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Abstract

The antibacterial activity of quaternary ammonium polyethylenimine (PEI) nanoparticles embedded at 1%w/w with clinically used

bonding, flowable and hybrid dental composite resins and cured by light polymerization was studied. The antibacterial activity was tested

with Streptoccocus mutans by: (i) the agar diffusion test (ADT); (ii) the direct contact test; (iii) bacterial growth in the materials elute; (iv)

and scanning electron microscope (SEM). Using the direct contact test, antibacterial activity (po0.001) was found in all three types of

composite resins incorporated with the synthesized nanoparticles. The effect lasted for at least 1 month. SEM demonstrated bacterial

debris and no streptococcal chains at 24 h of bacterial contact. The addition of 1%w/w of nanoparticles did not affect the flexural

modulus and the flexural strength of the dental composite materials.The results indicate that quaternary ammonium PEI nanoparticles

immobilized in resin-based materials have a strong antibacterial activity upon contact without leach-out of the nanoparticles and without

compromise in mechanical properties.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Composite resin materials are widely used in the dental
clinic for replacement of hard tissues [1]. Although the
mechanical properties and wear resistance of these
materials have been improved substantially [2], their
antibacterial properties are still limited [3,4]. These resin-
based materials accumulate more dental plaque than other
restorative materials both in vitro [5,6], and in vivo [7–9],
which may result in secondary caries [10]. A number of
reports described experiments in which composite resins
were impregnated with antibacterial agents such as anti-
e front matter r 2006 Elsevier Ltd. All rights reserved.
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biotics, silver ions, iodine and quaternary ammonium com-
pounds, and these agents were gradually released [11–14].
However, release of antibacterial agents into the surround-
ing milieu at various releasing rates had several disadvan-
tages: a decrease in the mechanical properties of the carrier
material over time, short-term effectiveness, and possible
toxicity if the release is not properly controlled [15–18]. As
compared with conventional antibacterial agents of low
molecular weight, the advantages of polymeric antibacter-
ial agents are that they are non-volatile, chemically stable,
can be chemically bound within the polymer carrier via
active groups for improved integration in the composite,
and are difficult to penetrate through the skin. It has been
reported that polycations exhibit antibacterial properties,
i.e. interact with and disrupt bacterial cell membranes [19].
A number of polymers with antibacterial properties were
developed for this purpose, including soluble and insoluble
pyridinium-type polymers involved in surface coating

www.elsevier.com/locate/biomaterials
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[20–22]. Several reports have described incorporation of a
methacryloyloxydodecyl pyridinium bromide (MDPB)
monomer in composite resins that showed no release of
the incorporated monomer but still exhibited antibacterial
properties [23,24]. The hypothesis tested in this study was
that the insoluble crosslinked quaternary ammonium
polyethylenimine (PEI) nanoparticles in composite resin
restorative materials have a stable and long-lasting anti-
bacterial effect against oral bacteria, Streptococcus mutans.
Furthermore, the addition of a small amount (1%w/w) of
nanoparticles to the composite should not affect the
flexural strength of the commercial materials. The mechan-
ical properties of the new composites were close to those of
the original composite possessing strong antibacterial
activity upon contact that lasted for at least 1 month.

2. Materials and methods

2.1. PEI nanoparticle preparation

An aqueous solution of PEI was lyophilized to dryness before use. PEI

(18.65 g, 0.434mol) of 1,000,000—6,00,000Da dissolved in 186ml of

absolute ethanol was crosslinked with 8.7mmol dibromopentane (PEI

monomer/dibromopantane mole ratio: 1:0.02) at reflux conditions for

24 h. The generated HBr was neutralized with 1 g of sodium hydroxide

under the same conditions for an additional 24 h. The resulting residue

was purified from NaBr by gravitational filtration and dried under

reduced pressure to yield 75%w/w of product. Crosslinked PEI (1.9 g,

45mmol) dispersed in 20ml of absolute ethanol was alkylated with 7.73ml

of bromooctane (45mmol) under reflux conditions for 24 h. The generated

HBr was neutralized with 2 g of sodium hydroxide under the same

conditions for an additional 24 h. The resulting residue was purified from

NaBr by gravitational filtration and dried under reduced pressure to yield

90%w/w of product. A quantity of 730mg of the previously octane-

alkylated PEI (4.7mmol) dispersed in 30ml of anhydrous THF was

methylated with 24mmol of methyl iodide at room temperature for 72 h in

the presence of the 2.52 g of the 2% crosslinked 4-vinylpyridine (24mmol)

