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Abstract

Free D-amino acids (D-AAs) are one of the most striking features of the peptidoglycan composition in bacteria and play a
key role in regulating and disassembling bacterial biofilms. Previous studies have indicated that the antimicrobial peptide
nisin can inhibit the growth of the cariogenic bacteria Streptococcus mutans. The present study investigated the effect of
free amino acids either alone or in combination with nisin on biofilm and on planktonic S. mutans bacteria. The results of the
MIC and MBC analyses showed that D-cysteine (Cys), D- or L-aspartic acid (Asp), and D- or L-glutamic acid (Glu) significantly
improve the antibacterial activity of nisin against S. mutans and that the mixture of D-Cys, D-Asp, and D-Glu (3D-AAs) and
the mixture of L-Cys, L-Asp, and L-Glu (3L-AAs) at a concentration of 40 mM can prevent S. mutans growth. Crystal violet
staining showed that the D- or L-enantiomers of Cys, Asp, and Glu at a concentration of 40 mM can inhibit the formation of
S. mutans biofilms, and their mixture generated a stronger inhibition than the components alone. Furthermore, the mixture
of the three D-AAs or L-AAs may improve the antibacterial activity of nisin against S. mutans biofilms. This study underscores
the potential of free amino acids for the enhancement of the antibacterial activity of nisin and the inhibition of the
cariogenic bacteria S. mutans and biofilms.
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Introduction can utilize extracellular sucrose to produce exopolysaccharide
glucan, which is a key component of the dental plaque biofilm and

Biofilms are complex microbial communities. The microorgan- promotes the further adherence and accumulation of additional

isms in biofilms are generally encapsulated by extracellular
polymeric substances and tightly adhered to different surfaces
[1,2]. Because biofilms are difficult to eradicate and are resistant to
antimicrobial agents, biofilms have caused a range of problems
and profoundly affect human health [3]. The inhibition of biofilms
remains one of the crucial problems that current microbiologists
aim to overcome. Recently, some researchers have investigated
biofilm detachment, and some biofilm dispersants, such as D-
amino acids (D-AA), dispersin B, bacteriophage, and polyamine,
have been found to disperse biofilms [4,5,6]. Brandenburg et al.
reported that tryptophan inhibits Pseudomonas aeruginosa biofilm

cariogenic microorganisms on the surface of teeth [10,11,12,13].
Thus, the inhibition of S. mutans biofilms favors the prevention of
dental plaque formation and thereby reduces the incidence of
dental caries.

D-AAs are one of the most striking features of a peptidoglycan
composition [14,15]. D-AAs were recently found to play very
important roles in regulating and disassembling bacterial biofilms
and may provide a general strategy for the prevention of biofilm
[5,14]. However, to date, little information is available on the
effects of exogenous D-AAs on the cariogenic bacterium . mutans

. . SDRs: and on biofilms. In our previous studies, the antimicrobial peptide
formation on tissue culture plates and further inhibits the growth

of existing biofilms [7]. Kolodkin-Gal et al. reported that D-
leucine, D-methionine, D-tyrosine, and D-tryptophan prevent

nisin showed bactericidal activity against S. mutans by the
formation of pores on the surface of cell membranes and
damaging the cell walls [16,17]. The present study attempted to

Bacillus subtilis biofilm formation and can also break down existing investigate whether 18 free D-amino acids improve the antibac-

biofilms [5].

Dental plaque, which consists of a matrix of polysaccharides,
proteins, and microbial cells, is a typical microbial biofilm.
Streptococcus mutans 1s a major cariogenic bacterium that plays a

terial activity of three common antimicrobials, namely nisin,
chlorhexidine, and penicillin, against S. mutans and further
evaluated the effects of these available D-amino acids either alone

v i or in conjunction with nisin on S. mutans biofilms.
decisive role in the development of dental plaque [8,9]. S. mutans
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Materials and Methods

Bacterial Strains and Growth Conditions

Streptococcus mutans UA159, which was obtained from freezer
stocks, was streaked on brain-heart infusion (BHI, Becton
Dickinson, Sparks, MD, USA) agar plates and placed in an
anaerobic jar containing 85% Ny, 10% Hy, and 5% CO, at 37°C
for 24 h. A single colony was inoculated into 5 mL of BHI broth
and incubated to the exponential phase of growth. The optical
density (OD) at 600 nm of the S. mutans culture was adjusted to
0.55 (Infinite M200, Tecan Group Ltd., Austria), which corre-
sponds to a bacterial concentration of approximately 10° CFU/
mL.

