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Abstract

A glass-ionomer cement containing a natural fruit component - 4-hydroxy-2,5-dimethyl-3(2H)-furanone has been developed. Compressive strength (CS) and
§. mutans viability were used to evaluate the mechanical strength and antibacterial activity of the formed cement. The formulated antibacterial cement showed a
significant antibacterial activity, accompanying with an initial CS reduction. Increasing the compound loading significantly decreased the S. mutans viability from 5 to
81% and also reduced the initial CS of the formed cements from 4 to 58%. The cement loaded with 7% antibacterial polymer showed 168 MPa, 7.8 GPa, 243 MPa,
46 MPa, and 57 MPa in yield strength, modulus, CS, diametral tensile strength and flexural strength, respectively, as compared to 141, 6.9, 236, 42 and 53 for Fuji
II LC. The cement also showed a similar antibacterial activity to S. mutans, lactobacillus, 8. aureus and §. epidermidis. The human saliva did not affect the antibacterial

activity of the cement. The thirty-day aging study indicates that the experimental cement may have a long-lasting antibacterial function.

Introduction

Secondary caries is found to be one of the main reasons to the
restoration failure of dental restoratives including resin composites
and glass-ionomer cements [1-4]. Secondary caries often occurs at
the interface between the restoration and the cavity preparation. One
of the main reasons to cause secondary caries is demineralization of
tooth structure due to invasion of plaque bacteria (acid-producing
bacteria) such as Streptococcus mutans (S. mutans) and lactobacilli
in the presence of fermentable carbohydrates [4]. These bacteria
produce lactic acid which can dissolve hydroxyapatide and thus cause
secondary caries [4]. Numerous efforts have been made on improving
antibacterial activities of dental restoratives. One strategy was to
incorporate antibacterial agents such as antibiotics, zinc ions, silver
ions, iodine and chlorhexidine [5-9] to restoratives. Bacteria are killed
or inhibited through release or slow-release of these agents. However,
release or slow-release can lead or has led to a reduction of mechanical
properties of the restoratives over time, short-term effectiveness, and
possible toxicity to surrounding tissues if the dose or release is not
properly controlled [5-9]. The other strategy was to attach quaternary
ammonium salt (QAS) or phosphonium salt groups onto materials
or restoratives [10-14]. These materials are found to have broad
antibacterial spectrum [12-14] and be capable of reducing the number
of bacteria that are resistant to other types of cationic antibacterials
[15]. The QAS-containing materials have been successfully applied
for dental restoratives including using methacryloyloxydodecyl
pyridinium bromide for resin composites [12], methacryloxylethyl
cetyl ammonium chloride for antibacterial bonding agents [16,17],
quaternary ammonium polyethylenimine nanoparticles [18] and other
QAS-containing derivatives [19-23] for resin composites, polyQAS
for glass-ionomer cements (GICs) [24]. All these studies found that
the QAS-containing materials exhibited significant antibacterial
activities. However, it has also been reported that human saliva can
significantly decrease the antibacterial activity of the QAS-containing
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restoratives, probably due to electrostatic interactions between QAS
and proteins in saliva [25-26]. Recently furanone derivatives have been
found to have strong antitumor [27-28] and antibacterial functions
[29]. These compounds all contain a furanone structure (classified as
lactone or butenolide) and showed a similarity to natural manoalide,
which has an interesting anti-inflammatory activity [30]. The similar
compounds were also found to show an inhibitory effect on bacterial
quorum-sensing [31], probably due to the structural similarity to
autoinducers in bacteria. The exact antibacterial mechanism is still
unclear and under investigation. 4-Hydroxy-2,5-dimethyl-3(2H)-
furanone or HDMF, extracting from many fruits, was also found to
show significant antimicrobial functions to both bacteria and fungi
[32] without hemolytic activity to human. In this study, we would like
to explore this natural compound in antibacterial application for dental
restoratives. The objective of this study was to link HDMF to polyacid,
use it to formulate the light-curable glass-ionomer cements, and study
the effect of this new antibacterial compound on compressive strength
and antibacterial activity of the formed cements. DTS and FS were also
determined.