as proton sponge. The 4-vinylpyridinium salt was discarded by filtration

and the filtrate was evaporated to dryness under reduced pressure as

shown in Fig. 1. Characteristics of the synthesized quaternized alkylated

PEI-based nanoparticles are shown in Table 1. FT-IR spectra were

recorded on a Perkin-Elmer, 2000 FTIR. 1H-NMR spectra of the particles

dispersed in DMSO-d6 were obtained on a Varian 300-MHz spectrometer

in 5mm tubes. The degree of conjugation was estimated by elemental

microanalysis of nitrogen (%N), carbon (%C) and iodide (%I) using

Perkin-Elmer 2400/II CHN analyzer. Particle size was determined by

dynamic light scattering method using Coulter N4 MD submicron particle

size analyzer (Coulter Electronics, Hialeah, Fl).

2.2. Preparation of bacterial suspension

S. mutans (ATCC#27351), a strain originally isolated from dental

plaque, was used in this study. The bacteria were cultured overnight in

5ml of brain–heart infusion broth (BHI) (Difco, Detroit, MI) at 37 1C. To

avoid large bacterial aggregates or long streptococcal chains, the top 4ml

of the undisturbed bacterial culture were transferred to a fresh test tube

and centrifuged for 10min at 3175g. The supernatant was discarded and

the bacteria were resuspended in 5ml of phosphate-buffered saline (PBS)

(Sigma, St. Louis, MO) and vortexed gently for 10 s. Each bacterial

suspension was adjusted to an optical density of 0.6 at 650 nm (109CFU/

ml). A volume of 10ml from 10-fold serial dilutions was plated on BHI

agar to determine colony-forming units/ml.

BHI and PBS were supplemented with 0.0625 g/ml bacitracin (Sigma)

to minimize contamination.
2.3. Preparation of test samples

The experimental specimens were prepared by adding the synthesized

polymer to three commercial composite resins Z250 (60% zirconia/silica,

average particle size 0.01–3.5mm; Bis-GMA, UDMA, BIS-EMA; 3M

ESPE Dental, St Paul, MN), Filtek Flow (47% zirconia/silica average

particle size 0.01–6.0mm; BIS-GMA, TEGDMA;3M ESPE Dental) and

3M single bond adhesive (3M ESPE Dental), kindly supplied by 3M ESPE

Dental, St Paul, MN. A 1%w/w polymer powder was added to the

composite resins and homogeneously mixed in a dark room for 20 s with a

spatula.

2.4. Preparation of the microtiter plate

Three composite resin materials Z250, Filtek Flow and 3M single bond

adhesive supplemented with the 1%w/w of synthesized polymer were

tested. A microtiter plate (96-wells flat bottom plate, Nunclon, Nunc,

Copenhagen, Denmark) was vertically positioned. Using a flat-ended

dental instrument (dental spatula), the sidewalls of eight wells were coated

evenly with an equal amount of the same material tested (3075mg in each

well). Special care was taken to leave the bottom of the well untouched in

order to avoid false readings during the incubation in the spectro-

photometer. The materials were polymerized according to the manufac-

turers’ instructions. Additional sets of wells in the same microtiter plate

coated with the original composite resins without PEI particles served as

positive control.

2.5. Direct contact test

A 10 ml volume of bacterial suspension (�106 bacteria) was placed on

the surface of each tested material in a set of eight wells, and the plate was

incubated in a vertical position for 1 h at 37 1C. During the incubation

period, the suspension liquid evaporated and a thin layer of bacteria was

obtained, ensuring direct contact between all the bacteria and the tested

surface, as demonstrated by scanning electron microscopy (Fig. 3A).

