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Incorporation of cross-linked quaternary ammonium polyethyleni-
mine (QPEI) nanoparticles in dental resin composite has a long-
lasting and wide antimicrobial effect with no measured impact on
biocompatibility in vitro. We hypothesized that QPEI nanoparticles
incorporated into a resin composite have a potent antibacterial
effect in vivo and that this stress condition triggers a suicide mod-
ule in the bacterial biofilm. Ten volunteers wore a removable acrylic
appliance, in which two control resin composite specimens and two
resin composite specimens incorporating 1% wt/wt QPEI nanopar-
ticles were inserted to allow the buildup of intraoral biofilms. After
4 h, the specimens were removed and tested for bacterial vitality
and biofilm thickness, using confocal laser scanning microscopy.
The vitality rate in specimens incorporating QPEl was reduced
by >50% (p < 0.00001), whereas biofilm thickness was increased
(p < 0.05). The ability of the biofilm supernatant to restore bacterial
death was tested in vitro. The in vitro tests showed a 70% decrease
in viable bacteria (p <0.05). Biofilm morphological differences
were also observed in the scanning electron microscope micro-
graphs of the resin composite versus the resin composite incorpor-
ating QPEL. These results strongly suggest that QPEI nanoparticles
incorporated at a low concentration in resin composite exert a
significant in vivo antibiofilm activity and exhibit a potent broad
spectrum antibacterial activity against salivary bacteria.

esin composite materials are commonly used in dental prac-

tice as hard tissue substitutes owing to their superior esthetic
properties. However, in vivo dental biofilm accumulates on resin
composites to a greater extent than on enamel and other restora-
tive materials (1, 2). Although dentin adhesive systems used
for resin composites may strongly bind to enamel and dentin, they
do not have the ability to prevent the occurrence of microgaps
between the tooth and the restoration (3). Consequently, the
restoration margins can provide a potential pathway for leakage
of cariogenic microorganisms present in the normal human flora,
resulting in secondary caries (4-6). Therefore, resin composite
restorations that possess antibacterial properties could be bene-
ficial in eliminating the detrimental effect caused by bacterial
microleakage.

Numerous articles have demonstrated the antimicrobial utility
of cationic polymers with quaternary ammonium groups (7-9).
In particular, it was reported that quaternary ammonium poly-
ethyleneimine (QPEI) possesses excellent antibacterial activity
(10, 11). Bearing this in mind and understanding the pathogenesis
of secondary caries and the properties of resin composite restora-
tions, we showed that resin composites can be chemically mod-
ified to acquire potent and long-lasting antibacterial surface
properties in vitro (12). For this purpose and to overcome the
disadvantages of materials that release antibacterial agents
(13-15), we prepared more than 50 derivatives of polycationic
particles, starting from different polyamines and alkyl halides that
had 4 to 16 methylene groups, using different methods of synth-
esis. Although some of the tested nanoparticles were found to
be effective in inhibiting bacterial growth, octyl alkylated QPEI
nanoparticles incorporated into dental resin composite at 1%
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wt/wt showed a superior antibacterial effect (16, 17). These
nanoparticles were mixed into prepolymerized commercially
available dental resin composites, modifying the restoration
material. We thought that antibacterial modification of the dental
resin composite is an advantageous approach for preparing
materials that are continuously challenged physically in a harsh
environment for many years. The incorporation of these QPEIL
nanoparticles in resin composite rendered a long-lasing antimi-
crobial effect against a wide range of bacteria with no measured
influence on biocompatibility and without leaching (17-19).
Furthermore, we have found that QPEI nanoparticle quarterni-
zation with octyl groups yields optimal antibacterial properties
for dental composite restorative material, i.e. 6-mo aging of
composite incorporating 1% wt/wt QPEI nanoparticles, resulted
in complete inhibition of cariogenic mutans streptococci biofilm
in vitro (20).

