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Abstract Adverse reactions to dental materials occur and
public interest in this topic has increased during recent de-
cades. Thus, improving the biocompatibility of dental mate-
rials is necessary and must be based on several strategies.
First, a strategy for improving the administrative and technical
conditions for material certification processes should be in-
cluded, such as the development of in vitro tests with en-
hanced predictability of the generated data for use in the clinic.
Second, research on material/tissue interactions must be en-
hanced and include mechanistic approaches, as this strategy
leads to the development of new and more biocompatible
materials. Research into patients and their individual exposure
situation is a strategy directed at better defining risk groups.
Finally, improvement of education will also lead to improved
biocompatibility of dental materials.

Keywords Biocompatibility - Composite resins -
Cytotoxicity - Dental materials - Medical device legislation -
MTA - Risk Assessment - Surface chemistry

Introduction

Adverse reactions to dental materials occur in patients and
dental personnel [1+¢]. Local reactions take place at the expo-
sure site, e.g., dental pulp and pulp inflammation after pulp
capping with adhesives and resin-based composites has been
described [2-5], which was related to substances released
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from the applied materials. Also, inhibition of biomineraliza-
tion after pulp capping with adhesives was observed [6] and
can also be related to eluted substances from dental materials
such as acrylic monomers [7, 8¢].

In other cases, pulp inflammation has been related to bac-
teria under restorative materials such as resin-based compos-
ites [9, 10], and bacterial growth was found to be promoted by
such materials [11]. Recurrent caries, a bacteria-mediated pro-
cess, has been reported to be one of the most important reasons
for restoration failures, especially with resin-based composites
[12]. In these cases, bacteria-mediated adverse effects can be
considered to be indirectly caused by the dental material.

Systemic reactions occur in tissues and organs distant from
the exposure site and have mainly been discussed for amal-
gam [1+°] in the past, but nowadays are also discussed regard-
ing resin-based composites in respect to the content of
bisphenol-A and its possible health effects [13]. Recently,
the biologic effect of materials on the environment, e.g.,
mercury or bisphenol-A, have been under discussion
[13—15]. Allergic reactions to resin-based composites and
metals, such as nickel, palladium, cobalt, or gold, have been
observed in patients and in dental personnel [1ee, 16, 17¢°].

Clinically observed adverse reactions cover a broad spec-
trum of different clinical entities and are based on different
mechanisms. Furthermore, these reactions are observed with a
large number of different dental materials. This complex
situation makes it plausible that (1) strategies to improve
biocompatibility of dental materials are necessary; and (2)
not one but several strategies for biocompatibility improve-
ment of dental materials need to be pursued in parallel.

Definitions and Aims

A strategy can be defined as a human attempt to achieve
desirable ends or aims with the available means [18]. In this
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context, the aim is to have biocompatible materials and de-
vices available. What does this mean?

In 1987, biocompatibility was defined as the ability of a
material to perform with an appropriate host response when
applied as intended [19]. Later, this definition was considered
to be too general. In 2008, Williams proposed that biocom-
patibility can be regarded as the ability of a biomaterial to
perform its desired function with respect to a medical therapy
without eliciting any clinically significant adverse effects in
the recipient of that therapy, generating the most appropriate
beneficial cellular or tissue response to that specific situation,
and optimizing the clinically relevant performance of the
therapy [19].

This definition covers different concepts of material/tissue
interaction. The biotolerant/inert material concept is aimed at
materials that do not harm tissues (see below) [19]. Further to
this, the above definition covers bioactive materials, which
are not meant to substantially degrade but are designed to
stimulate biological effects, such as dentin bridge formation
after pulp capping with MTA (mineral trioxide aggregate) or
related materials [20, 21¢]. Finally, the above definition in-
cludes materials used as scaffolds in tissue engineering for
assisting in tissue regeneration. These materials must degrade,
which is a further challenge in respect to the release of toxic
moieties or of particles [19].

