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Abstract
Biomaterials for the restoration of oral function are 
prone to biofilm formation, affecting oral health. 
Oral bacteria adhere to hydrophobic and hydro-
philic surfaces, but due to fluctuating shear, little 
biofilm accumulates on hydrophobic surfaces  
in vivo. More biofilm accumulates on rough than 
on smooth surfaces. Oral biofilms mostly consist 
of multiple bacterial strains, but Candida species 
are found on acrylic dentures. Biofilms on gold 
and amalgam in vivo are thick and fully covering, 
but barely viable. Biofilms on ceramics are thin 
and highly viable. Biofilms on composites and 
glass-ionomer cements cause surface deteriora-
tion, which enhances biofilm formation again. 
Residual monomer release from composites influ-
ences biofilm growth in vitro, but effects in vivo 
are less pronounced, probably due to the large 
volume of saliva into which compounds are 
released and its continuous refreshment. Similarly, 
conflicting results have been reported on effects of 
fluoride release from glass-ionomer cements. 
Finally, biomaterial-associated infection of 
implants and devices elsewhere in the body is 
compared with oral biofilm formation. Biomaterial 
modifications to discourage biofilm formation on 
implants and devices are critically discussed for 
possible applications in dentistry. It is concluded 
that, for dental applications, antimicrobial coatings 
killing bacteria upon contact are more promising 
than antimicrobial-releasing coatings.

KEY WORDS: oral biofilm, restorative materi-
als, antimicrobials.

Introduction

Biofilms form on nearly all surfaces exposed to the natural environment 
(Moons et al., 2009). Biofilm formation in the oral cavity is undoubtedly 

the most well-known example. Controlling oral biofilm formation is an ever-
lasting daily struggle for all of us. Biofilms form not only on dental hard and 
soft tissues, as the major cause of caries and periodontal diseases (Sbordone 
and Bortolaia, 2003), but also on the multitude of biomaterial surfaces used 
for the restoration of function in the oral cavity. Although, at first glance, 
biofilm formation on biomaterial surfaces in the oral cavity may appear rela-
tively harmless, dependent on its location, its consequences may be severe. 
Similar to the development of periodontitis, biofilms on dental implants 
may lead to peri-implantitis (Grossner-Schreiber et al., 2009). An overhang-
ing Class II restoration located in the gingival margin is prone to bacterial 
colonization, with an impact on gingival health (Jansson et al., 1994; Joseph 
et al., 1997; Cenci et al., 2006). Biofilm formation on composite resins not 
only degrades the material and roughens its surface (Beyth et al., 2008), but 
also causes colonizing bacteria to invade the interface (Carvalho et al., 1996) 
between the restoration and the tooth, leading to secondary caries (Collins 
et al., 1998) and pulp pathology (Pashley, 1990). Biofilms around brackets in 
orthodontic treatment may cause demineralization of the surrounding enamel 
as a negative side-effect of the treatment (Mitchell, 1992; Papaioannou et al., 
2007). Consequently, the interest in new dental materials attracting less biofilm 
or releasing antimicrobial compounds is increasing.

The scope of this review is confined to the biomaterials properties affect-
ing biofilm formation in the oral cavity, and the performance of different 
materials, including possible preventive, biomaterial-associated measures. At 
this point, it is important to emphasize that biofilm formation in the oral cav-
ity always occurs on an existing conditioning film consisting of adsorbed 
salivary proteins preceding adhesion of the first colonizing micro-organisms, 
unless in cases of severe xerostomia. This review is not intended to deal with 
salivary protein adsorption as a separate step in biofilm formation, and it suf-
fices to say that salivary protein adsorption equalizes differences in surface 
properties of different materials to an extent determined by the thickness 
(Hannig and Hannig, 2009), composition (Vroman, 2008), and conformation 
of proteins in the adsorbed layer (Norde, 2008).