Materials and methods
Materials

Acrylic acid (AA), itaconic acid (IA), 2,2’-azobisisobutyronitrile
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(AIBN), 4-hydroxy-2,5-dimethyl-3(2H)-furanone (HDMF), N,N’-
dicyclohexylcarbo diimide (DCC), pyridine, dl-camphoroquinone
(CQ), 2-(dimethylamino)ethyl methacrylate (DMAEMA),
tetrahydrofuran (THF) and diethyl ether were used as received
from Fisher Scientific (Waltham, MA) without further purifications.
Commercial glass-ionomer cement Fuji IT LC and its corresponding
glass powders were used as received from GC America Inc (Alsip, IL).

Synthesis and characterization

Synthesis of antibacterial poly(AA-co-IA) copolymer with
pendent HDMF: Poly(AA-co-IA) with a molar ratio of 7:3 was
synthesized following our published protocol [33]. The purified
polymer was then used to react with HDMF to form the polymer
containing HDMF. Briefly, to a solution containing poly(AA-co-IA),
pyridine (1% by weight) and DCC (1.1 equivalent to HDMF) in THF,
HDMF in THF was added. The reaction was run at room temperature
overnight. After the precipitates dicyclohexylurea (DCU) were filtered,
the polymer solution was purified by precipitation from diethyl ether,
followed by drying in a vacuum oven. The synthesis scheme for
poly(AA-co-IA) with pendent HDMF or PAIH is shown in Figure 1.

Synthesis of the matrix polymer - star-shaped polymer with
pendent methacrylate groups: The light curable star-shaped poly(AA-
co-IA) with pendent methacrylate groups was synthesized as described
previously [34]. The synthesis involves three steps: (1) synthesis of a
star-shaped chain-transfer agent (CTA); (2) synthesis of the star-
shaped poly(AA-co-IA) copolymer via free-radical polymerization
using the CTA; and (3) grafting of pendent methacrylate groups onto
the star-shaped poly(AA-co-IA).

Characterization: HDMF, poly(AA-co-IA) and PAIH were
characterized by Fourier transform-infrared (FT-IR) spectroscopy and
nuclear magnetic resonance (NMR) spectroscopy. The formed polymers
were also characterized by gel permeation chromatography (GPC). The
proton NMR ("HNMR) spectra were obtained on a 500 MHz Bruker
NMR spectrometer (Bruker Avance II, Bruker BioSpin Corporation,
Billerica, MA) using deuterated dimethyl sulfoxide as solvents and FT-
IR spectra were obtained on a FT-IR spectrometer (Mattson Research
Series FT/IR 1000, Madison, WI). Molecular weights of the formed
polymers were determined following the published protocol [35], on
a Waters GPC unit (Model 410 differential refractometer, Waters Inc.,
Milford, MA) with THF as a solvent, using standard GPC techniques
and polystyrene standards.

Evaluation

Cement sample preparation for strength and antibacterial tests:
The experimental cements were formulated with a two-component
system (liquid and powder) [36]. The liquid was formulated with
the matrix polymer - light-curable star-shaped poly(AA-co-IA),
water, 0.9% CQ (photo-initiator, by weight) and 1.8% DMAEMA

Zcoon HOOC
. (D .
COOH X
[ Where x:y = 7:3,
2 coon

(activator). The polymer/water (P/W) ratio = 65:35 (by weight). Fuji I
LC glass powder was either used alone or mixed with the synthesized
antibacterial polymer PATH to formulate the cements, where the PATH
loading ratio = 1, 3, 5, 7, 10, 15%, 20%, 25% or 30% (by weight) of
the glass. Glass powder powder/polymer liquid (P/L) ratio = 2.7 (by
weight).

Specimens were fabricated at room temperature according to
the published protocol [36]. Briefly, the cylindrical specimens were
prepared in glass tubing with dimensions of 4 mm in diameter by 8 mm
in length for compressive strength (CS), 4 mm in diameter by 2 mm in
length for diametral tensile strength (DTS), and 4 mm in diameter by
2 mm in depth for antibacterial tests. The rectangular specimens were
prepared in a split Teflon mold with dimensions of 3 mm in width by 3
mm in thickness by 25 mm in length for flexural strength (ES) test. All
the specimens were exposed to blue light (LED, 30W, EXAKT 520 Blue
Light Polymerization Unit, EXAKT Technologies, Inc., Oklahoma City,
OK) for 2 min, followed by conditioning in 100% humidity at room
temperature for 15 min, removing from the mold and conditioning in
distilled water at 37°C for 24 h prior to testing, unless specified.

