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Bio-active restorative materials with antibacterial effects: new dimension of
innovation in restorative dentistry
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Restorative materials in the new era should be “bio-active”, and antibacterial effects are highlighted as one of the important
properties. In order to achieve resin-based restoratives with antibacterial effects, an antibacterial monomer MDPB has been
developed. The primer incorporating MDPB demonstrated cavity-disinfecting effects, and the world’s first antibacterial
adhesive system employing the MDPB-containing primer was successfully commercialized. MDPB is potentially applicable
to various restoratives since immobilization of the antibacterial component by polymerization of MDPB enables no deterio-
ration in mechanical properties of cured resins and exhibition of inhibitory effects against bacterial growth on their
surfaces. For glass-ionomer cements used for atraumatic restorative treatment, the approach to provide antibacterial
activity has been attempted by addition of chlorhexidine. Incorporation of 1% chlorhexidine diacetate was found to be
optimal to give appropriate antibacterial and physical properties, being effective to reduce the bacteria in affected and
infected dentin in vivo.
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available. In this review paper, our research work on
MDPB, including its possible use for future
treatment, 1s summarized. In addition, the
development of novel glass-ionomer cements
containing chlorhexidine for atraumatic restorative
treatment (ART) is also addressed.

INTRODUCTION

Basic properties of dental materials for restorative
treatment, such as mechanical, physical and bonding
properties, have been greatly improved as a result of
numerous investigations, and many of recent
products on the market exhibit excellent/acceptable
clinical performance. Such improvement of

restorative materials has contributed to the recovery ANTIBACTERIAL RESINS INCORPORATING MDPB

of ideal anatomical form and function with less
removal of tooth structure, leading the way to
aesthetic restorative treatments and minimal
intervention dentistry. Accordingly, it is proposed
that innovation of restorative materials in the new
era could be directed toward a new dimension:
development of materials with “bio-active functions”
to provide therapeutic effects.

As one Dbio-active function proposed for
restorative materials, antibacterial activity can be
highlighted for the restorative treatment of caries.
The ability to control bacteria would be advantageous
to eliminate the risk of further demineralization and
cavitation, since dental caries is an infectious disease
and eradication of cariogenic bacteria 1is the
important principle. We have been conducting
research on development of various antibacterial

resins by incorporation of a novel monomer
12-methacryloyloxydodecylpyridinium bromide
(MDPB), which has antibacterial activity. The

antibacterial adhesive incorporating this monomer
has been successfully developed and is commercially

Antibacterial monomer MDPB

In order to achieve resin-based restorative materials
with antibacterial effects, we aimed to develop an
antibacterial monomer that is a polymeirzable
bactericide (Fig. 1). Several antimicrobials were
tested for their possibility to be combined with a
methacryloyl group, and MDPB was successfully
synthesized from quaternary ammonium
dodecylpyridinium (Fig. 2)"2.

When unpolymerized, antibacterial monomer
acts as a free bactericide similar to conventional
antimicrobials. MDPB, an analogue of cetylpyridin-
ium chloride, which is a strong bactericide frequently
used for oral rinses or dentifrices, was confirmed to
have strong killing activity against various oral
bacteria as proven by its minimum bactericidal
concentration (MBC) values (Table 1)*%. In addition
to facultative and obligate anaerobe detected in
coronal lesions, MDPB is effective against bacterial
species predominantly isolated from root caries, such
as actinomyces and Candida albicans®. It was also
found that MDPB can kill bacteria rapidly at
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concentrations beyond MBC®.

MDPB is a polymerizable bactericide, and the
antibacterial component in the molecule is
immobilized after the resinous materials incorporat-
ing MDPB are cured (Fig. 3) **?. The component
immobilized as a pendant does not leach out from
resin matrix as they are connected by covalent
bond!®. Therefore, incorporation of MDPB has an
advantage that physical properties of the restorative
materials are kept stable for a long period under wet
circumstances™?.