Mechanisms of Biofilm Formation

Despite many decades of research, a generally valid mechanism for bacterial 
adhesion to and biofilm formation on surfaces does not yet exist (Bos et al., 
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1999; Hermansson, 1999). The forces that mediate bacterial 
adhesion to surfaces, and for that matter also the adsorption of 
selective salivary proteins (Hannig and Hannig, 2009), have 
been reasonably well identified in the past, and include ubiqui-
tously present attractive Lifshitz-Van der Waals forces, electro-
static interactions, and acid-base bonding. According to the 
extended DLVO theory (Van Oss, 1995), named after Derjaguin-
Landau-Verweij and Overbeek, these forces can be combined, 
and a distance-dependent interaction energy can be calculated 
(Fig. 1). Most naturally occurring surfaces are negatively 
charged and electron-donating, while possessing a small hydrogen-
donating component. Due to the small hydrogen-donating 
surface component, the interaction energy at close approach is 
dominated by acid-base attraction, unless strong mono-polar 
repulsion exists.

In vitro, relationships have been described between substra-
tum hydrophobicity, surface free-energy and charge, depth of 
DLVO-interaction energy minima, or surface roughness and 
numbers of adhering bacteria. However, the number of studies 
describing exceptions is equally as high as the number of studies 
establishing these relationships (Bos et al., 1999; Bakker et al., 
2004). Often these relationships cover a range of a factor of 2 to 
3 in bacterial adhesion numbers. The differences between sub-
strata with different properties rapidly disappear once the adher-
ing bacteria are allowed to start growing into a more mature 
biofilm, and larger differences in adhesion numbers by at least 1 
or 2 log-units are probably required for an effect on biofilm 
formation. In vitro relationships also depend heavily on experi-
mental conditions, like the presence of shear, conditioning of 
substrata by an adsorbed salivary protein film, and the bacterial 
strain or combination of strains used (Bakker et al., 2004). 
Moreover, although having been a focal point in the past, it is 
not a priori obvious that the depth of any interaction energy 
minimum should relate to numbers of adhering bacteria. 
Possibly, bacterial binding forces or the ease with which adher-
ing bacteria or biofilms can be detached from substrata is more 
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Figure 1.  Example of the DLVO-interaction energy as a function of 
distance for a situation of electrostatic repulsion between bacteria and 
substratum surfaces and acid-base attraction. Lifshitz-Van der Waals 
component (LW); acid-base component (AB); electrostatic component 
(EL); total interaction energy (Total). Note that a negative-interaction 
energy indicates that adhesion is favorable.

likely to relate to the different features of DLVO-interaction 
energy curves.

In vivo, the situation may appear more complex than in vitro, 
but, surprisingly, in vivo research has turned out to be much 
more decisive in indicating the parameters that influence oral 
biofilm formation (Glantz, 1969). Whereas in vitro, bacteria 
adhere to virtually every surface, regardless of its properties, 
supragingivally hydrophobic surfaces in the oral cavity attract 
far less plaque than more hydrophilic ones, as has been estab-
lished over a nine-day time period (Quirynen et al., 1989; Fig. 
2). This observation has been confirmed in a study on oropha-
ryngeal biofilm formation on voice prostheses (Everaert et al., 
1997), encompassing a timescale of six weeks (Fig. 2). 
Interestingly, these timescales allow for the extensive adsorption 
of salivary conditioning films, interactions with dietary compo-
nents, and adhesion of multiple bacterial strains and species 
(note that biofilms on silicone rubber voice prostheses also con-
tain Candida species). However, a hydrophobic surface harvests 
far less biofilm than a more hydrophilic one. Most likely, this is 
due to the fluctuating shear conditions in the oral cavity, since  
in vitro bacteria also adhere to hydrophobic surfaces, at least 
under constant shear conditions (Boks et al., 2009). Hydrophobic 
surfaces placed subgingivally, for instance, do not harvest sig-
nificantly less biofilm than hydrophilic surfaces (Quirynen et al., 
1990), which suggests that, under fluctuating shear, as exists 
supragingivally, biofilm is occasionally sloughed off during 
periods of high oral shear. This is notwithstanding the fact that 
bacteria do adhere to hydrophobic surfaces.

Nearly all studies indicate that, under in vivo conditions, 
smooth surfaces attract less biofilm than rough ones (Verran and 
Maryan, 1997; Teughels et al., 2006). From a series of split-
mouth studies, it could be concluded that an increase in surface 
roughness above a threshold of 0.2 µm and/or an increase in 
surface free-energy facilitates biofilm formation on restorative 
materials. When both surface characteristics interact with each 
other, surface roughness was found to be dominant (Teughels 
et al., 2006).