Strength measurements

CS, DTS and FS tests were performed on a screw-driven mechanical
tester (QTest QT/10, MTS Systems Corp., Eden Prairie, MN), with a
crosshead speed of 1 mm/min. The FS test was performed in three-
point bending with a span of 20 mm between supports. Six specimens
were tested to obtain a mean value for each material or formulation
in each test. CS was calculated using an equation of CS = P/nr?, where
P = the load at fracture and r = the radius of the cylinder. DTS was
determined from the relationship DTS = 2P/ndt, where P = the load at
fracture, d = the diameter of the cylinder, and t = the thickness of the
cylinder. FS was obtained using the expression FS = 3P1/2bd? where
P = the load at fracture, 1 = the distance between the two supports,
b = the breadth of the specimen, and d = the depth of the specimen.
Compressive yield strength (YS) and modulus (M), were obtained from
the stress-strain curves of the CS tests.

MIC test for the evaluated antibacterial monomers

The minimal inhibitory concentration (MIC) of both natural
HDMF and PAIH was determined following the published protocol
with a slight modification [24]. Briefly, colonies of S. mutans (UA159)
were suspended in 5 ml of Tryptic soy Broth (TSB) prior to MIC testing.
Two-fold serial dilutions of the synthesized monomer were prepared in
TSB, followed by placing in 96-well flat-bottom microtiter plates with
a volume of 250 pl per well. The microtiter plate was then inoculated
with S. mutans suspension (cell concentration = 5 x 10° CFU/ml)
and incubated at 37°C for 48 h prior to MIC testing. The absorbance
was measured at 595 nm via a microplate reader (SpectraMax 190,
Molecular Devices, CA) to assess the cell growth. Chlorhexidine
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(1) AIBN/H,0; (2) HDME/DC C/pyridine/THF
Figure 1. Schematic diagrams for synthesis of poly(AA-co-IA) with pendent HDMF.
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and dimethylsulfoxide were used as positive and negative controls,
respectively. Triple replica was used to obtain a mean value for each
material. Other bacteria including lactobacillus, Staphylococcus aureus
(S. aureus) and Staphylococcus epidermidis (S. epidermidis) were also
used for MIC evaluations.

Antibacterial test

The antibacterial test was conducted following the published
procedures [24]. S. mutans was mainly used to evaluate the antibacterial
activity of the studied cements throughout the study. Other bacteria
including lactobacillus, S. aureus and S. epidermidis were also used to
evaluate a broad antibacterial activity of the studied cements. Briefly,
colonies of S. mutans (UA159) were suspended in 5 ml of Tryptic soy
Broth (TSB), supplemented with 1% sucrose, to make a suspension
with 10® CFU/ml of S. mutans, after 24 h incubation. Each cement
specimen was dipped in 70% ethanol for 10 sec, followed by drying
in the air for another 10-20 sec and placing in a vial containing 5 ml
TSB supplemented with 1% sucrose. To the specimen-containing
TSB, 100 pl of the above incubated S. mutans suspension was added.
After incubating at 37°C for 48 h under anaerobic condition with 5%
CO,, the specimen-containing suspension was sonicated for 20 sec to
remove the adhered bacteria off the specimen. 1 ml of the suspension
was then used to mix with 3 pl of a two-color dye, which was formed by
thoroughly mixing equal volumes of the red and the green dyes (LIVE/
DEAD BacLight bacterial viability kit L7007, Molecular Probes, Inc.,
Eugene, OR, USA) in a microfuge tube for 1 min. The formed mixture
was vortexed for 10 sec, sonicated for 10 sec, vortexed for another 10
sec, and kept in dark for about 15 min, prior to analysis. Then 20 pl
of the stained bacterial suspension was analyzed using a fluorescent
microscope (Nikon Microphot-FXA, Melville, NY, USA). Triple
replica was used to obtain a mean value for each material.

