phase. In order to survive in
the hostile oral environment they need to adhere
to either a biotic or an abiotic oral surface. Once
the organisms adhere to the host surface they usu-
ally tend to aggregate and form intelligent com-
munities of cells called biofilms. Biofilms are
defined as a complex, functional community of
one or more species of microbes, encased in an
extracellular polysaccharide matrix and attached
to one another or to a solid surface (such as a den-
ture prosthesis, enamel, filling materials).

Biofilms are intelligent, functional communi-
ties. Structurally, they are not flat and com-
pressed, but comprise a complex architecture
with towers and mushroom - or dome-shaped
structures with water channels that permit trans-
port of metabolites and nutrients. Bacteria in bio-
films maintain the population composition by
constantly secreting low levels of chemicals
called quorum-sensing molecules (e.g., homoser-
ine lactone, autoinducers), which tend to repulse
incoming bacteria or activate the communal bac-
teria to seek new abodes. Further, specific gene
activation may lead to production of virulence
factors or reduction in metabolic activity (espe-
cially those living deep within the matrix).

It is now known that infections associated
with biofilms are difficult to eradicate as sessile
organisms in biofilms exhibit higher resistance to
antimicrobials than their free-living or planktonic
counterparts. The reasons for this phenomemon
appear to be (1) protection offered by the extra-
cellular polysaccharide matrix from the host
immune mechanisms, (2) poor penetration of the
antimicrobials into the deeper layers of the bio-
film, (3) degradation of the antimicrobials as they
penetrate the biofilm, (4) difference in pH and
redox potential (E;) gradients that is not condu-
cive for the optimal activity of the drug, and (5)
gene expression leading to more virulent or resis-
tant organisms. Such bacteria which are encased
within the biofilm matrix and express resistance
to antibiotics or antiseptics are called
“persisters.”
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1.4  Plaque Biofilm

Plaque biofilm is found on dental surfaces and
appliances as well as on dental restorations of
various kinds (e.g., amalgam, composites,
ceramic). Biofilm growth is particularly common
in the absence of oral hygiene. In general, it is
found in anatomic areas protected from the host
defenses and mechanical removal, such as occlu-
sal fissures and edges of poorly prepared dental
restorations. In the latter instance, biofilm plaque
growth is associated with secondary caries, and
depending on the antomic location of the restora-
tion, gingivitis, and even periodontitis. Peri-
implantitis and peri-implant mucositis are
primarily due to plaque biofilms that develop on
implants which are improperly maintained with
poor oral hygiene.

1.5 Composition

The organisms in dental biofilm are surrounded
by an organic matrix, which comprises about
30% of the total volume. The biofilm matrix is
derived from the products of both the host and the
biofilm constituents, and it acts as a food reserve
and as a cement, binding organisms both to each
other and to various surfaces.

The microbial composition of dental plaque
biofilm can vary widely between individuals:
some people are rapid plaque formers; others are
slow. Even within the same individual, there are
also large variations in plaque composition.
These variations may occur at different sites on
the same tooth, at the same site on different teeth,
or at different times on the same tooth site.

1.6  Formation

The dental biofilm formation is a complex pro-
cess comprising several stages. The first step is
the salivary pellicle formation, where adsorption
of host and bacterial molecules to the tooth sur-
face forms an acquired salivary layer. The pellicle
formation starts within hours after cleaning the
tooth, and it is composed of salivary glycopro-

teins, phosphoproteins, lipids, and components
of gingival crevice fluid. Remnants of cell walls
of dead bacteria and other microbial products
(e.g., glucosyltransferases and glucans) are also
part of the pellicle. This stage is essential for the
plaque biofilm formation, because the oral bacte-
ria do not directly colonize the mineralized tooth
surface; they initially attach to this pellicle.
Salivary molecules alter their conformation after
binding to the tooth surface, exposing receptors
for bacterial attachment. These receptors interact
with bacterial surface adhesins in a very specific
manner that explains the selective adherence of
bacteria to enamel.

The transport of bacteria to the vicinity of the
tooth surface before attachment occurs by means
of either natural salivary flow, Brownian motion,
or chemotaxis. The proximity to mineralized sur-
faces allows the attachment of earilest arriving
bacteria called pioneer colonisers (0—24 h). This
important group of bacteria comprising the initial
or pioneer colonizers are gram-positive cocci and
rods, mainly streptococcal species (S. sanguinis,
S. oralis, and S. mitis), and to a lesser extent,
Actinomyces spp. and gram-negative bacteria
(e.g., Haemophilus spp. and Neisseria spp.).

The interactions between the microbial cell
surface, the initial or pioneer colonizers, and the
pellicle-coated tooth involve weak physicochemi-
cal forces (van der Waals forces and electrostatic
repulsion), which represents a reversible phase of
net adhesion. These interactions may rapidly
become strong stereochemical reactions between
adhesions on the microbial cell surface and recep-
tors on the acquired pellicle. This phase is an irre-
versible phase in which polymer bridging between
organisms and the surface helps to anchor the
organism, after which they multiply on the virgin
surface. Doubling times of plaque bacteria can
vary considerably (from minutes to hours), both
between different bacterial species and between
members of the same species, depending on the
environmental conditions.

After the establishment of pioneer colonizers,
the next stage involves the co-adhesion and
growth of attached bacteria, leading to the forma-
tion of distinct microcolonies (4—24 h). During
this phase, the biofilm is not uniform in thick-
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ness, varying from sparsely colonized to almost
full surface coverage. The biofilm grows basi-
cally by cell division, with the development of
columnar microcolonies perpendicular to the
tooth surface. Within one day, the tooth surface is
almost completely covered by a blanket of
microorganisms.

Some constituents of the dental plaque pro-
duce components of the biofilm matrix, such as
polysaccharides. The biofilm matrix, in turn, not
only gives support for the structure of the biofilm
but is also biologically involved in retaining
nutrients, water, and enzymes within the biofilm.

Between 24 and 48 h, the biofilm becomes
thicker. Adhesins expressed by the secondary
colonizers bind to receptors on the cell surface of
pioneer microbes, producing a co-aggregation or
co-adhesion of microorganisms. This continuous
adsorption of planktonic microbes from saliva, in
addition to cell division, contributes to the expan-
sion of the biofilm. In the surface layer, co-
aggregation of different species creates “corncob”
structures.

As the dental biofilm develops, the metabo-
lism of the initial colonizers modifies the envi-
ronment in the developing biofilm, creating local
conditions that are either more attractive to later
(secondary) colonizers or increasingly unfavor-

able to the pioneer group, for example, by mak-
ing it more anaerobic after their consumption of
oxygen or accumulating inhibitory metabolic
products.

All these environmental changes lead to a
gradual replacement of the initial or pioneer col-
onizers by other bacteria more suited to the modi-
fied habitat; this process is termed microbial
succession (1-7 days). This sequence of events
increases species diversity in the dental plaque,
concomitant with continued growth of microcol-
onies. A progressive shift is observed from
mainly aerobic and facultatively anaerobic spe-
cies (mainly streptococci) in the early stages of
biofilm formation to a situation with predomi-
nance of facultatively and obligatory anaerobic
organisms, gram-negative cocci and rods, fuso-
bacteria, spirochetes, and actinobacteria (espe-
cially Actinomyces species) after 9 days (Fig. 1.2).

A mature biofilm can be found after one week
or more. The plaque mass reaches a critical size at
which a balance between the deposition and loss
of plaque bacteria is established, characterizing a
climax community. In an old biofilm, structural
changes can be seen at the bottom of the dental
plaque, for example. The outer part of a mature
biofilm is usually loosely structured with various
compositions, from sphere-shape distribution of

Fig. 1.2 A schematic diagram depicting the various
developmental stages of a biofilm from the initial adherent
phase (left) of the organisms to gradual maturation and
subsequent fully developed polymicrobial biofilm

(extreme right); green arrows = water channels. (From
Samaranayake L, Essential Microbiology for Dentistry,
5th Ed, Elsevier 2018, with permission)
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one type of organism to multispecies outer micro-
flora with parallel distribution. The bacteria that
colonize this climax community may detach and
enter the planktonic phase (i.e., suspended in
saliva) and may be transported to new coloniza-
tion sites, thus restarting the whole cycle.

The colonization of root surfaces follows sim-
ilar principles to those outlined above for enamel
surfaces. However, the development of plaque on
root surfaces occurs more rapidly due to the
uneven surface topography. Despite this differ-
ence, regardless of the type of tooth surface,
enamel and cementum share the same initial
colonizers.

1.7  Biofilm Functionality

The oral biofilms function as a microbial com-
munity and collectively display properties that
favor their formation and persistence in the oral
cavity. Many of these properties make the micro-

organisms within a biofilm more resistant to
drugs (antibiotics, antifungals) in comparison to
their planktonic counterparts. In the biofilm,
microbial cells interact both with each other via
cell signaling systems and with other species
through conventional synergistic and antagonis-
tic biochemical interactions. Cell-cell communi-
cation and coordinated population-based
behavior among members of a biofilm involve
quorum sensing, a system of signaling molecules
(e.g., homoserine lactone, autoinducers that
increase according to the cell density). This abil-
ity to send, receive, and process information
allows organisms within microbial communities
to act as multicellular entities and increases their
chances of survival in complex environments.
Furthermore, for the entry of nutrients and the
efflux of metabolites the mature biofilm appears
to possess an elegant transport system compris-
ing so-called water channels (Fig. 1.3), although
some argue that the channels are not particularly
suited for this purpose.

Fig. 1.3 A mature biofilm of Candida albicans showing
water channels (white arrows) that mediate metabolite
and nutrition transfer to and from the biofilm. (From

Samaranayake L, Essential Microbiology for Dentistry,
5th Ed, Elsevier 2018, with permission)
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The Importance of the Salivary

Pellicle

Matthias Hannig

Abstract

The acquired salivary pellicle forms rapidly on
any type of surface exposed to the oral environ-
ment. The adsorption of salivary biomolecules
onto solid surfaces is a very complex process
determined by the interplay of the substrate,
proteins, and other components from saliva as
well as the surrounding environmental condi-
tions, e.g., ionic strength, shear forces, and
nutrition. The acquired pellicle will act as a
multifunctional protective layer for the under-
lying surface providing lubrication and partial
protection against wear. In contrast to the huge
number of publications covering the pellicle’s
formation, composition, and functional proper-
ties on the tooth surface, only very sparse infor-
mation is available on the salivary pellicle
formed in situ or in vivo on dental materials.
The pellicle layer will contribute to some extent
to the passivation of the surface chemistry and
masking of the surface texture of dental materi-
als. Currently, the proteome of the acquired pel-
licle layer formed in situ on ceramics has been
characterized in detail, thereby identifying
more than 1180 proteins as well as 68 main
proteins contributing to the formation of the
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3-min pellicle. Open questions and challenges
of the salivary pellicle’s impact in restorative
dentistry and material’s science are highlighted.
Future directions in research considering pelli-
cle formation, composition, and function on
dental materials are discussed.

2.1 Introduction

Intensive research has been conducted over the
last six decades to gain a detailed understanding
of the acquired enamel pellicle layer, i.e., the sali-
vary pellicle formed on the natural tooth enamel
surface (see reviews [1, 2]). Numerous in vitro as
well as in situ and in vivo studies indicate that the
process of pellicle formation onto the enamel
surface is related to the selective adsorption of
salivary biopolymers (see reviews [1, 2]). Thus, it
is very likely that also on different dental restor-
ative materials the acquired pellicle formation
will take place in a highly selective manner
resulting in the formation of material-specific
conditioning films. Although this consideration
appears quite reasonable, the scientific literature
is very controversial regarding selective and spe-
cific pellicle formation on different dental mate-
rials [3]. Mainly based on the results of in vitro
studies, it has been shown that the salivary pro-
teinaceous layer adsorbed onto different materi-
als will vary in composition, structure, and
function in a surface-dependent manner [4-8].
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This chapter highlights the present knowledge
on the formation, composition, structure, physi-
cochemical properties, and function of the sali-
vary pellicle adsorbed on enamel and dental
materials under the influence of the oral environ-
ment. Thereby, this review aims to give an over-
view regarding the impact of dental materials on
salivary pellicle formation and function, and vice
versa the influence of the salivary pellicle on the
properties of biomaterials under oral conditions
with emphasis on current research and future sci-
entific perspectives.

2.2  Pellicle Formation

Under in vivo conditions the acquired pellicle
layer is formed nearly immediately on any bioma-
terial’s surface getting in contact with the oral flu-
ids [9-11]. Components originating from saliva,
gingival crevicular fluid, mucosal transudate, bac-
teria, and nutrition will contribute to the formation
of the pellicle layer [2]. Salivary proteins generally
interact with the solid substrate via a complex
combination of various simultaneously acting
intermolecular forces [3]. Under oral conditions,
spontaneous adsorption of salivary proteins will
take place in contact with any solid surface due to
the heterogeneous molecular properties of the pro-
teins that include hydrophobic and hydrophilic
groups, positive and negative charges, dipoles, and
hydrogen-binding groups. Because of its specific-
ity and complex molecular structure, it had been
assumed that each protein might exhibit its own
“personality” during the adsorption process [12].
Which proteins are preferentially and predomi-
nantly adsorbed onto the solid substrate, their con-
formations, and binding forces are decisive for the
properties and function of the pellicle layer.
Regarding the time course, pellicle formation on
solid surfaces exposed intraorally involves a fast
early stage lasting for minutes followed by a slow
continuous stage spanning hours [13].

Dental materials exposed intraorally might
affect the formation and composition of the
adsorbed salivary pellicle layer in many ways by
their chemical composition, surface energy, sur-
face roughness, and topography. However, analy-

sis of in situ pellicle formation on PMMA,
amalgam, and gold specimens by ex vivo contact
angle measurements revealed that the wettability
of all materials increased due to the adsorbed pel-
licle layer [14]. Within 5-20 min of in situ pellicle
formation time the effect of the original surface
activity of the materials was effectively sealed off
[14]. Experiments conducted with pellicle layers
formed in situ on model materials with highly dif-
fering wettability (mica, silicon wafer, graphite)
indicate that even within 10-30 s of intraoral
exposure the wettability of the pellicle-covered
surfaces will reach a similar level [11]. Also recent
in vitro experiments demonstrate that formation
of the salivary pellicle contributes to the equaliza-
tion of surface charges and surface free energy
comparing acrylic and titanium surfaces [15]. It
can be concluded that pellicle formation will level
off the original surface free energy of different
materials yielding a homogenizing effect and
facilitating a physiological interface between res-
torations and the oral environment [3, 14, 16].
Pellicles which were formed for 1 h in vitro on
substrates of different wettability reveal no major
differences in their composition [4]; thus, it has
been assumed that variations in substratum wet-
tability will have a major impact on the organiza-
tion and conformation of the adsorbed pellicle
components rather than on the pellicle’s compo-
sition [4]. This very interesting assumption needs
further validation by studies involving in vivo-
formed pellicle layers on dental materials.

2.3  Composition of the Pellicle

The acquired pellicle constitutes of proteins,
peptides, lipids, carbohydrates, and dietary mac-
romolecules adsorbed from the oral fluids [1, 2].
In recent years, the protein composition of the
acquired pellicle has been within the focus of
several in vivo and in situ studies, applying mod-
ern label-free liquid chromatography-electro-
spray ionization tandem mass spectrometry for
protein identification and characterization of the
acquired pellicle’s proteome [17-21]. These
studies revealed a very diverse and complex com-
position of the pellicle formed on the natural
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tooth surface [17, 20, 21]. More than 360 proteins
were identified contributing to the formation of
the 2-h pellicle layer on tooth enamel in vivo
[21]. Important topic differences in the proteomic
profile of the 2-h acquired pellicle were recorded
according to the pellicle’s intraoral region of for-
mation [21]. These differences in the proteome of
the acquired pellicle across various sites of the
dentition are caused by variations in the local
availability of salivary proteins [2]. Furthermore,
diet and nutrition will contribute to the pellicle’s
composition [17], at least influencing temporar-
ily the protein profile of the pellicle.

Using a data mining analysis it has been dem-
onstrated recently that there are specific differ-
ences between enamel pellicle and salivary
proteins [22], which corroborates the experimen-
tal findings that the pellicle is formed by selective
adsorption of salivary proteins onto the tooth sur-
face. The differences between salivary proteins
and pellicle proteins were shown to be related to
the proteins’ molecular size distribution, with
pellicle proteins being significantly smaller with
average molecular weights of mainly 10-20 kDa
[22]. This finding based on bioinformatics analy-
ses is in line with the well-accepted concept that
pellicle formation on the enamel surface is based
on selective adsorption of salivary proteins.
Furthermore, a high cross-linking potential has
been revealed for pellicle proteins [22], which
might be relevant to get the pellicle’s physiologi-
cal structural organization and functional proper-
ties. Nevertheless, the proteomes of saliva and
pellicle are rather similar in many aspects [22].
This result of the data mining analyses is not sur-
prising as the pellicle’s proteome (mainly) con-
stitutes a subgroup of the salivary proteome [22].

The vast majority of the data related to the
proteome of the in vivo- or in situ-formed
acquired pellicle layer is based on pellicle sam-
ples pooled from several volunteers, neglecting
the fact that the individually formed pellicle
might reveal also an individual proteomic profile.
Two recently published studies intended to char-
acterize the individual pellicle’s proteome instead
of using pooled pellicle samples from up to 24
volunteers [18, 23]. In both studies the acquired
pellicles were formed in situ in the oral cavity for

3 min onto ceramic surfaces. Ceramic was cho-
sen as the substrate for pellicle formation in order
to guarantee well-defined surfaces without bio-
logical variations for the adsorption of the pelli-
cle layer. The results of these studies indicate that
the proteomic profile of the 3-min in situ-formed
pellicle layer is characterized by a much higher
diversity of adsorbed proteins than ever reported
before, and reveals a distinct individual-
dependent protein composition. Overall, a total
of 1188 different proteins and peptides were
identified in the 3-min pellicles formed in situ on
ceramic specimens [23]. Interestingly, 68 pro-
teins were detected to be present in the proteomic
profiles of all 24 individuals. These proteins were
also identified in a previous study with four vol-
unteers [18], and apparently represent the base
proteins of the acquired salivary pellicle [23].
Among these 68 proteins identified in the 3-min
in situ pellicle on ceramics are serum albumin,
alpha-amylase, carbonic anhydrase 6, cystatins,
lactoperoxidase, lactoferrin, lysozyme, mucin 7,
proteins S100-A8 and A9, proline-rich proteins,
or transglutaminase, which had been identified as
constituents of the acquired enamel pellicle in
previously published studies (see reviews [1, 2,
17, 20, 21]). Comparison of the individual pelli-
cle proteomes besides the 68 common proteins
revealed high inter-individual differences indi-
cating that the proteomic profile of the individual
pellicle might depict an individual fingerprint-
like protein composition [23]. Future proteomic
analyses of in situ-formed pellicle layers are nec-
essary to elucidate the impact of longer forma-
tion times on the proteomic profile of the
individual pellicle, and to clarify potential
substrate-dependent influences of dental materi-
als on the proteome of the salivary pellicle.

2.4  Ultrastructure of the Pellicle

The salivary pellicle formed on enamel has been
characterized by transmission electron micro-
scopic (TEM) investigations as a multilayer
structure consisting of an inner compact, tightly
bound basal layer, and an outer less dense layer
of scattered globular agglomerates [24, 25]. The
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surface microstructure of the pellicle was
described by high-resolution scanning electron
microscopy as well as by atomic force micros-
copy as a spongy meshwork of protein aggregates
[1, 11].

Up to now only few studies have been pub-
lished regarding high-resolution imaging and
visualization of the pellicle layer formed in situ
on solid surfaces (dental materials) beside enamel
[11, 24]. TEM investigations performed more
than 20 years ago indicated that the principal
ultrastructure and the time-dependent morpho-
genesis of the salivary pellicle formed in situ on a
broad range of dental materials did not reveal dis-
tinct differences [24]. These experiments were
performed under well-defined conditions, con-
sidering the preparation of the samples from vari-
ous dental materials, their surface polishing
procedure, and their hydration state before 2- or
6-h intraoral exposure in the oral cavities of three
volunteers using removable acrylic splints [24].
The overall conclusion from these TEM analyses
is that salivary pellicles are formed with high
ultrastructural similarity on all solid surfaces
exposed to the oral environment.

2.5  Function of the Pellicle

The pellicle plays an important role in the main-
tenance of oral health. As a physiological media-
tor the pellicle layer will determine and modify
all interfacial interactions taking place at the
tooth-saliva interface [1, 2]. The pellicle acts as a
regulator of dental hard-tissue mineral homeosta-
sis, and provides hydration, lubrication, and pro-
tection of the underlying substratum against
chemical and mechanical wear and degradation
at the tooth-saliva interface [2]. The physiologi-
cal impact of the pellicle will be dependent on its
composition as well as the ultrastructural orienta-
tion, cross-linking, and binding forces of the
adsorbed biomacromolecules [2].

Under oral conditions, tooth surfaces are con-
stantly exposed to chemical and mechanical deg-
radation processes which are attenuated and
regulated by the omnipresent salivary pellicle.
Although the modulating effect of the salivary

pellicle on all interfacial interactions taking place
on restoration surfaces is of high clinical rele-
vance, very few results were published, yet, cov-
ering this topic with special emphasis on dental
materials [26, 27]. These sparse findings indicate
that the salivary pellicle may protect the surface
of restorative materials against erosive wear [27].

2.6 Pellicle and Corrosion

of Metallic Dental Materials

Corrosion resistance of a dental alloy plays a key
role considering its biocompatibility under the
influence of the oral environment. However, only
very limited scientific information is available
regarding the impact of the natural pellicle on
corrosion processes at the surface of metallic res-
torations or titanium implants, although it seems
reasonable that the omnipresent acquired pellicle
will act as a passivating layer to the underlying
surface under oral conditions.

The corrosion behavior of numerous metallic
dental materials had been studied mainly using
different types of artificial saliva composed of ion
solutions without any added proteins or mucins.
However, in vitro studies have clearly demon-
strated that protein solutions will inhibit or reduce
the corrosion of alloys [28-30]. Based on the
results with model proteins like bovine serum
albumin (BSA), protein adsorption has been
reported to enhance the corrosion resistance of
implant materials [31, 32]. BSA coatings prevent
the selective dissolution of the vanadium-rich
B-phase of TicAl,V alloy, thereby increasing the
corrosion performance of the TicAl,V surfaces
[32].

Only very rarely natural saliva was added to
mimic the oral situation for corrosive degradation
of dental materials under more realistic conditions
[33-35]. Already in 1955 [35] an inhibiting effect
of the natural saliva on the in vitro corrosion of
several different metals had been reported. The
corrosion profile of amalgam exposed in whole
saliva is decidedly different from the corrosion
behavior of amalgam polarized in an artificial
saliva ionic solution under in vitro conditions [33].
These findings relativize and limit the value of
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investigations on corrosion of dental metallic
materials in electrolytes other than natural saliva,
and exclude the extrapolation of results obtained
in nonsalivary media to the in vivo situation [34].
Only corrosion experiments performed under
most realistic conditions will be able to produce
reliable results regarding the in vivo corrosion
behavior of metal alloy dental materials [34].
Hakansson et al. [34] could provide evidence by
their ex vivo studies that under “realistic condi-
tions” very low corrosion currents can be expected
for amalgams in natural saliva, and the formation
of “barrier films” on dental materials in natural
saliva plays a decisive role for the stability of the
materials under in vivo conditions.

To the best knowledge of the author there has
been only one study published, in which corro-
sion experiments were conducted ex vivo with
in vivo-formed salivary pellicle layers on metal-
lic dental materials [36]. These experiments indi-
cate that the 1-h in situ pellicle formation does
not influence the galvanic corrosion behavior of
amalgam induced by contact with a casting gold
alloy. However, the 1-h pellicle layer formed on
the gold alloy substantially reduced the corrosion
of the amalgam, clearly underlining the relevance
of the acquired pellicle in corrosion processes.

Based on the published results, it can be sum-
marized that the detailed mechanism by which
the adsorbed protein layer affects the corrosion
behavior of dental alloys still lacks appropriate
analysis at the micro, nano, and molecular level,
thereby considering carefully the importance and
relevance of the in vivo-formed acquired pellicle
layer.

2.7  Pellicle and Lubrication

Intraoral lubrication is important to maintain
physiological functions as deglutition and masti-
cation as well as to facilitate and support speech
[37]. The lubricating properties of the salivary
pellicle will mainly depend on the tenacity and
mechanical properties of the inner basal pellicle
layer [38-40]. By means of colloidal probe
atomic force microscopy it has been demon-
strated that the presence of an in vitro-formed

salivary pellicle layer reduces the friction coeffi-
cient between silica surfaces by a factor of 20
[37]. Thereby, the lubricating effect might be
explained by full separation of the sliding sur-
faces due to the adsorbed pellicle layer. Pellicle
components related to lubrication include
mucins, statherin, and proline-rich proteins [41].
In particular, acidic proline-rich protein 1 might
be of major relevance for the lubricating capacity
of the pellicle [41]. However, only few in situ-
gained data are available pointing to the physio-
logical function of the pellicle as a lubricant [38].
Evidence had been provided that the in situ-
formed salivary pellicle in fact decreases abrasive
wear of enamel and dentin during daily tooth-
brushing [38].

In recent years, attempts have been under-
taken in order to characterize the salivary pelli-
cle’s rigidity, tenacity, and viscoelastic properties.
The friction coefficient and related wear loss of
enamel have been shown to decrease significantly
due to the formation of the salivary pellicle under
in vitro conditions [39]. Thus, already the ini-
tially formed 1-min pellicle layer will exhibit an
excellent lubricating effect on the enamel surface
[39]. In addition, in vitro experiments with sali-
vary pellicle layers formed on enamel over
60 min reveal that the shear energy between sali-
vary pellicle and enamel increased exponentially
with increasing adsorption time [40]. The adhe-
sion force between the initial salivary pellicle and
the enamel surface is more than twice higher than
that between the initially formed pellicle and the
outer pellicle layer [40].

Based on nanoindentation measurements per-
formed on the I-min in vitro-formed enamel sali-
vary pellicle layer, the pellicle’s intrinsic
nanohardness was calculated with about
0.52 GPa, while the nanohardness of the underly-
ing enamel was calculated as about 4.88 GPa
[42]. These findings clearly indicate that the pel-
licle layer might act as a viscoelastic layer on the
tooth surface. Furthermore, the viscoelastic prop-
erties of the in vitro-formed 60-min pellicle were
shown to depend on the substrate with lowest
values measured on hydroxyapatite compared to
other substrates as titanium, gold, zirconia, or
silica [5]. However, data regarding the lubricat-
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ing effect and potential wear protection by the
salivary pellicle formed on restorative or pros-
thetic dental materials under in vivo conditions
are lacking, yet.

Moreover, the lubricating properties of the
salivary pellicle might be of clinical relevance
considering the complex abutment-screw-implant
interfaces. According to the experiments per-
formed by Bordin et al. [43] saliva and related
pellicle formation might jeopardize the biome-
chanical behavior of dental implant-supported
prosthodontic restorations. The presence of saliva
at the complex abutment-screw-implant inter-
faces will cause a shift in the friction coefficient
between the surfaces, thus contributing to
decreased stress and insufficient tensile force in
the screw [43]. An experimental 4-h salivary pel-
licle layer was demonstrated by tribometrical
measurements to decrease the friction coefficient
at the titanium-titanium interface, while increas-
ing the friction coefficient between titanium and
zirconia [43]. The reduced friction of the screw
might contribute to an increased micromotion at
the implant-abutment interface [43]. The result
could be loosening of the abutment screw which
is one of the most common problems in single-
implant rehabilitations.

Pellicle Formation
and Surface Roughness

2.8

Nano-sized porosities, scratches, gaps, fractures
on the surface of the tooth, or restorative materials
will be filled and masked by the adsorption of sali-
vary biopolymers under oral conditions [25]. It has
been shown in vitro that roughening of titanium
surfaces will result in higher interactions with sali-
vary proteins as compared to smooth surfaces
[44]. Salivary conditioning films will significantly
reduce the roughness of resin composites, thereby
reducing the adhesion forces of streptococci under
in vitro conditions [45]. Nevertheless, also in the
presence of the in vitro-adsorbed salivary film,
rougher composite surfaces exert stronger strepto-
coccal adhesion forces than smooth surfaces indi-
cating that the pellicle layer could only partially
mask the surface roughness [45]. In accordance
with these in vitro results, it has been shown that

formation of the salivary pellicle under oral condi-
tions will not completely compensate the influence
of the surface topography of non-polished implant
materials on bacterial adherence during 2 h of in
situ biofilm formation [46].

Interestingly, the surface topography (size and
depth of surface irregularities or porosities) might
play a more important role for the extent of
in vitro biofilm formation in the presence of
saliva than the measured surface roughness which
quantitatively characterizes the mean roughness
of the surface [47]. Recent in vitro experiments
indicate that interfacial curing conditions and
related differences in surface topography and
chemistry will significantly influence biofilm for-
mation on resin-based composites [48]. However,
these effects will be counterbalanced up to nulli-
fied by saliva preconditioning of the resin com-
posite surfaces underlining the highly relevant
impact of the pellicle layer [48].

Pellicle and Antimicrobial
Properties of Dental
Materials

2.9

Prevention of bacterial adherence and killing of
bacteria, either by coatings that release antibac-
terial substances or by surface-associated (con-
tact) mechanisms, are the most prevalent
antimicrobial and anti-biofilm approaches [49].
However, all surface-related strategies might
suffer from reduced efficacy due to the adsorp-
tion of biopolymers from body fluids [26, 49].
Antimicrobial coatings in dental applications
may be compromised under oral conditions by
salivary protein adsorption which influences the
kinetics of active agent release and their efficacy
[50-52]. For example, the antibacterial activity
of resin composite filler particles containing the
bactericide MDPB is attenuated by saliva pre-
treatment [50], and salivary pellicles decrease
the antibacterial efficacy of DMADDM and
nanosilver-containing antibacterial dental adhe-
sives [51]. In addition, the bactericidal activity
of pyridinium group-containing methacrylate
monomers immobilized on silicon wafers was
found to be significantly reduced due to the
adsorption of salivary proteins [52].
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In this context, it is also really surprising that
the effect of the salivary pellicle on fluoride
release from glass ionomer cements has not
been studied in detail, yet. One in vitro study
indicates that exposure to saliva for only 10 min
diminishes the fluoride release from glass iono-
mer cement specimens [53]; however, studies
focusing on the pellicle’s effect on fluoride
release under oral conditions are completely
lacking.

2.10 Conclusions and Outlook

Based on the present knowledge the following
conclusions might be justified considering the
process of initial bioadhesion on dental materials
under oral conditions:

e All surfaces exposed to the oral environment
are readily covered by the salivary pellicle
within a few minutes. Pellicle layers are
regularly present on commonly used dental
materials.

e Formation, composition, binding forces, func-
tion, stability, and tenacity of the pellicle will
be influenced on the one hand by the physico-
chemical properties of the solid substrate, and
on the other hand by the ambient oral environ-
ment, its composition, and local availability of
macromolecules.

e The pellicle acts as a mediator to establish a
physiological interface on solid surfaces
exposed in the mouth. Thereby, physicochem-
ical differences between different dental
restorative materials are levelled out and
equalized to a certain level.

* Acquired salivary pellicle formation will
influence the biological behavior of dental
materials under oral conditions, and thus
might improve the biocompatibility of orally
exposed materials.

e Testing and understanding of dental biomate-
rials necessarily need to consider the existence
of the omnipresent, ubiquitous pellicle when
designing the study.

» Future studies should be directed on the eluci-
dation of the composition and function of the

salivary pellicle formed on dental materials
under in vivo conditions.

e It will be of utmost scientific interest and sig-
nificance to measure and characterize the
mechanical properties as well as the adhesion
forces of the pellicle layers formed on differ-
ent dental materials.

e These data will provide new insights into the
process of pellicle formation, and would also
be of importance for the development of new
anti-biofilm strategies based on pellicle
modifications.
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Abstract

The presence of a huge amount of data regard-
ing the onset of a carious lesion in close proxim-
ity with a restoration must not make ourselves
less aware about the fact that, still, a lot of infor-
mation is missing about secondary caries for-
mation. Many pieces of information are highly
conflicting, such as the role that different micro-
bial species have in the onset of the lesion, or the
link between the existence—and width—of a
gap between hard tissues and restoration, and
the development of a secondary lesion, or,
again, the clinical decisions regarding the
replacement of a restoration due to secondary
caries, and, if so, to what point stop excavating.

The main difficulty in this field arises from
the fact that secondary caries is the result of
very complex interactions taking place among
already injured human tissues, overlying bio-
films that often maintain the dysbiotic condi-
tions that had lead to the primitive lesion, and
dental (bio) materials that may help, or even
worsen that situation. Increasing our knowl-
edge about what exactly happens after a mate-
rial is placed at this three-sided interface may
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greatly help us in designing new dental mate-
rials able to interact in a positive way both
with the host and its biofilm, ensuring longev-
ity to restorations and helping in reducing
what is nowadays their main cause of fail-
ure—secondary caries.

3.1 Secondary Caries: What Is It?
The answer is -we still do not know for sure. In
2009 Cenci et al. stated: “Up to now, there has
been no conclusive evidence for the association
or lack of association between gap presence and
caries adjacent to restorations.” After 10 years,
this sentence still seems to be valid. However, we
must start from some definition [1].

Secondary or recurrent caries is a lesion at the
marginal area of an existing restoration [2].

Contrarily to residual caries, which is repre-
sented by infected tissue left behind after cavity
preparation, secondary caries develops close to a
restoration. Nevertheless, in clinical practice, it is
most often difficult to differentiate between these
situations. This is the reason why secondary car-
ies have been receiving increasing attention over
the last years. It has become a matter of concern
in restorative dentistry since it has been recog-
nized as the most common reason for premature
failure of restorations, irrespective of the restor-
ative material used [3-5].
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This fact is demonstrated by a relevant amount
of experimental data about the clinical perfor-
mance of dental restorative materials that have
been published over the last two decades [3, 6-9].
In these studies, the development of a secondary
caries lesion is considered one of the most impor-
tant parameters to measure the performances of
the restorative materials. Furthermore, recent lit-
erature indicates that secondary caries and its
prevention is one of the critical problems of the
next 20 years [10].

For many reasons, epidemiological data about
the prevalence and the incidence of secondary
caries are far from being complete and exhaus-
tively investigated. Firstly, there are no consen-
sual standards to perform the detection of
secondary caries. Clinicians use many empirical
methods based on their field experience. This
approach leads to relevant differences in decision-
making regarding the need for replacement of
the restorations, which might be grounded on
false-positive diagnoses that may finally cause
unnecessary replacement of restorations [5, 6].
This considerable heterogeneity of diagnosis-
subsequent treatment decisions is based on crite-
ria with limited accuracy [11-14]. From an
operative point of view, the lack of a clear and
shared strategy causes an unmotivated sacrifice of
sound tooth tissues and coincides with unneces-
sary costs and a decrease of the functional shelf-
life of natural teeth [15]. Citing Elderton,
decisions made by dentists for replacing a filling
are idiosyncratic [16]. This circumstance may
explain not only the high variability that is
reported in the literature regarding the incidence
of secondary caries but to a certain extent also the
higher incidence of secondary caries that has been
observed in practice-based studies that included a
higher number of noncalibrated operators than
academic studies [17, 18]. On the other hand, the
prevalence and incidence of secondary caries
identified in controlled clinical trials may not be
representative of daily dental practice. As such,
the current approach in addressing secondary car-

ies treatment has a profound impact on healthcare
expenses, since the replacement of existing resto-
rations due to secondary caries takes most of the
work time of the dentist [19-21].