The term biocompatibility is closely related to the term
safety; in this context, safety is defined as freedom from
unacceptable risks [22]. Both of the terms biocompatibility
and safety refer to the risk concept. In daily life, the term risk is
well-known, but it is used mainly intuitively and is not related
to the actual risk [23]. In science and within certification
processes (see below), risk is defined as the combination of
the severity of an adverse effect and the frequency of it
occurring [22]. This realistically means that the strategic aim
can only be to minimize adverse effects under the given
clinical therapeutic situation, because freedom from any ad-
verse effect occurring is virtually impossible.

Improvement of Biocompatibility by Consumer
Protection

The aim of this strategy is to prevent damage for the patient,
dental personnel, and environment that may potentially be
derived from new materials or to test for new risks for known
materials (for instance, bisphenol-A in resin-based compos-
ites). Thus, biocompatibility of dental materials on the market
is improved through a preclinical certification process by
eliminating the entrance of problematic materials into the
market place.

Such certification processes are legally regulated world-
wide and dental materials are classified as Medical Devices
(used in dentistry). New materials must pass this certification

process before they are allowed to be marketed [1+¢]. Here, an
important aspect is biocompatibility.

The basis for biocompatibility evaluation is a Clinical
Risk Assessment, which evaluates potential risks related to
the material properties, due to the exposed tissue and the
duration of exposure, mainly according to internationally
recognized ISO (International Organization for
Standardization) standards, such as ISO 14971 [22]. If
necessary information is lacking, additional tests need to
be performed. Again, ISO standards are applicable such as
the ISO 10993 series for medical devices in general [1e°]
and ISO 7405, which is especially for medical devices used
in dentistry [24]. The strategy for test selection after the
Clinical Risk Assessment is based on the rule that in vitro
tests are performed first, e.g., elution tests with a chemical
analysis of eluted substances, followed by cytotoxicity and
genotoxicity/mutagenicity tests. Then, if deemed neces-
sary, animal experiments, e.g., for subchronic/chronic tox-
icity or for carcinogenicity, should be performed. For pre-
clinical testing of a sensitizing potential, the maximization
test on guinea pigs is mainly performed [25], although
recently the LLNA (local lymph node assay) has become
more and more popular [26].

After market approval, a post-market surveillance system,
in which the user (e.g., the dentist) is obliged to report on
adverse effects in his/her patients to the respective competent
authorities, will further protect the consumer. In summary, in a
series of different standardized tests certain phenomena/
outcomes are measured and the data are assessed for
predicting the clinical behavior of the material. Furthermore,
clinically observed adverse effects (phenomena) are to be
reported.

Has this strategy, which has been introduced worldwide in
the past two decades, led to more biocompatible materials on
the market? This question is difficult to answer. In any case,
the awareness of producers (and the public) has increased. The
success of this strategy depends on (1) the predictability of the
preclinical data for the clinical situation; (2) the evaluation
process and proper control by the involved third parties, such
as the FDA in the US or the Notified Bodies in the EU; and (3)
the appropriate use of the materials.

The recent discussion on failed silicone breast implants,
which are subject to the same methods of certification as
dental materials, raised doubts as to whether such certification
programs are effective [27]. Therefore, both scientific and
administrative/political processes are to be reconsidered.
Presently, the medical device legislation is being revised
within the EU administration, e.g., with the aim of more
stringent control of the Notified Bodies or the introduction a
unique device identifier (UDI) for all medical devices [27]. A
further problem is the confidentiality of data submitted by the
manufacturer, which does not allow for scientific control of
the process.
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Finally, test methods with better predictability must be
developed and used in the certification process. As animal
experiments are expensive, time consuming, and under pub-
lic discussion, in vitro approaches have to be elaborated
further by better adjusting the test conditions to the clinical
situation. One example is the development of the dentin
barrier test: here, a dentin slice of a defined thickness was
incorporated into a cell culture-based test system because it
is known that dentin modifies the pulp reaction to dental
materials [28, 29]. Furthermore, three-dimensional cell cul-
tures, which better simulate the in vivo conditions than do
monolayer cell cultures, should be developed further and
used. Methods are available elsewhere [30-32]. The
Dentin-Barrier-Test has been incorporated into the ISO
7405 standard [24].