The plate was then positioned horizontally and 220ml of BHI broth

were added to each well containing the material.

2.6. Kinetic measurement of bacterial growth

The microtiter plate was placed in a temperature-controlled microplate

spectrophotometer at 37 1C (VERSAmax, Molecular Devices Corpora-

tion, Menlo Oaks Corporate Centre, Menlo Park, CA), with 5 s vortex

mixing prior to each reading. Bacterial outgrowth was estimated by

following changes in optical density (OD) in each well at 650 nm every

20min for 24 h.

2.7. Material aging

Similar microtiter plates were prepared with the tested materials and

aged for 1 and 4 weeks. During this time, each well was filled with 250ml
PBS, which was replaced every 48 h, and the plates were incubated at

37 1C. Before the DCT, the PBS was aspirated and the plate was dried

under sterile conditions.

2.8. Dissolution behavior

To examine the possible effect of leachable materials from the

polymerized composites loaded with nanoparticles, the antibacterial

properties of the elute from the tested materials on planctonic growth

were tested quantitatively. Seven sidewalls were coated with each tested

material, as described above, in a separate 96-well microtiter plate. In

the same microtiter plate, additional four wells for each commercial

material (Z250, Filtek Flow and 3M single bond adhesive) served as

control groups, and all materials were polymerized according to the
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Table 1

Characteristics of the synthesized quaternized alkylated PEI-based nanoparticles

Yield 91%w/w

FT-IR (KBr) 3400 cm�1 (N–H), 2950 cm�1 and 2850 cm�1 (C–H), 1617 cm�1 (N–H2), 1460 cm�1 (C–H),

967 cm�1quaternary nitrogen
1H-NMR (DMSO): 0.845 ppm (t, 3H, CH3, octane hydrogens), 1.24 ppm (m, 10H, –CH2–, octane hydrogens) 1.65 ppm (m, 2H,

CH, octane hydrogens), 3.2–3.6 ppm (m, CH3 of quaternary amine, 4H of PEI and 2H of the octane chain)

Particle size (R, nm) 7.572:49%, 140737:51%

Elemental analysis %C ¼ 40.93, %H ¼ 7.84, %N ¼ 6.23, %I ¼ 38.26
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Fig. 1. Schematic presentation of crosslinking and quaternization of PEI.
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manufacturers’ instructions. Each well was supplemented with 230 ml of
BHI and incubated for 24 h at 37 1C. A 220ml volume from each well was

transferred to an adjacent set of wells and 10 ml of a bacterial inoculum

prepared as described above, were added, thus testing the effect of
components eluted into the broth. The plate was placed in the

temperature-controlled microplate spectrophotometer, set at 37 1C, with

5 s mixing before each reading. Bacterial growth was assessed by following

the changes in OD650 every 20min for 24 h.
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Similar microtiter plates were prepared with the tested materials and

aged for 1 and 4 weeks. During this time each well was filled with 250ml
PBS, which was replaced every 48 h, and the plates were incubated at

37 1C. In the final 24 h, the PBS was replaced with BHI broth and the same

test as for the immediate samples was performed. In a complementary

experiment, the composites were immersed in deionized water 10+2mg

composite in 1ml of water at 37 1C for 1 day and 7 days and the solutions

were concentrated by lyophilization and tested for released molecules in

the water by UV scan between 200 and 600 nm and by GPC-Spectra

Physics instrument (Darmstadt, Germany) containing a pump, column

(Shodex KB-803) and refractive index (RI) detector, with 0.05M NaNO3

as eluent at 1ml/min.

2.9. Data analysis

The absorbance measurements were plotted providing bacterial growth

curves for each well in the microtiter plate. The linear portion of the

logarithmic growth phase was subjected to statistical analysis. The results

are expressed according to two variables the slope (a) and the constant (b)

of the linear function axþ b ¼ y derived from the ascending portion of the

bacterial growth curve. The slope (a) and the constant (b) correlate with

the growth rate and the initial bacterial number, respectively. The data

were analyzed by one-way ANOVA and the Tukey multiple comparison

test. The level of significance was determined as po0.05.