An estimated 60% of the replaced resin-based
composite restorations, however, belong to a
“redentistry cycle” which describes a continued
series of repeated restoration placements, imply-
ing that the patient is supplied with more restora-
tions depending on the existing restorations [16].
A clinical example is given (Fig. 3.1).

Moreover, subsequent replacement or repair
of a restoration leads to further loss of natural
tooth tissues, starting a so-called death spiral,
which may eventually lead to tooth loss and
reduction of the residual oral health [17, 18].

Secondary caries can be considered the same
disease as primary caries, and patient-related fac-
tors such as oral hygiene and dietary habits play
a crucial role in its etiology. Nonetheless, there
is also evidence that the problem is related to the
interface between natural tooth tissues and the
restorative material as well as the characteristics
of the restorative material [4]. Consequently,
increasing efforts are made to modulate the char-
acteristics of such interface in order to improve
the ability of restorative materials to reduce the
onset of secondary caries [22]. However, the
detection of secondary lesions has received less
attention until now, even though it is essential
both to estimate the incidence of the disease and
to manage it effectively. In fact, this problem
still seems to be unsolved.

Many clinical studies showed a higher inci-
dence of secondary caries associated with resin-
based composites than with amalgam, which
implies that resin-based composites could be
more susceptible to secondary caries than amal-
gams especially in high-caries-risk subjects [20,
23, 24]. The higher susceptibility of resin-based
composites to secondary caries has so far been
associated with various material-inherent proper-
ties such as polymerization shrinkage and subse-
quent microleakage, higher plaque accumulation,
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Fig. 3.1 A clinical case is shown where restorations were performed or replaced due to primary and secondary caries.
The diagnosis step is crucial and can never be underestimated (a). It can be seen that the lesion considered as secondary
caries on the lower first molar was, in fact, a superficial stain (d). The latter could have easily been removed by finishing
procedures applied to the marginal area of the restoration. The choice of replacing the restoration of the lower first molar
was, in this case, only motivated by occlusal reasons (b). Nevertheless, it must be highlighted that a similar result could
have probably been achieved in a more conservative way by a reshaping of the restoration performed with a finishing
bur. On the contrary, relatively minor signs on the marginal area of the lower second molar restoration (¢) hide the pres-
ence of deep secondary caries extended beyond the floor of the original restoration (e, f). The lower second premolar
also showed that deep caries originated both from the occlusal and interproximal surfaces (c, e). Re-performing restora-
tions always leads to bigger cavities and, consequently, to reduced residual health of the tooth. The excavation was
limited to reaching firm tissue with a leathery consistency after checking that restorations’ margins were made of sound
tissues ensuring a perfect seal. The completed restorations have to reproduce the tooth function, aesthetics, and, possi-
bly, biological behavior (g). (All pictures were acquired during experimental or clinical activity performed by the
authors of this chapter)
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release of bacterial growth-stimulating com-
pounds, lack of antibacterial and acid-buffering
effects, and changes in microbial composition [4,
25, 26]. Thus, several studies were performed,
aiming to improve the behavior of resin-based
composites in order to make the restorations
more resistant to the development of secondary
caries. The main strategy is represented by
changes in chemical composition produced by
the addition of antimicrobial compounds, either
to the formulation of the resin-based composites
or to the corresponding adhesive, providing gen-
erally satisfying results in vitro in the short-
middle term [27-30]. Clinical data on the
performance of such materials are, however, gen-
erally lacking. It is challenging to design studies
that produce relevant and compelling data about
the progress of initial secondary caries, which is
due to ethical reasons and the intrinsic difficulties
associated with clinical trials, such as their dura-
tion. Therefore, the identification of potential
prognostic factors is difficult, mainly because
they are associated with the individual caries risk
of the patient, the operator’s skills, and the per-
formance of the restorative material applied.

Clinical trials are, nevertheless, the only current
way to convey reliable indications to clinicians.
Problems associated with this kind of study occur
for two main reasons, including (1) the high num-
ber as well as different types of restorative materi-
als available on the market and (2) the specific
application techniques. Moreover, restorative
materials have one of the shortest turnover times.
In many cases, restorative materials investigated
in a clinical study have already been replaced by
the next-generation materials when the study is
finished, meaning that the results are outdated
before the completion of the study. Moreover,
results and conclusions drawn by analyzing a par-
ticular type of restorative material can hardly be
transferred to the behavior of other restorative
materials even from the same class [31].

From this point of view, the duration of clini-
cal studies produces other critical limitations.
Planning, performing, and reporting the out-
comes of a clinical trial on secondary caries are
challenging as there may be high dropout rates of
the participants, and manufacturers often ask for
experimental designs involving observation peri-

ods that are less than 3 years. However, the favor-
able clinical performance of a restorative material
over short periods is no predictor for favorable
long-term behavior. Thus, we need a strong
development in the field of accelerated artificial
aging and microbiological aging, that is just
beginning to be considered. Some of the models
currently applied to study materials-tissue-
biofilm interactions at the interface are explained
in the next Chapter. In any case, alternative strat-
egies are being developed, and expected to
improve the performance of new generations of
restorative materials in order to protect the mar-
ginal area of surrounding tissues by secondary
caries.

3.2  Microbiology of Secondary

Caries

The development of a caries lesion is caused by
an imbalance between pathological factors that
lead to a loss of minerals and protective factors
that cause an uptake of ions by the tooth tissues
[32]. Cariogenic bacterial species represent the
leading etiologic agent for this process. Their fer-
mentative metabolism produces organic acids,
such as carbonic, lactic, and propionic acid. It has
been known for years that those acidogenic bac-
terial species are also aciduric and can live under
acidic conditions [33]. The microbiology of sec-
ondary caries is even more complicated due to
the presence of the restorative material that
unevenly interacts with the biofilm colonizing
both the surface and the interface.

Although the histopathology of secondary
caries is described as similar to that of primary
caries, its etiology is not as clear. Beginning in
the 1990s, research efforts in this field have until
now failed to produce consistent data. Kidd et al.
showed no significant differences between the
microflora in samples from cavity walls involv-
ing primary caries and secondary caries in the
proximity of amalgam restorations [34]. Thomas
et al., using an in situ model to investigate the
composition of biofilms colonizing the surfaces
in primary and secondary caries lesions, identi-
fied a higher proportion of cariogenic bacteria on
restorations fabricated from resin-based compos-
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ite. These data show that the composition of bio-
films in primary caries lesions differs from that of
secondary lesions developing in the proximity of
resin-based composite restorations [35].

Another complex topic is the colonization of
tissues under the restorations. Mejare and
Malmgren found that the bacterial flora below
resin-based composite restorations is similar to
the flora observed in dental plaque, mainly
including Streptococcus and Actinomyces spp.
[36]. Splieth et al. [37] compared the microbial
flora under resin-based composite and amalgam
restorations focusing on the anaerobic species,
identifying a similar bacterial composition under
both materials. In particular, the latter study indi-
cated that inadequate resin-based composite res-
torations might stimulate the growth of cariogenic
as well as obligate anaerobic bacteria potentially
pathogenic to the pulp. There are many possible
explanations for these observations. Firstly, the
micro space between the restoration and the cav-
ity floor favors the ecological niche of obligately
anaerobic bacteria. In fact, it is not surprising to
discover many obligate anaerobic bacteria com-
monly colonizing the oral environment, even in
subjects without clinically detectable endodontic
or periodontal lesions. In addition to that, it does
not necessarily mean that subjects without
clinical symptoms such as toothache or pulpitis
do not have chronic or arrested caries lesions,
which implies that it is still possible to detect
such anaerobic bacteria. However, it must be
highlighted that coexistence does not mean
involvement. Therefore, it is still necessary to
demonstrate the participation of those obligate
anaerobic bacteria in the progress of secondary
caries. These considerations suggest that the
restorative material plays a crucial role in the
composition of the biofilms colonizing surfaces
and interfaces of dental restorations and sur-
rounding tooth tissues.

According to the viewpoint of Philip
D. Marsh, any species with an acidogenic ability
that is able to tolerate the cariogenic environ-
ment can contribute to the progress of dental car-
ies [38]. For a long time, mutans streptococci (S.
mutans), lactobacilli, and Actinomyces naeslun-
dii have been used in several in vitro models to
study secondary caries. S. mutans and lactoba-

cilli can produce a variety of organic acids and
can withstand a low pH environment for a long
time, thus leading to the demineralization of
dental tissues and the onset of caries. It has been
shown that these bacterial species are widely
present and might play a crucial role in the
development of secondary caries around amal-
gam restorations [39]. However, in a recent in
situ study, S. mutans was not detected in any
sample, contrarily to lactobacilli  spp.
Furthermore, Actinomyces odontolyticus and
Candida spp. were also found in most samples
[35]. In fact, David Beighton recently put for-
ward a distinct point of view, insisting that S.
mutans might be a useful marker of secondary
caries without necessarily being its etiological
agent [40]. These assumptions are supported by
the previously described experiments performed
by Renske Thomas’s research group.

As a consequence, scientists speculated that
there might exist unknown caries-associated bac-
teria that cannot be isolated on selective agar
plates [35]. In the past decade, the detection of A.
odontolyticus and Candida spp. associated with
caries development has caused reactions of sur-
prise in the scientific community. It has been
shown that Candida albicans, despite its lower
growth rate [41], can dissolve hydroxyapatite at a
much higher rate than S. mutans.

Klinke et al. assumed that C. albicans might
make a significant contribution to caries patho-
genesis in caries-active children, and it could be
responsible for an increase in caries pathogenic-
ity [42]. Some experiments performed by the
authors of this chapter show signs of increased
virulence (enhanced adherence to the pellicle-
treated enamel surfaces, increased replication
rate, and extracellular matrix production) by S.
mutans when co-cultured with the yeast, while
none of these microorganisms seemed to suffer
from the presence of their “partner,” possibly
meaning that they express synergistic relation-
ships (Fig. 3.2).

Apart from that, it should be noted that many
subjects may have high caries activities without
having a prevalence of S. mutans in the composi-
tion of oral biofilms. Therefore, further research
is needed to define better the microbiological fea-
tures of secondary caries, such as the role of the
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Fig. 3.2 A series of SEM micrographs showing a co-
culture of S. mutans and C. albicans at increasing magni-
fications. The microorganisms were cultivated in a
bioreactor, starting from a 1:1 inoculum using a sucrose-
enriched salivary mucin medium over enamel surfaces for
24 h. The adherence surfaces were pretreated with sterile
human saliva for 24 h before inoculation to allow the for-
mation of a salivary pellicle. Signs of active growth can be
seen for both microorganisms, such as the formation of
streptococcal chains showing several microorganisms
replicating at the same time, and budding of a high num-

different pathogenic species and interspecies
relationships.

Carious Tissues Features
and Removal Strategies
of Secondary Caries

3.3

In a secondary lesion, we can identify two dis-
tinct regions: the surface lesion, which develops
perpendicular to the tooth surface and can be
considered as a primary lesion developing next to

ber of yeast blastospores. At this timepoint, S. mutans out-
competes C. albicans in terms of cell numbers, and the pH
near the surface is less than 4.5. Despite that, neither
microorganism shows signs of suffering. More interest-
ingly, S. mutans preferentially adheres to C. albicans cells
and more promptly produces extracellular matrix than
when directly adhering to enamel surfaces, suggesting
that the yeast improves the virulence of the bacterium. At
the same time, the latter’s activity is not detrimental to the
yeast, and the extracellular matrix produced by the coccus
may serve as protection for both microorganisms

arestoration, and the wall lesion, which develops
in-depth, perpendicular to the tooth/restoration
interface (Fig. 3.3 [43]).

Histological analysis of artificial, caries-like
lesions and natural lesions around restorations
may yield lines of demineralized tissue running
along the cavity wall. These are called wall
lesions, are considered to be the result of micro-
leakage, and can be identified in natural teeth
with occlusal amalgam restorations. In this case,
the wall lesions are probably the consequence of
an initial leakage that occurred just after the
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Surface

Biofilm

Restoration

Fig. 3.3 In asecondary lesion, two distinct regions exist,
the outer lesion and the wall lesion. The first one can be
considered as a primary lesion developing next to a resto-

placement of the restoration and before the fill-
ing of the marginal gap with corrosion
products.

Particular attention must be paid not to mix up
secondary caries with histological signs of micro-
leakage. The difficulty to clinically distinguish
between these situations is a crucial factor in
making a clinical decision for replacement of res-
torations, which often causes overtreatment.
Furthermore, it is also important not to mix up
secondary caries with residual caries, which is to
be regarded as residual demineralized tissue that
is more or less intentionally left during cavity
preparation. This distinction is a very difficult
task for both clinicians and researchers because
the clinician needs to know how much carious
dentin should be removed and how deep the
excavation has to be extended [44, 45]. The crite-
ria defining the amount of excavation and caries
removal are influenced both by the interaction of

Dentine

Modified from Kidd 1990

ration, while the wall lesion develops perpendicular to the
tooth/restoration interface and is the result of
microleakage

the surgical procedure itself with pulp tissues and
by the application of the adhesive procedures.
Clinical studies of Mertz-Fairhurst have ques-
tioned the consolidated approach to how much
demineralized tissue may be left during cavity
preparation [46]. In their clinical studies, the
enamel lid from large occlusal lesions was
removed, leaving extensively demineralized den-
tin. The cavities were then restored with adhesive
material techniques. After 10 years, data very
surprisingly showed that these restorations were
still satisfactory, with no need for replacement.
These results put into question the conventional
teaching in restorative dentistry. Indeed, we had
been assuming that the infected, demineralized
dentin that is part of the carious lesion must be
removed entirely in order to arrest the progres-
sion of a carious lesion.

Nevertheless, if no negative effect happened
after leaving the infected tissue on the bottom of
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the cavity, the endpoint that we must consider for
the surgical excavation procedures has mainly to
do with the requirements and characteristics of
the adhesive procedures that are used to restore
the function and esthetics of the tooth. We may
better explain these results after accepting that
the bacterial metabolism of biofilms is the driver
for caries development and progression at all
stages of this pathology. In this sense, if the pro-
cess is arrested by removing the biofilm inside
the lesion, or, better said, by tuning down its met-
abolic activity, the entity of the remaining carious
tissue removal is merely a function of the tissue’s
ability to support the overlying restoration
reliably.

In this sense, we need to define criteria to
address restorative interventions rationally [44].
The first step is the choice of a threshold for cari-
ous tissue removal. This choice is still a matter of
huge debate in the dental field. In general terms,
clinicians and researchers agree that the operator
should retain sound, remineralizable tissues and
attempt to seal residual carious dentin beneath
the restoration by creating a durable bond with
sound tooth tissues surrounding the lesion
(Fig. 3.1). Another crucial target is to save the
vitality of the pulpal tissues by avoiding as much
as possible accidental exposures.

Schwendicke et al. summarized five main
strategies to maximize the success of the removal
of carious tooth tissues. Following these indica-
tions, our operative intervention can span from
the drastic removal of all the softened dentin to
completely avoiding this step. The real focus of
the discussion has been, regardless of the excava-
tion strategy, that the remaining tissues still har-
bor vital bacteria. The new approach is based on
the idea that the removal of all microorganisms in
the tissue is not quite necessary [44].

From this point of view, the strategy involving
nonselective removal to hard dentine (formerly
complete excavation or complete caries removal)
is now considered overtreatment and no longer
recommended. Less invasive and consequently
more selective removal to firm dentine leaving a
bottom layer of leathery tissue and sound mar-
gins is the treatment of choice in carious lesions
that are not in close proximity with the pulp.
Deeper lesions produce a significant risk of

pulpal exposure during selective removal proce-
dures to sound dentin. Therefore, an option is to
leave soft carious tissue to avoid exposure and
stress to the pulp.

Another option is represented by stepwise
removal, that is, two-step carious tissue removal:
a first intervention involves leaving the soft cari-
ous tissue close to the pulp, while time is allowed
for remineralization and production of secondary
dentin under a provisional restoration, possibly
showing bioactivity/remineralization capabili-
ties. In a second stage, additional excavation is
performed to reach firm dentin and, at the same
time, reducing the risk of pulpal exposure.

However, there is still a consistent debate
regarding the application of this technique.
Indeed, the main disadvantages are related to
extra treatment costs due to additional clinical
sessions required by this procedure and to the
increased risk of pulpal exposure.

A last and most controversial strategy may be
to leave all carious tissues. The options include
either to seal the carious lesion completely or to
open the lesion to expose it to the oral environ-
ment, and to manage it without further restorative
procedures. Sealing of non-cavitated or mini-
mally cavitated lesions in areas not subjected to
occlusal load was demonstrated to be a highly
effective option. The second possibility is based
on the induction of massive changes in the com-
position of the biofilm that colonizes the superfi-
cial layers of the carious tissues and its
pathogenicity. Once a lesion is exposed to the
oral environment, the increased interaction with
saliva and its components dramatically reduces
the lesion’s activity. This possibility, however,
requires very high compliance from both the
patient and the operator, involving frequent
recalls and follow-up and, at the bottom line, was
not found to be more effective than its
alternatives.

3.4 Secondary Caries

and Microleakage

The presence of a not perfectly sealed interface
between the restorative material and the sur-
rounding hard tissues has been regarded as the
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main reason for the development of secondary
caries for many years. The reasons were assumed
to be microbial penetration into a gap between
the restorative material and the surrounding
sound dental tissues and production of acidic
metabolites in this new microenvironment [43,
47, 48].

One of the possible situations leading to the
development of both outer and wall lesions is the
existence of the gap itself. The size of this gap
can vary from a few microns to some hundred
microns [49-51]. The presence of a clinically
visible gap is regarded as a sign of the presence
of defective restoration margins and often leads
to the decision to replace the restoration [52].
Therefore, the role of this structure seems to be
crucial for clinical decision-making and has to be
carefully considered to avoid overtreatment.

Two explanations attempt to put into relation
gaps with the development of a cavity wall lesion.
The first one postulates the penetration of bacte-
rial cells and, especially, their metabolites
through the gap (microleakage), thus initiating
the demineralization process. According to this
“microleakage theory,” bacterial colonization
increases along with the size of the gap [26, 53,
54]. Nevertheless, this microleakage-based the-
ory has been questioned recently by research data
indicating that secondary caries is but a primary
lesion that develops in the marginal area of a res-
toration. The evolution of a lesion at the restora-
tion margin is determined by the activity of the
biofilm colonizing the outer surface—regardless,
within reasonable limits, of the presence of
microleakage. The cavity wall lesion is, there-
fore, a consequence of the extension of the pro-
cess already taking place on the external surface.
Furthermore, the microleakage-based theory
does not take into account that biofilm develop-
ment is dependent on environmental parameters
such as the oxygen diffusion gradient or chemical
compounds leaching from the material’s surface.
In a tiny gap, these variables may not necessarily
be more favorable than in a more substantial gap.

The second explanation is based on the recent
advance of knowledge regarding the microbiol-
ogy of cariogenic biofilms and their role in sec-
ondary caries development. Both in vitro and
clinical experimental data showed that microle-

akage alone does not necessarily promote an
active demineralization process on the cavity
wall of a restoration [55]. Bacterial colonization
of the tooth-restoration interface is a mandatory
prerequisite for the development of a secondary
carious lesion, just as in primary caries.

Nevertheless, there are relatively few experi-
mental data in the literature dealing with the rela-
tionships between gap size and wall lesion
development. Indeed, we still do not know if a
minimum gap size can be determined to cause the
lesion development. Moreover, even if this infor-
mation were available, its use by the clinician in
the decision-making process on the replacement
of a restoration or parts of it would be tough.
Data about the relationship between gap presence
and secondary caries development is still contro-
versial [1]. Some studies identified a lack of cor-
relation between these factors [56-58], while
other researchers have found a positive relation-
ship based on gap size [54, 59].

In particular, regarding the results gathered by
the most recent in vitro studies, Totiam et al. and
Nassar and Gonzalez-Cabezas used different
sucrose-cycling S. mutans models, showing that
in experimental gaps the size of the gap is posi-
tively correlated with the size of dentinal wall
lesions [53, 54]. Only Diercke et al. [60] demon-
strated a statistically significant increase in lesion
depth in enamel (50-250 pm gap) and dentin
(50-100 pm gap). It must be pointed out that in
this study, as in the one by Nassar and Gonzélez-
Cabezas, no adhesive system was used, so prob-
ably the microenvironment was very different
from the clinical situation. Furthermore, the
experimental design of these studies shows other
bias sources related to a relatively short incuba-
tion period, the use of a static setup (no bioreac-
tor to simulate biofilm formation under shear
stresses), and the use of monospecies S. mutans
biofilm. For these reasons, the results above have
to be interpreted with caution.

In recent years, the improvement of microbio-
logical techniques and the diffusion of the use of
bioreactors seem to be improving the reliability
and translational value of results obtained by
in vitro studies (see also Chap. 4). The correlation
between a gap and secondary caries is confirmed
by the results of Hayati et al. [61] that—using a
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bioreactor—studied the gap colonization by a
multispecies cariogenic biofilm. The influence of
an adhesive system was also evaluated. The results
showed that the presence of an adhesive system
significantly reduced the progression of the sec-
ondary lesion. These findings show that the results
of the previously described studies might be over-
estimated due to the absence of an adhesive sys-
tem. Finally, Maske et al. [62] investigated the
development of dentin wall lesions next to resin
composite using an in vitro microcosm model.
Their aim was to evaluate the influence of the gap
size on the wall lesion development. They found
that wall lesions in dentin developed even in tiny
gaps, and the threshold for secondary wall lesion
development was around 30 pm.

Regarding in situ studies, Thomas et al. [51]
indicated that an average gap size of 225 pm was
necessary for the development of a wall lesion,
even if their results had a broad data range (80—
560 pm). In 2009, Lima et al. demonstrated a sig-
nificant impact of biofilm control in the prevention
of enamel lesion demineralization. Their results
suggest that microleakage and surface roughness
do not influence the formation of secondary car-
ies lesions. In 2015, Montagner et al. demon-
strated that the presence of a bonding agent on
the composite side of a restoration—dentin gap
increases wall lesion development [63]. One year
later, the same group demonstrated that
composite-dentin interfaces that failed after
aging showed different demineralization patterns
depending on the presence of an adhesive system
[64]. These data showed that the restorative pro-
cedure and the application of the adhesive system
deeply influence the response of the tissue struc-
ture to secondary caries challenge (Fig. 3.4).

In conclusion, it is interesting to note that the
integrity of the composite-tissue interface may be
of critical importance for the development of sec-
ondary caries in adhesive restorations.

3.5 IsSecondary Caries

a Material-Related Problem?

There is currently a broad spectrum of restorative
materials available from which clinicians can
choose. Each type has its own physical and

chemical characteristics that influence its field of
application. As a consequence, we have an
equally broad spectrum of interfaces between
dental tissues and restorative materials. It is,
therefore, challenging to obtain univocal results
in the study of secondary caries development.
During the past decade, restorative materials
underwent a paradigm shift, changing from amal-
gam to adhesive materials. This development
caused significant improvements in the esthetic
performance and posed the basis to propagate
minimally invasive surgical techniques. Resin-
based composites have become the most com-
monly used restorative material [65, 66], and
they have gradually replaced the amalgam since
the latter has been associated with mercury
toxicity (not yet demonstrated) and environmen-
tal problems [67, 68].

Furthermore, their bonding ability to tooth tis-
sues allows a wide variety of potential applica-
tions. For instance, direct treatment of clinical
situations that had previously to be treated with
indirect techniques is now possible. Composites
also represent the ideal interface for bonding
ceramic materials to tooth tissues, allowing a
level of performance unknown until recently.
One of the fields in which these materials have
allowed for most significant developments is the
minimally invasive approach. Adhesive tech-
niques made it possible to remove only the neces-
sary amount of dental tissues, thus minimizing
the sound tissue sacrifice [69, 70].

Speaking about interfaces from a material’s
point of view, the terms used for any type of
restorative material are “margin,” “adaptation,”
or “gap.” Other terms, for example, “marginal
seal or sealing,” are primarily associated with the
adhesive interface of a restorative material.
“Ditch” or “flowing” is mainly used for amal-
gams. The differences among the terms used rep-
resent the existence of a broad spectrum of
situations that are related to different chemical
and physical properties of the restorative materi-
als. Moreover, the interfaces are dynamic micro-
environments that show a complex balance based
on the exchange of chemical compounds leach-
ing from the restorative material and ions and
other compounds from the external environment
(saliva) and the dental tissues.
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Fig. 3.4 A series of SEM micrographs are shown of an
aerial view of an enamel-composite interface. In all
micrographs, the enamel is on the right, and the composite
restoration surface is on the left, while the interface is dis-
played vertically. (a) A composite restoration was per-
formed on an enamel slab, and in vitro, S. mutans biofilm
formation was obtained using a bioreactor for 48 h. The
microorganism’s colonization can be predominantly seen
on the composite surface and in the microgap between the
materials (2000x magnification). (b, ¢) The enamel-
composite interfaces are shown where different adhesive
systems were used to bond composite restorations to
enamel slabs (600x). In (b), a conventional self-etch adhe-

sive system was applied, while in (c), a self-etch adhesive
featuring an antibacterial monomer (MDPB) was used. In
the first case, after in vitro S. mutans biofilm formation,
intense colonization of the composite surface and the
adhesive interface can be seen. On the contrary, the anti-
bacterial adhesive system was able to reduce bacterial
colonization not only at the interface but also on the sur-
faces in close proximity. No evidence of gap can be seen,
suggesting that both adhesives performed optimal sealing
of the interface and that microbial degree of colonization
of the interface was not dependent on the presence of a

gap
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Fig. 3.5 Section of an extracted lower molar with an
amalgam restoration. Clinical appearance does not reflect
the condition of the underlying tissues, not affected by a
secondary lesion. This typical appearance is due to the
ability of the material to seal the marginal gap with grey-
ish corrosion products and has to be carefully considered
by the clinician during the decisional process. In the right
part of the section, a primary lesion can be seen, develop-
ing independently from the existence of a restoration on
the occlusal side of the tooth

From a clinical point of view, different materi-
als differ in the behavior of their interfaces.
Amalgams produce a greyish halo in the tooth
tissues due to the depositions of corrosion prod-
ucts of the material (Fig. 3.5). Glass-ionomer
cements, resin-modified glass ionomers, and
resin-based composites may exhibit visible gaps
and/or marginal staining related to the interface
colonization, and biofilm overgrowth in the mar-
ginal area [6, 71].

The adhesive restorative materials show a sig-
nificant influence on the microenvironment of the
marginal area and play a crucial role in the deter-
mination of the composition and characteristics
of oral biofilms in different ways [72-76]. As
previously mentioned, the chemical and struc-
tural characteristics of the material itself, as well
as the application technique and the ability of the
operator, contribute to this behavior. The latter
two variables deeply influence the biological
behavior of restorative materials by multiplying
the possible types of interfaces that can be
obtained. Indeed, the adhesion process is very
susceptible to a moist environment. Therefore,
controlling humidity in the operating field is fun-
damental to improve the longevity of adhesive

restorations. The best way to achieve this objec-
tive is considered to be the use of the dental dam
[77]. Nevertheless, in many countries, a relatively
low percentage of dental practitioners use dental
dams in adhesive procedures regularly.

The other variable that influences the charac-
teristics of the interface is represented by the
ability of the operator. The production of a new
dental surface anatomy using the restorative
material is often far from the natural one, show-
ing gaps and grooves in the marginal area. The
roughness of the material and the tissues sur-
rounding the restoration that are prepared for the
adhesive process are frequently much higher than
that of the original natural tissues [73, 78]. This
problem reduces mechanical biofilm removal
both by natural mechanisms and by oral hygiene
procedures [79]. Finally, restorative materials
differ from natural tissues in several surface
parameters such as surface free energy and chem-
ical composition.

In fact, clinical studies reported shorter lon-
gevity and higher failure rates for direct adhesive
restorations in comparison to amalgam, and sec-
ondary caries is the main reason for failure. These
data are strictly related to the diagnostic prob-
lems posed by secondary caries, as previously
explained [71].

A very different way to build an interface with
dental hard tissues is represented by materials
such as glass ionomers and resin-modified glass
ionomers that are designed to release compounds,
mainly ions. These materials can bond to tooth
surfaces by chemical interaction. They are usu-
ally composed of alumino-fluorosilicate glass
powder that reacts with an aqueous solution of
polyacrylic acid [80]. Glass ionomers can release
several ions, including fluoride, already starting
from the setting reaction. There is a first quick
release, the so-called burst effect, where most of
the ions are released in the first 2 days after place-
ment. According to several studies, the amount of
fluoride released varies from 5 to 155 ppm. After
that, there is a relatively long period of slow but
constant release that can last up to 3 years. The
release has an effect on the surrounding tissues
and the interface and has been related to a protec-
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tive action of the material against secondary car-
ies occurrence. Furthermore, this kind of
restorative material can be recharged by reuptake
of fluoride ions from the surrounding environ-
ment when the concentration of these ions is
increased, for instance, after toothbrushing or the
application of fluoride-containing mouth rinses
[74, 81]. Nevertheless, from a mechanical and
aesthetical point of view, glass ionomers are out-
performed by composites, and cannot be used in
load-bearing restoration. They showed a higher
risk of fracture in extended cavities and cannot
adequately support the requested performances
in highly aesthetic areas.

Resin-modified glass ionomer cements have
been introduced to provide the best of both
worlds: the resin components add strength and
aesthetics, while the material maintains its ion-
releasing capabilities. These materials feature a
lower release of fluoride than conventional glass
ionomers. Their mechanical and aesthetic prop-
erties are nonetheless inferior to those of
composites.

Polyacid-modified composites (compomers)
were another try in this sense. They do not show
an initial fluoride-release burst effect [82] as
glass ionomers and RMGICs, yet the levels of
released fluoride seem to remain much more con-
stant over time, probably due to the characteris-
tics of the composite resin matrix [83]. A
drawback of these materials is that fluoride ions
hamper the polymerization processes of the resin
matrix, producing materials that reach a subopti-
mal polymerization degree. This phenomenon,
affecting the mechanical characteristics, leads to
surface degradation, and has been related to
increased microbial colonization. In fact, com-
pomers seem to elicit the highest biofilm forma-
tion when compared to the surfaces of the
previously mentioned materials [84].

Giomers are a new kind of ion-releasing mate-
rial, consisting of a composite where the filler
particles are made of pre-reacted glass ionomers.
Similar to compomers, they do not show an ini-
tial “burst” effect regarding the release of fluo-
ride, and the amount of fluoride released is
considered to be somewhere halfway between

conventional glass ionomers and compomers
[85]. These materials have shown notable perfor-
mances in terms of a reduction of biofilm forma-
tion in vitro and in situ [86, 87]. Nevertheless,
clinical data supporting the protective action
against secondary caries by these materials are
still controversial [88]. From the point of view of
secondary caries occurrence, glass ionomer res-
torations unexpectedly showed similar perfor-
mance when compared with composites. In spite
of generally very promising in vitro results, it
was not possible to demonstrate for this class of
restorative materials a clear protection in vivo
against secondary caries occurrence [26, 89].
Furthermore, the last generation of glass ionomer
materials, featuring improved performances due
to the application of nanotechnologies, has not
been sufficiently tested clinically quite yet.
Nevertheless, several countries have adopted
glass ionomers as the standard amalgam alterna-
tive as a result of their easy applicability and low
placement costs [71].

New generations of restorative materials
based on antifouling approaches, antimicrobial
activity and remineralization capabilities show-
ing active interaction both with the surrounding
tissues and with biofilms to prevent secondary
caries occurrence are further discussed in Chaps.
8,9, and 10.

Artificial Biofilm-Induced
Secondary Caries Models

3.6

The occurrence of secondary caries is related to a
plurality of factors, and an increasing amount of
data suggests that interactions of these materials
with the oral ecosystem and in particular with bio-
films play a crucial role. As previously described,
these interactions can compromise the integrity of
a restoration by modifying the structure and the
characteristics of materials, mainly at the surface
and interface level (See also Chap. 7). In this per-
spective, in recent years, the research field of
biomaterial-biofilm interactions and of the experi-
mental models to study them has raised increasing
interest. While the methods to analyze the physi-
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cal properties and biocompatibility of restorative
materials are relatively standardized, as we are
going to see in the next chapter, methods to inves-
tigate their microbiological behavior are far from
reaching similar levels of standardization [90-
93]. Studying biofilms is challenging because of
their intrinsic characteristics: they are highly het-
erogeneous and complex. In addition to that, bio-
films represent a living community in rapid
evolution and are extremely sensitive to even
small changes in the surrounding microenviron-
ment (Chap. 1). For these reasons, high intra-sam-
ple and sample-to-sample variabilities are most
often found in results.

This situation has led to considerable hetero-
geneity in experimental setups regarding biofilm
growth conditions and quantitative determination
methods. A wide range of choices are also avail-
able for the microorganisms that should be tested
in these models, for example, monospecific vs.
microcosm models—which produces a severe
problem when comparing the outcomes of stud-
ies with different experimental designs.
Difficulties trying to summarize and to interpret
the results obtained by such different methodolo-
gies can lead to misleading conclusions.

Another factor to consider is that few data are
available in the literature regarding the influence
of restorative materials on the biophysical prop-
erties, structure, and composition of biofilms
in vivo, yet these are also potentially useful pre-
dictors of clinical efficacy.

Currently, the research community is discuss-
ing if single- or multispecies biofilm models are
more appropriate to study recurrent caries. The
experimental model to be used should ultimately
depend on the specific aim of a study [94]. A
typical example involves the use of single-strain
biofilms of S. mutans. While it is recognized that
monospecies biofilms cannot adequately mimic
the complexity of in vivo multispecies ones, they
are still a useful simplification of a highly cario-
genic biofilm that may provide valuable informa-
tion that requires, however, interpretation within
the limitations of the model. In fact, it should be
noted that the single cariogenic species can
express a surprisingly wide diversity of pheno-
types that can bring significant differences in

growth characteristics and metabolism such as
acidogenicity/aciduricity and tolerance to oxida-
tive stress [94].

Studies on biomaterial-biofilm interactions can
take advantage of multispecies models since they
allow them to provide a more accurate approxi-
mation of clinical conditions. In this way, results
can reach a better translational value, since they
can reduce the variability that is a peculiar charac-
teristic of in situ or in vivo studies.

Concluding, the importance of in vitro experi-
mental setups is increasing due to the several
advantages that they deliver. Current research in
this field is gradually progressing towards a bet-
ter ability to simulate oral conditions in order to
provide faster, more economical, and accurate
reproductions of the clinical environment.
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Abstract

The interactions taking place between a dental
(bio)material, the surrounding tissues of the
host, and the biofilm that grows to permanently
colonize this microenvironment are amazingly
complex when analyzed in detail yet contribute
to a crucial factor: the balance between health
and disease conditions. From a microbiological
point of view, this has a dramatic impact on the
longevity of dental treatments. Researchers
have long since tried to recreate, even if in parts,
this complexity on a bench, both using a reduc-
tionistic approach as often performed in research
and, more recently, by trying to create models
approaching the most realistic behavior. These
efforts yielded a wide range of bioreactor sys-
tems currently available. We hope that in a
future not too far, bioreactor models will be able
to reliably reproduce most clinical conditions,
dramatically reducing the need for animal and
clinical studies. Unfortunately, a universal bio-
reactor able to mimic any clinical situation still
does not exist. Each model comes entwined
with its advantages and limitations that must be
acknowledged when choosing which model
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best fits a distinct experimental design. This sit-
uation, together with a reduced overall level of
standardization, makes the comparison of the
obtained results very difficult. This chapter
presents an overview of the microbial commu-
nities and the bioreactor models that are most
significant for studying the microbiological per-
formances of dental materials.