Amino Acid and Nisin Preparation

D-methionine, D-tryptophan, D-leucine, D- or L-cysteine, D-
or L-aspartic acid, D- or L-glutamic acid, D-alanine, D-threonine,
D-valine, D-isoleucine, D-glutamine, D-phenylalanine, D-histi-
dine, D-proline, D-lysine, D-arginine, and glycine (Sigma-Aldrich,
St. Louis, MO, USA) were all prepared at a concentration of
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40 mM, and D-tyrosine was prepared at a concentration of
0.8 mM due to its low solubility. Nisin powder (2.5% purity,
Sigma-Aldrich, St. Louis, MO, USA) was dissolved in a solution at
pH 2 to obtain a stock solution with a concentration of 1 g/L.

MIC and MBC

The MICs and MBCs of nisin in combination with D-AAs or L-
amino acids (I.-AAs) against S. mutans were determined using the
Clinical and Laboratory Standards Institute (CLSI) standards.
Briefly, a total volume of 200 uL, including D- or L-amino acids,
different concentrations of nisin, the S. mutans culture (at a final
concentration of 5x10° CFU/mL), and the MHB medium, was
added to a 96-well microplate (Costar, Corning Inc., Corning,
NY, USA). The working concentrations of nisin were 50, 37.5, 25,
20, 15, 10, 5, 2.5, and 1.25 mg/L, and the working concentration
of the amino acids was 10 mM. The microplate was incubated at
37°C for 48 h. The MIC is the lowest concentration of an
antimicrobial that will inhibit the visible growth of S. mutans. For
the MBC calculation, after the content of each well was
thoroughly mixed, 10 pL was removed from the well that defined
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Table 1. MIC and MBC of nisin in combination with D-amino acids for S. mutans.
AA(10 mM) Nisin (mg/L)
MiC MBC
PBS 20(1.58) 37.5(3.95)
D-Asp* 10(1.58) 20(1.58)
L-Asp 15(2.24) 20(1.58)
D-Ala 19(1.00) 40(2.50)
D-val 20(1.58) 19(1.87)
D-Phe 15(2.24) 20(1.58)
D-Leu 20(0) 26.5(2.92)
D-lle 20(1.58) 25(0)
D-Lys 35(2.50) 37.5(3.95)
D-Thr 20(1.58) 26.5(2.92)
D-Met 21(1.00) 37.5(3.95)
D-Trp 20(2.24) 37.5(0)
D-His 20(0) 37.5(3.95)
D-Arg 50(0) 50(0)
D-Cys* 10(1.58) 10(1.58)
L-Cys 19(1.00) 37.5(0)
D-Glu* 10(1.58) 20(1.58)
L-Glu* 11(1.00) 15(2.24)
D-Pro 15(1.58) 24(1.00)
D-Tyr® 14(1.00) 26.5(2.92)
D-Ser 16(1.00) 16(1.87)
D-Gly 20(0) 37.5(3.95)
3D-AA* 0 4.5(0.50)
3L-AA* 0 5.5(1.22)
3D-AA (pH 7)* 3.75(0.79) 12(2.00)
3L-AA (pH 7) 20(1.58) 37.5(0)
The asterisk indicates that the addition of free amino acids at 10 mM generated significant effect on antibacterial activities of nisin, and decreased the MICs and MBCs of
nisin against S. mutans. D-tyrosine was prepared at a concentration of 0.8 mM due to its low solubility. The combinations of D-Asp, D-Cys, and D-Glu (3D-AA) or the
combinations of L-Asp, L-Cys, and L-Glu (3L-AA) were more effective than the amino acids alone in the improvement of the antibacterial activities of nisin, and even the
mixture of the three amino acids at their respective concentration of 10 mM inhibited S. mutans in the absence of nisin (MIC of nisin =0). Each test was repeated five
times on different days, and means and standard errors were given.
doi:10.1371/journal.pone.0099513.t001
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the MIC and the wells with concentrations above the MIC, and
these aliquots were plated onto BHI agar plates. The MBC was
defined as the lowest concentration of an antibiotic that killed at
least 99.9% of the bacteria in a given time. Furthermore, the same
procedure was used to evaluate the effect of the mixture of D-Cys,
D-Asp, and D-Glu (3D-AAs) and the mixture of L-Cys, L-Asp, and
L-Glu (3L-AAs) at a concentration of 10 mM on the antibacterial
activity of nisin and the MIC and MBC of penicillin or
chlorhexidine in combination with D- or L-amino acids. Each
test was repeated five times on different days.