2.10. Agar diffusion test (ADT)

A 200ml volume of the S. mutans bacterial suspension was spread on

Mitis Salivarius Agar (MSB) (Difco, Detroit, MI) supplemented with

bacitracin 0.0625 g/ml (Sigma), and triplicates light-polymerized speci-

mens of each tested material were placed on the surface. The plates were

incubated for 48 h at 37 1C and the inhibition zone around each specimen

was measured.

2.11. Scanning electron microscope

All three commercial materials incorporated, as described above, with

the synthesized polymer were scanned after incubation with S. mutans.

Uniform test-disks 1mm thick and 5mm in diameter, weighing 1072mg,

were prepared by standard pressure application to the composite-resin

samples, followed by light polymerization. The samples were pressed

between two glass slides to obtain standardized smooth surfaces. The

disks were light polymerized for 40 s, using a light curing unit (Elipar

high light, 3M ESPE Dental). A 10 ml volume of bacterial suspension

(�106 bacteria) was placed on the surface of each tested sample and

incubated for 1 h at 37 1C. During the incubation period, the suspension

liquid evaporated and a thin layer of bacteria was obtained, ensuring

direct contact between all the bacteria and the tested surface. The samples

were fixed with glutaraldehyde and osmium oxide solutions, dehydrated

with a graded ethanol series, and then coated with gold. Additional

set of disks was processed as above, then incubated for 24 h in 5ml

of BHI broth. The tested samples were scanned after 1 h and 24 h by a

scanning electron microscope (Philips 505 SEM at accelerating voltage).

For each time point, additional disks without added polymer served as

control.

2.12. Flexural strength

Flexural strength is the mechanical property selected by the Interna-

tional Standards Organization for screening of resin-based filling materials

[25]. Five samples from each test group were prepared and tested

according to ISO 4049:2000, using a glass mold (25� 2� 2mm) at

2371 1C, light-cured for 12 intervals along the horizontal length of the

bulk (light intensity was 40073mW/cm2) on both sides of the mold, and

polished with No. 320 abrasive paper. Samples were stored in DDW at

37 1C for 24 h before testing. Loading was carried out using a universal
testing machine (Instron 3366 machine, Canton, MA). Flexural strength

and flexural modulus were calculated using Instron software (crosshead

speed 0.75mm/min). The flexural strength was calculated according to

s ¼ ð3Fl=2bh2Þ (F—max. load (N) exerted on the specimen, l—distance

(mm) between the supports, b—width (mm) of the specimen, h—height

(mm) of the specimen measured immediately. Formula was taken from

ISO 4049:2000). The flexural modulus was obtained from the slope of the

load/displacement graph.

All experiments described above were repeated at least three times.
3. Results

3.1. Quaternary ammonium PEI nanoparticles

Nanoparticles with N-octyl, N,N-dimethyl ammonium
groups were prepared from PEI by crosslinking with 1,5-
dibromopentane, followed by alkylation with bromooctane
and quaternarization with methyl iodide. Nanoparticles of
less than 100 nm were obtained reproducibly using this
method. The data analysis for the nanoparticles used in this
study is summarized in Table 1. The IR, NMR and
elemental analysis indicate significant content of quatern-
ary ammonium groups in the particles.
3.2. Direct contact test

The average optical density measurements in eight wells
of S. mutans growth after immediate direct contact with the
tested materials during the 24 h experiments are shown in
Fig. 2A. This figure compares the antibacterial effect of the
three commercial materials with and without the added
polymer in direct contact with S. mutans. A strong
antibacterial effect was evident for all the three types of
commercial polymers with the added PEI nanoparticles.
Fig. 2B and C depict the same experiment conducted
after an aging process of 1 and 4 weeks, respectively.
The antibacterial effect of the commercial composite
resins containing the synthesized polymers lasted for at
least 1 month, whereas both Filtek Flow and single bond
adhesive showed a limited antibacterial effect in the non-
aged samples, which did not last for more than a 1-week
period.
3.3. Dissolution behavior