Introduction: The Need
for Modeling Biofilms
in the Lab

4.1

Teeth and any dental restorative material, includ-
ing fixed and removable prosthodontic devices,
are non-shedding surfaces, unlike the rest of the
surfaces of our body that come into contact with
the external environment. As explained in Chaps.
1 and 2, this leads to a unique sequence of events
that begins with salivary pellicle formation on
intraoral surfaces and finally leads to the devel-
opment of a mature microbial biofilm firmly
attached to these substrates. The presence of
shear stresses is one of the most critical driving
forces that modulate biofilm formation in the oral
environment. In fact, it is primarily responsible
for microbial growth as a biofilm community
instead of planktonic cells, which can be easily
washed away. In this sense, analysis of the fluido-
dynamics at the interface between microorgan-
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isms and hard surfaces is critical to explain many
of the fundamental aspects of dental biofilms [1].

In this confined yet highly dynamic microen-
vironment, microorganisms, surface characteris-
tics of the interface, an array of factors deriving
from the host, and external factors such as, most
importantly, nutrient intake all contribute to bio-
film formation. All of these factors are involved
in a biofilm’s community balance between health
and disease conditions [2]. It is easy to under-
stand that this system has an extreme implicit
complexity and is also responsible for the very
high inter- and intraindividual variability com-
monly observed [3, 4]. The design of most in vivo
studies dealing with biofilm formation collides
with this complexity even if only relatively sim-
ple research questions shall be answered. It is
also noteworthy that many of the novel materials
and technologies that are developed in a struggle
to control and modulate microbial colonization
and biofilm formation cannot be directly applied
in vivo as a result of obvious ethical concerns.

A major part of the hospital-acquired infec-
tions is due to biofilm-forming pathogens [5].
Almost all infections of temporary and permanent
indwelling devices are characterized by biofilm
formation [6]. Many different bacterial species,
such as Pseudomonas aeruginosa, Staphylococcus
aureus, and even saprophyte species such as
Candida albicans, are associated with biofilm
infections of indwelling devices that can lead to
the chronicization of a disease or to complete fail-
ure of the therapy in many different regions of the
human body. To reduce the occurrence of such
adverse events, the study of biofilms in the medi-
cal setting is, therefore, of highest importance.
The in vivo approach to study biofilms is still
extremely challenging due to the reduced possi-
bility of controlling experimental parameters and,
again, to the indispensable ethical concerns that
may arise [7]. New strategies are required to sim-
ulate the clinical situation in vitro, and several
experimental data have been published in the last
years on biofilm formation under different condi-
tions and strategies aimed to control their coloni-
zation of human tissues [8—10]. Several types of
artificial systems, called bioreactors, have been
proposed for this issue; basically, they try to
mimic the environmental conditions of biofilm

I

Fig. 4.1 Semi-thin section (150 um wide) seen at optical
microscopy of a S. mutans microcolony developing over
the surface of the resin component of a dentin-bonding sys-
tem (1:1 vol BisGMA:TEGDMA resin). The specimen was
cultured in a continuous-flow bioreactor (MDFR) for 96 h.
Cells and extracellular matrix are colored in violet. It can be
seen that, immediately after adhering to the surface, bacte-
ria start replicating forming a monolayer and producing the
extracellular matrix in which they are embedded and that
protects them. After that, biofilm formation takes place with
the development of microcolonies and the production of an
excess of extracellular matrix that forms a “tail,” here
stained in light violet. The latter originates from the micro-
colony and is situated in an upward position due to the lack
of hydrodynamic shear during specimen processing. Under
flow conditions, the tail is oriented downstream and can be
detached by high shear stresses or by the “decision” of the
bacteria themselves through quorum sensing to depolymer-
ize the extracellular matrix to be able to go and colonize
other surfaces downstream. The necessity of replicating
such behavior in vitro is paramount to approach the clinical
behavior of the studied biofilms. (Specimen preparation
and observation courtesy of Dr. Vincenzo Conte and Prof.
Patrizia Procacci, University of Milan, Italy)

development on the surface or inside the human
body. The ultimate aim of the bioreactors is to
obtain biofilm structures that are functionally and
morphologically similar to those found in health
or disease conditions, by reproducing most of the
conditions found in the human body [2, 11]. Most
of the parameters that define these conditions are
nowadays reproducible in vitro—for instance, the
use of media that simulate the human fluid com-
position, its flow, the presence of nutrients, the
oxygen levels, the adherence and growth sub-
strates, and the temperature (Fig. 4.1). However,
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some parameters and conditions are still consider-
ably challenging to reproduce; this includes, for
example, the host immune response. The latter
has a crucial influence on the growth and structure
of biofilms, yet this interaction is still not possible
to be reproduced in vitro.

Despite that, the bioreactors allow for testing
of a relatively large number of specimens under
very defined conditions. The variability associ-
ated with the environmental conditions is thus
significantly reduced, and the experimental
parameters that are studied can be reliably con-
trolled [7, 11, 12].

In the oral environment, biofilm development
is a commonly occurring event. Researchers have
attempted for years to find a way to disrupt and
prevent biofilm formation, with generally poor
results. The current trend is, on the contrary, to
modulate the behavior of the oral biofilm in order
to favor the growth of nonpathogenic species
selectively and to reduce the development and
metabolism of pathogenic ones. This ecological
perspective on biofilm studies has a deep impact
on in vitro modeling since the whole complexity
of the multispecies oral microflora has to be con-
sistently reproduced and maintained for the
desired experimental duration [13, 14]. This
approach needs to be matched with sophisticated
methodologies that are capable of assessing the
prevalence of the different components of the
microflora. Such technologies have only been
available for a few years and add to the complex-
ity of these studies [15, 16].

Bioreactors, when coupled with specific
instruments for measuring biofilm characteristics,
can be used as tools to “sense’ the behavior of the
microenvironment in a more subtle way than
many modern instruments [10, 17, 18]. These set-
ups can use growth conditions and parameters
that are, on purpose, far from clinical situations.
In this way, minimal amounts of drug release can
be detected, as well as material surface modifica-
tions, and even accelerated aging of the exposed
interfaces can be simulated (Fig. 4.2). For
instance, considering caries research, a recent
study highlighted that the effect of fluoride on S.
mutans biofilm formation is dependent on the
bacterial strain that is employed [19].

Fig. 4.2 Semi-thin section of the previous specimen
observed using transmission microscopy after 96 h of biofilm
formation. A nutrient medium (undefined mucin medium)
highly enriched in sucrose (5 wt.%) continuously fed through
the bioreactor inlet causes extra production of acidic catabo-
lites, extracellular matrix, and, possibly, esterases by S.
mutans cells. This situation is far from clinical situations
where biofilms are not composed by a single species, pH
close to the surface does not reach such low values for such
extended time, and a human being is not continuously fed
with high amounts of simple carbohydrates as its only nutri-
tional intake. Nevertheless, these extremized conditions of
“accelerated microbiological aging” show the initial degra-
dation of the resin surface that is expressed as an initial stain-
ing of subsurface layer with the hydrophilic electron-dense
dyes, lead citrate and uranyl acetate. This type of study can
provide further insight, for instance, on the microbiological
corrosion and deterioration of dental materials, and the
microbiological reasons for failure of an adhesive interface
between a resin-based composite restoration and natural
tooth tissues. (Specimen preparation and observation cour-
tesy of Dr. Vincenzo Conte and Prof. Patrizia Procacci)

The Choice of the Microbial
Community

4.2

A broad range of bioreactor devices and systems
is currently available for the investigation of oral
biofilms. Nevertheless, strategic choices must be
performed before selecting a specific device.
Oral biofilms are complex communities in which
hundreds of species coexist in the same ecologi-
cal niche, expressing synergistic or antagonistic
behavior among them, while, at the same time,
establishing a symbiotic relationship with the
host [20]. The selection of a specific inoculum
depends on the individual requirements of the
study or the research question. The microbiologi-
cal model that most closely simulates this micro-
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environment is the artificial oral microcosm
[21-23]. Microcosms are microbial communities
that are grown in vitro to replicate as closely as
possible the behavior of their in vivo counter-
parts. They have a microbiological composition
similar to that of the oral environment they are
replicating, and this is usually obtained by using
biofilms that are sampled from the oral environ-
ment. Also, particular care is necessary to ensure
that the experimental setup precisely reproduces
the physicochemical conditions as well as the
nutrient composition. Experiments performed
using microcosms can take advantage of a setup
that is quite similar to the oral environment,
which enables the evaluation of the dynamic per-
formance of the microbial community and
ensures control over the experimental parameters
that are studied. Dental plaque microcosms were
used to provide a better knowledge of the micro-
bial ecology and physiology of dental microbial
ecosystems [11, 24-26] (Fig. 4.3).

There are, however, limitations related to the
use of microcosms. The microbial communities
have huge variability in composition due to site-
and subject-specific heterogeneity of the inocula.
This circumstance produces variable results
when comparing results for different experimen-
tal runs and raises difficulties regarding the com-
parison of the results obtained by different
workgroups. Specific microbial species whose
presence might be essential to the experiment
may not be present in the inoculum, while the
presence  of undesirable species  may
unpredictably influence the outcomes. It has to be
noted, however, that microbial communities have
an intrinsic capacity of adaptation that strictly
depends on the microenvironmental conditions.
Therefore, the latter may lead to communities
expressing similar phenotypical behavior, even if
the starting inocula are different. An example can
be seen in the massive selective pressure that the
presence of sucrose exerts on microbial commu-
nities, shifting their composition towards the
prevalence of acidogenic species. The composi-
tion of microbial communities, however, cannot
be easily controlled to comply with the experi-
mental objectives, and this type of inoculum is
also the most difficult to standardize [27, 28].

Fig. 4.3 An example of the complexity of the interac-
tions between biofilms and dental materials’ surfaces.
Confocal laser scanning microscopy was used to obtain a
3D reconstruction of an artificial oral microcosm grown in
a bioreactor (MDFR) over a non-buffering surface of a
conventional resin-based composite material. LIVE-
DEAD stain used Syto-9 and propidium iodide to stain
viable cells in green and dead cells in red, respectively. A
thin layer of dead cells can be identified close to the sur-
face, while the more external layers are all made of viable
microbial cells. No antimicrobial compounds were used
on this materials’ surface, yet the combination of reduced
amount of nutrients and decreased clearance of acidic
catabolites (that are not buffered by demineralization as
happens on natural surfaces) makes the microenviron-
mental conditions close to the surface very hostile. From
this point of view, the presence of a “tamper” layer of
dead cells may be highly detrimental to the equilibrium
between health and disease conditions, since, being dead
indeed, it does not react. It may thus greatly prolong the
contact of acidic catabolites and degradation compounds
such as esterases with the surface, accelerating the deteri-
oration of the material and secondary caries onset

A simplification criterium can be applied to
reproduce this complex microenvironment only in
parts in order to comply with specific research
questions. To do that, researchers are modeling
biofilms made of single species, or defined consor-
tia made of few species growing together. While
these approaches may seem outdated nowadays,
they still provide significant advantages over the
more complex microcosm models. A reductionis-
tic approach can be efficiently used to control the
influence of single parameters and for screening
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purposes—for instance, when the influence of a
wide array of active principles or adherence sub-
strates has to be tested. An example can be the ini-
tial testing of an array of active principles that are
intended to be incorporated into a dental material.
Several compositions and concentrations have to
be tested in the most efficient and less time-con-
suming way to select the most promising ones.

Defined consortia of few species can provide a
simplified simulation of ecological phenomena
that are relatively easy to study due to the known
parameters such as the initial and final proportion
of the different species. The use of defined con-
sortia is based on the evidence that many biofilm-
generated diseases are a result of the combined
activity of a group of microbial species in which
each member is only weakly virulent. Each spe-
cies can play a specific role or function, allowing
the consortium to persist and express pathogenic-
ity [2, 29]. Recent findings have proposed the
concept of low-abundance species, due to which
few distinct pathogens are mainly responsible for
the virulence of the whole community [30, 31].

Experiments performed using defined consor-
tia and monospecies usually achieve a higher
degree of reproducibility compared to micro-
cosm-based biofilms, theoretically allowing for
better comparison between experimental runs
and among research groups. Many different
defined consortia have been developed; neverthe-
less, literature data show that each research group
developed consortia showing different composi-
tions from one another. Thus, the lack of
well-defined standard procedures makes com-
parisons among research groups somehow tricky.
One of the first and most used defined consortium
models is the “Marsh Consortium” [32]. It is
composed of ten microbial species that were cho-
sen to represent the main physiological and eco-
logical groups within the oral cavity. The model
has shown excellent stability over time and
allows for relatively simple sampling. Many sim-
ilar approaches have been developed over time
[33-35].

The highest degree of simplification can be
achieved when using monospecies biofilms. A
trade-off in the simplicity of the microbiological
approach can bring advantages in terms of stan-

dardization and experimental control, making
experimental design and interpretation of the
results more straightforward [36]. A single-
species biofilm is definitely less complex but can
provide outcomes that can be useful to develop
assays or analytical techniques. It can also be
applied when approaches to treat biofilms are tar-
geted towards eradication rather than modulat-
ing. For instance, this is the case when surface
modifications of a material are performed with
the aim of preventing microbial adherence and
biofilm formation. One possible strategy is to
engineer a material both regarding its surface and
its releasing capabilities based on the response to
the “pioneer” bacteria, making the surfaces hos-
tile for the first colonizers, thus hoping to prevent
the development of a fully mature biofilm.
Furthermore, monospecific biofilms are better
indicated when specific physiological aspects of
the biofilm are to be studied by evaluating the
response of the test inoculum to defined experi-
mental conditions. One of the most used mono-
species models in caries research is based on
Streptococcus mutans [37-39]. This species has
been identified as one of the main agents associ-
ated with dental caries [40]. Its ability to produce
large amounts of extracellular matrix makes it
able to adhere stably and quickly colonize a wide
variety of surfaces, including natural and artifi-
cial ones. Moreover, its acidogenicity confers to
its biofilm the pathogenic characteristics that are
essential in caries research [41-43]. The major
limitation of monospecies biofilm models is that
they do not exist in the mouth. In fact, S. mutans
can be a minority species even in persons with
active caries [44, 45] and is currently regarded as
a marker of caries risk rather than the responsible
agent for dental caries.

4.3 Types of Bioreactors

Many bioreactor models are available nowadays.
The main difference among them can be drawn
between static and dynamic bioreactors. Static
bioreactors can still be used to study adhesion
and early colonization steps. In the oral environ-
ment, biofilm formation is subjected to hydrody-
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namic stresses. Therefore, the subsequent stages
of this process (i.e., biofilm formation) have to be
studied with the use of more complex systems
that are able to replicate these conditions.
Furthermore, the mouth is a very complex envi-
ronment that can be regarded as an open system,
where there is an intermittent inlet of nutrients
and a salivary flow that provides clearance and
discards catabolites that are produced by micro-
bial metabolism. Bioreactor systems able to
reproduce these conditions have evolved into
very sophisticated devices that can recently
include microfluidic technologies. The difficulty
in performing experiments using these devices is
proportional to the complexity of such systems.
For example, salivary flow and shear forces must
be reduced to a minimum during the night, when
there is no inlet of nutrients for an extended
amount of time. This situation highlights the
need for those systems to show a flexible opera-
tional envelope. The main types of bioreactors
and their application will be shortly discussed,
starting from basic designs to the ones with
increased complexity.

4.3.1 Static Bioreactor Models

Agar plates are the simplest static model con-
ceived and were used for long to mimic, to some
extent, biofilm growth conditions at an air/sub-
strate interface. The finite availability of nutrients
poses an intrinsic limit to the biofilm development
and to the incubation time. The possibility of this
model to evaluate the susceptibility towards dif-
ferent antimicrobial active principles was demon-
strated [46, 47]. The availability of nutrients
embedded into the substrate makes biofilms
developed over agar plate surfaces very different
from those growing on hard surfaces, limiting its
value when the purpose is to study the interaction
of biofilms with the surfaces of dental materials
(Fig. 4.4). This situation is more similar to the
one occurring when biofilms colonize and infect
soft tissues [48, 49]. The agar disk diffusion
method for antibacterial compound testing is
based on this kind of simple bioreactor model.
Nevertheless, the results of this model were not

Fig. 4.4 Agar plate with selective medium for lactoba-
cilli. A serial dilution shows colonies of Lactobacillus
rhamnosus SD11, a probiotic strain whose presence in
oral biofilms is considered caries protective

proven to feature a good correlation with in vivo
data when considering biofilms developed on the
surfaces of indwelling devices [12]. The growth
conditions that are reproduced by this model do
not show satisfactory similarity with the in vivo
clinical situation. An evolution of this model was
the colony biofilm method, where biofilm forma-
tion was obtained on a semipermeable membrane
placed on an agar plate. The usefulness of this
model also resides in its use as a preliminary anti-
microbial test [7, 50].

A static model that allows a better simulation
of microbial adherence and early colonization on
hard surfaces is the microtiter plate. This is a
simple yet effective closed system that is designed
to test a broad array of specimens while keeping
control of the growth conditions. A typical assay
evaluates the time-dependent adherence to the
wells’ substrate, which is usually made of poly-
styrene, polypropylene, or polycarbonate [51,
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Fig.4.5 A 96-well microtiter plate test to assess the anti-
microbial activity of a library of natural compounds and
its derivatives against S. mutans biofilms. The adaptability
of the system is evident, where multiple replicates can be
obtained for each test and parameters such as dilution (for
instance, determining the minimal concentration achiev-
ing biofilm eradication, MBC), contact time, and activity

52]. Furthermore, the substrate can be y-irradiated
to change its surface properties (increase in sur-
face free energy) and better foster cell adherence
(tissue culture-treated surfaces). This system can
perform preliminary antimicrobial screening
tests on a library of compounds (Fig. 4.5). Both
the prevention of biofilm formation and the
removal potential of antimicrobial compounds
can be assessed by the addition of scalar concen-
trations of test compounds after inoculation or
after “mature” biofilms are developed [11, 12].
Care must be taken, however, not to test just a
layer of bacteria that is deposited on the bottom
of the wells instead of a biofilm. To avoid that,
plates must be gently washed at least a couple of
times with a buffered isotonic solution to remove
non-adhered cells. As such, the microplate model
can be coupled with all sorts of high-throughput
end-point biochemical quantitative assays,
including the evaluation of viable biomass, extra-
cellular matrix, and acid production. Optical
measurements using transparent flat-bottomed

on different microbial strains can be conveniently studied
in a single experimental run. All kind of colorimetric tests
can be easily applied and standardized. Here, MTT-based
assay, shown on the two plates on the right, is based on the
reduction by viable and metabolically active cells of yel-
low MTT tetrazolium to purple formazan [23]

plates can be performed in real time to plot the
growth curves in a nondestructive way [53].
More recently, molecular bioassays can also be
performed, for instance, to screen large numbers
of strains for specific characteristics [35]. This
model is quite a right choice for preliminary test-
ing of dental materials since material samples
can be fabricated in a relatively simple way to be
press-fitted on the bottom of the plates, or be
made with a smaller diameter to allow the
collection of the specimen together with the over-
lying biofilm.

An evolution of the static plate model was
developed and patented by the Biofilm
Engineering Research Group of Calgary
University [54], which is why it was marketed as
the Calgary Biofilm Device, now available under
the new appellation “MBEC Assay®’s Biofilm
Inoculator” that stands for the determination of
the minimum biofilm eradication concentration.
The static microplate model was modified by
adding pegs to the plate lid in correspondence to
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Fig. 4.6 A standard
MBEC assay 96-well
plate is displayed where
hydroxyapatite-coated
pegs are attached to the
lid of the plate and are
used as substrate for
biofilm formation. It is
apparent that biofilms
developed on the pegs
can be transferred to
new plates containing
fresh culture medium, or
any reagents, by just
repositioning the lid.
(The picture is courtesy
of Dr. Amin Omar, chief
operating officer at
Innovotech Inc.)

each well. The pegs are used as the substratum
for biofilm formation, allowing high-throughput
experiments in a simple way (Fig. 4.6). The cul-
ture medium can be easily exchanged by transfer-
ring the lid to another plate. This constitutes an
advantage of this model over the static plate that
allows extending the total incubation time well
over 24-48 h. In the same way, screening of
active principles can be performed without diffi-
culty, and the MBEC can be obtained. Several
versions of this device have been proposed by
different research groups, with a broad spectrum
of substrata, inocula, and growth media. As an
example, saliva-coated hydroxyapatite disks
were used as a substratum for antimicrobial stud-
ies using defined consortia [24, 55]. In this case,
the specimens of a dental material to be tested are
hanged from the lid and immersed into the cul-
ture broth, allowing biofilm to form on their
surfaces.

The main drawback of these devices is
related to their design, which includes a closed
environment with a finite source of nutrients and
in which catabolites and eluted compounds
become more and more concentrated with time.
This situation does not commonly occur in the

oral environment. Under these conditions, swift
microbial growth occurs in the first moments,
followed by a stationary phase. This limitation
can nevertheless make this model ideal for mea-
suring the amount of active principles leaking
out of the material and concentrating on the
supernatant broth, or their activity on the over-
growing biofilms. Furthermore, hydrodynamic
stress that is paramount to the development and
structure of oral biofilms is absent, which is
another drawback. It is clear that the growth of
biofilms closely mimicking in vivo conditions
requires systems such as intermittent- or contin-
uous-flow devices, where the flow provides
nutrients and, at the same time, allows washout
of catabolites and eluted compounds. A modifi-
cation of this model to partially overcome its
drawbacks consists of merely inserting the
plates into an orbital shaker to provide shear
stress. This transforms the model into a straight-
forward dynamic one that, notwithstanding its
still huge limitations such as the presence of a
finite amount of nutrients and the radial inho-
mogeneity of shear stress across the well, allows
to provide many of the conditions offered by
much more complex dynamic models.
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Fig. 4.7 Differences between a standard CDFF and the
nCDFF model. (Available from Liidecke C, Jandt CD,
Siegismund D, Kujau MD, Zang E, Rettenmayr M,
Bossert J, Roth M. Reproducible Biofilm Cultivation of

4.3.2 Dynamic Bioreactor Models

A better approximation of the oral environment can
only be achieved in vitro by taking into account and
replicating the environmental characteristics that
influence the growth of oral biofilms. Two main
aspects deeply influence oral biofilm development,
namely the presence of different interfaces (air/lig-
uid, liquid/substratum) and the hydrodynamic
stresses induced by the flow of saliva and nutrients
over the substratum surfaces. These aspects deter-
mine the transport rate of oxygen, nutrients, active
compounds, and catabolites in and out of the bio-
film structures. The flow is the primary source of
hydrodynamic stress, which is an influential driv-
ing factor for the morphology and structure of bio-
films. Therefore, it is essential for a bioreactor
system to reproduce these conditions in order to
develop a biofilm closely resembling in vivo ones.

The research group led by Dr. Philip D. Marsh
made a first step approaching the complexity of
oral environmental conditions. They developed a
continuous culture of oral bacteria in planktonic
state and, while the bioreactor was running, they
realized that biofilm developed on the vessel walls,
possibly simulating dental plaque formation [32].
The research group refined their model by intro-
ducing removable hydroxyapatite specimens as
growth substratum that were suspended inside the

Chemostat-Grown Escherichia coli and Investigation of
Bacterial Adhesion on Biomaterials Using a Non-
Constant-Depth Film Fermenter. https://doi.org/10.1371/
journal.pone.0084837)

vessel [56]. Furthermore, sucrose addition was per-
formed to select a cariogenic environment.

Another relatively simple approach to model
oral biofilm formation was introduced by the
constant-depth film fermentor (CDFF) [57, 58].
It consists of a glass vessel with a stainless steel
top and bottom plates, containing ports for sam-
pling and inlet/outlet system for nutrients. A high
number of specimens can be simultaneously
tested (15 PTFE pans allowing 5 specimens
each), and the specimens are fitted into the bot-
tom plate. The latter rotates under a scraper blade
that helps in diffusing the nutrient medium over
the surface of the plate and regulates biofilm
depth. The system can be stopped, and sampling
pans can be removed aseptically, allowing to
study incubation time as a parameter on the same
experimental run.

This system was one of the first high-
throughput bioreactor devices that allow virtually
any substrate to be tested for biofilm formation,
providing a suitable platform for the study of the
microbiological behavior of dental materials.
Great attention was paid afterward in the design
of bioreactors to ensure the easiness of testing for
different materials. A variant of this model, called
nCDFF (nonconstant depth film fermentor),
included the possibility to form biofilms without
thickness constraint (Fig. 4.7).
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Fig. 4.8 Schematic representation of the rotating disk
reactor. (Obtained from BioSurface Technologies
Corporation. http://biofilms.biz/)

A variation of this model sharing a similar
concept is the rotating disk reactor, RDR
(Fig. 4.8). The bioreactor includes a vessel that
allows an inlet and outlet of nutrient broth with
the presence of a constant amount inside the ves-
sel. At the bottom of the vessel, a magnetic rotor
is used as a specimen holder (up to 18 coupons).
The hydrodynamic stress generated by this device
is easily controlled by adjusting the speed of the
rotor. The reactor design was studied to ensure
easiness of operation, also including sterilization
procedures. The system is flexible, being adapt-
able to several different studies, ranging from the
study of the biofilm exopolysaccharide matrix
formation to the rheology of oral biofilms [59,
60]. The operational envelope of this bioreactor
was extensively studied, and it was registered as
a standard test method for the evaluation of bio-
films (ASTM E2196-02). The main advantage of

Fig. 4.9 One of the customizations of the modified
Robbins device, resulting in the Bio-inLine Biofilm

Reactor. (Obtained from BioSurface Technologies
Corporation. http://biofilms.biz/)

the system includes its simplicity and easiness of
use, especially when the hydrodynamic stress
parameter is analyzed. The relatively low number
of specimens that can be tested at the same time
is, however, a limitation.

The Robbins device is a flow-through system
also used in medical biofilm studies [61, 62]. It
consists of a plastic or metal tube into which
specimen-containing coupons can be inserted,
becoming part of the tube wall (Fig. 4.9). This
system provides similar advantages to the CDFF
in terms of high-throughput testing of different
substrata and the possibility to aseptically remove
every single coupon. Similar to in vivo biofilms,
the structure, thickness, and morphology of the
biofilm growing on the coupons are influenced by
the hydrodynamic parameters of the flow rather
than by the scraping activity of a blade, or the
velocity of a specimen-holding rotor.

The drip-flow bioreactor was conceived by the
Center for Biofilm Engineering of Montana State
University [7, 63]. It consists of several parallel
independent flow cells that have the dimensions
of a microscopy slide. Each flow cell has a lid
that can be separately unscrewed to collect the
specimens. The name of the reactor is due to the
nutrient inlet that drips over the surface of the
specimen directly, preventing backward contami-
nation of the tubing. The bioreactor is operated at
a 10° inclination so that gravity provides continu-
ous flow with hydrodynamic stress over the spec-
imens’ surfaces. The system is therefore used for
simulating biofilm formation at the air/liquid
interface under relatively low shear stress condi-
tions and allows to study biofilm formation on
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Fig. 4.10 Diagram of the modified drip-flow bioreactor.
Teflon holder allows for multiple specimens made of any
(bio)material to be immersed into the flowing medium

Fig.4.11 An operating modified drip-flow bioreactor [65].
All tubing are connected through disposable Luer lock
and valves, thus ensuring easy and low-cost modifica-
tions, such as additional inlets for sucrose pulsing or anti-
microbial solution testing

the surface of any material. This system has also
been registered as a standard test method for the
evaluation of biofilms (ASTM E2647-13). The
possibility to easily place or remove specimens
allowed the system to be used in several studies
that tested the antimicrobial efficacy of oral
hygiene products, such as toothpastes or mouth-
washes [64—66]. The system still includes some
limitations, for instance the low number of speci-
mens that can be tested, the difficulty of tempera-
ture control, and the need for complicated,
multichannel pumps to operate the flow in paral-
lel to the flow cells reliably.

Brambilla et al. proposed a modification of the
drip-flow bioreactor, overcoming some of the
limitations of the model [66]. The reactor was
operated in a horizontal position, and a low dam

Specimens

Waste
Flow cell

just under the air/liquid interface. The flow cell represents

an open circuit, where spent medium is discarded

Fig. 4.12 Placing the whole bioreactor, including the
distribution pumps and the main vessels containing the
sterile medium, inside an incubator provides optimal tem-
perature control over other more simplistic solutions such
as a thermostatic bath or table that often do not allow for
homogeneous heat distribution to the whole system [17]

was included in the design downstream of the
specimen trays to maintain the specimen surfaces
immersed in the flowing medium (Figs. 4.10 and
4.11). As with many bioreactors, the system is
designed to be entirely placed inside an incubator
for optimal temperature control (Fig. 4.12). From
the point of view of flow characteristics, this sys-
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tem shows many similarities with the Robbins
device, with the addition of an air/liquid inter-
face. Specimens having the exact dimensions of
the bottom of 96-well plates are press-fitted on
customized polytetrafluoroethylene (PTFE) trays
at the bottom of the flow cells. Up to 27 speci-
mens in each flow cell can be simultaneously
tested, allowing this bioreactor to be a
high-throughput, very adaptable system for the
testing of dental materials [17, 23, 65].

The Center for Disease Control (CDC) devel-
oped its own biofilm reactor [22, 67]. It is made of
a cylindrical vessel in which eight specimen-
containing rods (three specimens per rod) are sus-
pended from the lid. Similar to the rotating disk
reactor, an inlet and outlet provide a flow of nutri-
ents and a constant volume is maintained inside the
vessel in which specimens are immersed. A mag-
netic stirrer at the bottom of the vessel can indi-
rectly provide a wide range of hydrodynamic stress
by agitating the nutrient broth. Specimens can be
assessed at different time points by aseptically
removing the rods. This bioreactor was used to pro-
vide two standard methods (ASTM E2562-12 and
ASTM E2871-13) for biofilm development and
test of antimicrobial compounds under high hydro-
dynamic stress and continuous flow (Fig. 4.13).
The system was not initially developed for the
study of medical and oral biofilms; therefore sev-
eral modifications of the system were performed,
mainly regarding the growth medium and the con-
trol of the temperature and the hydrodynamic flow
conditions. Several authors used this system for the
development of oral biofilms. Rudney et al. [22]
were able to develop oral microcosm biofilms
using this model, while Li et al. [68] used the sys-
tem to study the effect of sucrose pulsing on the
biofilm development over the surfaces of dental
restorative materials. The main limitation of the
system is related to the low amount of specimens
that can be tested at the same time.

4.3.3 Microfluidic Bioreactor
Models

More recently, bioreactor systems were devel-
oped using microfluidic techniques allowing
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Fig. 4.13 Schematic representation of the CDC Biofilm
Reactor. (Obtained from BioSurface Technologies
Corporation. http://biofilms.biz/)

them to overcome some limitations, such as the
relatively large volume of nutrients and biomass
that are usually required by the previously
described bioreactors. These techniques make it
possible to reduce the dimensions of the test envi-
ronment for better spatial and temporal control of
biofilm community formation. Indeed, microflu-
idic bioreactor systems are small enough to
approach the microscopic dimension range. For
this reason, they can be efficiently used to study
cell interactions during the very first steps in bio-
film formation and with the adherence substrate.
In the latter case, high interest is due to the study
of nanopatterned materials.

Microfluidic devices are built to reproduce the
physical effects occurring at the micron scale,
including an increase in the surface-to-volume
ratio. As a consequence, physical parameters
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Cell inlet (top layer) Seeding valve

Media inle

Main inlet valve

Fig. 4.14 Diagram of the microfluidic device by
Jeongyun Kim et al. and its evident complexity. The
device consists of a glass coverslip and two PDMS lay-
ers—a bottom layer with a diffusive mixer and eight
microchambers and a top layer with the pneumatic ele-

such as capillary forces, fluidic resistance, and
surface tension become fundamental in control-
ling these effects. In particular, laminar flow con-
ditions can be obtained to reach better control. In
these conditions, the effect of diffusion becomes
predominant over other effects such as turbu-
lence, convection, and gravitational forces. The
exchanges of nutrients and catabolites, and, more
generally, the energy transfer between a biofilm
and the surrounding flow, can be more efficiently
controlled and investigated [12, 69, 70]. A very
high number of replicates can also be provided
for high-throughput analyses. However, the
miniaturization of the devices dramatically
increases their complexity, which, in turn,
increases the difficulty of operating such systems
and their inherent costs. In fact, the real microflu-
idic dynamics of biofilms are very poorly known
as it is a relatively new research field. Therefore,
no approach is currently able to reproduce real
microfluidic conditions and standardization of

adient mixer (bottom layer)

Microchamber

Main outlet valve

Main outlet

ments for opening and closing microvalves that separate
the diffusive mixer and bacterial seeding ports from the
microchambers. The top layer also contains a bacterial
seeding port for introducing bacteria into the
microchambers

such systems appears problematic. These sys-
tems have been mainly developed for the study of
cell cultures, and, then, they were adapted for
biofilm development as well. They are often built
to provide an answer to a defined research ques-
tion based on a reductionistic approach rather
than to recreate the whole complexity of the clin-
ical situation.

A microfluidic device was developed by
Groisman et al. [71] to produce biofilms inside che-
mostat microchambers, where better control of the
microenvironment could be achieved. Kim et al.
[72] developed a microfluidic bioreactor based on a
two-layer flow cell. The device was built to study
the effect of a gradient in the concentration of an
active principle or signaling molecule. A total of
eight microfluidic flow cells were used to simulta-
neously expose developed biofilms to different
concentrations using a gradient generator based on
diffusive mixing (Fig. 4.14). Another device was
conceived by Benoit et al. [70] to develop a high
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number of independent biofilm communities at the
same time under a continuous flow using the for-
mat of a 96-well plate. This device can be used as a
high-throughput system for biofilm screening, and
its compatibility with plate readers allows very fast
and adaptable biofilm assays. Busscher and van der
Mei [73] provided a comprehensive review of flow
displacement systems for studying microbial
adhesion.

4.4 The Quest
for Standardization
4.4.1 Standardization of Bioreactor

Systems

It is clear from the previous descriptions that a
high number of bioreactor systems are nowa-
days in use for the analysis of oral biofilms
in vitro. Many of these systems are not stan-
dardized or have been standardized for different
environments rather than the oral environment.
A considerable limitation of oral biofilm models
has been that, because of their complexity,
dynamicity, and adaptation capability, they are
difficult to standardize or characterize. Indeed,
the validation of a system is much easier than its
standardization. The proof of concept and vali-
dation of a bioreactor system imply that it works
predictably; that is, it is capable of reproducing
the desired microenvironment. Also, the repeat-
ability of the results obtained under defined
working conditions is ensured. Standardization
comes with a higher level of complexity that
includes the isolation and investigation of all the
possible parameters that may influence the
working conditions of the system. The behavior
of the system under these conditions (opera-
tional envelope) has to be known to control and
reduce the sources of variability. A standard
method has to comply with all of the following
concepts [7]:
e Repeatability (different runs of the bioreactor
must produce comparable results)
e Reproducibility (different laboratories using
the same system must produce comparable
results)

* Ruggedness (minor changes in the standard
operating procedure do not significantly affect
the results)

e Responsiveness (the capacity of the system to
obtain the expected performances)

e Reasonability (any operator can run the sys-
tem, given specific instructions, without the
need for a too high amount of time and
consumables)

e Relevance (the outcomes of that system are
within the research field to which that system
is applied)

Of course, any modification of the operational
envelope of a standardized bioreactor system
implies that additional studies must be performed
to confirm that the system maintains standard
operational capability.