Improvement of Biocompatibility by a Mechanistic
Analysis of Material Toxicity

The aim of this strategy is to elucidate the mechanisms behind
the observed or tested adverse reactions (phenomena) elicited
by dental materials, with the goal of improving the biocom-
patibility of materials [33]. For this strategy, standardized
methods, such as those mentioned above, are not suitable,
but individual scientific approaches are needed. Here,
in vitro methods, which can specifically be designed to test
special hypotheses, are often used and helpful.
Biocompatibility of dental materials is mainly related on their
surface characteristics and to substances eluted from the ma-
terial into the tissue environment.

Biocompatibility Related to Material Surface Characteristics

Examples of surface characteristics are surface chemistry,
surface topography (e.g., roughness, texture), wettability (con-
tact angle) [34], surface charge [35¢¢], or surface free energy
[36]. The surface chemistry of a material per se influences, for
example, the adhesion of cells and of bacteria or cell prolifer-
ation [37, 38]. The same was shown for surface topography
(roughness, texture) [39], although the situation is rather com-
plex and depends on the amount of roughness and the specific
structures [37]. Furthermore, and most importantly, as soon as
a biomaterial (including dental materials) comes into contact
with body tissues, proteins from tissue fluids will immediately
adsorb on the material surface. This process is determined by
the composition of the tissue fluid and the above-mentioned
material surface characteristics [34, 40e¢].

Protein adsorption itself changes the surface characteristics
of the material, e.g., in one study the surface angle of hydro-
philic surfaces was increased and those of hydrophobic sur-
faces decreased after material surface exposure to serum [38].
Also, material surface exposure to saliva before testing
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changed the contact angle in comparison with the “naked”
surface [40e¢]. This protein layer may influence cell and
bacterial adhesion. Compared to the untreated surfaces of
hydrophilic (low adhesion) and hydrophobic surfaces (high
adhesion), serum coating leveled off these differences for
Staphylococcus aureus [38). For Streptococcus gordonii, a
negative correlation between the hydrophobicity of pure sur-
faces and the number of attached microorganisms was not any
more observed after surfaces were coated with salivary pro-
teins [40e°]. This protein layer also influences the surface
chemistry: in one study, the original bactericidal activity of
pyridinium-coated cationic surfaces against S. gordonii and
Streptococcus mutans was found to be greatly reduced upon
adsorption of a protein film [35¢]. Furthermore, there is
evidence that bacterial adhesion to these surfaces is ligand
mediated [41] and, again, the protein on the material will
interact.

This all leads to the conclusion that protein—material inter-
action needs to be addressed; for example, the use of
dendrimeric molecules with antibacterial groups, which are
active despite the presence of a protein layer, was proposed
recently [42]. Consequences for the development of new
materials are that mechanistic approaches are needed to ad-
dress surface effects on biocompatibility and their modifica-
tion through protein adsorption, e.g., after contact with saliva.

Biocompatibility Related to Eluted Moieties

While cell death was formerly a commonly accepted endpoint
for cytotoxicity tests [1e*], new approaches were recently
followed that studied in more detail the cytotoxicity and
changes in the cell metabolism after exposure to low and
non-lethal concentrations of substances from dental materials
and differentiating these into necrosis or apoptosis [33]. This
apparently better reflects the clinical exposure situation. In this
context, cytotoxicity can be the result of (1) a direct interaction
of the eluted substance with relevant cellular macromolecules;
or (2) the formation of intracellular metabolic products, which
then cause cellular reactions such as apoptosis (indirect inter-
action of substances with cells).