Time-kill Study with Planktonic Bacteria

The S. mutans culture in the exponential phase was adjusted with
fresh BHI broth to obtain a concentration of approximately
5x10° cells/mL and subsequently challenged with (1) the mixture
of 3D-AAs at their respective concentration of 40 mM, (2) the
mixture of 3L-AAs at their respective concentration of 40 mM, (3)
3D-AAs at their respective concentration of 40 mM (pH 7), (4) 3L-
AAs at their respective concentration of 40 mM (pH 7), (5) 3D-
AAs at their respective concentration of 10 mM, (6) 3L-AAs at
their respective concentration of 10 mM, (7) 3D-AAs at their
respective concentration of 5 mM, (8) 3L-AAs at their respective
concentration of 5 mM, and (9) control (without AAs) at 37°C
under anaerobic conditions. The bacterial survival was counted by
plate counts of the viable cells at 4, 8, 12, and 24 h. All of the
determinations were repeatedly performed three times on different
days.

Crystal Violet (CV) Staining Assay

The CV staining assay was performed as described by Zhou et
al. [18]. D-Cys, D-Asp, and D-Glu or their L-amino acids at
concentrations of 40 mM, 20 mM, or 10 mM were prepared with
BHIS (BHI broth with 1% sucrose). The exponential-phase S.
mutans culture and BHIS broth, including amino acids at a ratio of
1:100, were added into a 96-well microplate (semi-quantitative
analysis) and a 24-well microplate (visualization). After 24 h of
incubation, the biofilms on the bottom of the two microplates were
stained with 0.1% crystal violet for 15 min and then washed with
sterile distilled water. The bound dye was released by the addition
of 33% acetic acid and examined using a microplate reader at
575 nm. Before the measurement, the test elution liquid of crystal
violet was diluted 1:4 with distilled water because the original
readings were beyond the range of the microplate reader. The
same procedure was used to evaluate the effect of the 3D-AAs and
3L-AAs at their respective concentrations of 40 mM, 20 mM,
10 mM, or 5 mM on S. mutans biofilm formation. The OD of the

10.0

Bacterial counts (log)
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S. mutans biofilm at 575 nm was assayed after 2, 12, and 24 h of
incubation. Furthermore, to eliminate the effect of the acids of
amino acids on biofilm formation, the 3D- or 3L-AAs were
adjusted to pH 7 with sodium hydroxide solution, and the S.
mutans biofilms were evaluated through CV staining.

The same CV staining was used to evaluate the effect of 3D- or
3L-AAs on existing biofilms. Briefly, a §. mutans culture was
incubated in BHIS broth and cultured for 24 h. Subsequently, the
24-h-old biofilms were exposed to 3D-AAs or 3L-AAs at their
respective concentration of 40 mM for 24 h and then were
assayed by CV staining. All 24-well plates subjected to C'V staining
were analyzed using a digital camera. Each test was repeated five
times in three independent experiments.

Confocal Laser Scanning Microscopy

After treatment with amino acids and nisin, the S. mutans
biofilms were visualized by confocal laser scanning microscopy
(CLSM). A complete tooth was donated by a healthy volunteer
whose mandibular third molar was extracted due to pericoronitis,
and used in this study by Institution Review Board approval of
Guanghua School of Stomatology, Sun Yat-sen University, China.
The tooth was transversely cut into 1-mm-thick pieces using a
silicon carbide disc (Isomet; 10.2 cm x0.3 mm, Buehler Ltd, Lake
Bluff, America). The tooth pieces were soaked in 75% alcohol for
1 h, dried in a super clean bench, soaked in 10 mL of sterile saliva
for 2 h (Sterile saliva collected from the oral cavity of a healthy
volunteer, and prepared according to Zhou et al. [19]), and placed
in a 12-well plate. For biofilm formation, S. mutans culture and
BHIS at a 1:100 ratio were added to the 12-well plate, and the
mixture was incubated at 37°C for 24 h. The S. mutans biofilms on
the surfaces of the tooth pieces were exposed to the following
solutions at 37°C for 1 h: (A) BHIS (negative control), (B) 125 mg/
L nisin, (C) 40 mM 3L-AAs and 125 mg/L nisin, and (D) 40 mM
3D-AAs and 125 mg/L nisin. The four groups of biofilms were
stained at room temperature in the dark for 15 min using 6 M
SYTO 9 stain and 30 uM PI (LIVE/DEAD BacLight bacterial
viability kit LL13152; Molecular Probes, Invitrogen). The images of
the stained specimens were captured using a Carl Zeiss LSM 780
instrument and analyzed using the ZEN software (Zen 2012 light
edition, Carl Zeiss Microlmaging, Inc., Thornwood, NY, USA).
SYTO 9 and PI were excited at 488 nm and 543 nm, respectively.
The three-dimensional S. mutans biofilms exposed to the drugs
were scanned along the Z axis as a subset of 20 layers from bottom
to top. The middle layers (tenth layer) from five random three-
dimensional images in each group were used to analyze the ratio of
dead to live bacteria by fluorescence intensity.