4.4.2 Standardization of Biofilm
Analysis Techniques

Advancements in the biofilm analysis methods
allowed for better characterization, which, in
turn, made it possible to achieve significant prog-
ress towards standardization. The first methods
for identification and quantification of microor-
ganisms in oral microcosms were based on dena-
turing gradient gel electrophoresis (DGGE) or
checkerboard DNA-DNA hybridization. These
methodologies could screen for a limited number
of microbial species [24, 74]. More recent meth-
odologies based on the identification of DNA
with a large array of probes (human oral micro-
bial identification microarray, HOMIM) or high-
throughput direct identification of microbial
species (next-generation sequencing based on
massive parallel sequencing, HOMINGS) were
able to identify virtually any microorganism that
constitutes a biofilm community [75]. These lat-
ter methodologies also allowed to quantify the
biodiversity of a biofilm and to assess shifts
towards the prevalence of pathogenic species
[76].

Due to the different bioreactor systems used
and the increasing amount of biofilm data that is
being gathered, there is a great need for standard-
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ization both of the bioreactor systems and of the
biofilm analysis techniques, making possible
direct comparisons among experiments differing
in space (different research teams) and time. The
first step in this direction has been made with the
creation of two online platforms. The first one,
MIABIE17 (minimum information about a bio-
film experiment), is aimed to start providing
guidelines about the minimum information that is
to be acquired during an experiment involving
biofilms. The other platform, BiofOmics18, is a
systematic and standardized database that col-
lects data about biofilm experiments.

4.5 Conclusions

Although a wide range of bioreactors are cur-
rently available, it is clear from this discussion
that a universal bioreactor system that can be
adapted to all clinical situations does not exist.
Each model has its own advantages and limita-
tions that must be acknowledged when choosing
the model that best fits a distinct experimental
design. There are some devices designed to study
low fluid shear stresses, whereas others are more
suitable for experiments under higher fluid shear
stress. Some are appropriate when biofilm activ-
ity has to be evaluated, while other systems are
better applied to the study of the biofilm struc-
ture. Furthermore, the operational flexibility of
these models provides researchers with a
spectrum of different models, often with overlap-
ping characteristics. This situation, together with
a reduced overall level of standardization, makes
the comparison of the obtained results very diffi-
cult. Future studies in this field should be aimed
at the standardization of the devices and analysis
techniques.

From a materials science point of view, the sci-
ence of biofilm development and bioreactor sys-
tems is most often difficult to be understood, given
the high level of standardization that exists for the
testing of the mechanical, physical, and chemical
characteristics of a material. Furthermore, some
research groups tend to use bioreactors as a “tool”
to obtain simple answers about the antimicrobial
activity of newly designed materials. While a quest

for simplification of procedures and standardiza-
tion of methods is always desirable, this approach
often leads to undervaluing, or neglecting, many
aspects that are intrinsic to the complexity of the
material-host-biofilm interactions, and may lead to
misinterpreting experimental results.
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Abstract

Bacterial adhesion to biological tissues of the
oral cavity or artificial dental materials and the
subsequent formation of complex biofilms are
responsible for major dental pathologies such as
caries, periodontitis, peri-implantitis, denture
stomatitis, and candidiasis [1]. The first and
essential step in biofilm formation is the initial
attachment of single microbes to a substratum,
where they have to interact with the available
physicochemical surface conditions in order to
remain and multiply [2, 3]. As a matter of prin-
ciple, bacteria exist naturally within structured
communities growing as biofilms and sufficient
bacterial adhesion in the oral cavity is therefore
the only way to survive for most bacteria in the
long run [2, 4].

5.1 Introduction

Bacterial adhesion to biological tissues of the
oral cavity or artificial dental materials and the
subsequent formation of complex biofilms are
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responsible for major dental pathologies such as
caries, periodontitis, peri-implantitis, denture
stomatitis, and candidiasis [1]. The first and
essential step in biofilm formation is the initial
attachment of single microbes to a substratum,
where they have to interact with the available
physicochemical surface conditions in order to
remain and multiply [2, 3]. As a matter of prin-
ciple, bacteria exist naturally within structured
communities growing as biofilms and sufficient
bacterial adhesion in the oral cavity is therefore
the only way to survive for most bacteria in the
long run [2, 4].

Bacterial attachment on dental materials is
dependent on several interlocking factors
between the abiotic substratum and the biotic cell
surface of the bacteria (see Fig. 5.1).

In detail, these are properties of the bacterium
(such as the varying potential for specific interactions
between ligands and receptors or different surface-
bound proteins of the cell surface), environmental
conditions (for example composition of the saliva,
pH, and metabolites), and physicochemical proper-
ties of the target substratum [2, 5-7]. Surface proper-
ties that have been discussed to influence the quantity
and quality of bacterial adhesion are [8]:

Surface roughness, topography
Surface energy, hydrophobicity
Surface charge, zeta potential
Substratum chemistry
Substratum stiffness
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Fig. 5.1 Schematic overview of bacterial adhesion to solid surface substrata: the potential to adhere bacterial cells is

represented by the amounts of adhering bacteria (orange)

For both dentists working in practice and sci-
entists focused on oral biofilm topics, it is crucial
to understand how these surface properties (of
dental materials) affect microbe-surface interac-
tions in order to control biofilm-related oral
infections [8].

5.2  Surface Roughness

and Topography

The topography of a real solid surface is defined
by spatial frequencies as deviations of its profile
from an ideal (i.e., totally flat) surface. These fre-
quencies are classified into three groups depend-
ing on the value of the irregularity step: the high
frequency (small amplitude) is referred to as
roughness, the medium frequency (large
amplitude) as waviness, and the low frequency
(macroscopic) as form (see Fig. 5.2) [7, 9]. These
three parameters may be separated by filtering;
however roughness is the most important regime
in context with microbial adhesion and biofilm
formation. When investigating the influence of
the substratum profile on adhesion of bacterial
cells, characterization of the substratum topogra-
phy is focused on micron and submicron levels of
roughness [7].

Simply said, a rough and therefore structured
surface is a folded smooth surface with exactly
the same interaction potential to adhering bacte-
ria, but with an extended surface area [6, 10].
Thus, roughening of materials increases the sur-
face area (and therefore the number of possible
interaction contacts) by a factor of 2-3 [4]. The
higher the number of available attachment points
on a given surface area, the more the cell attach-
ment [3, 11]. Additionally to the absolute num-

ber of adhering bacteria, the average adhesion
force per bacterial cell may rise with increasing
roughness of the surface, which results from
enhancing the quantity of available contact areas
per cell on the substratum (see Fig. 5.3). This
theoretical consideration might explain why
“optimal” surface roughness values are often
defined in relation to specific cell sizes of bacte-
ria [3, 11].

Scratches and grooves are no preferred areas
for initial bacterial adhesion per se, but in the oral
cavity, microbial cells are very well protected
from ubiquitous shear forces in these sites [6,
12]. Therefore, bacterial adhesion starts from
surface irregularities, where they are sheltered
against forces of removal (salivary flow, sulcus
fluid, nutrition, oral hygiene, and natural move-
ment of the soft tissues). Scanning electron
microscopy exhibited that initial bacterial adhe-
sion of hard tooth tissues mostly starts from small
surface defects such as cracks, grooves, or fis-
sures [4, 13, 14].

5.2.1 Characterization Techniques
for Surface Roughness

and Topography

In general, surface profile characterization may
be performed with different types of profilome-
ters, which can be divided into contact-type or
tactile measuring instruments (mechanical stylus
profilometer/perthometer, atomic force micro-
scope (AFM), scanning tunneling microscopy)
and noncontact-type or optical measuring instru-
ments (white light interferometer, laser scanning
confocal microscope, widefield confocal micro-
scope) [3, 7, 15-19].
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Fig.5.2 Levels of topography on a 2D measured profile of a solid surface, separated as nominal form (a, red), waviness
(b, green), and roughness (c, blue)

a

Fig. 5.3 Lower number of bacteria on a flat surface (a; larger contact areas between bacteria and substratum and
n = 20); roughening increases the number of adhering less effective shear forces (arrows) (c, d)
cells (b; n = 50). Roughening of the surface results in

Fig. 5.4 Contact-type c
surface roughness
measuring a stylus (a) is
connected to a detector
(b) and moved laterally
(c) in contact with a
solid surface sample (d)

A\ 4

Contact profilometers consist of a detector tip of the stylus is electrically detected, and the
with a stylus (diamond or sapphire, diameter changes in the height (Z position) of the arm
about 10 nm), which is moved in contact laterally —holder are displayed to reconstruct the surface
along the surface sample for a specific distance profile (see Fig. 5.4).
and a specified contact force. The vertical motion
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Fig. 5.5 Widefield confocal microscopy: 3D rendering of a surface area (110 x 110 pm, left) and corresponding two-

dimensional profile section (right)

This technique provides reliable data with
adequate resolution, because the stylus directly
touches the sample, but it is slower than optical
techniques, shape and size of the stylus influence
the measurements, and the permanent contact to
the substratum is destructive to the surface.
Noncontact optical techniques are capable of
three-dimensional measurements with higher
resolutions (see Fig. 5.5).

Digital contact and noncontact profilometers
allow automated calculation of multitude of two-
and three-dimensional surface roughness param-
eters. Modification of test materials (e.g., via
polishing or coating) or comparisons between
different samples may be characterized by visual-
ization (2D and 3D) and calculation of surface
roughness parameters (see Fig. 5.6).

In general, roughness parameters are calcu-
lated from the filtered profiles. The traditional
two-dimensional approach to characterize sur-
face roughness by the average amplitude of peaks
is not fully adequate to describe all of the three-
dimensional features of all solid surfaces and its
influence on bacterial adhesion [8, 20, 21]. Most
parameters which are used to indicate two-
dimensional profile roughness (annotated with
the letter “R”) have a counterpart for describing
three-dimensional substrata (annotated with the
letter “S”) [7, 22]. Exemplary and frequently
used roughness/surface parameters are given in
the subsequent paragraph:

1. Maximum roughness = maximum height of
the profile (R, or R,,.,) [22-24]

R, is defined as the vertical distance between
the maximum profile peak height and the
deepest valley (or the maximum profile valley
depth) within the sampling length ([). The
evaluation length (L) consists of a defined
number of sampling length, mostly five or
more. The mean line of roughness M is the ref-
erence line about which the profile deviations
are located (see Fig. 5.7) [23]. R, is appropriate
to indicate high peaks or deep scratches, but
limited for further interpretations, especially
when the focus is on bacterial adhesion [22].

. Arithmetical mean roughness value = rough-

ness average (R,) [22, 23, 25, 26]

R, is the average absolute deviation of all
roughness irregularities (peaks and valleys
y;) from M within / [22]; it indicates the arith-
metical mean deviation from M (see Fig. 5.8)
[26].

R, is calculated from the equation

R, =%j;|y(x)|dx [22, 24].

R, is the most frequently used roughness
parameter in literature and therefore it should
be given for comparisons between different
publications [7, 22]. Nevertheless, R, has
some significant disadvantages which have to
be taken into consideration when applied and
interpreted. It does not give any information
about the spatial distribution of peaks and val-
leys (i.e., of the wavelength) and it may not
indicate small differences in various test sur-
faces [7, 22]. Additionally R, does not differ-
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Fig.5.6 Surface roughness analysis via widefield confo-
cal microscopy: comparison of composite direct filling
materials after pre-polishing (a) and after sandblasting (b;
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Al,03, 110 pm, 2 bar). Reports of 3D profiles 110 x 110 pm
(a; and by), 2D profile Y-axis + 1 pm (a, and b,), 2D pro-
file Y-axis + 25 pm (a3 and bs), and automatically calcu-
lated roughness parameters (a4 and by)

Fig. 5.7 Maximum roughness R/R., mean line of

roughness (M), and sampling length (/)

Fig. 5.8 Arithmetical mean roughness R, and deviations
y; from mean line (M) over sampling length (/)
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Fig. 5.9 The R, values do not give any information about the intervals between heights and depth (therefore R,; = R,»),
and the R, does not distinguish between peaks and valleys (therefore R,; = R, = R.3)

Rske > 0

Rsk7 <0

. ls

. I,

Fig.5.10 Skewness Ry of two different surface profiles with same R, (R, = R,7). For [, a greater percentage is below
M, for [; the profile is mainly above M

4.

entiate between peaks and valleys and may
therefore not be suitable for characterizing
variances between different types of surface
profiles (see Fig. 5.9) [26].

Root mean square roughness (R, or RMS) [22,
23, 26, 27]

R, is the standard deviation of the distribu-
tion of profile heights [22]. It is based on simi-
lar data acquisition as R,, but more sensitive
[22, 26]. Both R, and R, are insufficient
parameters to describe the three-dimensional
microstructures of surfaces and give no indi-
cation of the distribution or shape of peaks
and valleys [27].

R, is calculated from the equation

1
R, = %j{y(x)}2 dx [22,26].

0

Skewness (Ry) [22, 23]

R indicates the symmetry or asymmetry
of the surface profile about M and therefore
overcomes one significant limitation of R, and
R,. In practice, it may specify differences in
the shape of two or more surface profiles with
the same R, and R, [22]. A positive Ry indi-
cates higher peaks with shallower, broader
valleys (i.e., a greater percentage of the profile
is below M), whereas a negative Ry indicates
reduced peaks in combination with deep and
narrow valleys (i.e., a greater percentage of
the profile is above M); a symmetrical arrange-
ment of peaks and valleys has a R, of approxi-
mately zero [7, 22] (Fig. 5.10).

Ry is calculated from

1 o0
Ry =5 [y'p(y)dy 1221

the equation
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5.2.2 Surface Roughness,
Topography, and Biofilm
Formation

Innumerable studies attempted to extract the
nature of the interactions between surface rough-
ness and microbial adhesion. The detailed bio-
logical and physicochemical mechanisms by
which topographic parameters modulate bacte-
rial and fungal attachment remain (at least par-
tially) unclear [7, 15, 28-30].

Most authors nevertheless suggest that
attachment of bacteria/biofilm is directly corre-
lated to surface roughness and the clinical
observation through the eyes of a practical den-
tist shows that smooth and highly polished sur-
faces reduce plaque formation on most dental
materials in the oral cavity [31-34]. Higher
quantities of adhering microorganisms on
rougher surfaces have been shown in vitro [35—
37] and in vivo [38—41]. Teughels and cowork-
ers concluded in a review based on 24 in vivo
studies that dental biofilm accumulates and
retains more on rougher surfaces in terms of
biofilm thickness, colonized area, and colony-
forming units (CFU) [42].

Additionally, it has been shown that smooth-
ening of a solid surface (for example by polish-
ing) can reduce biofilm formation [43]. On
titanium (implant) surfaces, smoothening below
0.2 pm (R,) showed no further reducing effect on
the adhering biofilm, either in the quantity of
bacteria or in the pathogenicity of adhering bac-
teria. This specific value has later often been
cited as a threshold surface roughness below
which “bacterial adhesion cannot be reduced fur-
ther” [44-46].

The correlation between surface irregularities
(i.e., surface roughness) and initial microbial
attachment leading to biofilm formation may be
explained by three main factors [3, 14, 42]:

1. The initial adhesion of single early-colonizing
bacteria to solid surfaces starts at areas where
these single cells are better protected against
oral shear forces, which in turn gives them the
adequate time to change from reversible
attachment to irreversible and specific adhe-
sion (see Fig. 5.3d) [14, 42].

2. Roughening of materials per se increases the
available surface area, which then increases
the absolute number of adhering cells and the
adhesion force per bacterium (see Fig. 5.6)
[3].

3. Removal of bacteria and biofilms is much
more difficult on micro- and macrostructured
surfaces, resulting in faster and more intensive
recolonization [14, 42].

In any investigation concerning surface rough-
ness and biofilm formation, correlations may not
only be reduced to pure roughness or topographic
parameters. Quantity and quality of bacterial
adhesion on solid surfaces are dependent not only
on the physicochemical properties of the substra-
tum, but also on the cell size, shape, and compo-
sition of the surface of the bacterial species in the
surrounding [8]. All hard and soft tissues of the
oral cavity and all dental materials exposed to the
oral biotope are immediately covered by the sali-
vary pellicle. This protein layer is up to 1000 nm
thick with great interindividual differences and
additionally alters the nanotopography, micro-
structure, and surface roughness of the solid sub-
stratum [8, 47].

5.2.3 Interaction Between Surface
Roughness (or Topography)
and Surface Free Energy

(or Hydrophobicity)

Both surface free energy and surface roughness
have a major impact on the attachment of oral
microorganisms on dental substrata. The influ-
ence of surface roughness (or surface topogra-
phy) seems to be predominant towards surface
free energy and hydrophobicity in the context of
microbial adhesion and biofilm formation (on
dental materials) [4, 42, 48, 49].

Additionally, both surface properties influ-
ence each other, whereby surface topography is a
major determinant of surface free energy and
wettability (i.e., hydrophobicity and hydrophilic-
ity) [27, 50]. Surface roughening will decrease
contact angles if the initial contact angle is below
60°, whereas surface roughening will further
increase contact angles on substrata with initial
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contact angles above 86°. On surfaces with initial
contact angles between 60° and 86° surface
roughening or smoothing will not affect contact
angles, just like changes in R, below 0.1 pm do
not affect contact angles at all and for this reason
additionally not surface free energies [4, 42, 48,
511

5.3  Wettability (i.e.,
Hydrophobicity or
Hydrophilicity) and Surface

Free Energy (SFE)

Wettability (=wetting) is the potential of a liquid
to maintain contact with a solid substratum,
resulting from different intermolecular interac-
tions between both surfaces, and it reflects how a
specific liquid behaves on a solid surface. If the
liquid is water, surfaces which repel water are

—— -

b 6=45°

labeled as hydrophobic, whereas hydrophilic sur-
faces are attracted to water.

Wettability is quantified by the contact angle (6,
theta, [°]), which is the angle between the surface
of the liquid and the surface of the solid. Complete
wetting (i.e., the droplet spreads completely)
results in a contact angle of 0°, between 0° and 90°
the surface is wettable (hydrophilic), above 90° it
is not wettable (hydrophobic), and the theoretical
limit of @ is 180° with the droplet standing on the
surface (see Fig. 5.11) [3]. Superhydrophilic sur-
faces are those with C < 5°, and superhydrophobic
are those with 8 > 150° [3, 52].

If the test substratum is smooth, rigid, and
insoluble, the contact angle € can be defined by
Young’s equation (see Fig. 5.12) [53, 54]:

}/sv }/sl
ylv

cosO =

c 06=125° d 6=180°

Fig. 5.11 Contact angles on different substrata: complete wetting on superhydrophilic surface (a), good wetting on
hydrophilic surface (b), bad wetting on hydrophobic surface (c), and non-wetting on superhydrophobic surface (d)

Fig.5.12 Contact
angles are related to the
surface free energies
according to the
equation of Young
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l -

a Osec b 1sec

C 30sec d 120sec

Fig.5.13 Water contact angle measurement: a droplet is released through a microliter syringe (a), syringe is removed

(b), time-dependent change of contact angle (c, d)

* 6:Young’s contact angle

7+ SFE between solid (s) and vapor (v)
e yq: SFE between solid (s) and liquid (1)
* y,: SFE between liquid (1) and vapor (v)

N J . .
y | gamma, | —=—| | is the surface tension
m

m2
(or surface energy or surface free energy) and is
measured in force per unit length (or energy per
unit area). It is the amount of energy, necessary to
break chemical bonds [3]. While surface tension
is used relating to liquids, surface energy is used
relating to solids [3].

The surface free energy of solid substrata may
be separated in a dispersive (d) and a polar (p)
component (according to the Owens and Wendt
geometric mean approach) [3, 52, 55]:

YL (1 + COSG) = 2|:(7/prsp )1/2 + (yLd}/Sd )1/2 :|

1 is the liquid surface tension and ys is the solid
surface free energy.

5.3.1 Characterization Techniques
for Hard Surface Wettability

and SFE

In practice, contact angles € are measured with
the relatively simple sessile droplet method (con-
tact angle measurement, CAM). In general, a
droplet of a liquid is placed on a planar solid sur-

face with a microliter syringe and the angle
between the surface of the liquid and the solid is
analyzed (see Fig. 5.11) [3]. Mostly, water CAM
by using a goniometer is used to determine
hydrophobicity/hydrophilicity. The results of
goniometer measurements may be used to calcu-
late the surface energy of the test solid via
Young’s equation [6, 15, 56, 57]. CAM is time
dependent; normally the water droplet will flatten
on the solid surface; that is, the contact angle will
decrease over time (see Fig. 5.13). By using three
liquids with different wettability and known sur-
face tension components (y., 717, 7.9), the surface
free energy of any test solid with its polar and
dispersion component can be measured by con-
tact angle measurements and then calculated
according to the Owens, Wendt, Rabel, and
Kaelble method and based on Young’s equation
[52, 55, 58-63].

5.3.2 Characterization Techniques
for Cell Surface Wettability
(and SFE)

Cell surface hydrophobicity cannot be measured
directly, but the interaction between (bacterial)
cells and hydrophobic/hydrophilic hard surfaces
may be used as an index for cell wettability [15].
For example, bacterial attachment to hydrocar-
bon (BATH) [64-66], hydrophobic interaction
chromatography (HIC) [67], salting-out aggrega-
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tion test (SAT) [68], CAM on a lawn of (bacte-
rial) cells [58, 69, 70], and partitioning of cells in
two-phase systems (TPP) are used for measuring
cell surface hydrophobicity (summarized by
Rosenberg et al. [71]). In this context, it has to be
mentioned that bacteria are vital cells and adapt
their surface composition in response to the
environment; therefore there is no constant SFE
value for a specific bacterial species in different

experimental settings [14]. The surface tension of

streptococcal bacteria is approximately 100 &e

2
—10 21 160,701,

cm
2

cm

5.3.3 Wettability, Surface Free
Energy, and Biofilm Formation

The influence of hydrophobicity and surface free
energy on microbial attachment and biofilm for-
mation has been demonstrated in vitro and in vivo
[3, 72-75]. Additionally, it has been shown in
various experimental settings that bacterial adhe-
sion can be either promoted or inhibited by tun-
ing hydrophobicity and surface free energy [8,
76]. Therefore, many scientific approaches have
been proposed to create anti-adhesive and antimi-
crobial materials by modifying wettability or
SFE properties [77, 78].

Various scientific strategies have been pro-
posed to minimize biofilm formation by altera-
tions of surface free energy or hydrophobicity
[77,78].

A review by Teughels et al. showed that gener-
ally solid surfaces with a higher surface free
energy are preferred by adhering bacteria [42].
These observations have been explained by
weaker interactions between bacteria and sur-
face, caused by insufficient binding to the condi-
tioning layer [42, 79, 80]. In the oral cavity, all
surfaces will instantly become conditioned by the
acquired pellicle with low surface tension, which
mostly results in a reduction of the quantity of
adhering bacteria. The influence of solid hydro-
phobicity and surface free energy on initial bacte-
rial colonization is transferred through the

salivary pellicle, even in the in vivo/in situ setting
[42]. In detail, the surface free energy of sub-
strata with low surface energy will be increased
with pellicle formation, while the surface energy
of substrata with initially high surface energy
decreases [4, 81, 82].

Some authors reported that substrata with low
surface free energy were preferably colonized by
bacteria with low surface free energy and bacte-
ria with high surface free energies favored high
surface free energy surfaces [42, 77, 83]. These
observations may be explained by the thermody-
namic approach and the equation of Dupré
(AF = ygs — yuL — 7s1) [4]. Most bacteria have
high surface energies and saliva has a relatively
low surface tension. Therefore, bacterial adhe-
sion is enhanced by high solid surface free ener-
gies [4]. Additionally, substrata with low surface
free energy may then be colonized in a higher
percentage by microorganisms with lower sur-
face free energies [4]. The preference of hydro-
phobic or hydrophilic substrata differs among the
various microbial species [8, 77, 78].
Nevertheless, distinct and universally valid cor-
relations between bacterial adhesion and solid
surface free energies or material-specific antimi-
crobial strategies cannot be concluded, because
various other influencing factors such as topogra-
phy and chemical composition of the substratum,
composition of the conditioning layer (saliva,
sulcus fluid, blood, ...), and changes in the sur-
rounding vapor cannot be excluded and may be
predominant [4].

Numerous studies showed that superhydro-
phobic and superhydrophilic surfaces may both
be used to prevent oral biofilm formation [3].
Superhydrophobicity is inspired by the self-
cleaning (better easy-to-clean) property of the
lotus leaf with water contact angle of approxi-
mately 170° (see Fig. 5.14) [3, 84]. It is used to
limit the binding forces between bacteria and
solid surfaces to enable easy removal of the
attached bacterial cells, for example by shear
forces through salivary flow in the oral cavity [3,
85].
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Fig. 5.14 Superhydrophobic surfaces (lotus effect):
water droplets on the taro leaf surface (a) (from Y. Yoon
et al.: “Hierarchial micro/nano structures for super-
hydro-phobic surfaces...”, Micro and Nano Systems
Letter 2014, licensee SPRINGER) and on a superhydro-
phobic coating (b) (from X. Li et al.: “A study on superhy-
drophobic coating in anti-icing of glass/porcelain

5.4  Surface Charge and Zeta

Potential

Besides surface roughness and surface free
energy, as the predominant factors of influence in
biofilm formation on solid substrata, surface
charge affects the binding forces between bacte-
ria and abiotic material surfaces, resulting in dif-
ferent bacterial motility, architecture,
composition, and physiology of subsequent bio-
films [86-90].

insulator”, J Sol-Gel Sci Tech 2014, licensee SPRINGER);
scanning electron microscopy of a lotus leaf (Nelumbo
nucifera) (c¢) and a mercury droplet on the leaf surface (d)
(c and d from W. Barthlott et al.: “Purity of the sacred
lotus, or escape from contamination in biological sur-
faces”, Planta 1997, licensee SPRINGER)

5.4.1 Characterization Techniques

for Surface Charge

The electrostatic charge density and the electro-
kinetic potential on bacterial cell surfaces are
usually expressed as zeta potential (unit mV)
[15]. The zeta potentials of small particles such
as microbes cannot be directly measured [15,
91]. Therefore, indirect techniques such as par-
ticulate microelectrophoresis have to be applied
[15, 91-93]. Hard surface charge may also be
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represented by the zeta potential and is mea-
sured by electrostatic fieldmeter method, elec-
trostatic voltmeter method, electrophoretic
mobility, streaming potential measurement,
sedimentation potential, or electroosmosis assay
[15, 94, 95].

5.4.2 Surface Charge and Biofilm
Formation

The bacterial cell wall consists of components
such as teichoic acids (linked to either the pepti-
doglycan or the underlying plasma membrane) or
phospholipids and lipopolysaccharides. Through
the dissociation of acidic groups such as carboxyl,
phosphate, and amino groups (-COOH, —-NH3;, —
HPO,, -H,PO,, -HPO,"), most bacteria carry a
net negative surface charge at a neutral pH (with
very few expectations) [3, 64, 92]. Therefore, a
positively charged sample surface is more prone
to bacterial adhesion than a negatively charged
surface [6, 8, 70, 90, 96]. For example,
Rzhepishevska et al. showed less Pseudomonas
aeruginosa biofilm formation with reduced pro-
duction of biofilm matrix components (exopoly-
saccharides) on negatively charged polymer
brush surfaces in comparison to samples with
positive charge [86]. The salivary pellicle, which
rapidly covers all tissues and solid materials in
the oral cavity, may equalize surface charges and
causes these surfaces to be more negatively
charged [8, 97].

There are discrepancies between practical
observations and theoretical considerations con-
cerning the influence of surface charge on bacte-
rial adhesion [92]. As surface charge is not the
dominant physicochemical property of material
substrata, its effect on quantity and quality of
in vivo oral biofilm formation should not be over-
estimated, especially not in the presence of other
surface properties and diverse environmental fac-
tors [64]. In practice, charge per se may not be
sufficient to reduce biofilm formation signifi-
cantly [8, 97].
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In contemporary dentistry, resin-based materi-
als are extensively used for the fabrication of
direct and indirect restorations. As the materi-
als available on the market feature increas-
ingly complex chemical compositions and
include a variety of ingredients with distinct
physical and chemical properties, bioadhesion
and biofilm formation on the surface of these
materials are difficult to predict. These con-
siderations are particularly relevant for mod-
ern resin-based materials that have been
tailored with the intention to modulate the for-
mation of biofilms on their surface. The aim of
the current summary is to outline the contem-
porary scientific knowledge regarding the role
of complex resin-based materials for bioadhe-
sion and biofilm formation on their surface.

E. Giinther - F. Fuchs - S. Hahnel (D)
Prosthetics and Dental Materials Clinic, Leipzig
University, Leipzig, Germany

e-mail: elena.guenther @medizin.uni-leipzig.de;
florian.fuchs @medizin.uni-leipzig.de;
sebastian.hahnel @medizin.uni-leipzig.de

© Springer Nature Switzerland AG 2021

6.1 Introduction

Over the years, resin-based materials have steadily
gained more attention in dentistry, and the materi-
als are still booming. Resin-based materials can be
used for the fabrication of both direct and indirect
dental restorations, which indicates that the
mechanical requirements as well as the physical
and chemical properties of these materials must be
tailored in dependence on their range of applica-
tion. Regarding their interaction of resin-based
materials with microorganisms and biofilms, the
role of these materials has continuously changed.
While in the past resin-based materials have regu-
larly been associated with high levels of plaque on
their surface, the picture is now less clear and the
situation even more complex. Bioadhesion as well
as biofilm formation on the surface of dental mate-
rials is influenced by numerous effects; moreover,
the results of both clinical and laboratory studies on
this topic are heavily dependent on the experimen-
tal conditions applied. Nevertheless, previous
investigations have identified that surface rough-
ness, surface free energy, chemical composition,
and surface topography [1, 2] have a significant
effect on bioadhesion and biofilm formation on the
surface of these materials. A detailed discussion on
this topic can be found in Chap. 5. In situ studies
are regarded as the gold standard in investigations
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dealing with bioadhesion and biofilm formation [3]
as they allow biofilm formation under physiologi-
cal conditions in situ, including the whole spectrum
of microorganisms in the oral cavity. However,
analysis of bioadhesion and biofilm formation in
laboratory trials features the advantages of stan-
dardization and high-throughput screening.
Moreover, laboratory approaches allow an estima-
tion of bioadhesion and biofilm formation on the
surface of experimental materials, which is proba-
bly why most investigations were performed under
strict laboratory experimental conditions.

To date, numerous different resin-based materi-
als differing in composition and properties are
available on the market. The materials can be used
either for the fabrication of direct restorations (such
as resin-based composites) or for the fabrication of
indirect restorations (such as removable dentures),
which are usually fabricated in the dental labora-
tory. Regarding their impact on bioadhesion and
biofilm formation in the oral cavity, these materials
feature different conditions. Due to the extension of
removable denture prostheses, resin-based materi-
als for the fabrication of dentures are in close and
extensive contact to gingival tissues. In contrast to
resin-based materials designed for the replacement
of tooth tissues, they do not have to withstand
chewing forces, which coincides with a completely
different chemical composition. Thus, with regard
to bioadhesion, it is necessary to consider these
materials from different point of views.

6.2 Resin-Based Materials
for Direct Restorations
6.2.1 Introduction

Contemporary resin-based materials for the fabri-
cation of direct dental restorations are most fre-
quently resin-based composites (RBCs), which
include materials that feature a resin matrix supple-
mented with a sophisticated filler fraction to mini-
mize shrinkage and maximize wear resistance.
From a clinical point of view, resin-based compos-
ites are distinguished by their consistency, ranging
from flowable to condensable materials. However,
for estimating the impact of these materials on bio-
adhesion and biofilm formation, this classification

is of little value, and special attention has to be
drawn on the chemical composition of these mate-
rials. In most current commercial RBC formula-
tions, the resin matrix contains Bis-GMA
(bisphenol-A-glycidyl ~ methacrylate), ~ which
requires blending with other dimethacrylates such
as urethane dimethacrylate (UDMA), triethylene
glycol dimethacrylate (TEGDMA), or hydroxyeth-
ylmethacrylate (HEMA) due to its high viscosity
and its unsuitability to incorporate large filler vol-
ume fractions [4]. In order to improve the internal
structure of the resin-based composite and to
chemically bond the hydrophobic resin matrix to
the hydrophilic filler fraction, coupling agents such
as silanes are employed. Most of the contemporary
resin-based composite materials for direct restora-
tions are photopolymerizable materials including
photo initiators, for instance camphorquinone;
some formulations have included PPD (acetyl
benzoyl/1-phenyl-1,2-propanedione), Lucirin®
TPO (monoacetylposphine oxide/2,4,6-trimethyl-
benzoyldiphenylphosphine oxide), or Irgacure®
819 (bisacylphosphine oxide/phenylbis(2,4,6-tri-
methylbenzoyl)phosphine oxide) [5]. The filler
fraction in modern RBC formulations is complex,
and usually comprises nanoscaled filler particles
or, in so-called nanohybrid materials, both nano-
and microscaled filler particles.

Apart from these classical RBCs, glass iono-
mer cements can be supplemented with a poly-
meric ingredient; these materials are usually
defined as resin-modified glass ionomer cements
(RMGIC). However, these materials are only
infrequently used and, in most cases, applied in
temporary restorations; thus, the focus of the cur-
rent outline is set on RBCs.

6.2.2 The Role of RBC Filler Fraction
on Bioadhesion and Biofilm
Formation

The filler fraction accounts for the surface rough-
ness and topography of RBCs. The relevance of
surface roughness for bioadhesion and biofilm for-
mation has extensively been discussed in the last
decades. For titanium implant surfaces, Bollen and
co-workers have introduced a threshold at 0.2 pm,
suggesting that lower values for surface roughness
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than this threshold do not have an impact on bio-
film formation [6]. Similar observations have been
published by the Rimondini group, who intro-
duced a threshold at Ra of 0.088 pm and Rz of
1.027 pm [7]. While it is difficult to simply trans-
fer this threshold to other materials with a more
complex composition, the conventional wisdom
still is that RBCs foster biofilm formation on their
surface in comparison to other tooth-colored den-
tal materials such as ceramics or glass ionomer
cements [8]. However, these results appear to be
particularly true for early RBC formulations,
which included large filler particles and featured
only insufficient chemical bonding between resin
matrix and filler fraction. These materials were
difficult to polish, and as a result from hydrolytic
effects and wear, the disintegration of fillers from
the RBC surfaces continuously produced surfaces

macrofill

with high surface roughness. As microorganisms
preferentially adhere to surface imperfections that
provide shelter from shear stresses, this phenome-
non fosters the adhesion of microorganisms.
However, coinciding with a continuous improve-
ment of the mechanical properties of RBCs, mate-
rials with very tiny filler particles have been
developed and the problem of insufficient bonding
between filler particles and resin matrix has largely
been overcome.