Biofilms on Restorative Materials

Biofilms on Acrylic Resin Denture Base

Acrylic resin or polymethyl methacrylate has a wide variety of 
applications, such as impression trays, artificial teeth, and den-
ture bases. The material was developed in 1928 in various labo-
ratories and was brought to market in 1933 by the Rohm and 
Haas Company. Soon after its introduction to the market, the 
material was widely used by the dental profession, and by 1946, 
98% of all dentures were constructed from methyl methacrylate 
polymers (Powers and Sakaguchi, 2006).

One of the main clinical problems associated with the use of 
acrylic dentures is the adhesion of Candida, which can lead to 
stomatitis (Ramage et al., 2004), although bacteria also adhere 
to acrylic surfaces (Verran and Motteram, 1987).

Stomatitis is an inflammation of the mucosa, usually stimulated 
by the presence of (mainly maxillary) dentures in elderly and 
immunocompromised patients, causing a burning pain and altered 
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taste sensation. The predom-
inant oral yeast isolated 
from dentures has been 
found to be Candida albi-
cans (75%), but Candida 
glabrata has also been 
found (30%), and in higher 
proportions in patients with 
the highest grades of inflam-
mation. However, Candida 
dubliniensis, Candida para-
psilosis, Candida krusei, 
and Candida tropicalis have 
also been isolated (Coco 
et al., 2008).

C. albicans is a dimor-
phic fungus that is commen-
sal in the gastro-intestinal 
and reproductive tracts 
of healthy individuals 
(Elguezabal et al., 2008) and 
is capable of initiating a vari-
ety of recurring superficial 
diseases, especially in the 
oral mucosa (Samaranayake 
and Samaranayake, 2001). 
In vitro, C. albicans has been 
described as able to form a 
biofilm on biomaterial sur-
faces (Chandra et al., 2005). C. albicans in the oral cavity is mostly 
detected in a mixed biofilm with bacteria (Holmes et al., 1995; 
Bamford et al., 2009). Different bacterial strains have been identi-
fied in denture biofilms as well (Streptococcus, Veillonella, 
Lactobacillus, Prevotella, and Actinomyces spp.) (Koopmans et al., 
1988). It has been suggested that bacterial adhesion enhances sub-
sequent adhesion of Candida (Verran and Motteram, 1987), which 
is likely, since bacteria can already be found within hours of expo-
sure of an acrylic surface to the oral environment, while yeasts are 
observed only after days (Avon et al., 2007). Moreover, most com-
mensal oral Streptococcus species possess antigen I/II, a cell-wall-
anchored protein receptor mediating binding to specific partner 
micro-organisms, including C. albicans (Bamford et al., 2009).

Mechanical or chemical removal of fungal biofilms represents 
a significant clinical problem (Chandra et al., 2005), since yeasts 
are known to adhere quite strongly to denture base materials 
(Nalbant et al., 2008), possibly as a result of the microporosity on 
the denture surface. Indeed, C. albicans adhesion is enhanced if 
the roughness of denture base materials is increased (Radford et al., 
1998). Denture-cleansing solutions can not only kill oral strepto-
cocci, but also condition the acrylic surface. Cleanser conditioning 
of acrylic surfaces in vitro encouraged the formation of a multi-
layer biofilm of S. oralis, which was easier to remove than the 
monolayer biofilm formed on water-treated acrylic (Morgan and 
Wilson, 2000). Considering that bacterial adhesion may be a neces-
sary step for fungal biofilms to form, removal of a streptococcal 
biofilm may prevent the formation of a more pathogenic biofilm 
also involving yeast. Recently, it has been demonstrated that 
C. albicans biofilm formation on polyethylene-oxide-modified 

denture base materials is discouraged in vitro (Chandra et al., 
2005). Whether these observations can be extrapolated to the 
clinical situation remains to be seen, since it has been suggested 
that the shift from a commensal bacterial biofilm to a more patho-
genic biofilm, also involving yeasts, is more influenced by muco-
sal inflammation and the general condition of the patient than by 
the denture material and its surface properties (Avon et al., 2007).