Antibacterial adhesive system containing MDPB

The experimental antibacterial dentin primer was
prepared by incorporating MDPB into the primer of
a commercial self-etching system (Liner Bond 2
system, Kuraray Medical, Tokyo, Japan); various
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Table 1

properties of this prototype material have been
investigated in detail by many in vitro tests*!*'?,
When the experimental primer containing MDPB at
5% was kept in contact with planktonic
Streptococcus mutans (1 X 10% CFU), all bacteria
were killed within 30 sec'?. The experimental MDPB-
containing primer was also inhibitory against
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MDPB synthesized by combining a quaternary ammonium dodecylpyridinium bromide and a methacryloyl group.

Minimum bactericidal concentrations of unpolymerized MDPB (zg/mL) for various caries-associated bacteria

Streptococcus mutans

Streptococcus sobrinus SL-1

Streptococcus sanguinis NCTC7863
Streptococcus salivarius NCTC8618
Lactobacillus plantarum ATCC14917
Lactobacillus fermentum ATCC14931
Propionibacterium acnes ATCC6919
Bifidobacterium bifidum ATCC29521
Peptostreptococcus asaccharolyticus ATCC14963
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Fig. 3 Immobilization of the antibacterial component by

polymerization of MDPB.

The world’s first antibacterial adhesive system
(Clearfil Protect Bond), employing a self-etching
primer containing 5% MDPB.

Fig. 4
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Fig. 5 Inhibitory effects of proprietary self-etching
adhesives/primers against caries-associated

bacteria: S. mutans, L. casei, and A. viscosus.

PR: Prime & Bond NT, SY: Syntac SC, XE: Xeno
CF Bond, ON: One-up Bond F, SE: Clearfil SE
Bond primer, UB: Unifil Bond primer, PB: Clearfil
Protect Bond primer

Actinomyces, Lactobacillus, and anaerobic bacteria
isolated from human carious dentinal lesions*'?,

Based on these findings obtained for the
experimental material, MDPB was utilized
successfully in the commercial adhesive (Clearfil
Protect Bond, Kuraray Medical, Fig. 4). This adhesive
is a two-step self-etching system, employing a single-
bottled 5% MDPB-containing primer. Owing to the
effects of the incorporated MDPB, the primer of
Clearfil Protect Bond system shows cavity-
disinfecting effects'”. Therefore, this adhesive
contributes to a reduction in the risk of secondary
caries and to saving the pulp in caries treatment.

Antibacterial activity tests wusing agar-disc
diffusion methods clearly demonstrated the effective-
ness of Clearfil Protect Bond primer against caries-
related bacteria'®'®. Among the several proprietary
self-etching primers/adhesives examined, Clearfil
Protect Bond primer was the only material that could
inhibit S. mutans, L. casei and A. viscosus effectively
(Fig. 5). The self-etching adhesives are more or less
acidic, and exhibit antibacterial activity to some
extent!'®'®, However, they are not effective against
lactobacilli that can survive even in a low pH
environment. It is noteworthy that Clearfil Protect
Bond primer can inhibit the growth of acid-tolerant
species such as lactobacilli, due to the intrinsic
antibacterial activity of MDPB.

In vitro Dbactericidal activity tests using
artificially infected dentin specimens indicated that
Clearfil Protect Bond primer can kill the inhabitant
bacteria in demineralized dentin'®'?. In this test, a
dentinal block was obtained from human tooth crown
and a bacterial suspension (S. mutans, L. casei or A.
viscosus) was impregnated after demineralizing the
block with an acid solution, producing artificially

O 8. murtans
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A. viscosus

Cells recovered (Log,, CFU)

control Proteci Bond

The number of viable bacteria in the dentin block
artificially infected with S. mutans, L. casei, or A.
viscosus. Bacteria was completely killed by
application of MDPB-containing primer (Clearfil
Protect Bond primer) due to the strong bactericidal

=
=
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effects shown by MDPB. Control indicates
bacterial number recovered without any
treatment.