Although the detailed mechanism of the antibacterial effect
of polycations bearing quaternary ammonium moieties has not
been fully determined, it was suggested that they cause lysis of the
bacterial cells. Consequently, stressful conditions such as expo-
sure to antibiotics or other states causing cell death and lysis may
initiate death in bacterial cultures, mediated by an intracellular
death program (21, 22). An emerging paradigm in this field sug-
gests that, analogous to programmed cell death in eukaryotes,
regulated cell death and lysis in bacteria play an important role
in developmental processes, such as competence and biofilm
development, and in the elimination of damaged cells, such as
those irreversibly injured by environmental or antibiotic stress
(23). We hypothesized that QPEI when incorporated in resin
composite has a potent antibacterial effect on salivary microor-
ganisms and thus prominently affects oral biofilm in vivo.

We now report a quantitative and qualitative experimental
investigation of the in vivo antibacterial effect of QPEI nano-
particles incorporated in a resin composite on intraoral biofilm.
QPEI nanoparticles were incorporated at 1% wt/wt in commer-
cially available composite, and their antibacterial effect on oral
biofilm was assessed. The resultant resin composite showed a
strong antibacterial and antibiofilm effect on biofilm at its outset.
We also suggest that the QPEI nanoparticles may trigger a built-
in death program in the oral biofilm in vivo.

Results and Discussion

To achieve the long-term success of dental restorations, not only
the professional carrying out the work, but also the different
physical, chemical, and biological properties of the materials play

Author contributions: N.B. and E..LW. designed research; N.B. and LY.-F. performed
research; L.Y.-F., M.P--D., and A.J.D. contributed new reagents/analytic tools; N.B. analyzed
data; and N.B. and E.LW. wrote the paper.

The authors declare no conflict of interest.
This article is a PNAS Direct Submission.
"To whom correspondence should be addressed. E-mail: ervinw@cc.huji.ac.il.

This article contains supporting information online at www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1010341107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1010341107


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental

Bane

/

I\

=y

an important role. These characteristics are also relevant factors
affecting the attachment of organisms to the surface forming a
biofilm. The lack of antibacterial properties of photopolymerized
resin composites (24) means that there is no inhibitory effect
against biofilm accumulation, and therefore cariogenic bacteria
such as mutans streptococci can readily grow on composites and
penetrate into the microgap at the tooth-restoration interface.
Furthermore, dental resin composites confront a complex oral
microbiological environment composed of hundreds of different
strains of bacteria, which is unattainable in vitro. To better under-
stand the metabolic process or the clinical effects of antibacterial
substances such as QPEI nanoparticles against biofilm, it is ne-
cessary to choose an examination method in which the biofilm
grows directly in the oral cavity and its three-dimensional struc-
ture is not manipulated.

Accordingly, in the present study a custom-made removable
acrylic appliance was placed intraorally in 10 volunteers (Fig. 1).
Four disc-shaped specimens, two of resin composite and two of
resin composite incorporating 1% wt/wt QPEI nanoparticles,
were inserted in each appliance and the buildup of intraoral bio-
films was allowed for 4 h. The percentage of QPEI nanoparticles
to be added was decided after testing the antibacterial effect of
various low concentrations (for details, see SI 7ext). The oral mu-
cosa was examined carefully immediately after the appliance was
removed and showed no signs of redness, warmth, tenderness, or
swelling. This indicated that no inflammation or allergic reaction
had developed. These findings coincide with our previous in vitro
and in vivo histological finding that the incorporation of QPEI
nanoparticles into resin composite does not compromise its safety
for use (18, 19). Furthermore, the volunteers did not complain of
pain or discomfort during the time they wore the appliance or
afterward. The discs were recovered and the builtup biofilms
were analyzed qualitatively and quantitatively. For this purpose,
we utilized confocal scanning laser microscopy (CSLM), which
serves as a powerful tool for studying bacteria in dental biofilm.
First, using specific dyes, the discs were subjected to standard ex
vivo staining of the bacteria, reflecting bacterial viability and
biofilm thickness (for details see SI Text). The biofilm formed
on the surface of the resin composite discs was stained mainly
green (as seen in Fig. 1, Left), indicating that the majority of
the bacterial cells were viable, whereas the red stain was evident
on the resin composites incorporating QPEI nanoparticles, indi-