Biofilms on Metallic Biomaterials

There is limited knowledge about possible differences in the 
mechanisms of bacterial adhesion to metal surfaces as compared 
with non-conducting polymer surfaces, but it has been sug-
gested that electron-transfer plays a role in bacterial adhesion to 
conducting materials, like gold and amalgam (Poortinga et al., 
1999). In addition, upon approach of a negatively charged bac-
terium to a conducting material, an oppositely charged image 
may develop in the conducting material, creating a strong elec-
trostatic attractive force (Mei et al., 2009).

Five-day-old oral biofilms on gold and amalgam surfaces  
in vivo are known to be thick and fully covering the substratum 
surfaces, but, in contrast, were found to be barely (less than 8%) 
viable (Auschill et al., 2002). For comparison, the viability of 
oral biofilms on enamel in vivo was between approximately 
41% and 56% (Van der Mei et al., 2006). Earlier work showed 
that pieces of amalgam placed intra-orally for 24 and 72 hrs 
attracted about half the number of viable bacteria than titanium 
oxide (Leonhardt et al., 1995). The low viability of oral biofilms 
on amalgam surfaces is probably due to the release of toxic 

Figure 2.  The role of substratum hydrophobicity and fluctuating shear in biofilm formation in the oral and 
oropharyngeal cavity. (A) Nine-day undisturbed plaque formation on a human front incisor (intermediate 
hydrophobicity) and a Teflon strip (hydrophobic) glued to a front incisor (from Quirynen et al., 1989). (B) 
Six-week biofilm formation on a dual-sided hydrophobic (left-hand side)-hydrophilic (right-hand side) voice 
prosthesis (from Everaert et al., 1997). (C) Shear forces in the oral cavity can vary during the day between 
wide ranges, creating periods of bacterial adhesion and detachment (from Busscher et al., 1992).
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compounds from the alloy. Amalgam consists of approximately 
50% mercury and 35% silver, which may slowly diffuse from 
the amalgam into the biofilm. There is no evidence that suffi-
cient Ag(0) is released from amalgam and oxidized to Ag(I) to 
have an antimicrobial effect (Silver, 2003), and antimicrobial 
effects of amalgam should be attributed to mercury Hg(II). 
Thus, it also becomes possible that bacteria develop resistance 

Figure 3.  Scanning electron micrographs of nanohybrid-resin 
composite surfaces prior to (A) and after biofilm formation for 14 days 
in vitro (B) and after having been 180 days in vivo (C). Bar marker 
represents 2 µm.

against mercury. In vitro, more bacteria resistant to mercury 
were found in microcosm oral biofilms grown on amalgam than 
on enamel. The levels of these mercury-resistant bacteria 
remained elevated for a period of 48 hrs, but after 72 hrs, the 
proportions returned to baseline levels. Of the 42 mercury-
resistant bacterial strains isolated, 98% were streptococci, with 
Streptococcus mitis predominating (Ready et al., 2007). 
Interestingly, resistance to mercury was concurrent with resis-
tance to several antibiotics, most notably tetracycline. The genes 
encoding for resistance to metals such as mercury were found on 
the same mobile genetic elements as resistance to antibiotics. 
Note that although the release of mercury from amalgam resto-
rations may stimulate antibiotic resistance in oral bacteria, 
mercury-resistant bacteria were found in 71% of children with-
out amalgam fillings and previous exposure to amalgam (Ready 
et al., 2003).

The low viability (less than 2%) of oral biofilms on gold can-
not be due to the release of toxic compounds, since gold is 
completely inert (Auschill et al., 2002). Possibly, full coverage 
by a relatively thick biofilm hampers the supply of nutrients to 
the biofilm, leading to low viability.

Biofilms on Ceramics

Little is known about biofilms on ceramic surfaces. Inlays of 
two types of ceramic surfaces collected less plaque with reduced 
viability over a three-day period of no oral hygiene than did the 
natural tooth surface (Hahn et al., 1993). Compared with gold 
and amalgam, however, attracting 11- to 17-µm-thick biofilms, 
biofilms on ceramic biomaterials formed in vivo during 5 days 
(Auschill et al., 2002) were relatively thin (1-6 µm), but highly 
viable (from 34% to 86%). Note that this supports the sugges-
tion above, that thick biofilms are less viable than thin ones, due 
to a hampered supply of nutrients to a thick biofilm.