Fig. 7

Infected cavity prepared on a beagle dog tooth.

infected dentin containing a high amount of bacteria.
It was confirmed that all bacteria in the artificial
caries block could be killed by application of Clearfil
Protect Bond primer for 20 sec (Fig. 6). The effective-
ness of Clearfil Protect Bond primer was also
exemplified by studies using a natural caries lesion
of a freshly extracted human tooth?®. By this test,
MDPB was shown to be able to disinfect the heavily
infected cavity containing mixed flora.

To evaluate the clinical usefulness of MDPB, an
animal model was established and the antibacterial
activity of the primer containing MDPB was assessed
in more realistic condition?. In this model, the cavity
was prepared on a sound tooth of a beagle dog and
inoculated with S. mutans to simulate the residual
infection after caries removal (Fig. 7). The bacteria
were completely inactivated by the application of the
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experimental primer containing 5% MDPB (Table 2), Table 2 The number of bacteria recovered (CFU) after

indicating that the MDPB-containing self-etching application of the primers or disinfectant to the
primer could exhibit antibacterial effects not only in infected cavity
vitro but also in vivo. No treatment (4.74 £ 3.98) X 10°
The fact that such cavity disinfecting effects are Liner Bond 2 primer (1.94 £ 3.35) X 10°
beneficial for preserving the pulp was demonstrated 5% MDPB-containing primer 0
p g pulp gp
by the animal tests using the same model of infected Cavity disinfectant™* 0

- o) . . .
caV%ty K (?ompo.s,lte filling .w‘as performed with the n = 5, *Consepsis (Ultradent) containing 2% chlorhexidine
antibacterial primer containing 5% MDPB to the digluconate

infected cavity, and the pulp was histopathologically
evaluated after 7-75 days. While the positive control
without application of any material or the restoration
using parent primer without MDPB resulted in the
occurrence of moderate to mild inflammatory
responses of the pulp, even after 75 days, no
inflammation was observed for the restoration using
the MDPB-containing primer (Fig. 8, Table 3). The
other study, which examined the usage of Clearfil
Protect Bond to infected non-exposed and exposed
cavities, supported the effects of the MDPB-
containing primer to maintain pulp vitality and
primary odontoblastic function??. Therefore, by the
application of antibacterial primer incorporating
MDPB to the deep cavity with possible residual
infection, Dbacteria can be eradicated and
inflammation of the pulp can be protected.

There are several studies that describe the
addition of antibacterial components in adhesive
resins'®. In most cases, soluble antimicrobials were
incorporated to show antibacterial activity dependent
upon their release. The disadvantage of these
approaches is harmful effects on the production and
maintenance of integral adhesive interfaces.
Deterioration of adhesive interface is inevitable by
the release of the agents from cured resin, and this
results in low durability of restoration. In addition,
disturbance of resin polymerization sometimes occurs
by inclusion of the additives, leading to reduction in
mechanical properties of the interface and

Fig. 8 The 7-day pulp after restoration using 5% MDPB-
containing primer (a) or without any treatment as

enhancement of interfacial deterioration as ageing. the control (b). Note that inflammatory response
In the case of incorporation of MDPB, the can be seen for the control, while there is no sign
antibacterial component is immobilized at the of inflammation for the antibacterial primer
bonding interface after setting of restorations. The group.