Saliva effect test

Human saliva, obtained from a healthy volunteer, was centrifuged
for 15 min at 12,000g to remove debris [25]. After the supernatant was
filtered with a 0.45 pm sterile filter, the filtrate was stored in a -20°C
freezer prior to use. The sterilized cement specimen (see Antibacterial
test) was incubated in a small tube containing 1 ml of saliva at 37°C for
2 h, followed by placing in 5 ml TSB supplemented with 1% sucrose.
The rest of the procedures for antibacterial test were the same as
described before.

Aging of the specimens

The specimens for both CS and antibacterial activity aging tests were
conditioned in distilled water at 37°C for 1, 3, 7 14 and 30 d, followed
by direct testing for CS (see CS testing for details) and incubating with
S. mutans for 48 h for antibacterial testing (see antibacterial testing for
details).

Statistical analysis

One-way analysis of variance (ANOVA) with the post hoc
Tukey-Kramer multiple-range test was used to determine significant
differences of mechanical strength and antibacterial tests among the
materials or formulations in each group. A level of a = 0.05 was used
for statistical significance.

Results

Characterization

Figure 2A shows the FT-IR spectra for poly(AA-co-IA), HDMF
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and PAIH. The characteristic peaks (cm™) were: (a) HDMF, 3251,
1308, 1151 and 759 (-OH), 2970, 2870, 1451, 1370 and 1002 (-CH and
-CH,), 1698 (carbonyl on -C=C-CO-), 1623, 1197 and 1042 (C=C on
-C=C-0-C-), 1094 and 929 (ether on -C-O-C-); (b) p(AA-co-IA), 2963
(2385-3687) (OH on ~-COOH), 2970, 2661, 1450, 1184 and 797 (-CH
and CH,), 1719 (carbonyl on ~-COOH); (c) PAIH, 2937 (2385-3687)
(OH on -COOH), 2661, 1450 and 1368 (-CH and -CH,), 1729, 1509
and 1403 (carbonyl on both acrylate and -C=C-CO-), 1604 and 1196
and 1021 (C=C on -C=C-0O-C-), 1262 and 939 (ether on -C-O-C-).
Disappearance of the broad peak (cm™) at 3251 for hydroxyl group
on HDMF, formation of a broader and wider peak between 3500 and
2750 for COOH, formation of a wider and stronger peak at 1729 for
carbonyl groups on both poly(AA-co-IA) and HDMF, and appearance
of a new peak at 1604 for C=C group on HDMF confirmed successful
attachment of HDMF onto poly(AA-co-IA). Figure 2B shows the
"HNMR spectra for HDMF, poly(AA-co-IA) and PAIH. The chemical
shifts (ppm) were: (a) HDMF, 8.25 (-OH), 4.52 (-CH), 2.12 (-CH,) and
1.28 (-CH,); (b) 12.15 (-COOH) and others; (c) PAIH, 12.35 (-COOH),
4.25 (-CH), 2.15 (-CH,), 1.35 (-CH,) and others. Disappearance of the
chemical shift at 8.25 (-OH) and formation of all the new chemical
shifts on PAIH confirmed the successful attachment of HDMF onto
poly(AA-co-IA).
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Figure 2. FT-IR and "HNMR spectra for HDMF, poly(AA-co-IA) and PAIH: (a) poly(AA-
co-IA), (b) HDMF, and (c) PAIH.
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Evaluation

Table 1 shows the MIC of HDMF, PAIH and CHX to S. mutans,
lactobacillus, S. aureus and S. epidermidis. The MIC values ranged
from 19 to 39 pg/ml for HDMF, 39 to 78 for PAIH, and 4.9 to 9.8 for
chlorhexidine.

Figure 3 shows the effect of PAIH content on CS of the cements.
The mean CS was decreased with increasing PAIH content, where
there were no statistically significant differences between 0% and 1%,
1% and 3%, 3% and 5%, and 5% and 7% (p > 0.05). The PAIH addition
significantly decreased CS with a reduction of 4 to 58%.