[ 3D 40mM

3L 40mM

[ 3D 40mM (pH: 7.0)
E# 3L 40mM (pH: 7.0)
B8 3D 10mm

[ 3L 10mm

3D 5mM

B 3L smm

[ control

Time(hours)

Figure 1. Effect of 3D-AAs and 3L-AAs on S. mutans growth. All of the determinations were repeatedly performed three times on different

days. The y-axis represents the survival count of bacteria (mean * SD), and the x-axis represents the time after the challenge with amino acids.

1%

indicates a significant difference in the S. mutans survival count between the amino acid challenge groups and the control, and a value of p<<0.00625
was considered significant; “#" indicates a significant difference in the S. mutans survival count between the 3D-AA and 3L-AA challenge groups, and

a value of p<<0.05 was considered to be significant.
doi:10.1371/journal.pone.0099513.g001
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Figure 2. Effect of different concentrations of Cys, Asp, and Glu on S. mutans biofilm formation. (A) The quantification of S. mutans
biofilm formation was evaluated by crystal violet staining after 24 h of challenge with Cys, Asp, and Glu at 40 mM, 20 mM, and 10 mM. The results
show the average of three independent experiments repeated five times, and mean and standard deviation were shown. “*” indicates a significant
difference in the OD value of S. mutans biofilm between the amino acid challenge groups and the control, and a value of p<<0.00833 was considered
significant; “#" indicates a significant difference in the OD value of the S. mutans biofilm between the groups challenged with the D- and L-
enantiomers of the same amino acid, and a value of p<<0.05 was considered significant. (B) S. mutans culture and BHIS at a 1:100 ratio were added
into 24-well plates and challenged with D- or L-Cys, -Asp, and -Glu at 40 mM for 24 h. The S. mutans biofilm formation was visualized by crystal violet

staining.
doi:10.1371/journal.pone.0099513.g002

Statistical Analysis

The statistical analyses were performed using the SPSS 18.0
software. After Bonferroni-correction, Student’s /-test was used to
evaluate any significant differences between (1) the S. mutans
survival rates obtained after exposure to different concentrations of
3D-AAs or 3L-AAs and the control at the same time point, and a
value of p<<0.00625 was considered significant; (2) the ODj75
values of S. mutans biofilms obtained in the presence of challenges
with different concentrations of Cys, Asp, or Glu and with no
amino acids (control), and a value of p<<0.00833 was considered
significant; (3) the ODs75 values of S. mutans biofilms obtained in
the presence of challenges with different concentration of 3D-AAs
or 3L-AAs and with no amino acids (control) at the same time
point, and a value of p<<0.00625 was considered significant. For all
the comparison of D- and L-enantiomers of the same amino acids,
and a value of p<<0.05 was considered significant. The ratios of the
fluorescence intensity of dead/live cells were compared by
Kruskal-Wallis H and Nemenyi nonparametric tests. A p value
of less than 0.05 was considered significant.

Results

Antibacterial Activity

The MIC and MBC values of nisin against S. mutans were 20
and 37.5 mg/L, respectively. As free amino acids, the addition of
D-Cys, D-Asp, and D-Glu can significantly improve the antibac-
terial activity of nisin, and the addition of D-Val, D-Phe, D-Leu,
D-Ile, D-Thr, D-Pro, D-Tyr, and D-Ser showed slight improve-
ment. In contrast, the addition of D-Ala, D-Lys, D-Met, D-Trp,
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D-His, and D-Gly resulted in no improvement, and even the
addition of D-Arg decreased the antibacterial activity of nisin. The
combination of the three effective amino acid D-Cys, D-Asp, and
D-Glu (3D-AAs) displayed inhibition for S. mutans even in the
absence of nisin, and the same inhibition was observed after
treatment with 3L.-AAs. Furthermore, to exclude the effect of acid
of amino acids on antibacterial activity, 3D-AAs was adjusted to
pH 7, and still showed improvement to the antibacterial activity of
nisin, but 3L-AAs at pH 7 did not (Table 1). All D-AAs at 10 mM
did not change the antibacterial activity of penicillin or
chlorhexidine.