Table 3  Pulpal responses after restoration of the infected cavity

Inflammatory responses

No Mild Moderate Severe
After 7 days Sealing without treatment 0 33 67 0
Restoration with control primer 0 63 37 0
. Restoration with MDPB-primer 100 (U (U 0 ..
After 75 days Sealing without treatment 0 0 100 0
Restoration with control primer 0 100 0 0
Restoration with MDPB-primer 100 0 0 0

Control primer: Clearfil Liner Bond 2 primer, MDPB-primer: antibacterial primer containing 5% MDPB. The values
represent the percentage to the total specimens.
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In vitro plaque accumulation on the control
composites (a) and the experimental composites
loaded with antibacterial PPRF (b) after 24 h of
incubation in S. mutans suspension. Inhibition of
maturation of plaque can be clearly seen for the
antibacterial composites.

immobilized component of MDPB is not released
from the interface, contributing to the durability of
restorations. By agar-disc diffusion tests using an
intervening dentin disc, Schmalz et al.'¥ examined
the production of inhibitory zones by Clearfil Protect
Bond applied onto dentin. They found that no
inhibition zones were produced under the dentin disc
when the adhesive applied was light-cured, indicating
sufficient curing of MDPB in the primer. By in vivo
tests, Clearfil Protect Bond proved to produce more
durable interface than the conventional adhesives in
the oral environment in terms of bond strength to
dentin®. No reduction in dentin bond strength for
the restorations using Clearfil Protect Bond was
demonstrated even after function for 1 year in
human mouth. In addition to its excellent bonding
ability to sound or caries-affected dentin and
enamel®*?®, many other in vitro tests also supported
the prominent bonding durability of this
adhesive??®V, These findings appear to reflect the

advantages of incorporation of the antibacterial
monomer.

Antibacterial filler with immobilized MDPB

It has been found that cured resins containing MDPB
demonstrate an activity to inhibit the growth of
bacteria on their surface, thereby acting as a so
called “contact inhibitor’. This property has been
suggested from the results of antibacterial activity
tests of MDPB-containing resin matrix for composites
and bonding resins®?832),

The idea to utilize the antibacterial monomer
MDPB for a prepolymerized resin filler (PPRF) has
been tried as the surface with immobilized antibacte-
rial component at high concentrations could be
obtained. PPRF containing approximately 18%
MDPB was prepared and its inhibitory effects on
bacterial growth were studied using S. mutans®39.
Although the release of unpolymerized MDPB from
the antibacterial PPRF was less than the minimum
inhibitory concentration (MIC) value, the growth of
S. mutans was inhibited when incubated in contact
with the experimental PPRF®®., Composites loaded
with this experimental PPRF exhibited inhibitory
effects on the growth of S. mutans as well, and in
vitro plaque accumulation on its surface was reduced
compared with control composites without MDPB
(Fig. 9)°Y. The advantages of bactericide-immobilized
composite are the long-lasting antibacterial effect
and no deterioration in mechanical properties after
ageing in a wet environment.

However, the antibacterial activities shown by
the Dbactericide-immobilized resins are mainly
bacteriostatic, and not as intensive as those shown
by the unpolymerized MDPB. What remains to be
determined about the effects of immobilized MDPB is
elucidation of the mechanism by which it inhibits
bacterial activity. Reduction in effects owing to the
adsorption of proteins on the surface is a general
drawback of contact inhibitor, and this problem
needs to be resolved to achieve clinically effective
materials.

Caries management by antibacterial resins

People today tend to be able to preserve their teeth
for longer, showing a higher prevalence of gingival
recession and exposure of the root surfaces to the
oral environment. This condition, in addition to a
lower salivary flow rate and poor oral hygiene,
increases the risk of root surface caries in elderly
people. Epidemiological studies have demonstrated
that the prevalence of root surface caries in the
elderly population is more than 5099, Application
of antibacterial resins may be one option for the
management of root surface caries, especially
beneficial for arresting active lesions. This regimen is
based upon inactivation of the bacteria within a
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lesion and simultaneous sealing of the surface to
deprive any viable bacteria from nutrients and
ingress of acids.