Biofilms on Resin Composites and 
Glass-ionomer Cements

Biofilm formation on resin composites and glass-ionomer 
cements leads to a negative spiral of events (Beyth et al., 2008), 
in which the colonizing organisms cause severe deterioration of 
the surface (Fig. 3), which, in turn, promotes biofilm formation 
and therewith more extensive deterioration of the surface. The 
clinical manifestation of this downward spiral is the develop-
ment of caries around or below a restoration (Sousa et al., 
2009).

Surface deterioration of resin composites and glass-ionomer 
cements has been demonstrated by increased roughness, effects 
on filler particle exposure, and sometimes by a decreased micro-
hardness of the materials upon exposure to biofilms in vitro. 
After one month’s exposure to a Streptococcus mutans 
ATCC27351 biofilm, a bisphenol A glycidyl methacrylate, ure-
thane dimethacrylate resin composite with filler particle sizes 
between 0.04 and 0.2 µm showed an increase in surface rough-
ness from less than 10 to above 40 nm without affecting the 
microhardness, suggesting the removal of filler particles based 
on the roughness dimensions created. Resin composites with 
larger (0.01 to 3.5 µm) filler particles became significantly less 
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rough (around 15 nm) after biofilm growth (Beyth et al., 2008). 
In a similar study, one month’s exposure to S. mutans biofilms 
showed an increase in surface roughness, from around 0.1 µm to 
well over 1 µm, of resin-modified and conventional glass-ionomer 
cements, while only the microhardness of the resin-modified 
cement was negatively affected (Fucio et al., 2008). Clearly, the 
in vivo presence of biofilm is just one of the factors that may 
stimulate surface degradation, other factors being acidic fluid 
intake, temperature fluctuations, or simply the presence of an 
aqueous environment.

The degree of conversion of resin composites is never com-
plete, and approximately 5% to 10% of unpolymerized mono-
mer can be extracted in water. It has been suggested that 
especially the release of ethyleneglycol dimethylacrylate and 
triethyleneglycol dimethacrylate from composite resins may 
enhance the growth of cariogenic bacteria, like mutans strepto-
cocci and lactobacilli, organisms found mostly along the mar-
gins of composite fillings (Hansel et al., 1998), and also 
enhance the glucosyltransferase activity in Streptococcus sobri-
nus (Kawai and Tsuchitani, 2000). More recently, Khalichi et al. 
(2009) found that triethyleneglycol, as the ether portion of tri-
ethyleneglycol dimethacrylate, modulates the expression levels 
of glucosyltransferase B involved in biofilm formation and  
yfiV as a putative transcription regulator gene in S. mutans. 
Interestingly, Takahashi et al. (2004) found that growth stimula-
tion of S. sobrinus and Streptococcus sanguis by ethyleneglycol 
dimethylacrylate monomers as measured by optical density was 
not accompanied by an increase in the numbers of colony-
forming units harvested. Consequently, the increase in optical 
density was ascribed to an increased size of the bacteria rather 
than to increased bacterial concentrations, which could be 
microscopically confirmed by the presence of a vesicular mate-
rial surrounding the bacteria. Extraction and chemical analysis 
of this vesicular material showed a composition comparable 
with that of ethyleneglycol dimethylacrylate-polymer. Effects of 
monomer release became smaller when the light-curing time of 
the composites was increased (Brambilla et al., 2009; Khalichi 
et al., 2009). Also, components of dentin-bonding agents, such 
as hydroxyethyl methacrylate or triethyleneglycol dimethacry-
late, have been shown to stimulate the growth of cariogenic 
organisms like S. sobrinus and Lactobacillus acidophilus 
(Schmalz et al., 2004). Direct extrapolation of these in vitro 
studies to the clinical situation is difficult, since composite sur-
faces are usually polished, affecting the surface properties 
(Carlen et al., 2001), while, most importantly, the volume in 
which monomers are released is large and continuously refreshed 
by salivary excretion and fluid intake.