The antibacterial properties of the eluted components
released from the tested materials were evaluated. The
bacterial growth curves of S. mutans were similar to that of
the appropriate control for the 1%w/w added nanoparti-
cles, both for immediately prepared samples (Table 2) and
in the 1-week and 4-weeks-aged samples. Both Filtek Flow
and single bond adhesive decreased bacterial growth in the
non-aged samples, which did not last for more than a 1-
week period.
Furthermore, UV and GPC analysis of the medium in

which the composites were immersed showed no organic
molecules or polymers.
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Fig. 2. Kinetic measurements of bacterial outgrowth following direct

contact between S. mutans and three prepared dental restorative materials

supplemented with 1%w/w of PEI nanoparticles were tested (hybrid-

Z250, flowable-Filtek Flow and bonding-3M single bond adhesive). The

outgrowth of the shed bacteria from the biofilm was measured every

20min for 24 h. Each point on the curve is the average absorbance (A650)

measured simultaneously in eight wells similarly prepared in the same

microtiter plate. Bacterial outgrowth following direct contact with

immediate, 1-week- and 1-month-aged samples are shown in panel A, B

and C, respectively.
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3.4. Agar diffusion test

No inhibition zone was detected in any of the tested
samples. The same results were obtained using the control
samples of commercial composite resins without the added
polymers (Table 2).
3.5. Scanning electron micrographs

SEM of S. mutans cells in direct contact with a
commercial tested material (Z250) after 1 h and 24 h of
incubation at 37 1C are shown in Fig. 3A and B,
respectively. Streptococcal chains, demonstrating bacterial
growth are seen. After 1 h incubation with the same
commercial material (Z250) containing the incorporated
synthesized polymer, membrane disruption in most of the
streptococcal chains and less bacterial attachment (Fig. 3C)
were observed. After a 24 h incubation, samples with-
holding 1%w/w PEI nanoparticles showed bacterial debris
and no streptococcal chains (Fig. 3D).

3.6. Flexural strength

The flexural modulus and the flexural strength obtained
in this study are shown in Fig. 4A and B, respectively.
Insignificant differences were observed in the flexural
modulus both in the hybrid composite resin samples and
the flowable group compared to the proper control groups.
Insignificant decrease in the flexural strength was seen in
the hybrid composite resin samples compared to the
control group, whereas a significant decrease occurred
following addition of the PEI nanoparticles in the flowable
composite resin group.

4. Discussion

Antimicrobial surfaces have been a major challenge,
particularly in dentistry where bacterial biofilms tend to
accumulate and propagate on solid surfaces. One way to
address this problem is to engineer materials with
antibacterial properties. Antibacterial properties can be
achieved by modifying the composite resins polymers. In
this study, this was achieved by incorporating quaternary
ammonium insoluble nanoparticles in dental commercial
composite resins. In vitro results showed that these cationic
polymeric nanoparticles when incorporated at low con-
centration (1%) into dental restorative compositions
possess a strong antibacterial activity. In an attempt to
develop an antibacterial composite resin, the antibacterial
effect was examined in three different composite resin
systems. The PEI nanoparticles exhibited a strong anti-
bacterial effect against the tested bacteria regardless of the
commercial composite resin to which they were added.
High activity of polycationic agents can be exhibited by
absorption of positively charged polymers onto negatively
charged cell surfaces of the bacteria. This process is
thought to be responsible for the increase of cell perme-
ability and may disrupt the cell membranes. This may
provide the explanation for the kinetics recorded in our
study after direct contact of the tested bacteria with the
tested samples. Although it has been previously reported
that carriers incorporated into composite resins lose their
bactericidal activity compared to their water-soluble form
[23,24], there are also reports describing bactericidal
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Table 2

Dissolution behavior and the soluble components effect of S. mutans immediate samples

Tested material Content of antibacterial compound (wt%) ADTa Bacterial growth in eluteb UV analysisc GPC analysisc

Hybrid 0 0 9872 — —

1 0 9872 — —

Flowable 0 0 8572 — —

1 0 8772 — —

Bonding 0 0.270.1 572 — —

1 0.270.2 372 — —

aInhibition halo diameter (mm) was measured in two perpendicular lines and the diameter of the tested sample was subtracted.
bBacterial growth in the presence of soluble components eluted from the tested materials for 24 h into the growth media were expressed as percent of

control (control ¼ 100%).
cReleased organic molecules or polymers was determined using a UV scan between 200 and 600 nm and GPC-Spectra Physics instrument analysis. —no

molecules.