1.Control- 2. Composite

with 1%QPEI ?

composite

Fig. 1. Removable acrylic appliance withholding two resin composite discs
and two discs of resin composite incorporating QPEI. Confocal laser micro-
scope surface images of the attached biofilm formed on (1) resin composite
mainly show dead cells stained red, whereas biofilm formed on (2) resin com-
posite incorporating QPEI nanoparticles mainly shows live cells stained green.
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cating that most of the cells were nonviable (as seen in Fig. 1,
Right). The biofilm on each disc was further analyzed quantita-
tively, in four randomly captured images; i.e., the number of dead
and live bacteria as well as the biofilm thickness in each image
was determined and averaged for the assessed effect per sample
as shown for one of the volunteers in Figs. 2 and 3. Analysis of the
samples collected from all 10 volunteers showed a significant
(p < 0.00001) reduction of the viable bacteria in the biofilm
formed on the surface of the resin composites with incorporated
QPEI nanoparticles. Interestingly, incorporation of the nanopar-
ticles did not reduce biofilm thickness, but rather increased it
(p < 0.05) as summarized in Table 1.

Second, a qualitative assessment of the same discs was per-
formed using a scanning electron microscope (SEM) (SI Text).
SEM images revealed differences in the biofilm structures
formed on each of the tested groups. The resin composite
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Fig. 2. Biofilms formed on resin composite incorporating QPEI nanoparticles
and nonmodified resin composite. Confocal laser scanning microscope cross-
section images of biofilms formed on resin composite (A) and resin composite
with incorporated QPEI nanoparticles (B).

PNAS | December 21,2010 | vol. 107 | no.51 | 22039

APPLIED BIOLOGICAL

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental/pnas.1010341107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental/pnas.1010341107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1010341107/-/DCSupplemental/pnas.1010341107_SI.pdf?targetid=STXT

Bane

/

I\

=y

y A

Resin Composite B Dead

O Live

Bacteria Nex 108
>
1

8 -
6 -
4 .
2 -
0 -
5 10 15 20 25 30 35 40 45 50 55 60 65
Bioilm thickness (um)
Resin Composite + 1% QPEI
B 407 W Dead
35 1 O Live
S 30
5 25
=z
& 20 4
& 15
o
o 10
5 -
0 -
5 15 25 35 45 55 65 75 85 95
Biofilm thickness (um)
Fig. 3. Bacterial vitality and biofilm thickness of biofilms formed on resin

composite incorporating QPEI nanoparticles and nonmodified resin compo-
site. Biofilms were stained using the BacLight LIVE/DEAD viability stain and
scanned using a confocal laser scanning microscope. Average cross-section
enumeration of viable and nonviable bacteria, as measured by Image ProPlus
softwear of biofilms formed on resin composite (A) and resin composite with
incorporated QPEI nanoparticles (B).

SEM micrographs (Fig. 44) depicted an established biofilm with
numerous evident bacterial cells, whereas the biofilm morphol-
ogy on the resin composite incorporating QPEI nanoparticles
revealed only a few bacteria with clear membranes (Fig. 4B).
Although in the present study SEM imaging of the specimens
without biofilm cells did not reveal any difference in the surface
views of resin composite versus resin composite incorporating
1% wt/wt QPEI nanoparticles (see SI 7ext), the presence and
distribution of the active antibacterial groups on the surface

was observed using CLSM (see SI Text), in concurrence with
our previous findings (19, 20).

All nonshedding surfaces in the oral cavity, biological or
artificial, are potential substrates for the development and growth
of dental biofilm. Subsequently, following the formation of an
acquired salivary pellicle, the first colonizers of these surfaces are
streptococci, commonly Streptococcus sanguinis, later followed
mainly by other streptococci and Gram-positive rods, such as ac-
tinomyces (25-27). Caries-associated mutans streptococci can be
found in the early forming biofilm (27). In our study early biofilms
after emerging naturally on the tested surfaces with and without
incorporated antibacterial nanoparticles in vivo were examined
ex vivo using standard dye reactivity.