The setting of glass-ionomer cements is via an acid-base 
reaction between fluoroaminosilicate glass particles and a poly-
acrylic acid solution, yielding a structure that is dimensionally 
more stable than composites. Hence, the use of glass-ionomer 
cements potentially reduces microleakage by adhering to tooth 
structure and enhances fluoride release with a potential impact 
on oral biofilm formation. Fluoride release occurs through an 
initially high burst release that may be between 1.6 and 1.8 µg/
mm2, after which a prolonged, long-term tail-release follows 
(Wiegand et al., 2007).

Fluoride can act as a buffer to neutralize acids produced by 
bacteria (Nicholson et al., 2000) and suppresses the growth of 
caries-related oral bacteria (Nakajo et al., 2009). Glass-ionomer 
cement indeed collects a thin biofilm with a low viability (2% to 
3%), possibly as a result of fluoride release (Auschill et al., 
2002). Levels of streptococci in particular, including S. mutans 
(Seppä et al., 1995) and S. sanguis (Hengtrakool et al., 2006), 
appear reduced. However, an in vitro study (Al-Naimi et al., 
2008) also showed that glass-ionomer cements containing fluo-
ride did not reduce the amount of bacterial growth and biofilm 
formation on the surfaces bathed in saliva. This suggests that 
either fluoride is not a dominant factor in controlling biofilm 
formation, or that its concentration is too low to be effective, 
depending on the ratio between cement area and fluid volume in 
which the experiments were carried out. In the oral cavity, the 
large volume of saliva present, that is subject to wash-out 
(Wiegand et al., 2007), makes the build-up of an effective fluo-
ride concentration difficult. Nevertheless, 10x-elevated levels of 
fluoride were found with respect to baseline one year after the 
placement of one to six glass-ionomer restorations (Hatibovic-
Kofman and Koch, 1991), but this may not be enough to antici-
pate antimicrobial effects. Hence, the benefits of fluoride release 
may be confined to the inhibition of demineralization.

Biomaterial-associated Infections Elsewhere 
in the Body and Their Prevention

Biofilms not only form on biomaterials in the oral cavity, but also 
constitute a general problem for biomaterial implants and devices 
throughout the human body. Mechanistically, however, there are 
major differences between biofilm formation in the oral cavity 
and elsewhere in the body. The oral cavity is designed to be colo-
nized by a large variety of different microbial strains and species, 
and disease results only from an imbalance between the different 
strains and species (De Soete et al., 2005). Saliva is loaded with 
a high concentration of micro-organisms of about 109 colony-
forming units per mL-1 (Petti et al., 2001), but biomaterial 
implants in, for example, the hips, knees, and vascular grafts are 
placed in an environment that is normally completely devoid 
of micro-organisms. Most oral biofilms are regularly removed 
by toothbrushing or other oral hygiene measures, and the sequence 
of spatio-temporal build-up of oral biofilm starts anew once 
or twice per day (Palmer et al., 2003), although not necessarily in 
fissures, interproximal spaces, and subgingival pockets. 
Mechanical removal of biofilm from biomedical implants and 
devices is clearly impossible without surgical intervention. Micro-
organisms are able to colonize biomaterial implant surfaces after 
having gained access to the implant site during surgery (“peri-
operative contamination”), during hospital treatment before com-
plete wound closure (“post-operative contamination”), or through 
hematogenous spreading from infections elsewhere in the body 
(Busscher et al., 2009). Thus, whereas surfaces in the oral cavity 
are continuously challenged by high concentrations of micro-
organisms, microbial threats to biomaterial implants usually occur 
by low-challenge concentration during a limited amount of time. 
Causative organisms are frequently commensals of the skin, like 
Staphylococcus epidermidis or Staphylococcus aureus.
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Micro-organisms on biomaterial implants can remain in a 
dormant state for several years after entry into the body (Gorecki 
and Babiak, 2009) and develop into a biofilm with clinical signs 
of infections when the host is immunocompromised, such as 
during illness or extreme fatigue. As in the oral cavity, organ-
isms in a biofilm on an implant surface are protected against the 
host immune system and antibiotic attacks. Therefore, infected 
implants and devices generally have to be replaced, which cre-
ates a significant burden on the treating physician and great 
discomfort to the patient. Moreover, replacement is often much 
more expensive than primary placement of an implant (Gorecki 
and Babiak, 2009).