Figure 4 shows the effect of PATH content on the S. mutans viability
of the cements. The mean S. mutans viability was decreased with
increasing PAIH content, where there were no statistically significant
differences between 0% and 1%, 1% and 3%, 3% and 5%, and 25%
and 30% (p > 0.05). The PAIH addition significantly decreased the S.
mutans viability with a reduction of 5 to 81%.

Table 2 shows the effects of PAIH on the viability of four bacteria
including S. mutans, lactobacillus, S. aureus and S. epidermidis and
human saliva on antibacterial cements. The PAIH at 7% in cements
reduced the viability of all four bacteria in the range of 46.3 to 83.8.
Table 2 also shows that human saliva nearly exerted no effect on the
S. mutans viability after culturing with the antibacterial cements. No
statistically significant differences in the S. mutans viability were found
between the cements with and without human saliva treatment.

Figure 5 shows the effect of the cement with 7% PAIH aging on CS.
The CS value (MPa) was increased from 213 (1 h) to 243 (1 d), 259 (3
d), 264 (7 d), 270 (14 d), and 288 (30 d).

300 +
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0% 1% 3% 5% 7% 10% 15% 20% 25% 30%

Figure 3. Effect of PAIH content on CS of the experimental cements: PAIH = poly(AA-co-
IA) with pendent HDMF; MWs of PAIH and of the star-shaped poly(AA-co-IA) = 22,860
and 31,480 Daltons, respectively; Filler = Fuji I LC or Fuji II LC + PAIH; Grafting ratio =
50%; P/L ratio = 2.7; P/W ratio = 70:30. Specimens were conditioned in distilled water at
37°C for 24 h prior to testing.

Table 1. MIC values of the materials used in the study.

Figure 6 shows the effect of the PATH cement aging on the S.
mutans viability. After 30-day aging in water, no statistically significant
changes were found in the S. mutans viability for the cement with 7%
PATH addition.

Table 3 shows the property comparison among the cements with 0
and 7% of PAIH addition and Fuji IT LC. As compared to the cement
with 0% PAIH, the cement with 7% PAIH showed a decrease in all
the measured strengths. The decreases of 18%, 9%, 11%, 10% and 20%
were observed, respectively, in yield strength (YS), modulus (M), CS,
diametral tensile strength (DTS) and flexural strength (FS), among
which YS and FS showed more reduction. A significant decrease with
a 25% reduction was observed in the S. mutans viability. On the other
hand, the experimental antibacterial cement showed higher mechanical
strength values than commercial GIC Fuji II LC, with 19%, 12%, 3%,
8% and 7% increase in YS, CM, CS, DTS and FS, and a lower S. mutans
viability (24% lower). Fuji II LC showed the similar S. mutans viability
to the cement with 0% PAIH.

Discussion

In preventive restorative dentistry, secondary caries is a critical
issue and prevention of secondary caries plays a key role in long-
lasting restorations [1-4]. There are basically two strategies in fighting
bacteria-related secondary caries: one was to release or slow-release
antibacterial agents such as antibiotics, zinc ions, silver ions, iodine
and chlorhexidine [5-9] and the other to attach QAS onto restoratives
[11-24]. However, release or slow-release can lead or has led to a
reduction of mechanical properties of the restoratives over time, short-
term effectiveness, and possible toxicity to surrounding tissues if the
dose or release is not properly controlled [5-9]. The QAS-containing
materials have attracted a special attention due to their killing bacteria
by touch or simple contact [11-24]. The QAS-containing materials

100 1

Viability (%)

0% 1% 3% 5% 7% 10% 15% 20% 25% 30%

Figure 4. Effect of PAIH content on S. mutans viability of the experimental cements: The
formulations were the same as those described in Figure 3. Specimens were conditioned in
distilled water at 37°C for 24 h, followed by incubating with S. mutans before antibacterial
testing.