Direct interaction: examples are the carbonyl moieties of
methacrylates adjacent to the carbon—carbon double-bond
function, which may act as electron-withdrawing groups
[43ee, 44]. It was hypothesized that this positive charge of
the beta carbon of the double bond can react with nucleophilic
centers; for instance, amino or thiol groups in macromolecules
(DNA or proteins), or thiol groups (-SH) in small cellular
molecules such as glutathione (GSH) via Michael addition
[43ee, 44].

Indirect interactions [here through a reactive oxygen
species (ROS) imbalance]: these have been investigated
in more detail recently with different acrylic compounds.
Apoptosis is commonly observed in cells after exposure
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to low concentrations of acrylic monomers and eluates
from resin-based materials [33, 43¢, 45, 46]. It has been
shown that cell exposure to acrylic monomers such as
HEMA (hydroxyethylmethacrylate) or TEGDMA
(triethylenglycoledimethacrylate) leads to the intracellular
depletion of GSH, a tripeptide synthesized from glycine,
cysteine, and glutamate [47—-49]. Interestingly, a simulta-
neous increase of GSSG—the oxidized form of GSH—
was not detected [47, 50]. Apparently, GSH detoxifies
these monomers by conjugating their «,(3-unsaturated
carbon—carbon moiety to the thiol group, with the catal-
ysis of GSH S-transferases (GST). This reaction deter-
mines a GSH cellular depletion and belongs to the me-
tabolism of o,(-unsaturated esters, protecting the body
against the toxic effects of electrophiles [51].

As GSH is also the major non-enzymatic antioxidant,
concentration of ROS is increased (ROS imbalance), which
has been shown for multiple target cells, several acrylic
monomers, and resin-based material eluates [46, 47, 49,
52-54]. The amount of ROS exceeds the capacities of intra-
cellular non-enzymatic and enzymatic antioxidant systems
[43+¢]. This ROS imbalance leads to effects such as the
following:

* DNA oxidation with single- and double-strand breaks
[55];

e Cell cycle arrest/delay [49, 56];

» Eventually apoptosis, if the DNA damage is not repaired
(see above);

*  Furthermore, MAP (mitogen-activated protein) kinases
(stress kinases) are upregulated, although their role in this
context is unclear [57-59];

* Enzymatic systems such as GSH transferase, superox-
ide dismutase, or catalase are influenced. By upregula-
tion of the catalase, the ROS imbalance (here, especial-
ly the formation of hydrogen peroxide) will be
counteracted [60°];

*  Furthermore, low monomer concentrations and/or related
substances inhibited odontoblast cell differentiation [61]
and specific odontoblast functions including alkaline
phosphatase activity, the matrix mineralizing capability,
calcium deposition, and gene expression such as dentin
sialoprotein [7, 8ee, 62¢¢].

This shows that acrylic monomers are environmental
stressors [43+¢]. ROS imbalance has been found to be related
to the toxicity of various other compounds and of UV radia-
tion [33]. Thus, ROS imbalance can be regarded as a rather
unspecific cell response to a variety of electrophilic stressors.
Beside ROS, other cellular reactive species such as reactive
nitrogen species (RNS) may also influence cellular reactions
in this context. However, to date, information for dental ma-
terials is scarce [43e°].

Biocompatibility Mediated Through Bacteria

A more indirect mechanism of adverse reactions elicited by
dental materials is related to bacteria accumulations, as shown
above. Further to this, it was shown that acrylic monomers
such as TEGDMA reduce the cellular immune system direct-
ed against bacteria. In macrophages, cell-surface relevant
antigens and proinflammatory cytokines were upregulated
after exposure to lipopolysaccharide, but TEGDMA caused
a significant downregulation [63]. This shows that the acrylic
monomer may decrease bacterial clearance because it blocks
the inflammation process [64].