Although bactericidal-immobilized materials usually show an
inactivating effect only against bacteria that come into contact
with the antibacterial molecules, surprisingly, in our study it was
evident that >50% of the bacteria in the biofilm formed on
the surface of the modified resin composites incorporating QPEI
nanoparticles were dead, even in the outer, more remote parts of
the biofilm.

In previous studies we showed that incorporation of 1% wt/wt
QPEI nanoparticles into resin composites is sufficient to exert a
very potent and long-lasting antibacterial effect. The antibacterial
compound is stable and does not leach out from the material into
the surrounding environment. Is it likely that this small amount of
QPEI nanoparticles is sufficient to cause stress not only to the
bacteria with which they come into contact but to the other outer
cell layers of the primary formed biofilm? Further investigation of
this phenomenon is necessary to clarify whether this condition
equilibrium distortion in the biofilm structure causes large-scale
bacterial death.

It was shown that bacterial lysis may function as a stressful
condition triggering programmed cell death (PCD) in the sur-
rounding bacteria (28-32). Traditionally, PCD is associated with
eukaryotic multicellular organisms (21). However, PCD systems
have also been observed in bacteria. When challenged, the bac-
terial population appears to act like a multicellular organism in
which a subpopulation dies, thereby permitting the survival of
the bacterial population as a whole. Our results initially led us
to suspect that the primary biofilm bacteria cells when coming
in contact with QPEI nanoparticles caused cell death on a larger
scale. Bearing this in mind, we examined in vitro whether bacter-
ial cell death could be induced only by the cell extract of bacteria
that were exposed to QPEI nanoparticles. The mechanism of
action of antibacterial quaternary ammonium compounds is be-
lieved to be a sequence of events beginning with cationic binding
and electrostatic interaction between the QPEI and the microor-

Table 1. Total values of vital bacteria (% viable cells) as measured by Image ProPlus software, and biofilm thickness (um)

% Viable cells = SD, n = 4*

Biofilm thickness, um, = SD, n = 4*

Resin composite Resin composite +PEI

Resin composite Resin composite +PEl

Sample no. | Il | Il | Il | Il
Volunteer no.
1 90.1 = 0.8 921+ 14 33.7+£9.6 244 +5.0 525+ 28 575+ 28 50+ 0 55+ 10
2 799 +1.0 75.1 + 1.8 13.9 + 12.7 11.6 + 6.2 60 £ 0 625+ 5 173.7 £ 17.5 161.2 = 31.7
3 88.5 + 9.1 939 47 9.6 + 13.9 109 £ 25 87.5 %275 96.2 + 56.4 800 800
4 70.6 = 6.5 61.2 £3.9 215+ 184 42.4 + 27.7 105 + 12.2 111.2 £ 19.3 111.2 £ 49.5 125 + 62.7
5 56.1 £ 1.2 56.2 + 2.3 275 £ 15.6 389 %26 73.7 £ 4.7 82.5+95 117.5 £ 12.5 110 =+ 1.5
6 60.5 + 20.3 740 £ 24 6.7 53 44+ 1.6 575+ 9.5 60 +0 92.5 + 359 825+ 8.6
7 55.1 £ 2.9 495 +49 12.0 + 25 157+ 1.9 46.2 + 6.2 45+ 7.0 106.2 = 57.9 108.7 = 62.2
8 57.2+18 573 +4.0 15.0 + 9.0 9.7 £ 8.5 78.7 +17.5 81.2 + 18.8 103.7 = 40.0 112.5 + 50.0
9 843 +7.0 81.3+28 222 £ 5.7 199 +64 53.7+ 25 55+0 1375+ 144 135+ 17.3
10 66.9 + 5.7 69.2 + 4.3 16.7 = 13.5 73+5.0 5755 58.7 £ 2.5 108.7 = 17.5 96.2 = 11.0
Mean 70.9 = 131 19.2 +11.2 69.1 + 20.2 107.3 + 26.0

p < 0.00001 p <0.05

*Four images were randomly taken from each disc sample; the number of dead and live bacteria, as well as the biofilm thickness in each image were

determined and averaged.
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Fig.4. Biofilms formed on resin composite incorporating QPEI nanoparticles
and on nonmodified resin composite. Scanning electron microscope
micrographs (10,000x) of biofilms formed on resin composite (A) and resin
composite with incorporated QPEI nanoparticles (B).