Compounds’ S. mutans lactobacillus S. aureus S. epidermidis
HDMF 19 39 19 19
PAIH 39 78 39 39

Chlorhexidine 49 9.8 49 49

"HDMF and PAIH are the abbreviations of antibacterial materials, which can be found under Materials and Methods. MIC values (ug/ml) were measured as described in the text.
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not only inhibit Gram-positive but also kill Gram-negative bacteria
[10-19]. These materials were found to be capable of killing bacteria
that are resistant to other types of cationic antibacterial agents [15].
They also show a broad antibacterial spectrum [11-20]. However,
it was also reported that human saliva can significantly decrease the
antibacterial activity of the QAS-containing restoratives, probably due
to electrostatic interactions between QAS and proteins in saliva [25-
26]. Recently furanone-containing materials were reported to show
a broad range of biological and physiological properties including

350 +
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Figure 5. Effect of aging on CS of the experimental cements: The formulations were
the same as those described in Figure 3, except for PAIH content = 7%. Specimens were
conditioned in distilled water at 37°C for 1 h, 1 d, 3 d, 7 d, 14 d and 30 d prior to testing.
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Figure 6. Effect of aging on S. mutans viability of the experimental cements: The
formulations were the same as those described in Figure 6. Specimens were conditioned in
distilled water at 37°C for 1, 3, 7, 14 and 30 d, following by incubating with S. mutans for
48 h prior to antibacterial testing.

Table 2. Effects of PAIH on different bacteria and human saliva on antibacterial cements'.

antitumor, antibiotic, haemorrhagic and insecticidal activity [27-28],
although the biological mechanism of these derivatives is still under
investigation. Natural furanone compound, 4-hydroxy-2,5-dimethyl-
3(2H)-furanone, extracting from fruits such as strawberry, was also
found to show significant antimicrobial functions to both bacteria
and fungi [32]. In current study, we incorporated this compound to
GIC by covalent attachment. The following discussion presents how
HDMF was incorporated into our experimental GICs and its effect on
mechanical and antibacterial properties of the formed cements.

The results shown in Table 1 indicate that both natural HDMF and
the synthesized polymer PAIH are potent antibacterial agents, even
though they are not as potent as chloehexidine. The four bacteria strains
tested belong to Gram-positive bacteria, among which S. mutans and
lactobacillus are common oral bacteria which are responsible for oral
cavity formation. It has been reported that natural HDMF not only
kills Gram-positive but also destroys Gram-negative bacteria and even
fungi [32].

Figures 3 and 4 show the effects of PAIH content on CS and S.
mutans viability of the cements, respectively. Obviously with PAIH
addition the cement showed a decrease in CS and S. mutans viability.
However, their decreasing trends are a little different. The cements
lost 4 to 58% of its original CS value (275 MPa) with 1 to 30% PAIH
addition (Figure 3), among which the cements with 1 to 7% PAIH
showed a 4 to 11% loss in CS but the values (264.5 to 243.4) were still
above 236 MPa which was shown by Fuji I LC (Table 5). The loss of
CS can be attributed to the incorporated PAIH because hydrophobic
PAIH did not contribute any strength enhancement to the cements.
Regarding the S. mutans viability (Figure 4), PAIH significantly
increased the antibacterial activity of the cement. With 1 to 30% PAIH
addition, the S. mutans viability was reduced from 5 to 81%, among
which the cements with 1 to 7% PAIH showed a 5 to 25% reduction.
By examining the results on CS and viability values among 3%, 5% and
7% PAIH addition, the CS changes of these cements were only 2-4%
but their effects on S. mutans viability were 6-16% in difference. In
other words, if we added 7% PAIH into the cement, we would have
an antibacterial cement not only with CS (243.4) better than Fuji II LC
(236.2) but also having an enhanced antibacterial activity (68.7% vs.
90.9%). Therefore, the cement with 7% PAIH addition was chosen to
further evaluate the other properties.