Since the pioneering concept of “the race for the surface” 
was launched by the late orthopedic surgeon A.G. Gristina 
(1987), describing the fate of an infected biomaterial implant as 
a race for the surface between tissue integration and biofilm 
formation, preventive measures have aimed primarily at dis-
couraging biofilm formation. To this end, a variety of approaches 
has been developed, including different anti-adhesive and anti-
microbial coatings as well as antibiotic-release systems.

Antibiotic-releasing Systems

Antibiotic-releasing bone cement is widely used in total hip and 
knee arthroplasties to achieve high local concentrations of anti-
biotics that cannot be achieved by systemic administration 
(Buchholz and Engelbrecht, 1970). Bone cements are acrylic-
based and can be loaded with antibiotics up to 2 wt%, without 
affecting their weight-bearing capacities. In non-weight-bearing 
applications, like the treatment of osteomyelitis, higher  
antibiotic loadings are used (Kűhn, 2000). Although gentamy-
cin-loaded bone cements have proven efficacy in the control of 
artificial joint infections (Furnes et al., 2001), their use is not 
entirely without controversy. Antibiotic release occurs through 
an initially high, so-called “burst” release, which is needed to 
effectively kill micro-organisms introduced peri-operatively or 
early post-operatively, but antibiotic release is never complete. 
The low tail-release can continue for several years without yield-
ing effective concentrations in the tissue and has been associated 
with the development of bacterial resistance (Van de Belt et al., 
1999). In fact, gentamycin-loaded bone cement has been demon-
strated to release antibiotics even five years after implantation 
(Neut et al., 2003). The pros and cons of antibiotic-releasing 
bone cements are valid for any system releasing an antimicro-
bial, including fluoride-releasing composites and cements. 
Particularly, the conditions in the oral cavity will make it diffi-
cult to create effective concentrations beyond the initial burst 
release.

Silver Coatings

Silver and its salts have been the most commonly used anti- 
microbial agent applied to urinary catheters and wound ban-
dages. Solubilized silver ions constitute the bioactive form, and 
can be released in different ways from silver-containing coatings, 
yielding mixed clinical results (Wu and Grainger, 2006). 
Sustained release of bioactive Ag(I) silver cations over time peri-
ods of several days to weeks is difficult to obtain, and there is 
fear that silver resistance will lessen its usefulness (Silver, 2003). 

Moreover, both in vitro and in vivo, the antimicrobial efficacy of 
silver-releasing coatings depends on the Ag(I) concentration that 
can be achieved, which depends in turn on the fluid volume into 
which silver is released and whether fluid is refreshed. This is 
probably the reason that the antibacterial efficacy of a silver-
based glass-ionomer cement (Ketac-Silver) has been limited to 
in vitro experiments (Herrera et al., 2000).

Quaternary Ammonium Compounds

Quaternary ammonium compounds (QACs) are widely used as 
antimicrobial agents to inhibit microbial growth. The antimicro-
bial activity provided by QACs results from both ionic and 
hydrophobic interactions between the QAC and components of 
the microbial cell wall that leads to cell death or malfunction in 
cellular processes (Majumdar et al., 2009). A promising feature 
of QACs is that they continue to possess antibacterial properties 
when coupled to a surface (Murata et al., 2007) without release 
into the body. Contact killing by QAC coatings, however, leaves 
a layer of dead bacteria to which newly arriving bacteria can 
adhere. Therefore, on biomedical implants and devices, QAC 
coatings are applicable only for single bacterial challenges, or 
when the immune system helps to remove dead bacteria 
(Roosjen et al., 2006). For application in the oral cavity, 
removal of dead bacteria might be achieved by brushing, and 
QAC coatings may turn out to be useful.