ganism’s cell wall components. This results in strong adsorption
that later disrupts membrane function and leads to leakage of
constituents such as K* ions, DNA, and RNA and culminates
in cell death (33). To distinguish between the antibacterial effect
of QPEI nanoparticles and the effect of the biofilm cells on the
neighboring cells, we used the extract of a biofilm grown in vitro
on the surface of resin composite incorporating QPEI nanopar-
ticles. Bacteria from fresh whole saliva collected from a volunteer
were inoculated on the surface of resin composite discs incorpor-
ating QPEI nanoparticles, as described previously (34). The resin
composite discs were then placed in liquid medium to allow
biofilm growth for 24 h. Next, biofilm cells were detached from
the discs into the medium, incubated for 3 h and centrifuged. To
isolate the factors secreted from the biofilm cells, the supernatant
was then filtered. The biofilm extract obtained was lyophilized,
and the powder obtained was adsorbed to a resin composite
surface that was then photopolymerized (SI 7ext).

To gain more insight into the observed antibiofilm effect, we
quantified the growth inhibition of salivary bacteria of the same
volunteer using the direct contact test (24). Salivary bacteria were
allowed to come in direct contact, under controlled conditions,

Beyth et al.

with () resin composite with biofilm extract, (if) resin composite
incorporating 1% wt/wt QPEI nanoparticles; and for comparison
(i) resin composite, and (iv) microtiter plate surface. Medium
was added and the growth of bacteria shed from the biofilm
was estimated by recording the changes in optical density for a
period of 16 h. The absorbance measurements were plotted, pro-
viding bacterial growth curves. As seen in Fig. 5, no bacterial
growth was detected following direct contact with resin composite
incorporating 1% wt/wt QPEI nanoparticles, indicating a potent
antibacterial effect on total salivary bacteria ex vivo. Surprisingly,
bacteria that came in contact with resin composites covered by
the biofilm extract exhibited a partial bactericidal effect, as shown
by the shift of the growth curve.

The linear portion of the logarithmic growth curve, derived
from the ascending part of the curve, was expressed by two
variables: the slope (a) and the constant (b) of the linear function
ax+b =y. These variables correlate with the growth rate
(a =slope) and the initial number of viable bacteria (b =
constant) as deducted from calibration growth curves that were
obtained using serial salivary-bacteria dilutions in the same mi-
crotiter plate. A 70% decrease in viable bacteria at the onset
of the experiment was extrapolated from the variables obtained
from the linear portion of the logarithmic growth phase of
bacteria grown on the resin composite covered with the biofilm
extract and the variables obtained from the calibration curves.
Thus, it is conceivable that <30% of the bacterial population
remained following contact with the extract that was adsorbed
on the resin composite surface, compared with the control. The
salivary bacteria brought in direct contact with the composite in
the in vitro study simulated the effect of the modified resin com-
posite on the very early events in the biofilm immediately after
attachment, whereas the in vivo experiments depict the evolving
effect on a 4-h biofilm. Consequently, the in vitro results showed
that most of the bacteria that attached directly to the surface were
killed, whereas in the in vivo test bacteria continued attaching
thereafter not to the resin composite surface but to the killed
bacteria. These findings coincide with recent studies that revealed
the importance of regulated bacterial death for biofilm develop-
ment (35). In the current study bacterial death supported, on the
one hand, further biofilm adhesion increasing biofilm thickness,
but on the other hand the stress effect caused by the QPEI