Effect of 3D-AA and 3L-AA on S. mutans Growth

In the time-kill assay, the 3D-AAs at their respective concen-
tration of 40 mM was the most effective treatment for the
inhibition of §. mutans of all of the experimental groups, and the S.
mutans survival rates showed a significant reduction from 4 h to
24 h of challenge, but 3L.-AAs exhibited no significant effect after
4 h of challenge. Both treatments showed significant differences at
the same time points ($<<0.05). The adjustment of 3D-AAs and 3L-
AAs pH 7 resulted in decreases in the S. mutans survival rate after
8, 12, and 24 h of challenge. Significant differences were found
between the different experimental groups at 40 mM and the
control at the same time point, with the exception of 3D-AAs and
3L-AAs pH 7 at 4 h after challenge (p<<0.00625). Furthermore,
both 3D-AAs and 3L-AAs at concentrations of 10 mM or 5 mM
did not significantly decrease the S. mutans survival rates (Fig. 1).
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Effect of Free AA Alone or in Combination with Nisin on S. mutans

2h 12h

A 3.0 B 3D-AA mixture B 3.0 M 3D-AA mixture
[ 3L-AA mixture [ 3L-AA mixture
2.5 O control 2.5 O control
207 2.0
2" 1.5 21,54
o °
*
1.0 1.0
* %
0.5-] 054 * *
0.0- 0.0~
40mM  20mM  10mM  5mM 0 Conc 40mM  20mM  10mM  5mM 0  Conc

Control

40mM 20mM  1omM 5mM
C D 24h+24h
3.0-] W 3D-AA mixture 3.0 Il 3D-AA mixture
[ 3L-AA mixture [0 3L-AA mixture
MM 3p-AApH7 2.5 O Control
B 3L-AApH7
O control 2.0
S 1.5
1.0
0.5
- p 0.0
40mM  40mM  20mM 10mM  5mM 0 Conc

L

- —
3D-AA |
\
=
3L-AA
Control
Control
h =

mM 40mMpH 7 20mM 10mM

Figure 3. Effect of the mixture of D-Cys, D-Asp, and D-Glu at 40 mM (3D-AA) and the mixture of L-Cys, L-Asp, and L-Glu at 40 mM
(3L-AA) on S. mutans biofilms. S. mutans culture and BHIS at a ratio of 1:100 were added to 96-well plates (semi-quantitative analysis) and a 24-
well microplate (visualization) and were challenged with different concentrations of 3D-AAs or 3L-AAs for 2 h (A), 12 h (B), and 24 h (C), and the S.
mutans biofilm formation was quantitatively evaluated by crystal violet staining. (D) Effect of 3D-AAs or 3L-AAs at 40 mM on existing S. mutans
biofilms. S. mutans culture and BHIS at a ratio of 1:100 were cultured for 24 h. The existing biofilm was exposed to 3D- or 3L-AAs for 24 h and
quantified by CV staining. The results are an average of three independent experiments repeated five times, and mean and standard deviation were
shown. “*” indicates a significant difference in the OD value of S. mutans biofilm between the groups challenged with 3D- or 3L-AAs and the control
group, and a value of p<<0.00625 was considered significant; “#" indicates a significant difference in the OD value of the S. mutans biofilm between
the groups challenged with 3D-AA and 3L-AA at pH 7, and a value of p<<0.05 was considered significant.

doi:10.1371/journal.pone.0099513.g003

Effect of Cys, Asp, and Glu Alone or in Combination on S. 40 mM or 20 mM and 3D-AAs at their respective concentration
mutans Biofilm of 10 mM inhibited S. mutans biofilms, and the experimental and
control groups showed significant differences (p<<0.00625) (Fig. 3B).
After 24 h of treatment, both 3D- and 3L-AAs at their respective
concentration of 40 mM, 20 mM, 10 mM, or 5> mM showed
different levels of inhibition compared to the control ($<<0.00625).
Furthermore, 40 mM 3D- and 3L-AAs at pH 7 also showed an
mhibitory effect on biofilm, but the level of inhibition obtained at