Figure 6.1 illustrates the history development
of filler fraction in resin-based composites.
Different shapes and particle size distributions
of fillers of modern resin-based composite mate-
rials were determined by scanning electron
microscopy and displayed in Figure 6.2. Early
investigations showed an accumulation of pelli-
cle on filler particles and the crevice between

N

10 - 50 um

=

microfill

‘ 10 - 50 um + 40 nm

small particle hybrid

nanofill minifill midifill

5-100 nm 0.6 -1 um +40 nm 1-10 um + 40 nm
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Fig. 6.1 The development of the state of the art of dental composite formulations based on filler particle modifications,

based on Ferracane [5], p. 32

Fig.6.2 Scanning electron microscopy pictures (secondary electron imaging) of inorganic fillers in conventional resin-
based composite material
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Fig. 6.3 Atomic force microscopic image of the surface
of a modern resin-based composite material. (E. Wutscher,
Institute of Experimental and Applied Physics, University
of Regensburg)

filler and matrix. This circumstance can lead to
deterioration, loss of fillers, or degradation of the
filler-matrix bonding [9]. Modern RBC formula-
tions may feature volume fractions of up to 89%
filler particles [10], and recent clinical studies
highlighted that the surface roughness of modern
materials is far lower than the previously intro-
duced thresholds [11]. Figure 6.3 displays the
surface of a modern RBC as analyzed by atomic
force microscopy. As a result, it is unlikely that
further modifications will produce RBCs with
relevantly  diminished surface roughness.
However, apart from pure surface roughness
some laboratory studies have underlined that
biofilm formation can be significantly impacted
by the surface topography of filler-supplemented
resin-based materials. Data from various groups
have demonstrated that different polishing
regimes can significantly impact biofilm forma-
tion on the surface of a single material, although
the differences in surface roughness between
these interfaces were negligible [11-13]. These
results respond to the knowledge that has been
gathered in other biological systems and under-
line that effective modification of the surface
topography of dental materials may produce sur-
faces with antifouling properties [1]. For

instance, the topography of shark skin is less
susceptible for bioadhesion and serves as an
inspiration for several micropatterned surfaces
developed for the use in other fields of medicine
as well as marine environments [14—16]. Surface
structuring leads to increased water contact
angles and  therewith  hydrophobicity.
Furthermore, micro-structured surface patterns
trap air, which decreases the available contact
area between the substratum surface and micro-
organisms. Also, quorum sensing between
microorganisms seems to be reduced due to top-
ographical barriers. Frenzel and co-workers
developed an approach to produce different
composite surface structures to reduce bioadhe-
sion on dental restorations. One conceivable
future implementation of the advantages of bio-
materials’ surfaces is engineering matrix strips
which microstructure the composite during the
placement of the restoration [1]. This procedure
might allow the production of direct restorations
with optimized surfaces that are less susceptible
to biofilm formation.

6.2.3 The Role of RBC Surface
Properties on Bioadhesion
and Biofilm Formation

Apart from surface roughness, surface free
energy is regarded as one of the major factors
that impact biofilm formation on the surface of
dental materials. While the underlying thermo-
dynamical principles are complex, a simple rule
of thumb is that surfaces with low surface free
energy attract less plaque than surfaces with
high surface free energy. This relation has been
proven for a variety of simple polymeric materi-
als such as polytetrafluorethylene (PFTE) or
polyethylene (PE) in several in situ experiments
[2]; however, the relation between surface free
energy and biofilm formation is more complex
and less clear for complex materials such as
RBCs. RBCs consist of chemically distinct
ingredients with different surface free energies,
which finally results in a complex surface that
includes areas with both low (matrix) and high
(fillers) surface free energy (cf. Fig. 6.1). Thus,
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relations between surface free energy and micro-
bial adhesion and subsequent biofilm formation
are hard to establish, which might serve as an
explanation why conflicting results have been
reported regarding the role of the surface free
energy of a RBC on biofilm formation [17, 18].
In some laboratory studies, biofilm formation
was lower on the surface of a RBC material with
a distinct hydrophobic resin matrix based on
siloranes than on the surface of conventionally
applied methacrylate-based materials [19, 20].
However, in situ studies did not support the
results of the laboratory investigations [21],
which underlines that the results from laboratory
approaches cannot be simply transferred into
clinical settings. As the proportion of the resin
matrix on the surface of a RBC is low due to the
abundancy of the filler fraction, it is likely that
differences in surface free energy resulting from
a variation of the resin matrix may only affect
bioadhesion and biofilm formation under con-
trolled and very strict experimental conditions.
Judging from the current evidence, it appears
that surface free energy cannot serve as a reliable
predictor of bioadhesion and biofilm formation
on the surface of complex RBCs. Overall, the
importance of RBC surface properties on bioad-
hesion seems to decrease with increasing biofilm
formation time and growing biofilm layer [22].

6.2.4 The Role of the RBC Resin
Matrix on Bioadhesion
and Biofilm Formation

In comparison to filler fraction, only little effort
has so far been made to identify and elucidate the
interaction of the resin matrix with bioadhesion.
While it is clear from the history of the filler frac-
tion in RBCs that the proportion of the resin
matrix in the surface of RBCs has gradually
diminished, some researchers have highlighted
that the resin matrix has a relevant impact on bio-
film formation on the surface of RBCs [11].
Brambilla and co-workers have shown that
Streptococcus  mutans  biofilm  formation
decreases with increasing curing time, which has
been attributed to a decreased concentration of

unpolymerized monomers [23]. Previous studies
have also highlighted that the colonization of
specimens fabricated from different experimental
resins with Streptococcus mutans is different
despite similar surface properties [24], which
underlines the existence of an effect of the resin
matrix on bioadhesion. However, the exact mech-
anisms which are responsible for these results are
not yet clear. It is well known that polymerization
of resin-based materials is never complete, and
modern mixtures feature a degree of conversion
ranging around 60—70%. Leakage of unpolymer-
ized resin monomers as well as biodegradation of
the resin matrix by oral microorganisms might
have an impact on oral microorganisms [11]. In
the past, it has been suggested that monomers
such as UDMA, EGDMA, DEGDMA, and
TEGDMA may promote growth and prolifera-
tion of cariogenic microorganisms [25, 26]; how-
ever, recent publications could not corroborate
this hypothesis [27].

6.2.5 Modifications of RBCs
with Antimicrobial Agents

Several approaches to equip RBCs with antimicro-
bial properties have been described, including the
incorporation of agents like silver ions [28, 29],
zinc oxide nanoparticles [30], quaternary ammo-
nium derivatives [31], chlorhexidine acetate [32],
and many others. Antimicrobial agents delay,
reduce, or avoid biofilm formation through direct
contact or leaching. However, these agents may
lead to impaired mechanical properties and
decreased degrees of conversion. Also, the anti-
bacterial effects are often temporary [33], featur-
ing a burst effect followed by a rapid decrease.
Early studies indicated an antimicrobial effect on
Streptococcus mutans by quaternary ammonium
polyethylenimine nanoparticles for at least 1
month [31] and silver-supplemented materials for
6 months [34]. At the same time, little or no release
of silver or quaternary ammonium was observed.
Moreover, Yoshida and co-workers reported that
supplementing RBCs with different silver agents
produced materials with very distinct mechanical
properties [34], which underlines that it is not
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indifferent to the antimicrobial agent used. With
regard to this aspect, it has been reported that qua-
ternary ammonium polyethylenimine nanoparti-
cles do not compromise the mechanical properties
of a supplemented RBC [31]. Other studies sug-
gest even higher mechanical strength (diametral
tensile strength, fracture toughness) in RBCs sup-
plemented with titanium and silver-tin-copper
filler particles [35]. More information on this can
be found in Chaps. 8, 9, and 10.

6.2.6 The Role of Degradation
of RBCs by Microorganisms:
A Circulus Vitiosus?

However, although no simple relations between
the composition and availability of resin
monomers and bioadhesion have yet been identi-
fied, it is undoubted that oral microorganisms
interact with the matrix constituents of RBCs. It
has been highlighted that the presence of biofilms
on the surface of RBCs leads to deterioration of
the RBC surface [36-38]. This phenomenon is
due to biodegradation of the resin matrix, an effect
that has frequently been addressed in dental mate-
rials science and is caused by esterases from car-
iogenic bacteria [39]. As acids may also provoke
degradation of RBCs [40], it is likely that acids
produced by cariogenic microorganisms can also
affect the surface of RBCs. Recent literature indi-
cates that deterioration of RBC surfaces by micro-
organisms is dependent on the bacterial strain as
well as the composition of the resin matrix. Bis-
GMA-free formulations did not show changes in
surface roughness after exposition to cariogenic
streptococci, while Bis-GMA-containing RBC
formulations were significantly affected [41].
Results from in situ studies indicate that RBCs
with urethane dimethacrylate matrix are less vul-
nerable against deterioration than RBCs with
mixed matrices (UDMA, Bis-GMA, and DDMA).
Moreover, an accumulation of pellicle was
observed on filler particles and between filler and
the matrix [9]. Simple monospecies biofilms
including cariogenic microorganisms such as
Streptococcus mutans seem to have a more dis-
tinct effect on the surface than multispecies bio-
films [41]. While recent studies identified only

slight increases in surface roughness in a nanome-
ter range after exposition to the various biofilms
[41], early studies showed that the surface of
RBCs is relevantly affected [37, 39]. Thus, it is
not yet clear as to how far biodeterioration of
RBCs by microorganisms produces an impaired
RBC surface that substantially fosters subsequent
bioadhesion. While current scientific evidence is
still scarce, it might be recommended to regularly
polish RBC restorations in order to minimize a
potential negative effect of a roughened surface.

6.3 Resin-Based Materials
for Indirect Restorations
6.3.1 Introduction

Resin-based materials for indirect dental restora-
tions include materials for the fabrication of
removable dentures as well as polymer-based
materials for the CAD/CAM fabrication of indi-
rect restorations such as inlays, partial crowns,
crowns, and fixed-partial dentures.

Resin-based materials have been used for
decades for the fabrication of removable dental
prostheses. For these applications, poly(methyl
methacrylate) (PMMA) is still regarded as the
material of choice, although some other materials
have been introduced as well. Alternative denture
materials can be divided into methacrylate-
containing and methacrylate-free materials (cf.
Table 6.1/Fig. 6.4). The latter group features the

Table 6.1 Examples for methacrylate-containing and
methacrylate-free materials

Methyl methacrylate-
containing materials

Methyl methacrylate-
free materials
Polyoxymethylene, POM
Polyamide, PA
(Valplast®)

Polyurethane
dimethacrylate (light
curing, Eclipse®)
Poly(aryl ether ketones),
PAEK

Poly(ether ether ketone),
PEEK

Poly(ether ketone
ketone), PEKK

Thermoplastic poly(methyl
methacrylate), PMMA

Vinyl polymer (vinyl
chloride and vinyl acetate,
contains MMA as
copolymer, Luxene®)
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Fig. 6.4 Chemical structure of monomers and polymers of modern resin-based materials

advantages of little elution of monomers and high
biocompatibility. Thus, they are particularly suit-
able in patients with allergies. At the same time,
these materials are difficult to repair and to reline
since they are chemically inert [42]. Some of the
materials are very flexible and can be used in
patients with microstomia (e.g., polyamide).
Further innovations in this field include
machinable PMMA-based materials for CAD/
CAM fabrication of denture bases. Moreover,
innovative materials from the family of poly(aryl
ether ketone) (PAEK) such as poly(ether ether
ketone) (PEEK) or poly(ether ketone ketone)
(PEKK) have been introduced in the last years.
In contrast to PMMA-based dentures, these
polymers feature the advantages of CAD/CAM
fabrication, improved mechanical properties

[43], low allergenic potential [44], as well as low
weight [45]. In case of PEEK or PEKK, even
complex tooth- or implant-supported denture
prostheses can be fabricated from the polymeric
material without a supporting alloy framework
(cf. Fig. 6.5) [45, 46]. PEEK and PEKK differ in
their ratio of ketone and ether groups. As PEKK
contains more ketone groups it is slightly stiffer
than PEEK. Its mechanical, optical, and chemi-
cal properties are similar to PEEK [47]. Since
PEEK was introduced earlier into the dental
market than PEKK and is available for different
fabrication techniques (e.g., heat pressing,
CAD/CAM) it is more popular than
PEKK. Therefore, studies on PEKK are still
scarce. While PEKK is supplemented with a
filler fraction of about 10 wt% titanium dioxide
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Fig. 6.5 CAD/CAM-fabricated removable partial den-
ture prosthesis with PEEK framework. (Image by Ingolf
Riemer, Universititsklinikum Leipzig)

filler particles, PEEK is available both without
and with a filler fraction of up to 30 wt% tita-
nium dioxide filler particles. These fillers
enhance the mechanical properties of PAEK but
do also account for their grayish appearance.
Generally, PAEK materials feature higher sta-
bility, rigidity, and resistance to hydrolysis com-
pared to other resin-based materials like PMMA
[48, 49]. Depending on the proportion of crys-
talline and amorphous contributions to the
PAEK formulation, its chemical and optical
properties differ: While a higher percentage of
crystalline parts promotes resistance to acids,
alkalis, and organic solvents, a higher propor-
tion of the amorphous phase coincides with
enhanced translucency [50]. In order to combine
good chemical and aesthetic properties, PAEK
restorations with a higher percentage of crystal-
line parts can be veneered or lined using resin-
based materials [46, 51]. Crystalline PEKK,
which shows higher flexural and tensile strength,
is preferably used for the fabrication of crowns
and fixed dental prosthesis, while amorphous
PEKK can be applied for the fabrication of
removable prosthesis [52]. Stawarczyk and co-
workers identified increased fracture loads for
milled PEEK restorations compared to those
which had been pressed from granular. Materials
which were pressed from industrially fabricated
pellets and milled PEEK restorations showed
spontaneous and brittle fractures in the pontic
areas without deformation, whereas pressed

materials from granular rather deformed than
fractured [53]. Overall, PEEK restorations with-
stand high breaking loads (1300 N), which are
far higher than average masticatory forces
(400 N) and three times higher than fracture
loads of other machinable resin-based materials
like PMMA [54, 55].

6.3.2 Biofilms and Resin-Based
Materials for the Fabrication
of Removable Dentures

Although biofilm-associated diseases such as
caries or periodontitis are almost irrelevant in
edentulous patients, biofilm formation on the sur-
face of dentures is a relevant issue. Manual skills
decrease with age; as a result, dentures are fre-
quently not cleaned adequately. In hospitalized
patients, the time available for oral care by the
nursing staff is limited, too, which regularly
results in poorly cleaned denture prostheses (cf.
Fig. 6.7). As removable dentures cover large
areas of the edentulous gum tissues, these
circumstances make them an ideal and extensive
reservoir for biofilms, which are a relevant risk
factor for local and systemic implications.
Denture-related stomatitis constitutes a common
local biofilm-associated disease in denture wear-
ers with a prevalence of 15% to over 70% [56].
Candida albicans plays a major role in the patho-
genesis of denture-related stomatitis [57]. This
fungus has three morphological forms: blasto-
spores, hyphae, and pseudohyphae. The morpho-
logical transformation of C. albicans from
blastospores to hyphae coincides with a maturing
process of the biofilm and induces an increased
pathogenicity and virulence [57-59]. This trans-
formation seems to be regulated by secreted pro-
teases and their activity [60]. Aspartate
proteinases are among the most frequently dis-
cussed virulence factors of C. albicans, as they
contribute decisively to the degradation of host
proteins and promote the invasion of the fungus
into the oral mucous membranes as well as the
development of Candida-associated prosthetic
stomatitis [61]. C. albicans cells organized in
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biofilms secrete higher levels of aspartate prote-
ases than planktonic cells [62]. Moreover, the
activity of the proteinases correlates with the
severity of denture stomatitis [60]. Since the risk
of tissue invasion of C. albicans increases with
the presence of fungal hyphae in mature biofilms,
regular oral and denture hygiene is essential [59,
63]. Besides oral hygiene, surface properties as
well as surface topography of dental materials
shall be optimized in order to minimize fungal
and microbial adherence. The substratum surface
properties may promote a genetic response which
leads to the transformation from blastospores to
hyphae [64-66]. Apart from that, high polar con-
tribution to surface free energy increases the pro-
liferation of C. albicans, e.g., on urethane
dimethacrylate (UDMA)-based denture base
materials and soft denture liners (siloxane based)
[67]. C. albicans hyphae seem to adhere prefer-
entially to hydrophobic rather than hydrophilic
surfaces [64, 68]. Moreover, porosities in the
denture base foster microbial and fungal adher-
ence by increasing the available surface [69]. An
increased number of hyphae was observed in bio-
films on siloxane-based soft denture liners com-
pared to PMMA- and UDMA-based denture base
materials [59]. Fungal proliferation promotes the
deterioration of the surface of denture liners,
which may coincide with further irritations of the
mucosa [66]. Therefore, long-term use of soft
denture liners cannot be recommended.
Moreover, denture age and continuous denture
wearing are important factors in the development
of denture-related stomatitis [57]. Figure 6.6

+50,00 pm

0,00 pm

-50,00 ym

illustrates differences in surface appearance
between new and aged denture bases.

For the relining of denture prostheses, materi-
als based on acrylate or silicone (soft denture
liner) can be used. The physical properties of
relining materials seem to affect biofilm forma-
tion significantly [59, 70]: For instance, C. albi-
cans preferentially adheres to hydrophobic rather
than hydrophilic surfaces [64]. Hence, hydro-
philic coatings of denture surfaces might decrease
the attachment of hydrophobic fungal cells like
those of C. albicans [68]. Further investigations
showed that C. albicans adherence on polyam-
ides is higher than on PMMA [71]. Materials
with smooth surfaces as well as low surface free
energy feature less fungal-microbial adherence
than materials with rough surfaces and high sur-
face free energy [22]. Surface properties seem to
influence especially the early fungal-microbial
colonization on dental materials; with maturation
of the biofilms, the differences in biofilm forma-
tion between various materials gradually dimin-
ish [22].

Apart from biofilm-induced diseases such as
denture-related stomatitis biofilms on removable
denture prostheses may also have other systemic
consequences. As respiratory pathogenic micro-
organisms have been identified in denture plaque
[72, 73], denture wearing has been associated
with the occurrence of pneumonias in elderly
patients [74, 75]. Pneumonia is a common infec-
tion in elderly people and constitutes the most
frequent cause of mortality from nosocomial
infection in elderly patients with a mortality rate

Fig. 6.6 Simulated surface of a new (A) and a 30-year-old (B) denture prosthesis based on microscopic evaluation
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after conventional cleaning with
brush and water

Fig. 6.7 Removable dental prosthesis with extended accumulation of plaque, caused by neglected hygiene by a hospi-

talized 90-year-old woman

up to 25% [76, 77]. Aspiration of oropharyngeal
bacteria into the lungs due to dysphagia and noc-
turnal denture wearing as well as weakened host
defense mechanisms may lead to respiratory
infections [78, 79]. Especially for hospitalized
patients it is often difficult to maintain a suffi-
cient oral care due to impaired cleaning abilities
or limited help provided by the nursing staff (cf.
Fig. 6.7) [74]. Moreover, elderly patients have
difficulties in accessing professional dental care
and consequently appear at the dental office
when having denture problems or pain [74, 79].
Thus, regular oral care is required [72, 77, 80],
which includes the mechanical removal of den-
ture plaque. Figure 6.7 displays a removable
denture prosthesis with extensive accumulation
of biofilms. Several studies showed that oral
hygiene may have a positive effect on morbidity
and mortality from pneumonia: One of ten
deaths due to pneumonia in nursing homes may
be prevented by improving oral hygiene [77].
Another approach would be the development of
materials which feature as little bioadhesion as
possible. However, with regard to respiratory
microorganisms no scientific data are currently
available regarding an impact of the substratum
material.

6.3.3 Biofilms on Resin-Based
Materials for Fixed Dental
Restorations

Scientific data on the formation of biofilms on
these materials is limited, as most of the materi-
als have only recently been introduced into the
dental market. Nevertheless, it might be possi-
ble that resin-based materials polymerized in
an industrial setting feature reduced biofilm
formation in comparison to their counterparts
which are polymerized under clinical condi-
tions. It is conceivable that milled restorations
and restorations made by heat pressing from
industrially fabricated pellets might show lower
biofilm formation due to higher homogeneity as
they also feature better mechanical properties
compared to those of non-industrially fabri-
cated materials [53]. A recent study contrasted
several restorative materials for CAD/CAM
fabrication regarding biofilm formation.
Interestingly, the acrylate-based material fea-
tured significantly lower biofilm formation in
comparison to the polymer-infiltrated ceramic
as well as zirconia [81]. The authors assumed
that materials with a higher ratio of organic
constituents (polymer) feature less biofilm for-
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mation than materials with a higher ratio of
inorganic constituents (ceramic). This conclu-
sion is surprising as several researchers have
reported conflicting results [82—84]. However,
some studies also confirmed lower biofilm
adhesion on composite than, e.g., on ceramic
surfaces [85]. Certainly, these findings depend
on the used type of ceramic or polymer, its fin-
ishing, the used bacteria species, and, finally,
the study design. Hence, these results may not
be easily transferred into clinical consider-
ations, underlining the relevance of well-
designed and adequate in vivo studies.
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Effect of Oral Biofilms on Dental
Materials: Biocorrosion
and Biodeterioration

Ivana Nedeljkovic

Abstract

By restoring decayed, traumatized, or missing
tooth tissues, dentists introduce a new sub-
strate into the oral cavity, to which dental bio-
film (plaque) can adhere and accumulate.
Even though microbial adhesion and biofilm
development and maturation on a dental mate-
rial surface follow some general patterns,
these processes also depend on the properties
of the material itself. There are specific inter-
actions between dental materials and the over-
lying biofilms. On the one hand, materials can
directly affect biofilms by releasing bioactive
compounds, which gives an opportunity for
the biofilm control and the prevention of sec-
ondary caries and other oral infectious dis-
eases. On the other hand, dental plaque has a
potential to modify the restorative material’s
surface properties, such as surface roughness
and topography, which might boost bacterial
accumulation and eventually compromise res-
toration’s longevity. Resin-based composites,
which are the most commonly used restorative
materials nowadays, seem to be particularly
prone to biofilm-induced degradation, since a
well-known cariogenic species, Streptococcus
mutans, can produce enzymes with esterase
activity, capable of breaking down the poly-

1. Nedeljkovic (D<)
Academic Center for Dentistry Amsterdam (ACTA),
Amsterdam, The Netherlands

© Springer Nature Switzerland AG 2021

mer matrix of composites. However, the regu-
latory mechanisms behind the production and
activity of such enzymes within a large com-
munity of different species in dental plaque
remain obscure.

7.1 Introduction

Biofilms and Dental Materials:
General Terms

7.1.1

As mentioned already many times throughout
this book, biofilms are surface-associated aggre-
gates or communities of microbial cells, which
are embedded in a self-produced extracellular
matrix (ECM) or extracellular polymeric sub-
stance (EPS) [1]. The fact that they are develop-
ing at a surface or an interface distinguishes
biofilm microbial cells substantially from their
planktonic or free-living counterparts. First, in
order to initially attach to the surface, microbial
cells need to express phenotypes which would
allow them to do so. Initial attachment allows
cells to stay in close proximity and to start inter-
acting with the cells from the same, but also from
different bacterial species, thereby developing a
complex multicellular community, in which they
express a number of new, so-called emergent
properties [2]. One of these properties is the pro-
duction of ECM, which is essential for the struc-
ture and functioning of a biofilm.
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Biofilms are one of the most ubiquitous modes
of life on Earth. They colonize soil, natural aquatic
systems, and all higher organisms including
humans, but also industrial and potable water sys-
tems, medical devices, ship hulls, etc. It seems
that solid-liquid interfaces between a solid surface
and an aqueous medium are particularly suitable
for biofilm development, due to their constant
need for hydration [1]. One of these kinds of habi-
tats is definitely an oral cavity. Oral cavity is a
host of more than 700 microbial species, which
grow either as planktonic cells or in the form of
biofilms, widely known as dental plaque, devel-
oping on oral soft and hard tissues [3, 4]. In addi-
tion, dental plaque may develop on the surface of
a wide variety of dental materials introduced into
an oral cavity as a part of oral rehabilitation.

Even though biofilms have a number of impor-
tant functions in nature, such as biogeochemical
cycling and symbiotic relationship with a number
of plant and animal species, including humans,
their presence often has negative -effects.
Accumulation of different micro- (and macro-)
organisms on the wetted surfaces or solid-liquid
interfaces, commonly known as biofouling,
might have a deleterious effect on the underlying
surfaces themselves, as well as on the whole sys-
tems (artificial or living) these surfaces are part
of [5]. Oral cavity is no exception here. Even
though the oral microbiome, as a part of the
whole human microbiome, plays a critical role in
many metabolic, physiological, and immunologi-
cal processes, such as maturation and differentia-
tion of host mucosa and immune system, food
digestion and nutrition, and protection from
pathogenic microorganisms, it can, under certain
circumstances, cause some of the most prevalent
dental diseases such as caries, gingivitis, and
periodontitis [4]. In addition, plaque accumula-
tion on dental restorative materials can have a
negative impact not only on the surrounding tis-
sues, but also on the underlying materials, which
might seriously affect their clinical performance.

As soon as they are introduced in the oral
cavity, dental materials start interacting with
oral bacteria. These interactions are of para-

mount importance in the process of the bacterial
adhesion and biofilm formation and accumula-
tion on the materials, and they remain important
throughout the whole service of the material in
mouth. Dental restorative materials include a
broad spectrum of materials, such as metals and
alloys, amalgams, ceramics, polymers, and
composites, all of which interact with oral bio-
films in a distinct manner. The interaction is per
definition a mutual or reciprocal action or influ-
ence (Merriam-Webster’s dictionary). Since the
effect of various bioactive and antibacterial
materials on the biofilms has already been dis-
cussed in the previous few chapters, the main
focus of this chapter will be the manners in
which oral biofilms can affect the underlying
restorative materials and the performance of
dental restorations. Also, the focus will mainly
be laid on the most commonly used dental mate-
rials for direct dental restorations, namely den-
tal composites and dental amalgams. Even
though dental amalgams have been the standard
restorative for more than a century, their use has
been gradually abandoned in many developed
countries due to their poor esthetics, as well as
health and environmental concerns [6, 7]. Dental
composites, on the other hand, have become a
gold standard for dental restorations, due to
their ability to adhesively bond to a tooth,
thereby supporting the preservation of healthy
tooth tissues, their versatility, esthetics, easy
handling, etc. Nevertheless, it seems that con-
ventional dental composites have a shorter lon-
gevity and a higher replacement rate than
amalgams, which has mainly been attributed to
their higher susceptibility to secondary or recur-
rent caries (SC) [8-10]. In addition, composites
seem to be less resistant to the degradation in a
quite challenging environment such as the oral
cavity, especially by biological factors includ-
ing oral bacteria [11]. This has brought restor-
ative material-biofilm interactions into the
spotlight, since it could give a better insight into
the secondary caries process and failures of dif-
ferent restorations and help improve new gen-
erations of restorative materials.
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The term “biodeterioration” is suitably used
when talking about the impairment of function
and/or esthetic properties of synthetic polymer
materials by microorganisms [5]. This is mainly
done through the decomposition of the polymer
chains by the microbial activity, or so-called bio-
degradation. In the remainder of this chapter,
these terms will be used to discuss biofilm-
induced alterations of dental composites and
adhesives, since their organic component, a res-
inous matrix, which actually undergoes degrada-
tion, is a polymer in chemical terms. On the other
hand, dental amalgams are composed of a mix-
ture of metal alloys, and microbial deposition on
amalgam restorations might induce a corrosion
process, known as “biocorrosion.”

7.1.2 Relevant Aspects of Biofilms

Biofilm formation on hard oral surfaces, includ-
ing dental materials, follows a general pattern
and consists of the following steps: acquired pel-
licle formation, initial bacterial cell attachment or
so-called primary/early colonization, secondary
colonization or co-aggregation, and biofilm mat-
uration, which could be followed by cell detach-
ment and dispersion [12, 13]. This process is,
however, affected by many factors, including a
number of environmental and host factors (tem-
perature, pH, oxygen levels, nutrient availability,
shear stresses, antimicrobial peptides, etc.) and
bacterial cell factors (hydrophobicity, presence of
fimbriae and flagella, production of EPS), but
also various properties of the substrate (surface
roughness and topography, stiffness, charge,
hydrophobicity, chemical composition) [1, 14]. It
is thus no wonder that both quantitative and qual-
itative differences in biofilms growing on differ-
ent dental materials have been reported. It has
been shown that conventional composites accu-
mulate more biofilms on their surface compared
to amalgams and glass ionomer cements [15]. In
addition, it seems that plaque growing on com-
posites contains a higher proportion of cariogenic
species, such as mutans streptococci and lactoba-
cilli [16, 17]. This could be explained by the lack

of antibacterial properties of composites com-
pared to other two restoratives, or by the lack of
buffering or pH-neutralizing abilities [18].
Nevertheless, it can definitely make composites
more exposed and more susceptible to biodegra-
dation, especially by cariogenic species, which as
a matter of fact seem to have a higher biodegra-
dation potential.

Irrespective of the substrate, the basic
structure of mature biofilms includes densely
packed microbial cells (from 10® to 10" cells
per gram wet weight), self-produced extracel-
lular polymeric substance (EPS), and intersti-
tial pores and channels which facilitate
transport of water and metabolites [2]. EPS
comprises the largest part of the biofilm mass
(75-95%) and is of the greatest importance in
the interactions between the biofilm and the
substrate [13]. EPS mediates the biofilm
growth at the surface of the substrate and it
imparts various important properties to the
biofilms, such as resource capture by sorption,
enzyme retention and digestive capacities,
intercellular interactions (competition and
cooperation) and metabolism, and resistance
to desiccation and antimicrobials.

EPS is actually capable of retaining and
stabilizing extracellular enzymes secreted by
bacterial cells, which allows it to function as
a sort of an external digestive system. In this
way, the concentration and thereby the effi-
cacy of bacterial enzymes are substantially
higher than in case of planktonic cells, where
enzymes easily diffuse and get diluted after
the secretion. This enzymatic system is impor-
tant for the digestion of the nutrients taken up
from the environment, but it also allows bio-
film to attack the substrate it is attached to, as
it will be discussed later in this chapter. In
addition, processes of sorption and accumula-
tion of various compounds from the environ-
ment and the compounds released from the
substrate play an important role in the modu-
lation of bioactivity and toxicity of dental
materials. These two important functions of
the EPS are schematically presented in
Fig. 7.1 [2].
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Fig. 7.1 Capturing and retention of external resources as well as extracellular bacterial enzymes by EPS in biofilms
[2]. (Permission obtained from Springer Nature, license number 4710220788887)

7.2  Biofilms and Amalgam

Restorations

Dental amalgams have been for a long time con-
sidered a gold standard among restorative mate-
rials. Nevertheless, during the last two decades
the use of amalgams has been on a steady
decline, and in many developed countries it is
nowadays merely used, or even banned, due to
health and environmental concerns [19].
Minamata Convention on Mercury (2013) is an
international treaty, which proposed a number of
measures to decrease anthropogenic emission
and release of mercury, including the phasedown
of dental amalgams, and their replacement with
mercury-free alternatives. However, due to a
relatively simple and insensitive placement tech-
nique, high longevity, and unparalleled cost-
effectiveness of amalgams, they are still widely
used, especially in low- and middle-income
countries [20].

Amalgams are alloys of mercury and other
metals, such as silver, tin, copper, and metallic
elements added to improve their physical and
mechanical properties (ADA, 2011). Dental
amalgams are the only metallic materials for
direct tooth restorations, and their interactions
with the oral environment differ substantially
from the interactions of dental composites or
glass ionomer cements, which both consist of
inorganic as well as organic components.
Amalgams have arguably the highest longevity
among direct restoratives, and it seems that they
perform particularly better compared to compos-
ites in patients with high caries risk [21]. A closer
look into the specific interactions between amal-
gams and oral biofilms could perhaps offer an
explanation for their higher resilience in oral
cavity.

Accumulation of oral biofilms on the surface
of dental amalgams has a potential to cause a
bacterium-induced corrosion or so-called biocor-
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Fig.7.2 The schematic presentation of the mechanisms of biofilm-induced corrosion

rosion. With regard to its mechanism, biocorro-
sion belongs to concentration cell type of
corrosion, which is an electrochemical corrosion
that occurs when there is a difference in the elec-
trolyte composition within one system. For
instance, when the surface of an alloy is covered
by biofilm or another kind of debris, which can
produce an electrolyte different from the one at
the rest of the surface (saliva), corrosion might
take place. Accumulation of bacterial metabolic
products, including organic acids, causes the
drop in local pH, which together with the deple-
tion of oxygen leads to the formation of a corro-
sion cell. This further causes the release of metal
ions and the formation of corrosion products [22]
(Fig. 7.2). This process is especially accelerated
in surface defects, such as pits and cracks, since
these areas are oxygen deprived. It is therefore
important to polish amalgam restorations, in
order to obtain a smooth and homogenous sur-
face less prone to plaque accumulation and
corrosion.

Biocorrosion has a two-sided effect on dental
amalgam restorations. On the one hand, it can
lead to the release of free metal ions from amal-

gam, especially zinc, copper, and tin, and at much
lower rate silver and mercury [23]. The release of
metal ions due to corrosion process is important
from the aspect of biocompatibility and toxicity
of amalgams, and it has therefore been a research
focus for a long time. It appears that the presence
of biofilms at the surface of amalgam restorations
plays another role here since they can capture and
accumulate the released ions by sorption process,
which actually retards their release into the oral
environment [24]. On the other hand, corrosion
leads to the formation of solid nonmetallic com-
pounds, such as oxides, hydroxides, and chlo-
rides of tin, copper, and zinc. These products
mostly stay bound to amalgam structure or form
a layer on top of it. Even though the formation of
corrosion products might affect the mechanical
properties of amalgams and lead to increased
abrasion and fragmentation, there is also a posi-
tive aspect of it. Namely, the formation of corro-
sion products at amalgam-tooth interface, where
a so-called crevice corrosion often occurs, can
seal the interfacial gap and prevent microleakage
and its consequences, such as postoperative sen-
sitivity and secondary caries [25]. Owing to this
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phenomenon, amalgams could be considered the
only restorative materials with a self-sealing
capacity.

It should also be mentioned that not all amal-
gams are equally prone to biocorrosion, or for
that matter to any type of corrosion. High-copper
amalgams are reported to be more electrochemi-
cally stable than low-copper amalgams. The rea-
son for this is that in high-copper amalgams the
amount of tin-mercury phase (gamma two, vy,) is
reduced, or it is completely replaced by copper-
tin phase (eta prime, "), which is more resistant
to corrosion. This resistance to corrosion contrib-
utes to improved mechanical properties and clini-
cal performance of high-copper amalgams, but
what is also important, it does not affect consid-
erably their self-sealing abilities [25].

Finally, biocorrosion of dental amalgams
should be distinguished from amalgam tarnish-
ing, which is a discoloration (darkening) of amal-
gam restoration surface due to the formation of a
thin, adherent, and insoluble film at its surface,
consisting mainly of silver and copper sulfides.
Although they negatively affect the esthetics of
amalgam restorations (loss of luster), they do not
seem to affect mechanical and functional proper-
ties of amalgams, and are even considered to act
protectively against the corrosion.

Biodeterioration of Dental
Composites

7.3

As mentioned above, dental composites seem to
accumulate more plaque compared to dental
amalgams and glass ionomer cements. This
makes them in a way more exposed to the adverse
effects of Dbiofilms or biodeterioration.
Nevertheless, dental composites are the most
commonly used restorative materials and it is of
utmost importance to have a better understanding
of the damage they might suffer due to plaque
accumulation and the biodegradation processes
taking place in oral cavity.

Biodeterioration of composites is considered
to be able to seriously compromise the function
and longevity of composite restorations, and it
has been therefore extensively investigated dur-
ing the last decade. It appears that various proper-

ties of dental composite restorations could be
altered through the biofilm accumulation and the
biodeterioration process, such as their surface
properties (roughness and topography), mechani-
cal properties, marginal integrity, and esthetics.
The extent of these alterations, their clinical rel-
evance, and the potential clinical repercussions
will be discussed in the following paragraphs.
Following that, the underlying mechanisms of
biodeterioration and composite biodegradation
will be tackled, as well as the current approaches
to improve the resistance of contemporary com-
posites to biodegradation.