Polymer Brushes

Polymer-brush coatings are currently the most promising non-
adhesive coatings, since they reduce the initial adhesion of vari-
ous bacterial strains and yeasts by several log-units, both in 
terms of adhesion numbers as well as in terms of adhesion 
forces (Roosjen et al., 2006). A polymer brush is formed when 
hydrophilic polymer chains are end-grafted to a surface in high 
density, forcing the polymer chains to stretch away from the 
surface into the adjacent medium. Compression of such a struc-
ture upon microbial approach gives rise to an osmotic pressure 
and decreased mobility (conformational entropy) of the polymer 
chains in the brush, which causes repulsion of approaching 
micro-organisms. Since polymer-brush coatings are usually also 
repulsive toward protein adsorption (Halperin et al., 2007), sali-
vary proteins do not necessarily interfere with the non-adhesive 
functionality of a brush, dependent on the brush length and the 
grafting density (Fundeanu et al., 2010). Since polymer-brush 
coatings hitherto have presented the only coatings showing log-
unit reductions in initial bacterial adhesion, it is anticipated that 
these differences will translate into reduced biofilm formation, 
with prospects for oral application.

Bi-functional Coatings

Most coatings for biomaterial implants and devices are mono-
functional, i.e., aimed solely at discouraging biofilm formation 
or enhancing tissue integration. New approaches include bi-
functional coatings containing anti-adhesive functionalities, 
such as a polyethylene glycol polymer brush to discourage bio-
film formation, while at the same time possessing functionalities 
like arginine-glycine-aspartic acid sequences to support tissue 
integration (Maddikeri et al., 2008). Bi-functional coatings on 
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titanium implants may be especially promising for the preven-
tion of peri-implantitis, since the fate of dental implants also 
depends on a race for the surface (Gristina, 1987) between bio-
film formation and tissue integration.

Dental-Material-Associated Preventive Measures

Enhanced fluoride-releasing composites have been developed to 
reduce biofilm formation and its effects on the surrounding 
enamel. Fluoride release can be established through the incorpo-
ration of water-soluble salts, fluoride-releasing filler systems, or 
matrix-bound fluoride (Wiegand et al., 2007) and requires pen-
etration of water into the polymer matrix, which can be stimu-
lated by increasing matrix hydrophilicity through the introduction 
of 2-hydroxyethyl methacrylate (Chan et al., 2006). The amount 
of fluoride released from composites is lower than that from 
glass-ionomer cement and decays over time (Yap et al., 1999), 
as described above for antibiotic-loaded bone cements. However, 
clinical studies have reported conflicting data as to whether 
fluoride-releasing materials significantly prevent or inhibit sec-
ondary caries and affect the growth of caries-associated bacteria 
compared with non-fluoridated restoratives (Wiegand et al., 
2007). As is often the case with antimicrobial release systems, 
these conflicting results may be due to experimental differences 
in area of the releasing material vs. the fluid volume into which 
the antimicrobial is released and possible wash-out.

Phosphate-based glasses have also been loaded with silver 
and found to reduce the viability of 300-µm-thick adherent bio-
films of S. sanguis (Mulligan et al., 2003). Interestingly, these 
experiments were done in a constant-depth film fermenter with 
silver-containing glass discs placed on the bottom of each well, 
thus ensuring release of silver directly into the biofilm. Evidently, 
in the oral cavity, with a larger volume than a constant-depth film 
fermenter well, there will be a much more pronounced wash-out, 
and it is doubtful whether a similar release of silver would still 
show efficacy. This is a general drawback of antimicrobial-
releasing materials, particularly in the oral cavity, although glass 
ionomers have a high fluoride rechargeability upon daily expo-
sure to fluoride-containing dentifrices (Wiegand et al., 2007).

A more promising approach is to immobilize antibacterial 
components on biomaterials surfaces in a way that maintains 
antibacterial efficacy. For that reason, resin composites have 
been modified by the addition of antibacterial components, such 
as 12-methacryloyloxydodecylpyridinium bromide combined 
with quaternary ammonium and a methacryl group in the resin 
matrix. This material inactivated bacteria upon coming into 
contact with its surface, hence inhibiting biofilm formation on 
the composite surface (Imazato and McCabe, 1994; Imazato 
et al., 1994, 1999), even after contact with saliva (Ebi et al., 
2001). Whether these modifications yield clinically significant 
results under the dynamic conditions of the oral cavity remains 
to be seen (Imazato, 2003). For titanium implants, anodization 
by discharge in a NaCl solution has been suggested to reduce 
adhesion of viable bacteria, since peroxidation products of Ti-Cl 
were able to destroy surface structures of adhering bacteria 
(Omori et al., 2009), but here too, clinical efficacy remains to be 
demonstrated.
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