Improvement of Biocompatibility Through New Materials

Based on information derived from mechanistic studies (see
above), new materials can be developed. Generally, it should
be aimed at reducing (1) the amount of eluted substances, e.g.,
by better polymerization (higher degree of conversion); and
(2) the inherent toxicity of material ingredients. For instance,
oxiranes and siloranes were available for low-shrinking ring-
opening resin molecules: the mutagenic effect of oxiranes in
contrast to siloranes led to the further development of the
siloranes [65, 66]. This also means that biocompatibility tests
should be done at an early stage of new material development,
preferably on the ingredients.

Use of Antioxidants

As previously mentioned, ROS imbalance can be regarded as
a rather unspecific cell response to exposure from different
materials and it is responsible for different cellular reactions
such as apoptosis or blocking biomineralization. Thus, wheth-
er antioxidants could prevent such reactions has been fre-
quently tested. A powerful substance in this context was N-
acetyl-cysteine (NAC) [8ee, 43¢+, 46, 57, 67]. NAC may act
through different mechanisms:

* It may form intracellular adducts with the test compound,
thus reducing its effective intracellular concentration, as
was shown for HEMA [68];

* NAC itself is a scavenger of free radicals and thus may
reduce the ROS concentration [8¢°];

* NAC is also a precursor of GSH, and thus the GSH
concentration is increased and the antioxidant capacity
of cells enhanced [8ee, 43¢¢].

NAC could possibly be applied in two ways: (1) as a
separate agent before the application of the dental material;
or (2) as an addition to the dental material, thus being applied
together with it.

@ Springer
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NAC application before cell exposure to acrylic substances
has been performed in cell culture experiments and it was
consistently shown that the ROS concentration and apoptosis
rate declined and biomineralization improved [43¢e, 60¢].
However, a clinical protocol has not yet been developed, nor
is there information available on the applicability of such a
procedure.

Regarding the second possible application, the inclusion of
NAC into the dental material, the addition of NAC into poly
(methyl)methacrylate materials was tested by Kojima et al. [69]
in odontoblast-like dental pulp cells and by Tsukimura et al.
[70] in osteoblasts. The protective effect of NAC was clearly
demonstrated. Similar results were shown by the same group
after the addition of NAC to a Resin Modified Glass lonomer
Cement (RMGIC) [8<¢]. In contrast, the addition of substances
to existing formulations may influence their physical and me-
chanical properties. In particular, some radical-based polymer-
ization systems may be influenced by radical scavengers such
as NAC. Information on this aspect is scarce so far.

Other antioxidants such as vitamins C, E, and A were
tested; vitamins C and E were dose-dependently protective
against HEMA and TEGDMA toxicity in two cell lines,
vitamin A only in one cell line, and the hydrophilic vitamin
C was the most effective [71]. Trolox (a water-soluble analog
of vitamin E) and ascorbate (a reduced form of vitamin C)
greatly inhibited TEGDMA-induced cytotoxicity and GSH
depletion. Trolox acts as a chain-breaking antioxidant by
quenching free radicals and interrupting lipid peroxidation
[47]. As ecarly as 1975, Antonucci et al. [72] reported on
new types of initiator systems in cold-curing methacrylates
by employing, for example, ascorbic acid as the accelerator;
these types of systems should offer promise for improving
storage, color stabilities, and biocompatibility. On the other
side, combinations of ascorbic acid (vitamin C) and vitamin E
(ox-tocopherol) did not prevent DNA damage induced by
camphorquinone and dimethyl-p-toluidine [73]. In summary,
there are some indications for the use of other antioxidants in
dental materials, but the data are less clear than for NAC.

Antibacterial Substances in Dental Materials

The incorporation of antibacterial substances into dental ma-
terials has been practiced for many decades. Classically, sub-
stances such as metals (copper, zinc, or silver), fluorides,
cetylpyridiniumchlorid, different chlorhexidine compounds,
glutaraldehyde, triclosan, zinc oxide, and eugenol, and even
antibiotics, haven been included or tested for antibacterial
activity. Their antibacterial effect mainly depends upon the
continued release of the antibacterial substance from the ma-
terial or upon a “recharging” and then a release, as was
proposed for the fluorides in glass ionomer cements [74].