7.3.1 Effect on Surface Properties

of Composites

Since biofilms attach and develop at the restora-
tion surface, that is expectedly the part of a resto-
ration first affected by microbial degradation.
Influence of biodegradation on the surface prop-
erties of composites, such as surface roughness,
topography, and surface hardness, has therefore
been most extensively investigated in literature to
date. Several studies demonstrated that cario-
genic species S. mutans can degrade the surface
of dental composites, and thereby increase the
surface roughness and change the surface topog-
raphy [26, 27]. This has gained a lot of attention
since the increase in surface roughness can boost
further bacterial accumulation. Nevertheless, it
seems that this effect depends on the type of bio-
film used in in vitro studies. Gregson et al. (2012)
have shown that cariogenic species S. mutans can
noticeably change surface topography of com-
posites and increase its roughness, while a non-
cariogenic species S. sanguinis does not exhibit
the same biodegradation potential [28]. In another
in vitro study a significant increase in surface
roughness of two composites after 6-week incu-
bation with S. mutans single-species biofilms was
found, while there was no significant increase in
roughness after the exposure to a multispecies
model, consisting of S. mutans, S. sanguinis, A.
naeslundii, and F. nucleatum [29] (Fig. 7.3).
Even though it was shown that few other oral spe-
cies, such as S. gordonii and A. naeslundii, also
have the ability to degrade the composite surface



7 Effect of Oral Biofilms on Dental Materials: Biocorrosion and Biodeterioration 91
a | 10 x 10 um images
bc
b
40 o °
E
\(; 30 d c c a
g e de bc . o I
5 20 of do o o B
- : —e— ; :
e tooe e = e e R
A S e
T = — - = -
0l ==
[ ] I I R I I I I ] I I I I 1
pasei® BHl g mule™ yxed 1y (r5) CE pasei™® Bl o quian® ived gy(EHS) GE
Tetric EvoFlow Gradia Direct
b 1 x 1 um images
B
4 — A Be 8
— B -
£ B BE
g 37 ’ cD g8 < BCD
i > T == e
£ 2 — : D DE - e BN - g
=2 —_— i : 7
e 5 o o el el
0 14 — = B == : - i =
= == - i
2 ==
0 |

pase™® Bl ¢ utaN® \yixed gy (PHD) CE
Tetric EvoFlow

Fig. 7.3 Root mean square (RMS) roughness values of
the samples of two composites measured by atomic force
microscopy (AFM) at lower (a) and higher (b) resolution,
at baseline (Baseline), and after 6-week incubation under
the following conditions: in sterile bacterial growth

and increase its roughness [28, 30], most of the
studies are focused exclusively on the “old vil-
lain” S. mutans. However, in the light of the latest
research, which suggests that biodegradation
potential of S. mutans diminishes when co-
cultured with other species, clinical relevance of
the in vitro studies on composite biodegradation
using single-species models with S. mutans
should be questioned, especially considering the
fact that dental plaque is a community of more
than 700 species.

Another critical question here is whether the
increase in surface roughness observed in the
abovementioned in vitro studies is clinically rele-
vant and whether it can actually lead to an increase

Base\'\ﬂe gl s‘m\_\taf‘s‘\]\‘\xeda\,\\kp\’\a CE
Gradia Direct

medium (BHI), with S. mutans biofilm (S. mutans), with
mixed four-species biofilm (Mixed), in sterile bacterial
growth medium with pH adjusted to 5 (BHI(pH 5)), and in
cholesterol esterase solution in PBS (CE) [29]. (Permission
obtained from Elsevier, license number 4710221190144)

in bacterial accumulation. Teughels et al. tried to
determine a critical value of surface roughness
above which a significant increase in bacterial
accumulation can be observed [31]. The obtained
average roughness (R,) value of 200 nm (which
corresponds to root mean square (RMS) value of
220 nm) is way much higher than the roughness
measured on biofilm-exposed composite surfaces
in in vitro studies, which approximately ranged
from 10 to 50 nm [26, 29]. It therefore seems that
the ability of certain oral bacterial species, such as
S. mutans, to degrade the surface of dental com-
posites has no potential to seriously compromise a
clinical performance of composite restorations. It
should however be kept in mind that bacterial deg-
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radation is only one of the modes of material deg-
radation taking place in oral cavity. Its effect on
restoration surface should be therefore investi-
gated in combination with mechanical degradation
or wear, in order to determine the possible syner-
gistic effects.

7.3.2 Effect on Mechanical
Properties and Wear

Apart from surface roughness and topography, it
has been suggested that biofilms can affect other
mechanical properties of composites, such as the
surface hardness and the wear rate. The results of
several in vitro studies, however, disputed this. No
decrease in flexural strength and surface hardness
was detected in composite specimens incubated
with S. mutans, S. sanguinis, and S. gordonii bio-
films for 6 weeks [28]. In another study, no change
in surface hardness was detected after 1 month of
incubation with S. mutans biofilm [26].

There is also no scientific evidence to date that
the exposure of composites to biofilms or to the
organic acids at the concentration found in dental
plaque can increase the abrasion and wear of a
composite surface [32, 33]. In addition, it is
worth mentioning that biofilms hardly ever
develop at the sites which typically experience
wear, such as occlusal surfaces.

Based on the present literature it could be con-
cluded that bacterial degradation of dental compos-
ites takes place at and is limited to the outer material
surface, without affecting materials’ inner (bulk)
structure and thereby their mechanical qualities.

7.3.3 Effect on Tooth-Composite
Interface

Integrity of the tooth-restoration interface is cru-
cial to achieving high longevity and optimal clin-
ical performance of composite restorations. It
seems, however, that during restoration service in
oral cavity this interface may considerably dete-
riorate, which may eventually lead to the restora-
tion failure [34]. Deterioration is a consequence
of mechanical as well as biochemical degrada-

tion of different components of the interface,
such as tooth mineral tissue, dentin collagen
fibers, and adhesive layer. This can further lead to
a so-called micro- and nanoleakage of bacteria
and their metabolites, which can cause tooth sen-
sitivity and development of secondary caries. It
has recently been demonstrated that bacteria
from dental plaque can significantly contribute to
the interfacial degradation. As already mentioned
above, S. mutans has an esterase activity at the
levels that can degrade dental composites and
adhesives [27].

Even though composite biodegradation tak-
ing place at the restoration surface might not
have serious clinical consequences, as dis-
cussed above, the same cannot be said for the
biodegradation happening at the tooth-compos-
ite interface. It has been demonstrated that
enzymes similar to the ones produced by S.
mutans could degrade the adhesive layer and
create a gap large enough to allow bacterial
colonization and formation of a biofilm [35].
This is particularly important since it has
recently been shown that interfacial gaps of
only around 30 pm in size could lead to the pro-
gression of secondary caries next to a compos-
ite restoration [36], which is considerably lower
than previously thought [37, 38].

Biofilm degradation of the tooth-composite
interface is also reflected on the bond strength
between dentin and composite. Li et al. demon-
strated a reduction in bond strength after speci-
men exposure to multispecies biofilms, especially
in the presence of sucrose in the growth medium
[39]. The observed reduction in bond strength
has not been attributed only to the dentin demin-
eralization, but also to the hydrolysis of the adhe-
sive resin by either bacterium-produced acids or
bacterium-produced enzymes.

7.3.4 Effect on Esthetic Properties
of Composites

Excellent esthetic properties are one of the great-
est assets of dental composites, and one of the
main reasons for their high popularity among
patients and dentists. Nevertheless, during their
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service in the mouth, the appearance of compos-
ite restorations can significantly deteriorate, and
the discoloration they undergo can be per se a
reason for the restoration replacement, especially
in the esthetic zone. The percentage of composite
restorations replaced due to bulk and marginal
discoloration has been reported to range from 3%
to as high as 22%, and was often reported to be
the second or third most common reason for the
replacement [40-42]. Furthermore, it appears
that the staining of composite fillings is associ-
ated with patient’s poor oral hygiene, and accu-
mulation of oral biofilms is often stated as an
important intrinsic factor affecting color stability
of composites [43, 44].

Nevertheless, the literature about the direct
influence of biofilms on the deterioration of
esthetic properties of composites is quite scarce.
A relatively recent study investigated the effect of
S. mutans biofilm on the color and translucency
of experimental composites with and without
bioactive glass fillers [45]. The results showed no
difference in the change of optical properties
after the exposure of the control composite to S.
mutans culture and to the growth medium alone,
which implies the absence of any direct effect of
bacteria whatsoever. S. mutans biofilms were
used in this study because of the high production
of acids, which were long considered contribut-
ing factors to the color change of composites.
There is, however, no sound scientific evidence
for that, and more research with multispecies bio-
film models is needed to get a better insight into
direct effects of oral bacteria on optical proper-
ties of composites.

On the other hand, biodegradation of compos-
ites and adhesives could affect esthetics of com-
posite restorations indirectly. An increased
roughness of composite surface also means a
larger surface for the adsorption of pigments
from foods and beverages. It has been shown that
different polishing techniques and initial rough-
ness of composites can influence their color sta-
bility, but it seems that this depends to a great
extent on the type of composite material [46].
Also, biodegradation of the adhesive bond can
lead to the leakage and accumulation of pigments
at the tooth-composite interface and cause mar-

ginal discoloration, which, as already mentioned,
can be a reason for the restoration replacement.

7.3.5 Mechanisms of Bacterial
Degradation

Composite biodegradation is based on the hydro-
lysis of the chemical bonds present in resin poly-
mer matrix, such as ester, urethane, and amide
bonds. Hydrolytic reaction can be catalyzed or
facilitated by acids, bases, and also different
enzymes, when we talk about enzymatic hydroly-
sis and enzymatic degradation. Bacteria from
dental biofilms are known to be able to efficiently
produce organic acids under cariogenic chal-
lenge, especially so-called cariogenic bacterial
species, such as mutans streptococci and lactoba-
cilli, which are present at higher proportions in
cariogenic biofilms. Therefore, it has long been
considered that the main mechanism of microbial
degradation of composites in oral cavity is an
acid-catalyzed hydrolysis [47]. During the recent
years, however, it has been demonstrated that S.
mutans species can produce enzymes from the
class of esterases, similar to cholesterol esterase
(CE) and pseudocholinesterase (PCE) found in
saliva, which are able to degrade methacrylate
monomers within composite matrix, such as
TEGDMA and BisGMA. Moreover, the pro-
duced esterase remains stable and active even at
low pH level of 5.5, which is found in cariogenic
plaque [48]. The mechanism of microbial degra-
dation of resin composites and adhesives can be
thus regarded as a combination of acid- and
enzyme-catalyzed  hydrolytic ~ degradation.
Nevertheless, a recent study, which investigated
the effect of biofilms on the surface of resin com-
posites, suggested that bacterial enzymes, rather
than acids, play a role in microbial degradation of
composites, since no effect of bacterial growth
medium with low pH (pH = 5) on the tested com-
posites was observed [29] (Fig. 7.3).

Even though bacterium-produced acids have
little contribution to the degradation of composite
surface, their role in the interfacial degradation
seems to be quite prominent. Apart from the
demineralization of tooth mineral tissues, which
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Fig. 7.4 Structural formulas of monomers most commonly found in dental composites

is an important aspect of interfacial degradation,
bacterium-produced acids could also be respon-
sible for the activation of certain proteolytic
enzymes present in saliva and in dentin. These
enzymes are known as matrix metalloproteinases
(MMPs) and cysteine cathepsins, and they are
considered to play a part in the interfacial break-
down by degrading collagen fibrils in hybrid
layer [49].

7.3.6 Susceptibility/Resistance
to Biodegradation

Not all composites are equally prone to hydro-
lytic degradation, and the susceptibility to degra-
dation largely depends on the material
composition. In the first instance it is determined
by the silanated filler fraction, as highly filled
composites show a higher resistance to the bio-
degradation than composites with a lower filler
content. This is no surprise considering the fact
that the resin matrix is a vulnerable component of

composites when it comes to chemical degrada-
tion, and in highly filled composites a smaller
matrix surface is exposed to the activity of
enzymes [50].

In addition, susceptibility to degradation is
determined by the resin matrix chemistry, as cer-
tain types of resin monomers are more prone to
hydrolysis than others. Ester bonds, which are
present in most of the currently used monomers,
are particularly susceptible to degradation.
However, the presence of other chemical groups
on monomer molecules and their interactions can
affect their stability considerably. Among most
commonly used resin monomers, which are pre-
sented in Fig. 7.4, triethylene glycol dimethacry-
late (TEGDMA) seems to be the most susceptible
to degradation [51]. A possible reason for this is
the presence of ethylene glycol segments, which
attract water molecules and increase the water
uptake, leading to a higher chance for hydrolysis
[11]. Aromatic cross-linking monomer bisphenol
A-glycidyl methacrylate (BisGMA) and its eth-
oxylated version (BiSEMA) are more stable than
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TEGDMA, due to the presence of hydrophobic
aromatic rings in their backbone, which partly
protect polar groups from water and hydrolysis.
Nevertheless, their susceptibility to hydrolytic
degradation is still quite high [52]. On the other
hand, monomers containing urethane groups,
such as urethane dimethacrylate (UDMA), but
also urethane-modified BisGMA, show consider-
ably lower susceptibility to degradation com-
pared to other monomers present in contemporary
composite materials [51, 52]. Urethane groups
can form hydrogen-bonded structures which can
restrict the access of enzymes to the cleavage
sites, thereby delaying enzymatic reaction and
protecting ester bonds in their vicinity from the
hydrolysis. In addition, the elimination of
hydroxyl groups by the formation of urethane
links in urethane-modified BisGMA leads to an
increased hydrophobicity of the monomer and a
higher resistance to hydrolytic attack.

In the last years, much research has been
devoted to designing new monomers with differ-
ent chemistries, which would have a higher resis-
tance to biodegradation in oral cavity. Several
studies reported quite promising results with
experimental monomers for composites, as well
as for adhesive resins. Gonzalez-Bonet et al. syn-
thesized and tested an ether-based monomer tri-
ethylene glycol divinylbenzyl ether
(TEG-DVBE), which showed no signs of degra-
dation in PBS, cholesterol esterase (CE), and
pseudocholine esterase (PCE) solutions, com-
pared with BisGMA and TEGDMA, which
degraded at different levels [53]. Another group
tested a quaternary methacrylamide-based
ammonium fluoride and demonstrated a high
resistance of this antibacterial monomer to hydro-
lysis in acidic environment [54].

7.4 Conclusions

Interactions between dental restorative materials
and oral biofilms might be an important determi-
nant of their clinical performance. Certain quali-
ties of restorative materials, such as antibacterial
and pH-neutralizing effect and lower plaque
accumulation, but also higher resistance to bacte-

rial degradation and biodeterioration in the oral
cavity, can contribute to an improved longevity of
dental restorations. This can explain superior lon-
gevity and resistance to secondary caries of den-
tal amalgams, which do not seem to be adversely
affected by oral biofilms. They can even benefit
from the biocorrosion, since the solid by-products
of corrosion can seal the gap at the tooth-
restoration interface, thereby preventing microle-
akage and development of secondary caries.

On the other hand, dental composites seem to be
more vulnerable to biodeterioration, which might
affect various composite properties. The effect of
biofilms on surface roughness and mechanical
properties, such as surface hardness and wear,
seems not to pose a clinical problem. However,
bacterial degradation can contribute to the disinte-
gration of the tooth-composite interface in multiple
ways, including the breakdown of the adhesive
layer, tooth mineral tissues, and dentin collagen.
Interfacial degradation, in its turn, can lead to mar-
ginal discoloration and deterioration of compos-
ite’s appearance. Nevertheless, the direct effect of
oral biofilms, as well as the combined effect of bio-
films and exogenous discoloring factors on esthetic
properties of composite restorations, has been
scarcely investigated and is still not clear.

Resin chemistry plays a crucial role in the
resistance of composites to bacterial degradation.
The research on designing new, more biochemi-
cally stable formulations of resin monomers is
gaining increasing attention, and encouraging
results have already been reported. Improved bio-
stability of dental composites would help to
improve their clinical performance and prolong
their service in mouth.
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Tooth-colored dental restorations, especially
the ones produced chairside, have relatively
short durability, leading to additional tooth
loss and high costs. This chapter reviews pre-
vious research and highlights future consider-
ations for designing new dental composite
restorative materials. Materials that address
failure due to the interactions with oral bio-
films are explored, since secondary caries is a
leading cause for restoration replacement. The
process of dental caries is briefly reviewed,
emphasizing the surface interactions between
biofilms and materials, and the tooth structure.
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tions is described, and future perspectives are
discussed. Importantly, a novel method for
studying ion release from new dental materi-
als and their interaction with the oral biofilm
is presented.
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8.1 Introduction

The primary reasons that resin-based dental com-
posite restorations of posterior teeth are consid-
ered to have failed and need replacement are
material fracture and the diagnosis of recurrent
caries [1, 2], the latter being most typically asso-
ciated with the gingival margins of interproximal
restorations [3]. This outcome suggests that the
clinical performance of dental composite restora-
tions could be improved if the material were spe-
cifically designed to make the restored tooth
more resistant to microbial biofilms and/or their
secreted metabolic products. Attempts to do this
have addressed the likely material qualities that
influence this process, such as resin shrinkage
during the polymerization process that creates
substantial stress and leads to marginal debond-
ing and gap formation, improved dental adhe-
sives to resist resin contraction forces, and
enhanced adhesive/composite formulations that
resist intraoral degradation, especially at the mar-
ginal interface, in part by the elimination or
reduction of ester groups in the monomers.

In order to design new materials that can resist
the deleterious effects produced by biofilms, it is
important to understand the conditions driving den-
tal biofilm formation at or near restoration margins.
The oral cavity contains a rich and diverse popula-
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tion of microbes, and particularly important are
acidogenic species that cause the demineralization
of adjacent tooth structures. Understanding the
mechanism by which these microbes adhere to tooth
surfaces and dental restorative materials to form
complex and potentially antibiotic-resistant biofilms
is crucial for determining how to deter them. Further,
it is critical to determine what potential components
of dental composites can affect biofilm adhesion,
viability, and virulence, and then whether it is pos-
sible to include these components into a material
without negatively affecting its properties and per-
formance. Many examples of the incorporation of
potentially antimicrobial components have been
proposed [4, 5]. The most examined approaches
have been the development of materials capable of
releasing specific ions, such as silver or other metals,
that have microbe-killing potential, as well as the
incorporation of organic antimicrobial compounds,
such as quaternary ammonium molecules, which
may be either released to kill microbes or bound to
serve as contact-killing agents [6]. More in-depth
information on this topic is available in Chap. 10.To
date, no successful solution has been clinically
proven, which explains why the main cause of fail-
ure for these materials has not changed for decades.
The overall goal of this chapter is to review pre-
vious research and highlight future considerations
for designing new dental composite restorative
materials, specifically those that can address fail-
ure due to the recurrence of dental caries. To
accomplish this, the process of dental caries is
reviewed, with specific emphasis on the potential
interaction between microbial biofilms and tooth
and dental composite surfaces. The materials
design solutions currently being studied to address
this issue are then discussed, as well as future
ideas for producing improved materials. Finally,
the development of a novel method for studying
ion release from new dental materials and their
interaction with the oral biofilm is presented.

Section 1: Dental Biofilm
Formation

8.2

Dental biofilm formation follows distinctive tem-
poral and spatial patterns. Recent advances in
oral microbiome composition studies using next-

generation sequencing techniques have identified
a highly diverse microbiota present on teeth with
considerable variation among different subjects
[7-9] and Chap. 1. At the same time those micro-
biome studies have challenged oral disease etiol-
ogies. For example, the archetypic -caries
pathogen Streptococcus mutans is rarely found in
deeper caries lesions and its abundance can be
relatively low in other caries lesions [9-11] and
Chap. 3. Furthermore, advanced imaging tech-
niques used to visualize dental plaque biofilm
formation in situ [12] have also challenged the
traditional picture of biofilm development based
on in vitro co-aggregation studies [13, 14]. Yet
those new developments are rarely considered as
basis for the development of new dental materi-
als. Overall biofilm formation is highly complex
and therefore difficult to recreate in the labora-
tory setting. However, careful planning can
include some of the new developments in experi-
mental setups to develop and test new dental
materials. This section describes some of the
concepts of biofilm formation and discusses its
implications on dental material development. For
a more detailed description on molecular aspects
of dental biofilm formation see [15].

8.2.1 It Started with a Film

Initial biofilm formation requires attachment of
bacterial cells to the tooth surface. The pioneer
colonizer group of streptococci is able to directly
adhere to the major mineral found in dental
enamel, hydroxyapatite [16]. However, in vivo
the tooth and any dental composite are covered
with a saliva-derived film called the acquired
enamel pellicle (AEP) [17]. Its importance and
main roles are described in Chap. 2. Streptococci
are especially well equipped with adhesins that
recognize salivary pellicle proteins. One of the
most abundant proteins in AEP is a-amylase,
catalyzing starch hydrolysis, and the ability to
directly interact with amylase is conserved
among streptococci [18]. Furthermore, the major
mucins MUC7 (low molecular weight) and
MUCSB (high molecular weight) are prevalent in
AEP but differ in abundance [19]. Mucins, pro-
duced by salivary glands, are glycoproteins and



8 Considerations for Designing Next-Generation Composite Dental Materials 101

form a lubricating, viscoelastic coating on all oral
surfaces and pioneer colonizers are able to bind
to mucins [20]. Why are amylase and mucins rel-
evant in the context of dental material develop-
ment? Both proteins determine selectivity for
specific bacterial groups and amylase and
MUCSB seem to be depleted in the AEP com-
pared to saliva, but this was not seen for MUC7
[19]. Interestingly, one of the most abundant
streptococcal species associated with oral health,
Streptococcus sanguinis shows a high specificity
for binding MUC7 via surface protein SrpA [21].
Conceptually, developing dental materials that
support binding of MUC7, which predominates
in saliva of caries-resistant individuals [22], and
at the same time deterring MUC5B and amylase
binding would not only promote attachment of a
health-associated species, able to delay coloniza-
tion of cariogenic species like S. mutans [23], but
also help in the clearance of other species that
bind to MUCS5B and amylase through saliva flow
[24]. Moreover, divalent cations like Ca** and
Mg?* present in saliva in concentrations greater
than 1 mM in healthy individuals [25] play an
important role in the binding ability of oral strep-
tococci to the AEP. Chelation of both cations
decreased binding to several salivary and AEP
components [26]; thus in any biofilm experiment
testing dental materials, those cations should be
present, ideally in saliva. These two examples
illustrate the importance of considering how the
biological environment can influence binding
and community selection of the oral biofilm.

8.2.2 Biogeography: Where
to Attach Matters

After initial attachment to the AEP, biofilm devel-
opment is defined in several stages, which can be
distinguished genetically [27]. The dental biofilm
develops into a dynamic multispecies population
(including bacteria, viruses, fungi, archaea, and
certain protozoa) comprised of up to 30,000 spe-
cies in any one individual, with an overall human
population-wide microbial richness that has not
been fully assessed. Once initial attachment has
been successful, which is a reversible process,

bacteria fully commit to the biofilm lifestyle,
which includes the formation of the biofilm-
stabilizing and -protecting extracellular polysac-
charide matrix (EPS) (Fig. 8.1). First,
microcolonies of mainly Streptococcus and
Actinomyces start to develop on the tooth surface
and restorative materials by cell proliferation and
integration of free-floating microbes from saliva
[28]. The biofilm matures over time and the last
stage includes a dispersal process to colonize
new sides (Fig. 8.1). However, a recent study
shows that the process is much more elaborate
and that a previously underestimated species
plays a significant role in supragingival plaque
formation. In this study, Corynebacterium was
established as a key taxon in supragingival
plaque. Corynebacterium seems to adhere at the
gingival margin forming spatial structures that
resemble hedgehogs, with several other species,
including streptococci attaching to the long fila-
ments Corynebacterium forms [12]. The key in
this observation lies in the fact that mature bio-
films in vivo have a spatial arrangement and spe-
cies composition that single or multispecies
in vitro systems cannot reconstitute.

The question that arises is if single or multi-
species biofilms comprised of a few species are
relevant and adequate in material testing. For
example, a common bacterial species used is S.
mutans due to its ability to form very tenacious
and “sticky” EPS made from sucrose. In addition,
S. mutans serves as a model for lactic acid pro-
duction, which is responsible for tooth deminer-
alization and caries development [29]. Overall S.
mutans seems like a logical candidate. However,
as of today it is not known where S. mutans spa-
tially organizes in the dental biofilm. There is no
doubt that it is frequently isolated from subjects
with caries, but is the majority of S. mutans in
direct contact with the AEP and therefore poten-
tially in contact with the dental material? Or is S.
mutans associated with other bacterial species in
structures that are located close to the tooth sur-
face but not in direct contact, and thus contact-
dependent killing mechanism would not be very
effective? Similar, does the EPS provide a “buf-
fer” for S. mutans that shields it from direct con-
tact with the AEP and dental material?
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Fig.8.1 Adaptation of identified stages of biofilm forma-
tion to the dental composite surface. During biofilm for-
mation several stages occur. During the attachment stage,
early colonizing species attach to the proteinaceous sali-
vary pellicle (AEP) on the tooth enamel via adhesins.
Secondary and late colonizers will co-aggregate using
receptors present on the early bacteria and each other to
build the biofilm during the growth stage. For the matura-
tion stage, bacteria begin to communicate metabolically
through the release of small molecules and substrates for

The difference of S. mutans isolated from dis-
tinct intraoral sites or subjects further compli-
cates the selection of appropriate S. mutans
strains. Some of the strains are good biofilm
formers and others have a better ability to with-
stand stress [30].

One of the stunning observations of biofilm
architecture is the development of water chan-
nels, which enables the biofilm community to
exchange metabolites and signaling molecules
and dispose of toxic compounds that otherwise
would accumulate in the biofilm structure [31]. S.
mutans can be used again as an example, since it
forms in vitro biofilms in the presence of sucrose
that are very compact, lacking comparable struc-
tures developed by in situ dental plaque [12, 32].
This allows S. mutans to limit diffusion of lactic
acid. However, antimicrobial components leach-
ing into S. mutans in in vitro biofilms could reach
potentially higher local concentrations due to the
diffusion limitations and exert antimicrobial

cross feeding. Antimicrobial components such as H,O,
and bacteriocins are produced increasing competition.
Additionally, genetic information is exchanged via the
release of extracellular DNA, which also plays a structural
role in the biofilm. Green circles represent early coloniz-
ers; orange circles and blue rods, secondary colonizers;
purple rods, fusobacteria; white circles and yellow and red
rods, late colonizers. In the third and fourth panels, the
grey represents the exopolysaccharide matrix (EPS)

activity, while in vivo the local concentration
might be much lower due to the water channels
and salivary flow.

For material testing, the position and type of
the colonizing microbe, antimicrobial suscepti-
bility, or general ability to cope with stress is very
relevant and should be modeled as close to the
in vivo situation as possible.

8.2.3 Biofilms: The Smart Ones

Microbes in general are perfectionists when it
comes to adaptation. There are several reasons
for this, one of them being the ability to exchange
genetic material [33]. It has been shown that den-
tal biofilm bacteria, especially the group of oral
streptococci, are able to develop a physiological
state called competence that enables the uptake
of extracellular DNA present in biofilms [34].
This developmental state is induced under bio-
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film growth conditions and allows among other
things for the exchange of antibiotic resistance
genes. Considering that the trend is towards the
development of dental materials with antimicro-
bial or antifouling activity, it is surprising that the
development of resistance mechanisms is seldom
addressed. In vitro development of biofilms on
dental materials might not be reflective of the
in vivo situation regarding the development of
resistance mechanism. Any dental material
in vivo is always adjacent to a sound tooth sur-
face, which allows unaltered biofilm formation.
Therefore the biofilm might come into close
proximity with the dental material, just close
enough to be exposed to the antimicrobial mech-
anism of the material without getting severely
affected. This is the ideal scenario for the devel-
opment of resistant mechanisms.

8.2.4 Biofilms on Dental Materials:
What Are We Missing?

Recreation of complex biological systems is not
always feasible and requires reductionist
approaches. Nonetheless, information about den-
tal biofilm formation in situ, species composi-
tion, and microbial metabolic activity, as well as
the oral microbial secretome, is available [12, 35,
36]. A careful assessment of the biological infor-
mation and necessary implementation of this
knowledge into dental material development and
testing are possible. Unfortunately, key informa-
tion about certain aspects is still missing. How
biofilm architecture and development appear on
dental materials in subjects is not known. Similar,
whether or not the biofilm species composition
on dental materials resembles the composition on
sound dental surfaces needs to be determined.
The same holds true for AEP.

Section 2: Formulation
of Materials with Biological
Activity

8.3

Intense research has developed in the area of anti-
microbial and antifouling materials for direct
restorative applications [37], with the main

objective of impeding or at least hampering the
attachment of caries-forming bacteria with sub-
sequent biofilm maturation. These materials and
compounds will be summarized in the first part of
this section. If biofilm development cannot be
prevented, a possible second line of defense is to
remineralize the lost tooth structure. This will be
the focus of the second part of this section.

8.3.1 Preventing Bacterial
Attachment and Biofilm
Formation: Antibacterial
Compounds Applied to Dental

Composites

Antibacterial materials have been developed to
target different aspects of biofilm establishment,
including direct bacterial destruction via small
molecule release [38] or contact kill mechanisms
[6], antifouling strategies [39], and disruption of
the extracellular matrix [40]. Classic examples of
small molecule release include silver particles,
triclosan- and chlorhexidine-containing com-
pounds [41], which when incorporated directly
into the matrix result in burst release but not a
sustainable antibacterial effect [38]. In contrast,
the incorporation of antimicrobial agents within
mesoporous silica particles allows for controlled
release over longer periods of time [38]. However,
these have had limited use due to concerns over
deteriorating mechanical and optical properties
resulting from water exchange.

An alternative to incorporating leachable
compounds is to produce molecules that can be
covalently attached to the polymer network of the
restorative materials, such as polymerizable qua-
ternary ammonium methacrylates [42, 43]. These
materials have a quaternized, cationic nitrogen
atom associated with a side alkyl chain of varied
length (Fig. 8.2a). The proposed mechanism of
action involves attraction of the negatively
charged bacterial wall by the positive charge in
the monomer. Once this contact is established,
the long alkyl chain interacts with the lipoproteic
membrane and “bursts” the bacterial wall [44].
The length of the alkyl side chain is critical to this
mechanism [45], with one study showing a five-
fold reduction in bacteria when comparing chains
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Fig. 8.2 (a) General structure of a quaternary ammonium
methacrylate. The size of the side chain () has been corre-
lated withthe antibacterial activity. (b) 2-Methacryloyloxyethyl

with 16 vs. 3 carbons [44]. The antibacterial
effect is also a function of the surface charge con-
centration [46]. For some compositions, positive
effects are achieved without compromising
mechanical properties [47]. A common criticism
to this approach is that it requires surface contact,
and even if the bacteria are killed upon contact,
disrupting the initial formation of a biofilm, if the
early colonizers are not effectively removed from
the surface, subsequent colonization onto the
debris left behind still can occur with formation
of a potentially virulent biofilm. While in a few
studies QAMs showed effectiveness in the bulk
of mature biofilms [48], the possibility that this
was related to leaching of antimicrobial mono-
mers that did not properly polymerize cannot be
eliminated, also creating concerns over cytotox-
icity and overall material stability [49]. Moreover,
the effect of QAMs on persister cells (dormant
bacterial cells highly resistant against antimicro-
bial killing) has not been completely elucidated
[50]. Despite intense research, there is only one
example of commercial QAM-based material
(Clearfil Protect Bond, Kuraray).

QAMs have also been proposed as antifouling
monomers, such as 2-methacryloyloxyethyl
phosphorylcholine (MPC, shown in Fig. 8.2b)
[51, 52]. This polymerizable methacrylate con-
tains a phospholipid chain that reduces protein
absorption, bacterial adhesion, and cellular
attachment to reduce pellicle formation [51, 52],
and has been shown to lead to a fourfold decrease
in biofilm formation compared to unmodified
controls, acting synergistically with other QAMs
added to the composition [52].

More recently, antibacterial materials based
on zwitterionic compounds (carboxybetaine and
sulfobetaine structures) have been investigated

OH

o > \|/ SN
I ™

2-methacryloyloxyethyl phosphorylcholine

phosphorylcholine—MPC. This monomer has been added to
composites to impart antifouling properties

(Fig. 8.2a). These materials are responsive to
environmental conditions such as pH and hydra-
tion [53, 54]. One carboxybetaine compound was
shown to reversibly switch between an open-ring,
antifouling conformation and a closed-ring, anti-
bacterial conformation as a function of the pH,
and significantly decreased E. coli biofilms [54].
With this mechanism (Fig. 8.2b), the initial goal
is to impede bacterial attachment to the surface,
but if this does not happen, once the formed bio-
film creates acid and the pH is reduced, the mol-
ecule switches and becomes bactericidal [54].
These compounds, however, also rely on a con-
tact kill mechanism, and their efficacy against the
Streptococcus genus, which is knowingly more
resilient than E. coli, has not been investigated to
date.

Functionalized diamond nanoparticles have
been demonstrated to reduce the formation of
some biofilm species, such as E. coli, but were
not effective against S. aureus [55]. Glycan func-
tionalization in particular seems to be effective
against E. coli [56], while oxidized and nega-
tively charged surfaces have shown antibacterial
properties against E. coli and B. subtilis [57].
Untreated particles did not seem to prevent
Pseudomonas biofilm growth, regardless of par-
ticle size and distribution [58]. These particles
have yet to be tested against the more resilient
Streptococcus genus.

More recently, materials targeting the disrup-
tion of the formation of the biofilm extracellular
matrix have been investigated principally con-
centrating on compounds capable of disrupting
the formation of EPS [40]. Glucosyl transferase
(GTF) is a significant enzyme in this process. A
significant amount of small-molecule GTF inhib-
itors have been screened, including



8 Considerations for Designing Next-Generation Composite Dental Materials

105

2-aminoimidazole and its derivatives [59], hydro-
chalcones [60], the FDA-approved anticancer
and antimicrobial drug trimetrexate [61], and
several others specifically designed using in
silico docking to selectively target the active site
of the catalytic domain from S. mutans GTF [40].
The inhibition mechanism varies (either direct
downregulation of gene expression or inhibition
of GTF binding—[40]) or regulates cell growth.
All of these compounds have the advantage of
being highly selective to pathogenic bacteria (S.
mutans), but not commensals (i.e., S. sanguinis),
and being effective at relatively low concentra-
tions (low MIC values) [40], though their release
must be controlled to have a sustained effect.
Efforts are underway to make similar molecules
polymerizable, such as imidazolium dimethacry-
late, which has been shown to disrupt biofilm for-
mation when added at very low concentrations
(2%) to a dimethacrylate monomer matrix of a
filled composite, without compromise to the
short-term mechanical properties [62]. Finally,
specifically targeted antimicrobial peptides have
been shown to selectively kill S. mutans with
high efficacy, while at the same time favoring the
colonization of commensal streptococci [63].
Other strategies, such as the use of surfaces
with super-hydrophobic and super-hydrophilic
character [64], or with micro- or nano-patterned
structures [65], are also promising for use in bio-
medical applications including dentistry. For
example, one study has demonstrated that varia-
tions in topographical features, such as nano-
pattern  size, concentration, and spatial
distribution, can significantly impact the adher-
ing pattern and stretching degree of bacterial cell
membranes [66]. Others have demonstrated
increased antibacterial effect when nano-
patterned surfaces were combined with antimi-
crobial peptides [67]. These strategies represent a
safer alternative to antibiotic-derived therapies.