Salivary Bacteria Growth
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Fig. 5. Invitro antibacterial effect of (i) resin composite with biofilm extract;
(ii) resin composite incorporating 1% wt/wt of added QPEI nanoparticles,
and (i) nonmodified resin composite and (iv) microtiter plate surface on sali-
vary bacteria. Kinetic measurements depicting growth of bacteria collected
from saliva following direct contact with resin composite; resin composite
incorporating 1% wt/wt of added QPEI nanoparticles; and with resin com-
posite covered with an extract of bacteria previously grown on resin compo-
site incorporating QPEI. Growth of the shed bacteria from the biofilm was
measured every 20 min for 16 h. Each point on the curve is the average
(£SD) optical density (650 nm) measured in 12 replica wells similarly prepared
in the same microtiter plate. The linear portion of the logarithmic growth
phase was analyzed and expressed according to two variables: the slope
(a) and the constant (b) of the linear function ax + b =y. The slope (a)
and the constant (b) correlate with growth rate and initial bacterial number,
respectively.
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nanoparticles was sufficient to cause significant in vivo antibio-
film activity.

In conclusion, QPEI nanoparticles incorporated at a low
concentration in resin composite exhibit significant in vivo
antibiofilm activity as well as potent broad spectrum antibacterial
activity against salivary bacteria. The hypothesis that QPEI nano-
particles incorporated into commercial resin composite may
function as a trigger for a built-in death program in oral biofilm
is now under investigation.

Because the occurrence of a microgap between the tooth and
the restoration’s margins provides a pathway for cariogenic
microorganisms, resulting in secondary caries, antibacterial re-
storative dental materials such as the one described in our study
have the potential to prolong the service life of dental restora-
tions. This may be a step toward devising better materials
for longer-lasting dental restorations and reducing the need for
repeated restorative procedures.

Materials and Methods

The protocol of the study was approved by the Helsinki Committee for
Human Clinical Trials (http://clinicaltrials.gov/ Identifier: NCT00299598). Ten
adults aged 25-55 yr volunteered to participate in the study. All participants
were healthy and each signed an informed consent form. (for details, see
SI Text).

PEI Nanoparticle Preparation. The synthesis of quaternary ammonium PEI na-
noparticle was previously described by Beyth et al. (12); for details, see S/ Text.
The average yield was 70% (mol/mol). FTIR (QPEI nanoparticles, KBr):
3,440 cm~' (N-H), 2,956, 2,926, and 2,853 cm~' (C-H), 1,617 cm~"' (N-H, small
band), 1,465 cm=' (C-H), 967 cm~' quaternary nitrogen. "H-NMR (DMSO):
0.845 ppm (t, 3H, CH3, octane hydrogens), 1.24 ppm (m, 10H, —CH,—, octyl
hydrogens) 1.65 ppm (m, 2H, CH, octyl hydrogens), 3.2-3.6 ppm (m, CH; of
quaternary amine, 4H, —CH,—, PEl hydrogens, and 2H, —CH,—, octyl
hydrogens.

Preparation of Test Samples. The test specimens were prepared by adding
the synthesized polymer to a commercial resin composite FILTEK FLOW
(47% zirconia/silica average particle size 0.01-6.0 y; BIS-GMA, TEGDMA),
3M ESPE Dental. A 1% wt/wt polymer powder was added to 100 &+ 20 mg
of the commercial composite resin and homogeneously mixed in a dark room
for 20 s with a spatula before polymerization in disc form. A detailed descrip-
tion of the removable acrylic appliance prepared for the volunteers and of
specimen preparation appears in S/ Text. Each participant wore the appliance
(see Fig 1) on the upper jaw for 4 h.

Confocal Laser Scanning Microscopy. CLSM allowed us to explore the vitality of
bacteria in the different layers of the biofilm following treatment. Biofilm
was allowed to form on discs. The removed discs (n = 40) were tested for
biofilm formation and viability using a confocal laser microscope (36). After

1. Hahn R, Weiger R, Netuschil L, Bruch M (1993) Microbial accumulation and vitality on
different restorative materials. Dent Mater 9:312-316.

2. Siegrist BE, Brecx MC, Gusberti FA, Joss A, Lang NP (1991) In vivo early human dental
plaque formation on different supporting substances. A scanning electron microscopic
and bacteriological study. Clin Oral Implan Res 2:38-46.