Fig. 3. SEM micrograph (magnification � 4000) of S. mutans cells in direct contact with tested material (Z250). A—after 1 h incubation with S. mutans at

37 1C. B—S. mutans after 24 h incubation in a temperature-controlled spectrophotometer, showing bacterial growth and typical biofilm formation. C—S.

mutans after 1 h incubation with tested material (Z250) supplemented with 1%w/w of PEI nanoparticles. D—S. mutans after 24 h incubation of tested

material (Z250) supplemented with the 1%w/w of the synthesized PEI polymer.

N. Beyth et al. / Biomaterials 27 (2006) 3995–40024000
activity of immobilized carriers [26,27]. In this study, we
introduced insoluble antibacterial nanoparticles. In order
to eliminate the possibility that the antibacterial activity is
due to bioactive components that were released to the
medium, two tests were performed: antibacterial effect of
the medium the composites were immersed in, and
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chemical analysis of the medium. In these tests, the elute
from the specimens did not show any organic molecules or
polymers, and bacterial outgrowth was similar to out-
growth seen in the elute of the commercial composites. The
latter correlated with the ADT where no inhibitory halo
was seen. In this study, we used the ADT as a gold
standard. This method is used in most up-to-date studies
on soluble agents capable of diffusing in agar gel but is not
applicable to insoluble agents with surface inhibition
properties. The results of the dissolution behavior and
the ADT indicate that the bioactivity of the composites is
not through the release of compounds to the medium and
that the activity is associated with surface contact. This
acquired property lasted for at least a month. In this study,
crosslinked polycations were formed as nanoparticles that
were prepared from PEI by crosslinking and alkylation
followed by methylation in order to increase the degree of
amino group substitution. Because of its positive charge
and hydrophobicity, alkylated PEI has attracted attention
as possible antimicrobial agents. Lin [22] found that N-
alkylated PEI could be effective against a variety of Gram-
positive and Gram-negative bacteria. Although the detailed
mechanism of the antibacterial effect of these materials has
not been determined, it was suggested that quaternary
ammonium compounds cause lysis of the bacterial cells by
binding to the cell wall components and causing leakage of
the cytoplasmatic material [19] as was seen in this study in
the SEM micrographs.

Flexural strength was chosen as a screening mechanical
test, and conducted at this stage of the investigation of the
new nanoparticles. The tested samples were prepared and
cured in the acceptable range [28], to meet the sufficient
demands of commercial composite resins. Flexural strength
has been shown to be a more discriminating test and more
sensitive to subtle changes in a materials substructure than
the compressive strength test [25]. The mechanical tests
that were conducted in this study were not suitable for
evaluating the mechanical properties of bonding resin.
Results indicate that the addition of a small amount of the
PEI nanoparticles did not affect the mechanical properties
of the restoration composites. Further investigation of the
newly developed nanoparticles incorporated into commer-
cial composites is necessary in order to evaluate the clinical
relevance of these materials.

5. Conclusions

The nanoparticles in this study were made from cross-
linked poly(ethyleneimine) (PEI) that underwent quater-
narization with octyl groups, followed by methylation to
form quaternary amines. Antimicrobial tests using S.

mutants showed that these PEI nanoparticles when
incorporated in dental composite resins at low concentra-
tion (1%) exhibited a strong antibacterial effect against the
tested bacteria. Composite resin materials incorporated
with PEI nanoparticles maintained antibacterial properties
over 1 month without leaching out and with no alteration
of the original mechanical properties. For composite resin
restorations, incorporation of antibacterial nanoparticles
may prevent biofilm formation and secondary caries.
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