8.3.2 Remineralizing Materials
There is a movement in dentistry to take a more

conservative, nonsurgical, approach to restorative
dentistry, with emphasis on the remineralization of

non-cavitated lesions and tooth structure associ-
ated with restorations (see also Chap. 9). The most
common available materials are based on fluoride-
releasing formulations, including glass ionomer
cements, which have demonstrated some success
at preventing secondary caries formation via dis-
placement of the de/remineralization equilibrium
towards the remineralization side [68]. Fluoride
also promotes the formation of the less soluble flu-
orapatite [69], and has some direct antimicrobial
effect [70]. However, this approach is only effec-
tive in small, incipient lesions and requires the
release of fluoride ions into the oral cavity [71].
Highly filled fluoride-releasing composites have
shown significantly lower fluoride release than
glass ionomers [72], and the fluoride addition may
reduce mechanical properties [73]. One experi-
mental material based on novel chelating mono-
mers demonstrated sustainable fluoride release
with mechanical properties similar to conventional
composites [74], but the remineralization capabil-
ity was not assessed. Others have attempted to
associate amorphous calcium phosphate (ACP) in
one fluoride-releasing formulation, rendering bet-
ter remineralization potential without affecting
mechanical properties [75].

While it is intuitive to attempt to use crystal-
line calcium phosphates for remineralization
in vivo, this is difficult due to the inherent low
solubility of the compounds, especially in the
presence of fluoride ions [76]. Brushite and
fB-tricalcium phosphate (B-TCP) are the most sol-
uble among the crystalline phases, and therefore
the more heavily studied, demonstrating good ion
release from brushite-containing dental compos-
ites for selected formulations [77] and for f-TCP
functionalized with sodium lauryl sulfate [78].
Their remineralization potential has yet to be
investigated. Crystalline calcium phosphates
have also been incorporated in sol-gel-processed
or melt-derived bioactive glasses [79, 80], with
some evidence for remineralization of surround-
ing tooth structure [81], and desensitization via
dentin tubular occlusion [82]. More recently, a
bioactive glass produced via a sol-gel mechanism
has been shown to decrease bacterial coloniza-
tion and demineralization in restoration marginal
gaps in a secondary caries model [83].
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Composites formulated with amorphous cal-
cium phosphates (ACP) produce enamel remin-
eralization around restorations, but high
concentrations of ACP reduce mechanical prop-
erties [84]. When the ACP is limited to around
10%, remineralization effects persist without a
loss of mechanical properties [85], especially if
the ACP particles are silanized [86]. Up to
40 wt% ACP has also been added to dental
adhesives, where the mechanical requirements
are not as stringent, and calcium and phosphate
ion release at low pH (~4) has been demon-
strated without compromising microtensile
bond strength [87]. Some studies have shown
that the incorporation of nanocomplexes of
carboxymethyl chitosan/amorphous calcium
phosphate is capable of mimicking the stabiliz-
ing effect of dentin matrix protein 1 (DMP1) on
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Fig. 8.3 (a) General structure of a zwitterionic methacry-
late in the closed- and open-ring conformations. The
monomer switches between these two conformations
according to the conditions of the environment, and alter-
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ACP, which helps guide dentin remineralization
in a more organized, hierarchical fashion [88].
ACP has also been combined with quaternary
ammonium methacrylate monomers [42, 89] in
composites and adhesives to render the material
antimicrobial and remineralizing at the same
time. The combination of QAM monomers and
ACP in composites did not affect properties,
and produced in vitro antimicrobial effects
against various oral pathogens and remineral-
ization [90].

Calcium silicates are being used as reminer-
alizing agents, through calcium release as well
as via stimulation of transforming growth factor
(TGF) beta-1 production, which in turn leads to
progenitor cell differentiation and dentin tissue
formation at the interface with the material [91].
These materials have poor mechanical proper-

.

release

+

' 4

Open
ring

nates between antimicrobial and antifouling. (b)
Schematic representation of the antimicrobial vs. antifoul-
ing switching of zwitterionic surfaces. (Modified from
[54D)
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ties, but products have been commercialized for
pulp  capping  applications  (Theracal®,
Biodentine®, Activa®). Biodentine presented
similar clinical performance to mineral trioxide
aggregate (MTA, or Portland cement) [92], and
has been further modified to include fluoride-
release capabilities [93], though the anticaries
potential has yet to be investigated. Finally,
high-pH materials designed for pulp capping
applications, based on either calcium hydroxide
or MTA, have demonstrated consistent reminer-
alization potential in deep dentin lesions and are
widely available commercially [94]. More
recent developments, such as modification with
photoactivated resins, have aimed at improving
their mechanical strength and stability [95]
(Fig. 8.3).

Section 3: Novel Method
for Characterizing New
Dental Material
Formulations

8.4

As materials become more highly developed, so
too does the need for technology that can be used
to characterize them. In addition to establishing
the structure and physical properties of these new
materials by use of microscopy and mechanical
based techniques, there is a growing need to
understand the chemical properties of these new
composites, such as the amount of metal ions or
other polyanions that they release. These param-
eters affect the longevity of the materials and
their efficacy in preventing biofilm growth on
their surfaces. At present, the most commonly
used techniques involve collecting an aliquot
from an overnight composite soaking solution
and injecting it into an inductively coupled
plasma mass spectrometer to quantify the amount
of metal ions. However, the major shortcomings
of these techniques are that they do not provide
any information about the real-time release pat-
tern, especially the local chemical environment
just above the composites. The local environment
is especially important for designing composites
that can control biofilm formation, as bacteria are

able to sense only a couple of hundreds of
micrometers above the composites. To address
these shortcomings, a new electrochemical
sensor-based analytical technique has been devel-
oped, scanning electrochemical microscopy
(SECM), in which particular sensors (pH, Ca?*,
H,0,, etc.) are used as chemical probes to map
the corresponding parameter in three-dimensional
space above the composites [96—101].

8.4.1 Introduction of SECM

The basic operating principles of SECM have
been described [102-104], and a full in-depth
technical description of this technique can be
found in the monograph by Bard and Mirkin
[105]. SECM is a nondestructive scanning probe
technique used to characterize both soft and hard
surfaces, such as live biofilm or dental compos-
ites. A unique feature of this technique is the abil-
ity to position the chemical probe at a known
distance from the substrate (biofilm or compos-
ite) without touching it. In SECM, the probe is
positioned by using a distance-current calibration
curve or feedback approach curve (as it is com-
monly known in the SECM literature). Typically,
a 25 pm Pt electrode or tip is mounted on a high-
resolution x—y—z stepper motor while the sub-
strate is placed inside a solution-containing petri
dish on the SECM stage, as shown in Fig. 8.4a. A
reference (Ag/AgCl) and a counter electrode
(0.5 mm Pt wire) are also placed in the same
solution to complete the electrical connection
with the working electrode or the 25 pm Pt elec-
trode/tip. In practice, potassium ferrocyanide
(because of its nontoxicity towards bacteria) or
oxygen is added to the solution and a diffusion-
controlled potential (a high overpotential to oxi-
dize or reduce everything at the electrode surface)
is applied to the tip while it simultaneously
moves in the z-direction towards the substrate. As
the tip approaches an insulating substrate, the dif-
fusion of the redox molecules present in the solu-
tion becomes blocked by the insulating glass
sheath surrounding (Fig. 8.4a) the tip, causing the
current to drop, as shown in the negative feed-
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Fig. 8.4 (a) Schematic diagram of the scanning electro-
chemical microscope (SECM). The arrow showed the two
different types of electrodes used as a SECM chemical
probe. The 25 pm Pt electrode is generally being used as
an amperometric mode redox sensor and the 25-35 pm
electrode is a specially designed dual-function
(amperometric-potentiometric) mode sensor to map redox
molecules and cations, respectively. (b) The schematic
representation of the blocking of diffusion of oxidized
species (O) towards the probe where the O is reduced
instantly at the electrode surface. O and R represent the

back approach curve (Fig. 8.4b, c). In contrast,
when the tip approaches a conducting surface,
where the redox species produced by the probe is
regenerated, the redox probe measures an
increase in current and a positive feedback
approach curve is obtained. In biological or com-
posite testing samples, however, the positive
feedback approach is rarely observed or used.
The approach curve is plotted as a normalized
current versus a normalized z-direction distance
(see Fig. 8.4). After the distance between the
probe and substrate is fixed, the solution is
replaced with the relevant buffer solution without
the redox mediator and the SECM probe is
switched to the desired potential to detect and
quantify the molecule of interest. The probe can
also be switched to a potentiometric mode in
which the potentials generated by the ions of
interest can be measured with respect to time. For
example, pH and Ca®* can be measured selec-
tively and quantitatively by using a SECM poten-
tiometric probe, as discussed later.

a i b
Le
= Y B
\

06 Negative feedback approach curve

0.4

Normalized Current

O R il

Insulator 00

oxidized and the reduced forms of the same redox mole-
cule. (¢) The current-distance response curve or negative
feedback approach curve used to position the probe. The
x-axis is the normalized distance where r is the radius of
the probe and d is the distance between the probe and the
substrate. The y-axis is normalized current where the cur-
rent is normalized by the current recorded by the probe at
L = 10. The approach curve is universal current-distance
working curve as it is valid for any redox molecules and
any probe size

8.4.2 Characterization
of Biomaterials/Biofilm
Interactions with SECM

New types of solid-state ion-selective electrodes
have been developed for use as a SECM chemical
probe to characterize the local pH and Ca*
released by ion-releasing composites, such as
those containing a bioactive glass (BAG)
(Fig. 8.5a). One of the major limitations in minia-
turizing the traditional plastic-based ion-sensing
membrane is its insulating nature in conducting
current, as well as its high impedance. Thus, our
lab designed two individual sensors: (1) the first
is a dual-SECM probe, with one 25 pm Pt elec-
trode to perform the amperometric approach
curve and fix the probe distance and another
25 pm Pt electrode coated with polyaniline to act
as a pH sensor; this dual probe is used to quanti-
tatively map the local pH change caused by the
BAG composite substrate (Fig. 8.5a, b) when
exposed to pH 4.5 saliva; (2) the second type of
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Fig. 8.5 (a) Schematic diagram of pH-dependent cal-
cium ion release from pure bioactive glass (BAG) when
immersed in acidic solutions (pH 5.5 or lower). (b) Three-
dimensional SECM image of pH distribution above the
BAG surface. pH imaging was performed over 1.6 mm of
the exposed BAG surface (100 and 1000 pm above) in
artificial saliva at pH 4.5. The transparent purple sphere

SECM probe is a carbon-based, calcium ion-
selective microelectrode (Ca**-pISME), 25 pm in
diameter, used to correlate the change in local pH
and the corresponding Ca’* release profile above
the BAG composite surface. This unique Ca’-
pPISME (ion-selective microelectrode) is capable
of performing an amperometric approach curve
and serving as a potentiometric Ca** sensor.
These sensors show a lower detection limit of
1 pM and broad linear working range of
5 pM-200 mM with a near-Nernstian slope of
28 mV/log a_ ,. . The response time of these sen-

Ca2+

d Ca? (mM)
1.2

1.1
1.0
1.0
0.9
0.8

represents the neutralized zone produced by the BAG. (c)
z-Direction Ca** profile above the BAG substrate in the
presence of artificial saliva of pH 4.5, 6.0, and 7.2. (d)
Three-dimensional SECM image of calcium ion release
from the BAG surface when exposed to artificial saliva
(pH 4.5). The image was taken at a constant height of
200 pm from the BAG surface

sors is around ~200 ms while being highly selec-
tive against major interfering ions. The selectivity
coefficients of the Ca**-ISMEs are log K

Ca™, A

—5.88, —5.54, and —6.31 for Mg*, Na*, and K*,
respectively. Due to the high carbon content in
these Ca’>*-pISME, it is capable of performing an
amperometric approach curve that aids the probe
in being positioned at a known distance above the
substrate. This allows the probe to quantitatively
map the Ca?* microenvironment produced by a
pure BAG substrate in the presence of three dif-
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ferent solutions (pH 4.5, 6.0, and 7.2). The
z-direction scan shows that the local (20 pm
above the substrate) Ca?>* concentrations are
1.40 £ 0.10, 0.85 = 0.05, and 0.35 + 0.10 pM,
respectively (Fig. 8.5¢). Three-dimensional Ca?*
distribution chemical image at z =200 pm is also
showed in Fig. 8.5d. As evident from the concen-
tration profile showed in Fig. 8.2¢c, d, the change
in chemical concentration of Ca®* is all local
along with the neutralization zone. The z-
direction pH profile mapped the neutralization
zone produced by BAG and to elucidate the
chemical microenvironment to which the bacte-
ria would be exposed when grown on these mate-
rials. Hence, one can also use this technique not
only to characterize dental composites, but also
to aid in the design of new materials. For exam-
ple, one can design different concentrations of
Ca**-releasing BAG particles and resin compos-
ites to achieve the target local Ca** concentration
to create the chemical microenvironment required
to hinder or eliminate the bacterial growth.

8.5 Conclusion

It is logical to assume that future dental compos-
ite development will be aimed at making materi-
als that are antimicrobial, as well as having the
capacity to remineralize adjacent tooth structure.
Understanding the formation and function of oral
biofilms is critical for accomplishing this goal.
With this knowledge, the addition of appropriate
specific compounds to the resin, either as leach-
able or bound organic compounds or as ion-
releasing fillers, can be attempted to produce
effective materials. Further development and use
of highly sensitive sensing methods, such as
SECM, are important in the design process, by
providing an accurate assessment of the temporal
and spatial release of these agents under appro-
priate conditions.
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Multifunctional Restorative Dental
Materials: Remineralization
and Antibacterial Effect

Roberto Ruggiero Braga

Abstract

Remineralizing biomaterials have been a long-
time pursuit in dentistry as a strategy to prevent
or at least postpone the development of caries
lesions around existing restorations, fissure
sealants, and orthodontic brackets. Glass-
ionomer cements, with a track record spanning
four decades, have shown good results in situ.
However, their low mechanical properties and
bond strength to the tooth structure are limiting
factors in several clinical situations. In the last
decade, calcium orthophosphates (e.g., amor-
phous calcium phosphate/ACP), bioactive
glasses (e.g., 45S5), and calcium silicates (e.g.,
mineral trioxide aggregate/MTA) have been
tested as ion-releasing fillers in dentin bonding
systems and resin composites. In vitro testing
showed unequivocal evidences of hybrid layer
remineralization, which reduces permeability
and collagen degradation, therefore contribut-
ing to the longevity of bonded interfaces. On
enamel, composites containing calcium ortho-
phosphates were shown to promote mineral
recovery in vitro and reduce mineral loss in
situ. Besides fostering remineralization, some
of these particles may also grant antimicrobial
activity to resin-based materials, making them
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“multifunctional restorative materials.” Studies
show that bioactive glasses are effective against
some bacterial species due to their alkalinity
and effect on osmotic gradient. For calcium
silicates, however, there seems to be no con-
sensus among authors regarding antimicrobial
effect, while calcium orthophosphates and
glass-ionomers show no evidence of intrinsic
antimicrobial activity.

9.1 Introduction

Restorative materials with remineralizing and
antibacterial properties are not unknown to den-
tistry. For instance, calcium hydroxide and glass-
ionomer cements (GIC) have a very long history
of clinical use. The last few decades, however,
have seen a surge in research of new multifunc-
tional resin-based materials combining both
effects in a vast range of applications including
desensitization of exposed cervical dentin, biomi-
metic dentin remineralization, atraumatic restor-
ative treatment (ART), orthodontic cements, pulp
capping, and as direct restorative materials. These
new materials contain bioactive glass, calcium
silicate, or calcium orthophosphate particles dis-
persed in a dimethacrylate-based resin matrix.
Because the antibacterial effect is not necessarily
the primary feature of these ion-releasing fillers,
other antibacterial agents (e.g., chlorhexidine or
silver nanoparticles) can be associated.
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Multifunctional materials are intended to pro-
mote apatite deposition in hard dental tissues
(e.g., ART and remineralization of resin-
infiltrated dentin) or to prevent the development
of caries lesions by increasing mineral uptake
after a demineralization event (e.g., bracket
bonding and direct restorative materials). In
either case, antibacterial activity is important to
facilitate the intended outcome. Depending on
the clinical situation, these effects are necessary
only for relatively short periods of time or may be
needed for as long as possible.

In this chapter, the current and most relevant
findings on the research leading to the develop-
ment of remineralizing and antibacterial materi-
als are presented.

9.2  Calcium Orthophosphates

The first attempts of using calcium orthophos-
phates (CaP) as fillers in restorative composites
date back to the 1980s. Interestingly, these stud-
ies focused not on remineralization, but on the
development of coupling agents to improve adhe-
sion to the tooth structure [1]. Later on, hydroxy-
apatite (HAP) particles were tested as reinforcing
fillers, as its relatively low hardness could reduce
composite wear damage [2]. It was also in the
mid-1990s that amorphous calcium phosphate
(ACP) started to be tested as bioactive filler in
resin-based materials [3]. ACP is an intermedi-
ate phase in HAP precipitation and that, along
with its relative solubility, makes it suitable as
ion-releasing filler. Other orthophosphate phases,
such as dicalcium phosphate anhydrous (DCPA),
dicalcium phosphate dihydrate (DCPD), and
tetracalcium phosphate (TTCP) are also found in
the literature.

The development of remineralizing compos-
ites containing CaP particles is not without its
drawbacks. For instance, the incorporation of
CaP particles in dimethacrylate matrices leads to
significant reductions in fracture strength due to
the lack of a strong particle-resin interaction [4].
Therefore, there is a trade-off between bioactiv-
ity and mechanical strength [5]. Other mechani-

cal properties, such as elastic modulus and
fracture toughness, are less sensitive to the pres-
ence of CaP particles [6]. In order to improve the
interaction between CaP particles and resin
matrix and minimize the loss in strength, it is
possible to functionalize these particles with
organic molecules, such as carboxylic acids,
silanes, or dimethacrylates [7-9]. These mole-
cules work as coupling agents, binding to cal-
cium and copolymerizing with the monomers in
the matrix, and also improving the wettability of
the resin on the particles.

Another point of concern is the long-term
degradation of these materials. Since calcium
and phosphate release occurs at the expense of
particle surface dissolution, it is licit to assume
that over time oral fluids would find opened
pathways at the filler-matrix interfaces to pene-
trate the material and increase matrix degrada-
tion. There are very few studies that investigated
this topic, with contradictory findings. While a
more severe degradation was verified in compos-
ites containing DCPD after 28 days in water in
relation to the control material [6], no differ-
ences were observed due to the presence of ACP
after 2 years in water [10].

9.2.1 Remineralization Studies

Resin-based materials foster remineralization by
releasing calcium and phosphate ions in super-
saturating levels. Also, the presence of calcium in
the biofilm increases fluoride retention, which
also helps to prevent demineralization [11]. Ton
release is determined by a number of factors,
such as solubility of the calcium orthophosphate
phase [12], particle surface area [9], CaP volume
fraction in the composite [13], hydrophilicity of
the resin matrix [14], and pH of the immersion
medium [15]. In vitro studies have demonstrated
that ionic concentrations released by CaP-
containing composites are capable of promoting
apatite precipitation [16, 17]. However, ion
release does not occur indefinitely. Experimental
composites containing 20 wt% of ACP showed
ion release up to 70 days under very acidic condi-
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tions (pH 4), which increase particle erosion and,
consequently, boost ion release [18].

Composites containing calcium orthophos-
phate particles were shown to promote mineral
recovery in enamel artificial caries lesions
in vitro. Small fractions of hydrophilic mono-
mers such as 2-hydroxyethyl methacrylate
(HEMA) and methacryloyloxyethyl phthalate
(MEP) were added to the matrix to enhance fluid
access to the particles. A dimethacrylate-based
material containing 40 wt% of ACP (without
reinforcing fillers) was able to recover 38% of the
mineral content of the lesion (quantified by trans-
verse microradiography, TMR) and reduce lesion
depth by 23% after 2 weeks of pH cycling. In the
same study, a composite containing HAP was as
ineffective as the control composite with silica
particles due to its reduced solubility [19, 20].
When compared to a commercial orthodontic
cement containing fluoride, an ACP composite
(40 wt%) promoted a mineral recovery of 14%,
against 4% of the fluoride composite.
Interestingly, in the top third of the lesion the
mineral gain was higher for the fluoride material,
while the ACP composite promoted higher min-
eral deposition at the deeper regions [19, 21].
Another study showed that after 30 days of pH
cycling, an experimental composite containing
40 wt% of ACP and 20 wt% of reinforcing glass
promoted 22% of mineral gain, in comparison to
6% of a commercial restorative composite con-
taining ytterbium trifluoride [22].

The experimental model utilized in the studies
mentioned in the previous paragraph does not
truly represent the intended use of these materi-
als, though it does serve as a “proof of concept”
[21]. In a more clinically relevant in situ
experiment, the protective effect of an ACP-
containing composite on the surrounding enamel
was verified as mineral loss and lesion depth was
significantly lower than around a conventional
composite after 14 days. Also, calcium and phos-
phate concentrations in the biofilm formed on the
specimens were statistically higher [23].

In a series of studies, a two-paste resin cement
containing approximately 40 wt% of tetracal-
cium phosphate (TTCP) and dicalcium phos-

phate anhydrous (DCPA) intended for indirect
pulp capping or atraumatic restorative treatment
(ART) material was tested in vitro and in vivo.
Under static conditions (immersion in saliva-like
solution, SLS, for 5 weeks), the cement was
shown to promote a 38% recovery in dentin min-
eral content [24]. The use of a bonding agent
between the demineralized dentin and the cement
reduced remineralization, possibly due to cal-
cium binding by the acidic monomers in the
adhesive [25]. In vivo, the cement was applied
directly on caries-affected dentin and under a
conventional resin composite. After 3 months,
calcium and phosphorous content was signifi-
cantly higher in the treated dentin in comparison
to the untreated control and similar to sound den-
tin levels up to a 30 pm depth [26].

Finally, in another example of in vitro top-
down dentin remineralization, experimental
composites containing 40 wt% of ACP and
20 wt% of either silanated glass or TTCP pro-
moted 43-48% mineral recovery after 8§ weeks of
pH cycling [27].

9.2.2 Antibacterial Activity

The addition of calcium orthophosphate particles
in resin-based materials does not seem to provide
any significant protection against biofilm forma-
tion. For example, the aforementioned in situ
study found no reduction in the number of
Streptococci and Lactobacilli colony-forming
units (CFUs) grown on an ACP-containing com-
posite in relation to the control [23].
Notwithstanding, the same material showed
some acid-neutralizing activity, promoting a raise
in pH from 4 to 7, which could reduce the growth
of acidogenic bacteria [28]. The buffering capac-
ity of CaP-containing resin materials, though
insufficient to reduce biofilm growth, was con-
firmed in a subsequent study [29].
Multifunctional composites and bonding
agents associating calcium orthophosphates with
quaternary ammonium monomers [30-32], silver
(Ag) nanoparticles [32, 33], or chlorhexidine
[34] were tested with overall good results in
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terms of antibacterial activity. Particularly in the
case of adhesive systems, antibacterial agents can
be added to both the primer and the bonding
resin, while ACP was added to the latter. Bond
strength tests showed that the addition of antibac-
terial agents and calcium phosphate particles did
not reduce bond strength after 28-day storage
[31]. Transmission electron microscopy revealed
the presence of ACP agglomerates and Ag
nanoparticles in the resin tags [35].

Recently, silver phosphate/calcium phos-
phate particles were synthesized. These parti-
cles are capable of producing metallic Ag
nanoparticles in situ when exposed to UV-Vis
radiation (<530 nm), therefore, in the range
emitted by dental light-curing units. Calcium
release from resin materials containing
20-30 wt% of these mixed phosphate particles
was similar to that of calcium phosphate only,
while S. mutans CFU count was reduced by
three log units [36].

9.3  Bioactive Glasses

Silica-based (SiO,) glasses have been widely
studied in the past 50 years, after Hench and
colleagues found out that certain compositions
can chemically bond to bone [37]. The most
studied glass composition (Bioglass™ 45855,
458i0,, 24.5Ca0, 24.5Na,0, 6P,0s, in wt%;
“5” meaning a 5:1 calcium-to-phosphorus molar
ratio) showed good results when used for pulp
capping in animal models [38] and is found in
products indicated for the repair of alveolar
bone defects [39] and treatment of dentin hyper-
sensitivity [40].

Similarly, 45S5 glass plates were shown to
bond to etched dentin (35% phosphoric acid for
15 s) after 3 weeks in artificial saliva [41]. The
basic bonding mechanism can be summarized as
follows: at initial stages of glass dissolution, side
groups on type I collagen fibers can bind to the
negatively charged particle surface; at later
stages, an interfacial layer of hydroxycarbonate
apatite (HAC) nucleates on top of a silica gel
layer containing silanol groups (Si—~OH), with

interpenetrating collagen fibers [42]. Interestingly,
apatite-wollastonite (A/W) glass-ceramic
(4.6Mg0, 44.9Ca0, 16.3P,0s, 34.2Si0,, in wt%)
did not bond to dentin. Other bioactive glass
(BAG) compositions, such as S53P4 (53Si0,,
23Na,0, 20Ca0, and 4P,0s, in wt%), were capa-
ble of promoting HAC deposition and obliter-
ate the dentin tubules after 24-h immersion in a
BAG suspension followed by 2 weeks of incuba-
tion [43].

9.3.1 Remineralization Studies
BAGs have been tested for dentin remineraliza-
tion with promising results. Demineralized den-
tin bars were shown to recover the
carbon-to-mineral ratio (determined by thermal
analyses) of natural dentin after 30-day immer-
sion in a suspension of nanometric 45S5-type
particles (30-50 nm, surface area: 64 m?g).
However, the flexural strength and elastic modu-
lus remained similar to those of demineralized
dentin [44]. In fact, more recent studies have
demonstrated that acidic polymers are necessary
as biomimetic precursors in order to guide dentin
remineralization and recover its mechanical
properties (i.e., bottom-up remineralization) [45].
Apatite deposition, with obliteration of dentinal
tubules, was also observed on demineralized den-
tin samples treated with 45S5 (20 mg for 1 min)
after 7-day storage in artificial saliva [46].
Adhesive systems containing BAGs have
been tested as a way to reduce the long-term
degradation of the bonded interface. The incor-
poration of 30 wt% of 45S5 particles (<10 pm)
in a Bis-GMA/HEMA resin adhesive was able
to maintain the microtensile bond strength to
dentin after 6 months in phosphate-buffered
solution (PBS), compared to a 37% reduction
displayed by the control adhesive [47]. One of
the mechanisms proposed to explain the lower
degradation was that mineral deposition would
replace water-rich domains within the hybrid
layer, reducing hydrolysis. The precipitation of
calcium phosphates also interferes with metal-
loproteinase (MMP) and cathepsin activity,
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reducing enzymatic degradation of the collagen
[48, 49].

Apatite deposition from composites contain-
ing both silanized reinforcing glass and BAG par-
ticles was also tested. When 15 wt% of BAG
particles with Ca/P = 4 was added to a commer-
cial flowable composite, apatite formation was
verified after 20 days in simulated body fluid
(SBF) [50]. Experimental resins containing 37.5—
50.0 wt% of 4555 were shown to prevent enamel
demineralization after 45-day immersion in lactic
acid. The proposed mechanism was acid neutral-
ization by the ions released from the glass [51].

Similarly to what was described for CaP-
containing composites, the effect of bioactive
glass particles on the mechanical properties of
experimental composites is a clinically relevant
concern. The replacement of reinforcing fillers
by 10 or 15 wt% of bioactive glass (65% SiO,,
31% CaO, 4% P,0s in mols, particle size: 0.04—
3.0 pm) did not lead to significant reductions in
flexural strength or fracture toughness in com-
parison to the control composite. Also, the pres-
ence of bioactive glass did not increase composite
degradation after 2-month immersion in brain-
heart infusion medium [52].

9.3.2 Antibacterial Effect

The antibacterial effect of bioactive glasses is a
topic of great interest in orthopedics, as a way to
prevent medical device-associated infections
(MDAIs) in joint and bone implant surgeries
[53], and a consensus seems to exist among
authors about BAG efficacy against bacteria.
Bioactive glasses are considered materials with
intrinsic antimicrobial activity due to the release
of ions such as Na* and Ca** that leads to a local
increase in osmotic concentration and pH. As a
result, there is an unbalance in bacterial intracel-
lular Ca*, leading to membrane depolarization
and bacterial death [54]. In dentistry, S53P4
(20 pm) was tested against cultures of Gram-
positive (A. naeslundii, S. mutans, and S. san-
guis) and Gram-negative pathogens (A.
actinomycetemcomitans and P, gingivalis).
Except for S. sanguis, the other species lost via-

bility after 60 min of incubation in the presence
of S53P4. Besides a pH raise to 10.8, the increase
in osmotic pressure resulting from Na* release
and bacterial agglutination (for P. gingivalis) in
the presence of Ca’* are also listed as antibacte-
rial mechanisms [55]. A similar increase in pH
was verified for 45S5 glass (90-710 pm), which
led to a 93-99% reduction in supragingival bac-
terial cultures after 3 h of incubation (A. viscous,
S. mutans, and S. sanguis). Subgingival bacterial
species (A. actinomycetemcomitans, F. nuclea-
tum, Prev. intermedia, and P. gingivalis) pre-
sented 91-100% of reduction in viability, while
the control (non-bioactive) glass resulted in
reductions of 8-62% [56].

An experimental composite containing
15 wt% of bioactive glass (65S10,, 31Ca0, and
4P,0s, in mols, particle size: 0.04-3 pm) was
able to reduce bacterial penetration along the
tooth/restoration interface. While for the control
composite the entire axial wall was infiltrated by
S. mutans after 2 weeks in a bioreactor under
cyclic loading, for the composite with bioactive
glass, only 61% of the gap depth showed bacte-
rial penetration [57].

Bioactive glasses can have their antibacterial
effect enhanced by the incorporation of metallic
elements such as silver, copper, strontium, or
zinc. Among them, Ag-doped glasses are the
most studied [53]. Ag-doped bioactive glass par-
ticles (58.6Si0,, 24.9Ca0O, 7.2P,0s, 4.2AL,0;,
1.5Na,0, 1.5K,0, 2.1Ag,0, in wt%, particle
size: 25 pm) were incorporated into a commer-
cial flowable composite. After 8 days in PBS, the
extract of the composite containing 15 wt% of
Ag-doped glass was able to completely inhibit S.
mutans growth. Interestingly, PBS pH (7.4) was
not affected by the immersion of the composite
specimens, indicating that antibacterial activity
was due to Ag release from the material [50].

9.4  Calcium Silicates

Calcium silicates share some of the characteris-
tics and mechanisms described for bioactive
glasses, in terms of both remineralization and
antimicrobial activity. The use of calcium sili-
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cates in dentistry gained mommentum in the
mid-1990s, with the development of MTA
cements (mineral trioxide aggregate) for use in
endodontics as root-end and furcal perforation
filling material [58]. MTA is a mixture of dical-
cium silicate (belite), tricalcium silicate (alite),
tricalcium aluminate and tetracalcium alumino-
ferrite (Portland cement, amounting to 75% of
the entire mass), bismuth oxide (20%), calcium
sulfate (gypsum, 5%), and trace amounts of other
metallic silicates and oxides. Hydration of MTA
produces a calcium silicate hydrate gel and crys-
talline calcium hydroxide [59].

The good results shown by calcium silicates in
several applications, including as pulp capping
materials, may explain why much of the research
on dentin remineralization produced in the last
few years has focused on these particles as ion
source. Unfortunately, no reports have been pub-
lished on the mechanical properties of resin-
based materials containing calcium silicates or
reinforcing glass fillers associated with calcium
silicates. Therefore, their reinforcing effect on
the resin matrix is still to be verified. Experimental
materials containing no reinforcing fillers and
56 wt% of calcium aluminosilicate particles in a
light-curable hydrophilic resin matrix showed
water sorption four times higher than a commer-
cial flowable composite, and similar to a resin-
modified glass-ionomer [60].

9.4.1 Remineralization Studies

The availability of calcium ions in a highly alka-
line environment created by the hydroxyl ions,
associated with the phosphate present in physi-
ologic fluids, favors the precipitation of poorly
crystalline calcium-deficient carbonated apatite
[61]. This characteristic was first identified in
relation to calcium silicates’ sealing ability
when used as root-end filling material [62].
When applied to mineral-depleted dentin, cal-
cium silicates associated with analogues of
acidic non-collagenous proteins (e.g., poly-
acrylic acid) allow for the production of meta-
stable ~ amorphous  calcium  phosphate
nanoprecursors and, at a later stage, intrafibril-

lar and interfibrillar apatite deposition (biomi-
metic, “bottom-up” remineralization) [63].
Evidences of remineralization within the hybrid
layer kept in contact with Portland cement discs
were detected after 2—4 months of immersion in
SBF containing polyacrylic acid and polyvi-
nylphosphonic acid [64].

The incorporation of Portland cement-based
particles in experimental adhesives was able to
maintain the bond strength of dentin-composite
interfaces after 6 months in SBS. According to
the authors, besides mineral deposition, the
increase in pH within the hybrid layer may inter-
fere with MMP activity [65]. The increase in
nanohardness and elastic modulus of the hybrid
layer and the reduction in micropermeability as
evidences of remineralization were also observed
after 3 months in SBS [66]. It is important to
remember that, since calcium silicates do not
have phosphorus in their composition as they rely
on external phosphate sources to promote apatite
deposition [48].

The efficacy of calcium silicates in relation to
bioactive glasses was evaluated in several stud-
ies. For example, bioactive glass 45S5 was found
to inhibit MMP activity in dentin demineralized
by both phosphoric acid and EDTA, while parti-
cles containing 90% of Portland cement and 10%
of B-tricalcium phosphate were only efficient
when applied to EDTA-treated dentin. Since
EDTA is not capable of removing all the phos-
phoproteins from the collagen, the residual phos-
phate favored calcium phosphate precipitation in
samples infiltrated with modified calcium silicate
particles. Calcium phosphates, in turn, are capa-
ble of inhibiting MMP activity, as well as form-
ing CaP:MMP complexes with restricted
mobility, preventing collagen enzymatic degra-
dation [67]. In another study, discs of resin con-
taining 33 wt% of polycarboxylated bioactive
glass or Portland cement were kept in contact
with dentin samples, immersed in artificial saliva.
After 14 days, no difference in remineralization
was observed between both groups [68]. The use
of experimental adhesives containing bioactive
glass or MTA particles (40 wt%) resulted in simi-
lar bond strength values after 10 months of stor-
age in phosphate-buffered saline, both statistically
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higher than the control adhesive without ion-
releasing particles, ascribed to the maintenance
of the hybrid-layer integrity [69].

9.4.2 Antimicrobial Effect

Most of the available literature evaluating the
antimicrobial effect of calcium silicates tested
MTA against species usually identified in peri-
apical and root infections. Similar to bioactive
glasses, MTA also shows a rapid increase in pH
after mixing due to the formation of calcium
hydroxide as one of the hydration products. Its
initial pH is 10.2, reaching a plateau at 12.5 after
3 h[58].

In spite of its alkalinity, MTA antimicrobial
activity is controversial. For example, an agar
diffusion test showed no inhibitory effect over
seven anaerobic bacteria and limited effect on
five out of nine facultative bacteria usually
found in infected root canals, either immedi-
ately or 24 h after mixing [70]. In another study
using the direct contact test, MTA showed
growth inhibition of E. faecalis and C. albicans
when placed in the culture media 20 min or 1
day after mixing [71]. The reason for the lack of
consensus in the literature has been attributed to
differences in methods and microbial strains as
well as material-related variables, such as
power-to-liquid ratio and source of the MTA
[72, 73]. An interesting finding was reported
where authors found that E. faecalis inhibition
increased when specimens made of crushed set
MTA were incubated with dentin powder [74].
This phenomenon had been reported in relation
to S53P4 glass and seems to be related to a
higher dissolution rate of the particles in the
presence of dentin powder [75].