Using an artificial caries lesion with extensive
demineralization, we found that the primer incorpo-
rating 4% MDPB was able to penetrate into lesions
to a depth of more than 150 ¢#m and to kill bacteria
completely within demineralized dentin®?. These
results indicated the possible benefit of using an
adhesive system employing an MDPB-containing
primer and bonding resin to inhibit the progression
of root caries. Therefore, artificial caries lesions were
prepared using either an acid-gel or an S. mutans
culture technique on the roots of extracted human
teeth, and the progression of the lesions after
application of MDPB-containing adhesive systems
was examined. Further demineralization was
completely prevented by the MDPB-containing
adhesive system, whilst lesions managed with
proprietary adhesives showed limited inhibition of
the progression of demineralization (Table 4).
Based on these in vitro findings, an evaluation of the
clinical usefulness of the management option through
a combination of the antimicrobial activity of MDPB-
containing primer and sealing of the demineralized
dentin with resins is under investigation.

Antibacterial coating/sealer

Aiming at the achievement of a new preventive
measure for root surface caries, coating of the surface
with adhesive systems has been investigated®-*Y. We
previously reported that the application of a
multifunctional methacrylate-based surface-coating
resin with a dentin primer was effective to seal the
surface and subsequently protect roots from
demineralization’. Addition of antibacterial activity
on the surface is considered to provide further benefit
for the prevention of caries, and various properties of
experimental coating resins incorporating MDPB are
being evaluated.

It would be also possible to utilize unfilled resins
containing MDPB* as root canal sealers in
conjunction with disinfection of root canals by an
MDPB-containing primer.

Table 4 The mean depth of the lesion (#m) produced by
S. mutans culture
2 w culture (before application of adhesives) 260
4 w culture without application of adhesive 417
Single Bond 353
MDPB-containing primer/bonding resin 276

The adhesive was applied to the lesion produced by 2 w
culture, and incubated for additional 2 w.

ANTIBACTERIAL GLASS-IONOMER
CEMENTS FOR ART

In vitro studies

Atraumatic restorative treatment (ART) is one
minimal intervention approach in which demineral-
ized tooth tissues are removed using manual
instruments, and the cavity, including adjacent pits
and fissures, is restored using a filling material,
usually a glass-ionomer cement (GIC). Since ART can
be performed under circumstances where neither
electricity nor local anesthesia is required, it is
possible that insufficient carious tissues are removed
in the process of cavity cleaning. Accordingly,
improvement of filling materials to overcome the
problems caused by incomplete removal of infected

dentin will lead to an increase in the success rate of
ART.
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Fig. 10 The size of inhibition zones (mm) produced against

S. mutans NCTC10449 by set or unset specimens
of CHX-containing GICs. 1/0, 2/0, 3/0, 1/1, and
2/2 indicate the (w/w)% ratio of CHX diacetate/
CHX dihydrochloride in the powder of control GIC
(Fuji IX).

Fig. 11 Inhibition halos produced against S. mutans
NCTC10449 by set specimens of CHX-containing
GICs. Top left: 1/0 specimen, bottom left: 1/1
specimen, top right 2/2 specimen, bottom right:
control (0/0).
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In the attempts to achieve GIC showing antibac-
terial effects, we selected cholorhexidine (CHX),
which is known to be bactericidal against caries-
associated bacteria, as an antimicrobial to be
incorporated. Since the ART approach is indicative
for use in posterior teeth, it is critical that the
materials show physical properties strong enough to
resist an occlusal load. Therefore, to determine the
optimal concentration of CHX incorporation, CHX
diacetate combined with the less water-soluble
compound CHX dihydrochloride was added to the

300
024 h
250 17 days
T
200 | || - S : = I o
= 7
150 || | B
100 ||| -
50 || | .
0
control 110 210 310 11 212

Fig. 12 Compressive strengths (MPa) of CHX-containing
GICs after 24 h or 7 days of immersion in water.
1/0, 2/0, 3/0, 1/1, and 2/2 indicate the (w/w)%
ratio of CHX diacetate/CHX dihydrochloride in
the powder of control GIC (Fuji IX).