In the biofilm assay, both D- and L-enantiomers of Cys, Asp,
and Glu at their respective concentration of 40 mM could
significantly inhibit S. mutans biofilm formation, but the other
amino acids did not. The antibiofilm activity of Cys and Asp were
superior to that of Glu. At a concentration of 20 mM, Glu did not
significantly prevent biofilm formation, but Cys and Asp were . i : -
effective. At 10 mM, Cys, Asp, and Glu, with the exception of D- pH 7 was slightly lower than thgt obtained with the original pH
Asp, hardly prevented biofilm formation (Fig. 2). (Fig. 3C). Th.e subsequent anal?/srs showed that 3]?— and SL—A.A§ at

The mixture of Cys, Asp, and Glu showed a greater antibiofilm a.concentr?mon of 40 mM are incapable of breaking down existing
effect against S. mutans than the components alone. After 2 h of biofilms (Fig. 3D).
exposure to 3D- or 3L-AAs, the OD of S. mutans biofilms was
almost the same as that of the control (Fig. 3A). After 12 h of
treatment, the 3D- or 3L-AAs at their respective concentration of

PLOS ONE | www.plosone.org 5 June 2014 | Volume 9 | Issue 6 | €99513



Effect of Free AA Alone or in Combination with Nisin on S. mutans

Figure 4. Confocal laser scanning microscopic images of existing S. mutans biofilm (24-h-old) on the surfaces of tooth pieces
challenged for 1 h., with (A) BHIS (negative control), (B) 125 mg/L nisin, (C) 40 mM 3L-AAs and 125 mg/L nisin, and (D) 40 mM 3D-AAs and
125 mg/L nisin. The cells with intact membranes are stained green, whereas the cells with damaged cell membranes are stained red. The four groups
of three-dimensional S. mutans biofilms were captured using a 60 xoil lens of a Carl Zeiss CLSM instrument and analyzed using the ZEN software, and
the films were scanned along the Z axis as a subset of 20 layers from bottom to top.

doi:10.1371/journal.pone.0099513.g004

Assay of the Antibiofilm Activity of Nisin in the Absence
and Presence of 3D-AAs and 3L-AAs

Both 3D-AAs and 3L-AAs were found to contribute to the
bactericidal activities of nisin against S. mutans biofilms, even
though they did not generate a significant effect in biofilm
breakdown, as determined through a CV staining assay. In the
three-dimensional view, more dead cells were found in the nisin
treatment group compared with the control (Figs. 4A and 4B). The
bactericidal activities of nisin against S. mutans biofilms were
significantly improved by 3L- AAs and 3D-AAs at their respective
concentration of 40 mM (Fig. 4C and 4D). A significant difference
was found in the ratios of the fluorescence intensity of dead/live

PLOS ONE | www.plosone.org

cells between nisin in conjunction with 3D-AAs and 3L-AAs (p<<
0.05), and 3D-AA was found to be superior to 3L-AA (Fig. 5).

Discussion

The use of D-amino acids is a recent strategy for combating
biofilms. Some studies have indicated that D-amino acids can
inhibit biofilm formation and disperse existing biofilms [5,20,21].
This study represents the first report of the effect of D-amino acids
on S. mutans biofilm. Cys, Asp, and Glu at a concentration of
10 mM did not inhibit S. mutans growth but improved the
antibacterial activity of nisin, and the three amino acids at a
concentration of 40 mM prevented S. mutans biofilm formation.
This finding indicates that the three amino acids may prevent S.
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Figure 5. Boxplot depicting the ratios in the fluorescence
intensity values of dead to live bacteria (Median, Q,/Qy). The
existing S. mutans biofilm (24-h-old) on the surfaces of tooth pieces
were challenged for 1 h with (A) BHIS (negative control), (B) 125 mg/L
nisin, (C) 40 mM 3L-AAs and 125 mg/L nisin, and (D) 40 mM 3D-AAs
and 125 mg/L nisin. Five random three-dimensional images from each
group were used to analyze the ratio in the fluorescence intensity of
dead to live bacteria. “*” indicates a significant difference in the
fluorescence intensity ratios of dead to live bacteria between the C and
D treatment groups (p<<0.05).

doi:10.1371/journal.pone.0099513.g005

mutans aggregation and may further help the antimicrobial peptide
nisin exert its bactericidal activity. However, this enhancement
was not observed with chlorhexidine and penicillin, and this lack
of improvement may be related to their antibacterial mechanisms.