In order to improve their antimicrobial activ-
ity, calcium silicates have been associated with
other compounds. Ag-doped and chlorhexidine-
loaded calcium silicate nanoparticles showed
good substantivity against E. faecalis due to its
retention on the dentin surface by means of an
apatite layer between the nanoparticles and the
dentin surface [76, 77]. A quaternary ammonium
monomer (QAM), 2-methacryloxylethyl dodecyl

methyl ammonium bromide (MAE-DB), added
to an experimental resin containing Portland
cement particles showed significant antibacterial
activity against S. mutans [78].

9.5 Glass-lonomers

Glass-ionomer cements (GIC) are acid-base
cements with widespread use in dentistry as
restorative and luting material, orthodontic
cement, and sealant. Their mechanical proper-
ties, however, are not high enough to allow their
use in large cavities on stress-bearing areas. Their
remineralizing and antibacterial effects are attrib-
uted to the presence of fluoride in the silicate-
based glass particles, which is initially released
upon their reaction with the polyalkenoic acids in
the cement liquid and, in smaller concentrations,
over time due to particle dissolution. From the
cariology standpoint, it is important to point out
that fluoride does not prevent caries lesion devel-
opment, but it does slow down its progression. In
fact, the incorporation of fluoride into enamel
and dentin is a consequence of the caries process
[79]. Still, the possibility of remineralizing
caries-affected dentin, associated with ease of
use and good marginal sealing, makes GIC the
material of choice in atraumatic restorative treat-
ment (ART) techniques.

There is a vast amount of literature on remin-
eralization and antibacterial properties of GIC
cements evaluated in vitro and in situ but, unfor-
tunately, the clinical evidences are scant and most
often point to the absence of significant effects of
fluoride-releasing materials regarding the pre-
vention of caries lesion development.

9.5.1 Remineralization Studies

GICs, both conventional and resin-modified ver-
sions, were shown to reduce enamel demineral-
ization in situ. When pH drops below 5.5 due to
acid production by bacteria in the biofilm, HAP
dissolution takes place. In the presence of fluo-
ride, however, this process is counteracted by the
deposition of fluorapatite, which does not disso-
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ciate at pH values above 4.5. Therefore, increases
in fluoride content in the enamel adjacent to the
restoration are actually the result of the de- and
remineralization process, and should not be
regarded as an indication of an enamel-
“strengthening effect” granted by the fluoride-
releasing material [79]. An important aspect that
must be taken into consideration in in situ studies
evaluating GIC is the association or not with
other sources of fluoride. When GIC restorations
were evaluated in patients making use of fluori-
dated dentifrices, no differences in plaque fluo-
ride or mineral loss around the restoration were
observed in comparison to a resin composite [80,
81].

Nevertheless, fluoride release from GIC seems
to be an effective way to increase mineral content
of caries-affected dentin in ART procedures. In
vivo studies revealed that fluoride from GIC pen-
etrates partially demineralized, caries-affected
dentin through an ion-exchange process taking
place to buffer the low pH of the fresh cement.
This process seems to be driven by a concentra-
tion gradient between the GIC and the demineral-
ized dentin, where fluoride and strontium (if
present in the cement particles) would precipitate
within the demineralized dentin [82, 83].
However, ultrastructural studies failed to encoun-
ter evidences of actual remineralization rather
than simple mineral uptake [84].

9.5.2 Antibacterial Effect

Studies evaluating the effect of GIC on biofilm
formation may show contradictory results due to
differences in test methods and, most impor-
tantly, to aging conditions of the specimens. In
general, freshly mixed cements show antibacterial
effect due to its initial high fluoride release and
low pH [85, 86]. However, this effect is lost with
time. For instance, biofilm collected from the sur-
face of aged (1 year) resin-modified glass-
ionomer, compomer, resin composite, and intact
enamel in vivo showed similar counts for strepto-
cocci and lactobacilli [87].

Fluoride 0.53 mmol/L (10 ppm) was shown to
change biofilm composition and reduce S. mutans

count in the presence of glucose due to a direct
inhibition of its metabolism, which reduces acid
production and favors the growth of less aciduric
species [88]. However, it is unlikely that a mate-
rial could provide such levels of fluoride to the
biofilm in the long term [79], as fluoride concen-
tration in the biofilm formed in situ on resin-
modified GIC or on dentin after acidulated
phosphate fluoride application showed values not
higher than 0.01 mmol/L [81, 89].

The antibacterial effect of fluoride released
from GIC is considered secondary to its effect on
demineralization and the clinical effectiveness of
high fluoride levels on the biofilm metabolism is
unclear at best [90]. In order to increase the anti-
bacterial effect of GIC, several approaches have
been tested, including well-known antibacterial
agents such as chlorhexidine [91], antibiotics
[92], titanium oxide nanoparticles [93], chitosan
[94], and silver nanoparticles [95].

9.6  Final Remarks
There are a multitude of compositional variables
involved in the performance of remineralizing/anti-
bacterial restorative materials. Among the ion-
releasing particles being investigated, bioactive
glasses (45S5 in particular) and calcium silicates
show good results regarding dentin remineraliza-
tion. On the other hand, most of the research on
calcium orthophosphates focuses on their use in
enamel remineralization. Overall, the bioactivity of
these materials is expected to decrease over time,
as observed with glass-ionomers, which may limit
their clinical effectivity in some applications.

These ion-releasing fillers show different lev-
els of antibacterial activity, granted by their effect
on the osmotic gradient and alkalinity. Among
them, bioactive glasses seem to be the most effec-
tive, while calcium orthophosphates seem to have
a very limited antibacterial effect. Several anti-
bacterial agents can be associated with these par-
ticles to enhance antibacterial activity.

The intense research on multifunctional
restorative materials reveals their potential in
several clinical applications. Notwithstanding, it
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is of fundamental importance to explore the
long-term performance of these materials. The
experience obtained with in situ and in vivo
research on glass-ionomers emphasizes the
importance of increasing the level of evidence in
the near future, as evaluations conducted in vitro
usually do not reproduce the complexity of the
oral environment.
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Abstract

The basic mechanical, physical, esthetic, and
bonding properties of dental resin-based mate-
rials have greatly improved with technological
developments, and the current materials used
for restorative, prosthetic, and preventive
treatments show excellent clinical perfor-
mance. The target of their continued develop-
ment is therefore shifting towards bioactive
functionality to prevent primary/secondary
diseases or promote tissue regeneration.
Among the several bioactive properties pro-
posed to further enhance dental materials,
antibacterial effects that contribute to control-
ling bacterial infection are one of the most
popular. Two approaches are available for
conferring antibacterial activity to dental
resin-based materials. One is immobilization
of antimicrobial components in/on the materi-
als that demonstrate the so-called contact inhi-
bition—inhibition of bacteria that come into
contact with the surfaces without any active
components being released. Such technology
involves utilization of a polymerizable bacte-
ricide such as quaternary ammonium com-
pound (QAC)-based resin monomers or

S. Imazato (P<) - H. Kitagawa

Department of Biomaterials Science,

Osaka University Graduate School of Dentistry,
Suita, Osaka, Japan

e-mail: imazato@dent.osaka-u.ac.jp;
h-kita@dent.osaka-u.ac.jp

© Springer Nature Switzerland AG 2021

QAC-functionalized nanoparticles. In the
other approach, the ability to liberate antibac-
terial components through controlled release
is introduced using a carrier, e.g., nonbiode-
gradable polymer particles loaded with anti-
microbials, silver  nanoparticles, and
ion-releasing glass fillers. In this chapter, two
different approaches to providing dental resins
with antibacterial properties are summarized.
In addition, the future perspectives for each
material are addressed based on the continued
development of each approach. Both technol-
ogies for achieving antibacterial materials
described here have great potential to contrib-
ute to successful dental treatments.

10.1 Introduction

The need for new-generation dental materials
with bioactive functions is a topic of great inter-
est that is discussed not only by researchers but
also by dental practitioners. Among the several
bioactive properties proposed as beneficial
enhancements for dental materials, antibacterial
effects that contribute to controlling bacterial
infection are some of the most popular.

Two major approaches are available for intro-
ducing antibacterial activity into dental resins.
One is immobilization of antimicrobial compo-
nents in/on the materials (Fig. 10.1a). This type
of material demonstrates the so-called contact
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Fig. 10.1 Antimicrobial properties conferred by contact inhibition of immobilized bactericide (a) and controlled

release of antimicrobial components (b)

inhibition, which means inhibition of bacteria
that come into contact with its surface without
any active components being released. The tech-
nology that has been intensively investigated to
achieve immobilization of antibacterial compo-
nents in dental resins is the use of polymerizable
bactericides such as quaternary ammonium com-
pound (QAC)-based resin monomers. Imazato
et al. invented the world’s first antibacterial QAC
monomer, 12-methacryloyloxydodecylpyridini
um bromide (MDPB) [1, 2], and many QAC
monomers have subsequently been developed
[3]. Dental resins with QAC-functionalized
nanofillers [4, 5] have also been reported as
another mode of QAC immobilization.

The other major approach is introducing into
resins the ability to liberate antibacterial compo-
nents by controlled release. The application of
various filler particles as drug carriers has been
investigated for this purpose [6] (Fig. 10.1b). It is
not possible to achieve controlled-release kinetics
using the classical method of mixing antimicro-
bial agents directly into materials, and the time
span in which such materials exhibit antimicro-
bial effects is short. The use of drug carriers is an
effective approach for overcoming such limita-
tions and achieving long-lasting antimicrobial
effects.

In this chapter, two different approaches for
introducing antibacterial activity into dental
resin-based materials are summarized along with
the future perspectives for each material.

10.2 Contact Inhibition
of Microorganisms by
Immobilized Antimicrobials

10.2.1 Polymerizable Bactericide:
QAC-Based Antibacterial
Monomer MDPB

In 1994, Imazato et al. reported the first polymer-
izable bactericide for dental resins: antibacterial
resin monomer MDPB. MDPB was synthesized
by combining alkylpyridinium, a type of QAC,
with a methacryloyl group [1] (Fig. 10.2). The
QAC in the MDPB molecule is responsible for
antibacterial activity, while the methacryloyl
group allows for copolymerization with other
conventional monomers. The antibacterial com-
ponent is immobilized in the resin matrix after
polymerization of MDPB (Fig. 10.3). The immo-
bilized antimicrobial is not hydrolyzed and the
antimicrobial components do not leach out in a
wet environment. Therefore, cured resins con-
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Fig. 10.2 Antibacterial CHj
resin monomer MDPB /
CH,=C
COO-CH,CH,CH,CHyCH,CH,CHoCH,CHoCHCH,CH, — N+ Br
L 1l |
Methacryloyl QAC (Dodecylpyridinium bromide)
group

Polymer network

Fig. 10.3 Immobilized MDPB in a resin matrix

taining MDPB exhibit contact inhibition at their
surfaces without detriment to their mechanical
properties after function in the mouth.

10.2.2 Application of MDPB
to Restorative Materials

Dental caries has been recognized as an infectious
disease induced by cariogenic bacteria. Attempts
to create restorative materials with antibacterial
effects have provided an important topic in dental

Covalent bond

materials science. The control of bacteria around/
beneath restorations could be advantageous for
eliminating the risk of further demineralization
and cavitation, contributing to the prevention of
secondary caries. To address the growing need for
antibacterial restorative materials, efforts have
been made to apply the antibacterial monomer
MDPB to several different materials.

The representative example of MDPB use is
for adhesive systems. Experimental self-etching
primer was prepared by incorporating MDPB,
and its antibacterial activity and cavity-
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Fig. 10.4 The world’s first antibacterial adhesive system Clearfil Protect Bond and its updated version Clearfil SE

Protect
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Fig. 10.5 The action of unpolymerized MDPB (a QAC) on a bacterium

disinfecting effects were confirmed by a number
of in vitro and in vivo studies. Based on these
findings, Clearfil Protect Bond (present product
name: Clearfil SE Protect, Kuraray Noritake
Dental Inc., Japan; Fig. 10.4), which employs a
5% MDPB-containing self-etching primer, was

commercialized as the world’s first antibacterial
adhesive system.

MDPB-containing primer can kill bacteria
rapidly based on the mechanism of action of
unpolymerized MDPB—as a QAC—on bacteria
(Fig. 10.5). When the primer containing MDPB
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is kept in direct contact with planktonic bacteria,
effective bacterial killing can be attained within
30 s. It is noteworthy that the Clearfil Protect
Bond primer can penetrate a 5S00-um-thick dentin
block and eradicate caries-related species inside
the dentin [2]. In vivo studies using beagle dogs
revealed that the MDPB-containing primer inac-
tivated bacteria in the cavity [7]. Since residual
bacteria are one of the primary causes of second-
ary caries, the cavity-disinfecting effects of the
MDPB-containing primer are expected to
improve the outcomes of restorative treatments
of caries lesions. In addition, Brambilla et al.
found from in vitro studies that biofilm formation
around the margin of restorations placed using
Clearfil Protect Bond was reduced owing to
“contact inhibition” shown by immobilized
MDPB [8].

The original aim of developing antibacterial
monomer MDPB was for development of anti-
plaque composites. MDPB was first immobilized
in the resin matrix of composites [1], and to
increase the concentration of immobilized bacte-
ricide, the prepolymerized resin filler containing
MDPB was fabricated [9]. The composites incor-
porating MDPB-immobilized filler were reported
to exhibit inhibitory effects against the growth of
Streptococcus mutans on its surface and reduce
plaque accumulation in vitro.

Recently, applications of MDPB have been
expanded to other resinous materials such as a
root canal sealer [10] and cavity disinfectant
[11]. The experimental root canal sealer, which
consisted of HEMA-based chemically cured
primer containing MDPB at 5% and Bis-GMA-
based sealing resin, was effective for killing the
bacteria inside the dentinal tubules of root den-
tin and demonstrated excellent sealing ability.
The experimental cavity disinfectant, intended
for use for various direct and indirect restora-
tions and prepared by adding 5% MDPB to 80%
ethanol, was more effective in eradicating bac-
terial infection in dentin than the commercially
available chlorhexidine-based cavity disinfec-
tant. These findings confirmed that unpolymer-
ized MDPB can penetrate deeply into dentinal
tubules and exhibit strong bactericidal activity,
which is expected to contribute to better clinical

results in  endodontic and restorative

treatments.

10.2.3 Various QAC Monomers

Based on the concept of MDPB, new QAC
monomers have subsequently been developed
(Fig. 10.6). Huang et al. [12] synthesized
2-methacryloxylethyl dodecyl methyl ammo-
nium bromide (MAE-DB) as a QAC with
dimethacrylate groups. The cured experimental
Bis-GMA/TEGDMA resin containing MAE-DB
at 10 (wt)% demonstrated antibacterial effects
against Streptococcus mutans even after immer-
sion in water for 180 days. The low-viscosity
ionic dimethacrylate monomer, bis(2-
methacryloyloxy ethyl)dimethylammonium
bromide (IDMA-1), was synthesized by the
Menshutkin reaction [13]. Incorporation of 10
(Wt)% IDMA-1 into Bis-GMA/TEGDMA resin
reduced bacterial colonization without affecting
the viability or metabolic activity of mammalian
cells.

Li et al. [14] investigated the structure-
property relationship of QAC monomers. A
series of QAC monomers with alkyl chain lengths
of 3,6, 12, 16, and 18 were synthesized and their
antimicrobial activities were evaluated. For short-
chained quaternary ammonium compounds, the

|
CHy=C — COOCH,CH,; — N+— CH,CH,00C — C = CH,
\ | Br-

CH, (CHy)11CH3 CHs

b CHj

\
CHy=C — COOCH,CH,; — N+— CH,CH,00C— C = CH,
\ | Brr

CHy CHs CHs

CHj3

CHy=C — COOCH,CHy; — N*+— (CHj,);sCH3
\ \

CH, CH,

Fig. 10.6 QAC monomers: (a) MAE-DB, (b) IDMA-1,
(¢c) DMAHDM



132

S.Imazato and H. Kitagawa

antimicrobial activity appeared to rely on posi-
tively charged ammonium groups coupling with
negatively charged bacterial membranes to dis-
rupt membrane functions, alter the balance of
essential ions, interrupt protein activity, and dam-
age bacterial DNA. Increasing chain length
reduced the metabolic activity and acid produc-
tion of saliva-derived microcosm biofilms.
Among the monomers with different alkyl chain
lengths, the molecules with a chain length of 12
or 16, such as dimethylaminohexadecyl methac-
rylate (DMAHDM, Fig. 10.6¢c), were found to
possess stronger antimicrobial effects.

Currently, many different QAC monomers are
available including methacryloxylethyl cetyl
dimethyl ammonium chloride (DMAE-CB),
dimethylaminododecyl methacrylate
(DMADDM), dimethylammoniumethyl dimeth-
acrylate (DMAEDM), 2-dimethylamino ethyl
methacrylate (DMAEMA), 2-methacryloxylethyl
hexadecyl = methyl ammonium  bromide
(MAE-HB), IDMA-2, methacryloyloxyundecyl-
pyridinium bromide (MUPB), N-benzyl-11-
(methacryloyloxy)-N,N-dimethylundecan-1-
aminium fluoride (monomer 11),
[2-(methacryloyloxy)ethyl] trimethylammonium
chloride (MADQUAT), urethane dimethacrylate
quaternary ammonium methacrylate (UDMQA),
and quaternary ammonium bisphenol A glycero-
late dimethacrylate (QABGMA) [3, 6]. The
effectiveness against oral microorganisms of the
incorporation of each monomer, without imped-
ing the physical properties, was demonstrated
using in vitro assessments.

10.2.4 QAC-Functionalized
Nanoparticles

Based on the development of various QAC
monomers, antibacterial solid nanoparticles
with QAC functionality have also been fabri-
cated. Quaternary ammonium polyethylenei-
mine (QPEI) nanoparticles exhibit strong
antibacterial effects against gram-positive and
gram-negative bacteria [15], with their anti-

microbial potency being attributed to the
abundance of quaternary ammonium groups
along the polymer backbone. Owing to their
small size and large surface area, incorpora-
tion of a small amount of the QAC nanoparti-
cles is sufficient to confer antibacterial effects
and addition of 1-2 (wt)% provides contact
killing effects to various resin-based materi-
als [16-18]. Several recent studies have
focused on surface modification of quaternary
ammonium silica-based nanoparticles (QASi)
to achieve QAC-functionalized nanoparticles
[5]. These nanoparticles can be distributed
more homogenously in polymers with less
aggregation compared with QPEI
nanoparticles.

10.2.5 Advantages
and Disadvantages

Bactericide immobilized by polymerization of
the antibacterial monomer is covalently bound to
the base resins and does not leach out. Therefore,
dental resins containing the immobilized bacteri-
cide demonstrate long-lasting inhibitory effects
against microorganisms on their surfaces.
MDPB-containing composites were confirmed to
exhibit the same level of inhibition of biofilm for-
mation when tested as cured and after 1 year of
immersion in water.

As the immobilized component has limited
molecular movement and disrupts the bacterial
surface structure through contact action, its effect
is essentially bacteriostatic rather than bacteri-
cidal. To obtain killing effects, the density of
immobilized component exposed on the outer
surface must be high, as shown by QPEI nanopar-
ticles. A further disadvantage of the strategy of
immobilizing bactericide in resins is that antibac-
terial effects are greatly reduced when the surface
is covered by salivary protein. This is a critical
problem for restorative materials used in the oral
environment, and different key technologies need
to be combined to achieve clinically effective
anti-plaque activity.
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10.3 Controlled Release
of Antibacterial Components

10.3.1 Nonbiodegradable Polymer
Particles Loaded
with Antimicrobials

Simple approaches for adding antimicrobial
components that get released in a wet environ-
ment to resinous materials have been reported for
many years. However, the release behavior of the
antimicrobial agents cannot be controlled using
these methods and continuous delivery of the
agents is challenging.

Imazato et al. [19] developed nonbiodegrad-
able polymer particles made from the hydrophilic
monomer 2-hydroxyethyl methacrylate (HEMA)
and a cross-linking monomer trimethylolpropane
trimethacrylate (TMPT), and reported their util-
ity as antimicrobial reservoirs. By modifying the
ratio of HEMA and TMPT, the hydrophilicity
and polymer network density can be controlled
[20]. Kitagawa et al. investigated loading of
cetylpyridinium chloride (CPC) into these poly-
mer particles using two different methods [20].
One method was to immerse the particles in a
CPC aqueous solution to take up CPC. While it
was found that the polymer particles consisting
of 50% HEMA/50% TMPT were useful for load-
ing and inhibition of bacteria, the duration of
release of CPC from the particles loaded using
the immersion method was short. Another method
was to add CPC powder to the HEMA/TMPT
monomer mixture and cure it to produce poly-
mers (Fig. 10.7). With this method, a marked
extension of the release period to over 120 days
was achieved. The experimental resin-based end-
odontic sealer containing CPC-premixed parti-
cles was shown to exhibit antibacterial effects for
a long period.

Moreover, the recharging of CPC into HEMA/
TMPT particles by exposure to CPC solution was
possible, and persistent antimicrobial effects with
sustained release of CPC were achieved
(Fig. 10.8). Such protocols are useful for main-
taining clean surfaces for resinous materials such
as denture bases.

Fig. 10.7 Nonbiodegradable CPC-loaded polymer parti-
cles made from HEMA and TMPT

10.3.2 Silver Nanoparticles

Silver is known to have antibacterial, antifungal,
and antiviral activity. Silver ions strongly interact
with thiol groups of vital enzymes and inactivate
them, causing DNA to lose the ability to replicate
and leading to cell death. Therefore, throughout
the long history of dentistry, mixing silver into
restorative materials has often been tried in
attempts to provide antimicrobial effects.
However, this method is not effective for provid-
ing continuous delivery of silver ions. In addi-
tion, silver incorporation results in blackening of
the materials and is not suitable for esthetic
restorations.

To overcome these problems, the addition of
silver (Ag) nanoparticles to resinous materials
has been investigated. Ag nanoparticles work as a
kind of reservoir of Ag* that can be released in a
controlled manner at a steady rate, allowing for
long-term antibacterial effects. However, Ag
nanoparticles are difficult to be dispersed in a
resin matrix since nano-sized particles tend to
aggregate and agglomerate. Therefore, to prevent
aggregation, Ag nanoparticles are stabilized by
various functional groups on their surface using
coating agents or stabilizers such as polymers,
polysaccharides, or citrates [6].

Another approach for avoiding the aggrega-
tion of Ag nanoparticles in resinous materials is a
technique for fabricating polymers with evenly
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Fig. 10.9 TEM image of silver nanoparticles dispersed
in the Bis-GMA/TEGDMA resin

dispersed Ag nanoparticles using coupling photo-
initiated free radical polymerization of dimethac-
rylates with in situ silver ion reduction [21, 22].
Experimental resins prepared with this technol-
ogy exhibit good Ag dispersion (Fig. 10.9), and
strong reduction in bacteria coverage on their
surface was observed in vitro for low-
concentration addition of Ag nanoparticles [21].

10.3.3 lon-Releasing Glass Fillers

10.3.3.1 Bioglass

Bioglass 45S5 (commercially known as
Bioglass®), composed of SiO,, Na,O, CaO, and
P,0s, is a potential candidate for use as antibac-
terial filler particles in restorative materials
because it exerts antimicrobial effects as well as
enhances hard tissue regeneration by releasing
ions [6]. Its antimicrobial effects are attributed to
the release of ions such as Ca**, which leads to a
local increase in pH that is not well tolerated by
bacteria. Resin composites containing Bioglass
65S, another type of bioglass composed of SiO,,
CaO, and P,Os, reduced bacterial penetration
into the marginal gaps of simulated tooth resto-
rations [23].

Davis et al. [24] developed glass fillers con-
taining calcium and fluoride, prepared using the
sol-gel method. It was shown that resin compos-
ites incorporating these fillers acted as a single
source of both Ca?* and F~ in aqueous solutions,
and that the composites could be readily
recharged with F~. However, because the effec-
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Fig. 10.10 Various resin-based materials containing S-PRG filler on the market

tive concentrations of Ca** and F- against
microorganisms are so high, the antimicrobial
effects of a local increase in pH due to Ca** from
bioglass, or the release of F~ from fluoride-
containing glass fillers, are limited. As a result,
additional components are needed to obtain
apparent effects against oral microorganisms.

10.3.3.2 S-PRGFiller

Surface-pre-reacted glass-ionomer (S-PRG) filler
is a material that releases multiple ions [2, 6], and
many products containing S-PRG filler (SHOFU
Inc., Japan) are already on the market (Fig. 10.10).
This filler is prepared via an acid-base reaction
between fluoro-boro-aluminosilicate glass and a
polyacrylic acid. The pre-reacted glass-ionomer
phase on the surface of the glass core allows S-PRG
filler to release and recharge F~. Moreover, S-PRG
filler releases AI**, BO;*~, Na*, SiO;>~, and Sr**
ions (Fig. 10.11). Several studies have clearly dem-
onstrated the antibacterial effects of resin compos-
ites containing S-PRG fillers against oral bacteria
including Streptococcus mutans, and bacterial

B
Surface modified layer -

Glass-ionomer phase

Glass core
(Fluoro-boro-aluminosilicate)

Fig. 10.11 The structure of S-PRG filler and the release
of multiple ions

growth inhibition was obtained by release of BO;*~
and F~ from the material. It was also reported that
the eluate from the S-PRG filler suppressed the
adherence of Streptococcus mutans, and thus bio-
film formation on the surface of resin composites
containing S-PRG fillers could be inhibited [6].
Recent investigations have revealed that
Streptococcus mutans glucose metabolism and
acid production were inhibited by low
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Fig. 10.12 The structure of BioUnion filler and the release of ions

concentrations of BO5*~ or F~ that did not affect
bacterial growth [25]. In addition, the eluate
from S-PRG fillers effectively inhibited
Streptococcus mutans growth through downreg-
ulation of genes related to sugar metabolism,
resulting in attenuation of the cariogenicity of
Streptococcus mutans [26]. Indeed, a coating
resin containing S-PRG fillers, which produces a
coating layer with a thickness of approximately
200 pm, inhibited the reduction in pH induced
by glucose consumption of Streptococcus
mutans on the material surface [27].

Ion release from S-PRG fillers is effective in
suppressing the activity of periodontal patho-
gens. The eluate of S-PRG fillers shows inhibi-
tory effects on the protease and gelatinase activity
of Porphyromonas gingivalis. It has been demon-
strated using animal studies that the eluate from
S-PRG fillers exhibited preventive effects against
tissue destruction in periodontal disease [28]. It

was also found that the coaggregation of P. gingi-
valis and Fusobacterium nucleatum could be pre-
vented in the presence of S-PRG filler eluate
[29], indicating that the release of ions may con-
tribute to the prevention of periodontitis.

10.3.3.3 BioUnion Filler

BioUnion filler is a glass powder composed of
Si0,, ZnO, CaO, and F, and can be categorized
as a bio-functional multi-ion-releasing filler [6].
It has a silicon-based glass structure and is capa-
ble of releasing Zn**, Ca*, and F~ (Fig. 10.12).
Zn** is known to exhibit antibacterial effects
against oral bacteria, and its MIC/MBC values
against Streptococcus mutans are lower than
those of fluoride. Liu et al. [30] reported unique
characteristics of BioUnion filler; that is, release
of Zn** was accelerated under acidic conditions.
Such technology enables on-demand release of
antimicrobial components from the materials.
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Fig. 10.14 Commercial product (dental cement) con-
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Once dental plaque is formed on the surface and
acidogenic bacteria produce acids, a greater
amount of Zn** is released and effectively attacks
the cariogenic bacteria in the plaque (Fig. 10.13).
While an inorganic cement for root surface res-
toration (Caredyne-Restore, GC Corporation,
Japan) is on the market at present (Fig. 10.14),
this technology is also of interest for use in resin-
based materials.

10.3.4 Advantages
and Disadvantages

Technologies for controlling release Kkinetics,
such as the application of filler particles as drug
reservoirs, are an effective way of enabling the
sustained release of antibacterial components and
achieving long-lasting antimicrobial effects.
Particles capable of recharging the antibacterial
component could be particularly practical for
sustained release in clinical applications. In addi-
tion, the antibacterial effects of immobilized bac-
tericide depend on direct contact with bacteria,
while antimicrobial release systems are effective
at inhibiting bacteria not only on the surface but
also in some areas distant from the material.
Therefore, the effectiveness in inhibiting biofilm
formation for controlled antimicrobial release
technology is essentially greater and reaches a
much wider area.

The major disadvantage of the release of anti-
microbials is the possibility of inducing microbial
shift to disrupt homeostasis. Microbial shift in the
oral cavity has been recognized as the help to
cause infectious dental diseases. It is also impor-
tant to assure biological safety regardless of the
release of antimicrobials to attain clear, long-last-
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Control composites

Composites containing
S-PRG filler

Fig. 10.15 Lower plaque accumulation on the surface of resin composites containing S-PRG filler after intraoral expo-

sure for 24 h, compared with a control

ing antibacterial effects. This is not simply about
toxicity to cells or organs, but also bacterial toler-
ance issues. It has been found that repeated expo-
sure of Enterococcus faecalis and Streptococcus
gordonii to chlorhexidine leads to resistance [31,
32], suggesting that sustained release of antimicro-
bials from materials may lead to drug resistance in
oral bacteria.

10.4 Clinical Effectiveness

Despite the fact that many studies conducted
in vitro or under clinically relevant experimental
conditions have confirmed the benefits of both
approaches—contact inhibition and controlled
release—for providing antibacterial activity with
dental resins, only a few clinical investigations
are available so far.

For QAC-immobilized resins, the clinical effec-
tiveness of MDPB-containing adhesive Clearfil
Protect Bond (SE Protect) has been demonstrated
by several studies. Uysal et al. [33] bonded orth-
odontic brackets to the premolars of 14 patients
using Clearfil Protect Bond and examined demin-
eralization of the enamel around the brackets after
30 days. They found that the hardness of the enamel
around the brackets bonded with Clearfil Protect
Bond was significantly greater than that around
brackets bonded by other commercial orthodontic
adhesives. The inhibitory effects of Clearfil Protect
Bond against tooth demineralization in the case of

composite restorations were also confirmed by in
situ testing [34]. In this study, composite restora-
tion was made in enamel blocks and kept in the
human mouth for 14 days using an intraoral appli-
ance. When Clearfil Protect Bond was used, no
demineralization was found close to the restoration
margin, while extensive demineralization was
observed at the area away from the restoration. In a
similar in situ study using a custom-made remov-
able acrylic appliance, the effectiveness of experi-
mental composites with incorporated QPEI
nanoparticles in inhibiting biofilm formation was
demonstrated [4].

Since there are many commercial products con-
taining S-PRG filler on the market, their clinical
effectiveness in terms of biofilm inhibition has been
relatively well documented. For example, commer-
cial composites containing S-PRG filler (Beautifil
II; SHOFU Inc.) significantly inhibited plaque
accumulation on their surface after intraoral expo-
sure for 24 h compared with the control composites
without S-PRG filler (Fig. 10.15) [35].

Although information obtained by in situ assess-
ments reflects the significant effectiveness of antibac-
terial materials in clinical settings, such studies are
labor and time consuming. In addition, it is not easy
to collect a large amount of results. Ethical issues are
also raised, particularly for testing experimental
materials that release antimicrobial components.
Therefore, an important future direction is to develop
convenient in vitro evaluation systems that are spe-
cifically designed for antibacterial materials, with
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realistic simulations of the oral environment. More
information on this topic is available in Chap. 4.

10.5 Future Perspectives

10.5.1 Further Improvement
of the Immobilization
Approach

10.5.1.1 Protein-Repellent Properties
Antibacterial component immobilized by polym-
erization of QAC monomers shows inhibition of
bacteria and its effect can last for long periods as
the immobilized component does not leach out.
However, immobilized component exhibits anti-
bacterial effects by contact inhibition; hence its
effectiveness is reduced as a result of salivary
protein coverage in the oral environment. One of
the approaches for solving this problem is to
introduce protein-repellent properties at the sur-
face with immobilized bactericide. The applica-
tion of molecules such as 2-methacryloyloxyethyl
phosphorylcholine (MPC) polymer is promising.
MPC polymer is hydrophilic and has an abun-
dance of free water, but no bound water, when in
the hydrated state. The large amount of free water
around the phosphorylcholine groups is thought
to detach proteins effectively, thereby repelling
protein adsorption. The combination of MPC
with QAC monomers has been reported to assist
in impeding biofilm formation on dental materi-
als [36, 37].

10.5.1.2 Grafting Approach

Resinous materials containing QAC monomer are
able to exhibit bactericidal effects only when the den-
sity of immobilized QAC is high enough to disrupt
bacterial cell structure. Grafting QAC monomers
onto the surface has been shown to be effective for
achieving restorative materials with strong effects
[38]. Several techniques for grafting monomers on
polymer surfaces are used in industry for surface
modification and functionalization with polymers.
However, most of these approaches require the addi-
tion of reactive functional groups or initiators to the
grafted surfaces, and such complications make it dif-
ficult to apply the methods to dental materials for
direct restoration. Simple methods for grafting QAC

monomers on any type of resinous dental materials
are therefore desirable.

10.5.2 Further Improvement
of Controlled Release

Dental caries is a disease caused by acids from
glucose metabolism of specific bacteria in the
oral cavity. One of the aims of conferring anti-
bacterial activities to restorative or preventive
materials is to suppress caries-related bacteria
and inhibit the pH decrease that occurs in dental
plaque. The BioUnion fillers described above
are capable of releasing Zn?* when the environ-
mental pH decreases. Similar responsive tech-
nology that produces antibacterial effects as a
result of environmental (e.g., pH or microbiota)
changes is of great interest. The future design of
dental materials with agent release needs to
involve “smart” behavior for the maintenance of
the oral environment and to safeguard human
health.
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Conclusion

Like in many other aspects of modern materials
science, the analysis of interactions between bio-
films and dental materials is a quickly evolving
and increasingly important scientific field. An
effect of this circumstance is that the available
knowledge is rapidly accumulating, while the
interlapse between paradigm shifts is accord-
ingly reducing. Biofilms have been colonising
Earth for hundreds of millions of years and we,
as species, have managed to coexist with them
as much as the other way around. Host and its
residents together contribute to health and dis-
ease as a holobiont—a group of different species
forming an ecological unit [Lynn Margulis]. As a
result, dental materials science has to broaden its
perspective and take into account not only what
is related to the mechanical performance and aes-
thetic characteristics of a restorative material but
also its behavior in the modified ecological unit.
Despite the latest advancements displayed in this
book, we are still far from being able to provide

© Springer Nature Switzerland AG 2021

perfect dental materials. However, we are more
and more capable of understanding the interac-
tions of materials with the oral environment,
which results in the development of materials
featuring at least some of the characteristics that
are considered as necessary to ensure longevity
in such extreme environments. New generations
of dental materials will be able to resist biode-
teriorating processes more effectively than older
formulations, and some materials will also be
capable to modulate the adherent salivary pel-
licle, biofilms, and surrounding natural tissues
in a favourable manner. The European Society of
Biomaterials defines biomaterials as a “material
intended to interface with biological systems”.
Taking this definition into account, it may not
be inappropriate to label future dental materi-
als as dental biomaterials, which further under-
lines the complexity and variety of these modern
materials.
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