Table 2 shows the effects of PAIH on different bacteria and human
saliva on bacterial viability after culturing with the PAIH cements.
It is known that lactobacillus is another main oral cavity-producing
bacterium although it is not as popular as S. mutans. S. aureus and S.
epidermidis are two major bacteria that often cause skin and implant
infections. To examine the antibacterial activity of PAIH on these
bacteria, we compared the viability ofall the four bacteriaafterincubating
with the cements. With 7% PAIH addition, lactobacillus showed the
lowest viability (46.3%), followed by S. mutans, S. epidermidis and .
aureus. The results are somehow different from those shown on the

S. mutans lactobacillus S. aureus S. epidermidis
Cements without saliva treatment
68.7 (5.7)** 46.3 (0.8)° 83.8 (1.2) 77.9 (3.9)%4
Cements with saliva treatment
63.1(2.8)" 46.9 2.2)° 84.3 (1.6)° 75.1 (4.5)

IThe formulations were the same as those described in Figure 4, except for PATH = 7%. Entries are mean values with standard deviations in parentheses and the mean values with the same
superscript letter were not significantly different (p > 0.05). Specimens were conditioned in distilled water at 37°C for 24 h, followed by incubating with bacteria before antibacterial testing.
For saliva treatment, specimens were soaked in human saliva at 37°C for 2 h, followed by incubating with S. mutans before antibacterial testing.
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MIC test. Regarding human saliva evaluation, no statistically significant
differences in bacterial viability were found between the cements with
and without human saliva treatment. It has been noticed that saliva can
significantly reduce the antibacterial activity of the QAS-containing
materials based on the mechanism of contact inhibition [25,26]. The
reduction was attributed to the interaction between positive charges on
QAS and amphiphilic protein macromolecules in saliva, thus leading
to formation of a protein coating which covers the antibacterial sites
on QAS [25,26]. Unlike QAS, PAIH does not carry any charges. That
may be why the PATH-modified cements did not show any reduction
in antibacterial activity after treating with saliva.

It is known that GICs increase their strengths with time due to
constant salt-bridge formations [37]. To confirm if the PATH-modified
GIC still follows the pattern that most GICs exhibit, we examined both
CS and antibacterial activity of the cements after aging in water for 1
hour, 1 day, 3 days, 7 days, 14 days and 30 days. The result in Figure 5
shows that the cements with 7% PAIH showed 35% increase in CS after
30-day aging in water, compared to 1-h aging. It also shows that the
cement had 14% and 24% increase for 1-day and 7-day aging, compared
to 1-h aging. The result is consistent with those reported earlier [38]
and elsewhere [39]. Meanwhile no statistically significant changes in
the S. mutans viability were found during the 30-day aging (Figure
6). The reason can be attributed to the fact that PAIH is a copolymer
of acrylic acid and DMFA. It is known that the carboxylic acid group
plays a key role in GIC setting and salt-bridge formation. PAIH not
only provides antibacterial function but also supplies carboxyl groups
for salt-bridge formation. When PAIH was mixed into the cement,
the carboxyl groups of PAIH helped the polymer to firmly attach to
the glass fillers by forming salt-bridges. The above results also imply
that PAIH did not leach out of the cement; otherwise both CS and
antibacterial activity would show a decreasing trend.

Finally we compared YS, M, CS, DTS, FS and the S. mutans viability
of the experimental cements with 0 and 7% PAIH and Fuji II LC. As
shown in Table 3, the PAIH-modified cement was 18% in YS, 9% in
modulus, 11% in CS, 9.8% in DTS and 20% in FS lower than the cement
without PAIH addition. On the other hand, the PAIH-modified cement
was much higher (25% higher) in antibacterial activity than the cement
without PATH addition. As compared to commercial GIC Fuji IT LC,
the cement with 7% PAIH showed 19% in CS, 12% in modulus, 3% in
CS, 8% in DTS and 7% in FS higher than Fuji II LC but 24% lower in S.
mutans viability values.

Conclusions

We have developed an antibacterial glass-ionomer cement
containing a natural fruit component 4-hydroxy-2,5-dimethyl-3(2H)-
furanone. The modified cement showed a significant antibacterial
activity, accompanying with an initial CS reduction. Increasing loading
of 4-hydroxy-2,5-dimethyl-3(2H)-furanone significantly enhanced
antibacterial activity but reduced the initial CS of the formed cement.
The experimental cement showed a similar antibacterial activity to S.
mutans, lactobacillus, S. aureus and S. epidermidis. The human saliva
did not affect the antibacterial activity of the cement. The 30-day aging
study indicates that the experimental antibacterial cement may have a
long-lasting antibacterial function.
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