Nisin, a cationic and amphiphilic antibacterial peptide, can bind
to the peptidoglycan precursor Lipid II serving as a docking
molecule for subsequent pore formation, which results in a loss of
the proton motive force and an efflux of small cytoplasmic
compounds [22,23,24]. In previous studies, nisin showed certain
antibacterial activities against nine cariogenic bacteria and was
found to destroy the normal morphology of S. mutans [16,17]. An
organism generally has a restorable or self-repair function when
suffering from nonlethal damage. Bacteria attacked by nisin may
be able to self-repair the pores. D-amino acids are a key
component of the cell wall peptidoglycan, which is essential for
the maintenance of a high internal osmotic pressure inside the cell
[25,26]. The main structural features of peptidoglycan are linear
glycan strands, which are composed of repeating disaccharide
residues and are cross-linked via peptide side chains. The cross-
linkage of the glycan strands commonly occurs between the distal
carboxyl group of D-Ala at position 4 of a donor peptide and the
free amino group of the diamino acid at position 3 of an acceptor
peptide [25]. Thus, during the synthesis of peptidoglycan, the
incorporation of some exogenous D-amino acids into the peptide
side chains of the peptidoglycan in place of the terminal D-Ala
may directly influence the cross-linking of the glycan strands and
accordingly affect the strength and flexibility of peptidoglycan
[27]. Thus, the restoration of the pore formed as a result of nisin
treatment may be prevented through the addition of exogenous D-
amino acids. Furthermore, the pore formed as a result of nisin
treatment may facilitate the penetration of the exogenous D-amino
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Previous studies have indicated that nisin may be considered a
potential anticariogenic compound. The present study showed
that Cys, Asp, and Glu not only improve the antibacterial activity
of nisin against S. mutans but also prevent its biofilm formation at
the initial stage. The combination of these free amino acids with
nisin may provide a strategy for the inhibition of the cariogenic
bacteria S. mutans and biofilms. At present, the effect of the free
amino acids on S. mutans biofilm is only an  vitro study, and the
cariogenic bacteria in the dental plaque biofilms found in the oral
cavity are very complex, and dental caries often involve multiple
microorganisms. Further studies are in progress to evaluate the
possible effect of these free amino acids and nisin on other
cariogenic bacteria and biofilms. Furthermore, though amino
acids belong to the vital nutrition of human being, the safety of the
free amino acids at the higher concentration needs to further be
studied in the topical application of oral cavity. Once the effect of
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biofilms is better understood, the combination of these amino acids
with nisin may become a viable option for the prevention of dental
caries.

Author Contributions

Conceived and designed the experiments: JL ZT. Performed the
experiments: Z'T LZ. Analyzed the data: ZT LZ LH. Contributed
reagents/materials/analysis tools: LZ Y] DD. Wrote the paper: ZT.

2. Hall-Stoodley L, Stoodley P (2009) Evolving concepts in biofilm infections. Cell
Microbiol 11: 1034-1043.

June 2014 | Volume 9 | Issue 6 | €99513



6.

Stewart PS, Costerton JW (2001) Antibiotic resistance of bacteria in biofilms.
Lancet 358: 135-138.

. Kolodkin-Gal I, Cao S, Chai L, Bottcher T, Kolter R, et al. (2012) A self-

produced trigger for biofilm disassembly that targets exopolysaccharide. Cell
149: 684-692.

. Kolodkin-Gal I, Romero D, Cao S, Clardy J, Kolter R, et al. (2010) D-amino

acids trigger biofilm disassembly. Science 328: 627-629.
Lu TK, Collins JJ (2007) Dispersing biofilms with engineered enzymatic
bacteriophage. Proc Natl Acad Sci U S A 104: 11197-11202.

. Brandenburg KS, Rodriguez KJ, McAnulty JF, Murphy CJ, Abbott NL, et al.

(2013) Tryptophan inhibits biofilm formation by Pscudomonas aeruginosa.
Antimicrob Agents Chemother 57: 1921-1925.

. Takahashi N, Nyvad B (2011) The role of bacteria in the caries process:

ecological perspectives. ] Dent Res 90: 294-303.

. Kleinberg I (2002) A mixed-bacteria ecological approach to understanding the

role of the oral bacteria in dental caries causation: an alternative to
Streptococcus mutans and the specific-plaque hypothesis. Crit Rev Oral Biol

Med 13: 108-125.