3. Chigira H, et al. (1994) Efficacy of various commercial dentin bonding systems. Dent
Mater 10:363-368.

4. Goracci G, Mori G, Bazzucchi M (1995) Marginal seal and biocompatibility of a fourth-

generation bonding agent. Dent Mater 11:343-347.

. Lobo MM, Goncalves RB, Ambrosano GM, Pimenta LA (2005) Chemical or microbiolo-
gical models of secondary caries development around different dental restorative
materials. J Biomed Mater Res B 74:725-731.

6. Seemann R, Bizhang M, Kluck I, Loth J, Roulet JF (2005) A novel in vitro microbial-
based model for studying caries formation—development and initial testing. Caries
Res 39:185-190.

7. Imazato S, McCabe JF (1994) Influence of incorporation of antibacterial monomer on
curing behavior of a dental composite. J Dent Res 73:1641-1645.

8. Li G, Shen J, Zhu Y (2000) A study of pyridinium-type functional polymers. lll. Prepara-
tion and characterization of insoluble pyridinium-type polymers. J Appl/ Polym Sci
78:668-675.

9. Tiller JC, Liao CJ, Lewis K, Klibanov AM (2001) Designing surfaces that kill bacteria on
contact. Proc Natl Acad Sci USA 98:5981-5985.

10. Gao B, Zhang X, Zhu Y (2007) Studies on the preparation and antibacterial properties

of quaternized polyethyleneimine. J Biomat Sci-Polym E 18:531-544.

wi

22042 | www.pnas.org/cgi/doi/10.1073/pnas.1010341107

exposure, the samples were dyed using a live/dead kit (Live/Dead BacLight
viability kit, Molecular Probes) described in S/ Text. The stained bacteria were
examined using a confocal microscope; the fluorescence emission of the discs
was detected using a Zeiss LSM 410 confocal laser microscope (Carl Zeiss
Microscopy). Biofilm was quantified by measuring the area occupied by
the microorganisms in each individual layer in relation to the tested area.
The bacterial index was determined with the aid of Image Pro 4.5 software
(Media Cybernetics). Statistical analysis of the biofilm viability and biofilm
thickness in the CLSM experiments was performed using the T-paired test
and the Wilcoxon nonparametric paired rank test.

Scanning Electron Microscopy. Following examination of the 40 discs using the
CLSM—one test disc and one control disc from each volunteer were fixed in
2% glutaraldehyde, washed in cacodylate buffer (0.1 M, pH 7.2), postfixed in
2% osmium tetra oxide for 1 h, and examined with the aid of a Philips 505
SEM at accelerating voltage (for details, see S/ Text). To compare the surface
views of resin composite and resin composite discs incorporating 1% wt/wt
of added QPEI nanoparticles, an additional set of control discs without the
biofilm was examined (see S/ Text).

Distribution Analysis. The distribution of QPEI nanoparticles incorporated in
resin composite was further examined in order to determine whether the
nanoparticles are present on the surface of the modified material and
can be used to achieve antibacterial surface properties. Surface distribution
analysis of QPEIl incorporated at 0, 0.25, 0.5, or 1% wt/wt labeled with dansyl
chloride was performed using CLSM (see S/ Text).

In Vitro Antibacterial Tests. To distinguish between the antibacterial effect of
QPEI nanoparticles and the effect of the biofilm cells on their neighboring
cells, we used the extract of a biofilm grown on the surface of a resin com-
posite incorporating QPEI (described in detail in S/ Text).

To gain some insight into the observed antibacterial effect, we quantified
the growth inhibition of bacteria obtained from the saliva of the same vo-
lunteer using the direct contact test as described previously by Beyth et al.
(24) (for details, see S/ Text). Using the direct contact test we studied the
kinetics of bacterial growth; the bacteria were allowed to come in direct con-
tact, under controlled conditions, with the resin composite without added
QPEI but covered with the previously obtained bacterial extract in a set of
8. Bacterial growth was also measured in additional wells after direct contact
with the resin composite (n = 8) and with resin composite incorporating 1%
wt/wt of added QPEI nanoparticles (n = 8), as shown in S/ Text. Additionally,
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