Table 5
dentin)

Affected dentin

powder of Fuji IX (GC, Tokyo, Japan) to obtain
concentration ratios of 1/0, 2/0, 3/0, 1/1, or 2/2 (w/
w)%, and the physical properties and bond strength
of these experimental GICs, as well as their
antibacterial  effects, were evaluated*”. By
agar-diffusion methods, all experimental GICs
showed antibacterial activity against S. mutans,
L. casei or A. naeslundii due to the release of CHX at
both set and unset stages. However, the sizes of
the inhibition zones were not dependent upon
CHX content (Fig. 10, 11). Analysis using high-

(MPa)
10

control 1/0 2/0 310 1 2/2

Fig. 13 Tensile bond strengths (MPa) of CHX-containing
GICs to bovine dentin. 1/0, 2/0, 3/0, 1/1, and 2/2
indicate the (w/w)% ratio of CHX diacetate/CHX
dihydrochloride in the powder of control GIC
(Fuji IX).

The mean number of log-transformed mutans streptococci (MS), lactobacilli (LB) and total bacteria (CFU/mg

MS LB total bacteria
day O day 7 day 0 day 7 day O day 7
Anaerobic incubation
Control 1.89 1.48 2.05 1.59 2.98 2.33
,,,,,,,,, CHXGIC 211 078 205 08 292 135
Aerobic incubation
Control 1.22 1.27 1.92 1.59 2.69 2.04
CHX-GIC 1.30 0.80 1.73 0.87 2.89 1.13
Infected dentin
MS LB total bacteria
day 0 day 7 day 0 day 7 day 0 day 7
Anaerobic incubation
Control 3.34 1.42 3.27 1.98 4.68 2.57
,,,,,,,,, CHXGIC 340 109 283 136 426 192
Aerobic incubation
Control 2.02 1.17 2.75 1.82 4.25 2.57
CHX-GIC 1.95 0.95 2.69 1.23 3.98 1.61
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performance liquid chromatography revealed that
CHX concentrations released from set materials
were not different, regardless of CHX content.
Incorporation of CHX diacetate at 2% or greater
significantly decreased compressive strength and
adversely affected bond strength to dentin (Fig. 12,
13). Conclusively, we found that incorporation of 1%
CHX diacetate is optimal for clinical use in terms of
antibacterial activities, agent-release profile, physical
properties and bonding ability to tooth substrates.

In vivo effects

To test the in wvivo antibacterial effects of GIC
containing 1% CHX diacetate, a pilot clinical study
was carried out, recruiting 6- to 11-year-old children
with occlusal lesions in a molar®. The cavity walls
and one half of the floor were cleaned and restored
with Fuji IX or the experimental GIC containing 1%
CHX diacetate. Dentine samples were taken from the
cleaned (affected dentin) and non-cleaned area
(infected dentin) at baseline and 7 days after
restoration, and cultivated anaerobically and
aerobically to count the number of mutans
streptococci, lactobacilli and the total viable bacteria.
Although a significant decrease in anaerobic and
aerobic bacterial counts was observed for both
materials seven days post treatment, fewer bacteria
survived in the CHX-containing GIC group compared
with the control GIC group (Table 5), indicating the
effectiveness of incorporation of CHX. For affected
dentin, CHX-containing GIC reduced the total
bacteria to approximately 10 CFU in the mean value
over the 7 day period, and the number of mutans
streptococci and lactobacilli were both reduced to less
than 10 CFU. Even for infected dentin, total bacterial
number was reduced to less than 100 CFU by
placement of the CHX-containing GIC, showing
greater reduction in surviving bacteria than the
control GIC. This pilot clinical study revealed the
benefits of a CHX-containing GIC to effectively deal
with residual infection for ART. Further follow-up
study is ongoing to confirm the significance of the
experimental GIC to contribute to a better prognosis.
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