A different approach was chosen by Imazato and co-
workers [75, 76¢¢], who added an antibacterial monomer
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[MDPB (12-methacryloyloxydodecylpyridinium bromide)]
to the base monomers. After setting, the antibacterial mono-
mer was tightly bound to the polymer network. New ap-
proaches are the use of dendrimers for creating bacteria-
repellant surfaces. Laboratory data are promising [42] but
patient data are missing. Another comparatively new ap-
proach is the incorporation of nanoparticles/microparticles,
e.g., from silver [77-80] or zinc [78], into dental materials.
In laboratory testing, antibacterial distant and repellent
(surface) effects have been found [77-80].

However, all these approaches are somewhat problematic,
as discussed below.

+ First ofall, the physical/mechanical properties of materials
may be negatively influenced by the incorporation and
subsequent elution of antibacterial substances such as
silver [81e¢]; although, apparently, formulations are avail-
able without impairment of physical and mechanical prop-
erties [82].

* Furthermore, it is questionable whether the amount of
substances released—which normally decreases with
time—is sufficient to elicit a clinically relevant effect, as,
for example, was discussed for the fluoride released from
glass ionomer cements [83, 84].

* Addition of antibacterial substances may also increase the
release of other substances from the materials, as was
shown for the incorporation nanosilver, which led to an
increased monomer release [85].

» The possible inactivation of antibacterial surface proper-
ties through proteins from saliva has already been
discussed above [35¢¢]. Another interaction of the antibac-
terial substances such as acidic (and therefore antibacteri-
al) adhesives with dentin has to be considered: the neu-
tralization of the acid after contact with dentin and its
subsequent biological inactivation (unpublished data).

+ Finally, it should be kept in mind that most antibacterial
substances used in dental materials act through rather
unspecific mechanisms (with the exception of antibiotics)
and, therefore, the action against bacteria implies a similar
reaction against cells (i.e., cytotoxicity).

A possible solution could be a time limitation of the anti-
bacterial action, e.g., through the use of antibacterial sub-
stances that can be regulated by light [86, 87¢, 88]. This would
also take care of other concerns that refer to the possibility of
changing the oral ecoystem by a constant release of antibac-
terial substances with unclear consequences.

Finally, despite a large number of laboratory studies show-
ing antibacterial properties, the effect in the clinic remains to
be determined. For instance, a Cochrane database report was
unable to identify any randomized controlled trials on the
effects of antibacterial agents incorporated into resin compos-
ite restorations for the prevention of dental caries [89].
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Summarizing the available data it becomes clear that the
inclusion of antibacterial substances seems to be a promising
strategy for improving the biocompatibility of dental mate-
rials. However, despite many approaches over the years, so far
no real breakthrough has been observed. A new approach
could indeed be the use of light-regulated antibacterial
substances.

Improvement of Biocompatibility by Risk Group
Identification

The aim of the risk group identification strategy is to define
specific parts of the general population in which, because of
special predispositions, higher exposure or other circum-
stances have or may have a higher risk for the development
of adverse effects against specific materials. Avoidance of
exposure to this specific material for this community may
result in avoidance of clinical adverse reactions, and thus the
overall biocompatibility of special dental materials is
improved.

This is a well-known strategy and has been successfully
applied for many years for patients with allergies [1e°].
Pregnant and lactating females have been advocated to be a
special risk group (including the fetus) for amalgam (see
Schmalz and Arenholt-Bindslev [1¢°]); however, evaluations
of the current evidence by national and international govern-
ment commissions have not resulted in specific restrictions
[1e]. Nevertheless, as extensive dental treatment in pregnant
women may generally create a stressful situation, the German
national administration has, together with scientific and pro-
fessional dental associations, recommended that extensive
dental treatment (i.e., except for emergency treatment) during
pregnancy should, in general, be avoided [90]. No such risks
are described for lactating women. Children were also a
candidate population for an increased risk for adverse effects
related to mercury from amalgam, e.g., due to the developing
brain [91, 92]. However, in two independent clinical studies
no such effects could be shown [91, 92].