. Banas JA (2004) Virulence properties of Streptococcus mutans. Front Biosci 9:

1267-1277.

. Paes Leme AF, Koo H, Bellato CM, Bedi G, Cury JA (2006) The role of sucrose

in cariogenic dental biofilm formation-new insight. J Dent Res 85: 878-887.

. Bowen WH, Koo H (2011) Biology of Streptococcus mutans-derived

glucosyltransferases: role in extracellular matrix formation of cariogenic biofilms.
Caries Res 45: 69-86.

. Koo H, Falsetta ML, Klein MI (2013) The exopolysaccharide matrix: a

virulence determinant of cariogenic biofilm. J Dent Res 92: 1065-1073.

. Cava F, Lam H, de Pedro MA, Waldor MK (2011) Emerging knowledge of

regulatory roles of D-amino acids in bacteria. Cell Mol Life Sci 68: 817-831.

. CavaF, de Pedro MA, Lam H, Davis BM, Waldor MK (2011) Distinct pathways

for modification of the bacterial cell wall by non-canonical D-amino acids.
EMBO J 30: 3442-3453.

. Tong Z, Dong L, Zhou L, Tao R, Ni L. (2010) Nisin inhibits dental caries-

associated microorganism in vitro. Peptides 31: 2003-2008.

PLOS ONE | www.plosone.org

20.

21.

26.

27.

Effect of Free AA Alone or in Combination with Nisin on S. mutans

. Tong Z, Zhou L, Jiang W, Kuang R, Li J, et al. (2011) An in vitro synergetic

evaluation of the use of nisin and sodium fluoride or chlorhexidine against
Streptococcus mutans. Peptides 32: 2021-2026.

. Zhou L, Ding Y, Chen W, Zhang P, Chen Y, et al. (2013) The in vitro study of

ursolic acid and oleanolic acid inhibiting cariogenic microorganisms as well as

biofilm. Oral Dis 19: 494-500.

. Zhou L, Tong Z, Wu G, Feng Z, Bai S, et al. (2010) Parylene coating hinders

Candida albicans adhesion to silicone elastomers and denture bases resin. Arch
Oral Biol 55: 401-409.

Hochbaum Al, Kolodkin-Gal I, Foulston L, Kolter R, Aizenberg J, et al. (2011)
Inhibitory effects of D-amino acids on Staphylococcus aureus biofilm
development. ] Bacteriol 193: 5616-5622.

Sanchez CJ Jr, Priecto EM, Krueger CA, Zienkiewicz KJ, Romano DR, et al.
(2013) Effects of local delivery of D-amino acids from biofilm-dispersive scaffolds
on infection in contaminated rat segmental defects. Biomaterials 34: 7533-7543.

. Breukink E, de Kruijff B (2006) Lipid II as a target for antibiotics. Nat Rev Drug

Discov 5: 321-332.

. Hasper HE, de Kruijff B, Breukink E (2004) Assembly and stability of nisin-lipid

II pores. Biochemistry 43: 11567-11575.

. Wiedemann I, Breukink E, van Kraaij C, Kuipers OP, Bierbaum G, et al. (2001)

Specific binding of nisin to the peptidoglycan precursor lipid IT combines pore
formation and inhibition of cell wall biosynthesis for potent antibiotic activity.

J Biol Chem 276: 1772-1779.

. Vollmer W, Blanot D, de Pedro MA (2008) Peptidoglycan structure and

architecture. FEMS Microbiol Rev 32: 149-167.

Vollmer W, Seligman SJ (2010) Architecture of peptidoglycan: more data and
more models. Trends Microbiol 18: 59-66.

Lam H, Oh DC, Cava F, Takacs CN, Clardy J, et al. (2009) D-amino acids
govern stationary phase cell wall remodeling in bacteria. Science 325: 1552
1555.

Scheffers DJ, Pinho MG (2005) Bacterial cell wall synthesis: new insights from
localization studies. Microbiol Mol Biol Rev 69: 585-607.

. Kanisavaran ZM (2008) Chlorhexidine gluconate in endodontics: an update

review. Int Dent J 58: 247-257.

. Mohammadi Z, Abbott PV (2009) Antimicrobial substantivity of root canal

irrigants and medicaments: a review. Aust Endod J 35: 131-139.

June 2014 | Volume 9 | Issue 6 | €99513