Dental personnel are a risk group due to the high exposure to
dental materials, especially in an uncured state. A no-touch
technique for dental materials is recommended and regulations
for safety at the working environment need to be followed [1¢].

New strategies for defining risk groups have been proposed
to be related to the genetic makeup of special patient/
population groups. It has been suggested that polymorphisms
in selenoproteins and GSH-related genes may influence elim-
ination of mercury [93], and data from an Amazon population
indicate that some GSH-related polymorphisms, such as
GSTM1 and GCLM, may modify methyl mercury metabolism
and mercury-related antioxidant effects [94]. Enzymatic (e.g.,
catalase) and non-enzymatic (GSH) cellular antioxidant

Table 1 Strategies for Improving Biocompatibility of Dental Materials

Education

Risk group identification

Mechanistic studies and development of new materials

Consumer protection

Topic

- University teachers
- Dental personnel

Researchers at university and

Researchers at university and industry

- Administrators

- Researcher
- Test houses

Addressee

industry

Clinical dental material

- Clinical Diagnostic testing for

- Individual test approaches

- Legal regulations
- Standard testing and

Methods

allergies education

- Studies in pregnant/lactating

- First different cell cultures, if necessary followed by animal tests

- Direct vs. indirect cell response

evaluation protocols
- Post-marketing control

females and children
- Studies into genetic

- Unspecific vs. specific cell response

- ISO 14971, ISO 10993,

susceptibility
- Better clinical diagnostics for

ISO 7405 etc.
- Developing preclinical tests

More in-vitro methods for

Anti-bacterial Bacterial
substances

Use of

Less toxic

Elution

Surface

Challenges

outcome control of

allergies
- Validation of in vitro tests for

repellants

reduction ingredients  antioxidants

modifications

with high clinical

predictability
Improving admin. control

material processing by

dental personnel

allergies
- More data on other (e.g.)

mechanisms

genetic risk groups
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systems have been shown to also be necessary for compen-
sating the increase of cellular ROS after dental methacrylate
monomer exposure [43e+, 60¢]. Furthermore, the influence of
different variants of GSH transferase on the cellular reactions
towards resin monomers was reported [95]. Altogether, scien-
tific evidence for the impact of the genetic makeup on the
exposure to substances from materials is still very weak.
Furthermore, no tests are available for identification of such
risk groups. However, this is apparently a very attractive field
for further research and is a potential new strategy for improv-
ing dental material biocompatibility in the population.

Improvement of Biocompatibility by Training Dental
Personnel

As is known from dental material science, the properties of the
materials also depend on the correct handling by the dental
technician or dentist. An example of incorrect handling by the
dental technician is the insufficient removal of the metal oxide
layer that develops on the metal surface after firing of a metal
ceramic crown from all parts of the metal that are not covered
by ceramic; the consequence is a gingivitis at the crown
margin [les, 16]. An example of incorrect handling by the
dentist is the incorrect positioning of the light-curing lamp for
polymerizing resin-based composites. This may lead to lip
burns [96] or to insufficiently cured resin [97¢¢]; insufficient
cure leads to increased elution [98] and increased cytotoxicity
[99]. Thus, improvement of dental education and the develop-
ment of suitable tools [97+¢] can also be regarded as a strategy
for improvement of biocompatibility of dental materials.

Conclusions

Several strategies have to be followed to improve the biocom-
patibility of dental materials (see Table 1) and they must be
directed at different addressees: administrators, university-
and industry-based researchers, and university teachers. As
bioactive materials and scaffold materials for tissue engineer-
ing will increasingly become the center of interest for material
development in the future, the importance of biocompatibility
aspects in material assessment will also increase.
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