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Abstract Biofilm formation on the tooth surface is the root
cause of dental caries and periodontal diseases. Streptococcus
mutans is known to produce biofilm which is one of the pri-
mary causes of dental caries. Acid production and acid toler-
ance along with exopolysaccharide (EPS) formation are major
virulence factors of S. mutans biofilm. In the current study,
calcium fluoride nanoparticles (CaF2-NPs) were evaluated for
their effect on the biofilm forming ability of S. mutans in vivo
and in vitro. The in vitro studies revealed 89 % and 90 %
reduction in biofilm formation and EPS production, respec-
tively. Moreover, acid production and acid tolerance abilities
of S. mutanswere also reduced considerably in the presence of
CaF2-NPs. Confocal laser scanning microscopy and transmis-
sion electron microscopy images were in accordance with the
other results indicating inhibition of biofilm without affecting
bacterial viability. The qRT-PCR gene expression analysis
showed significant downregulation of various virulence genes
(vicR, gtfC, ftf, spaP, comDE) associated with biofilm forma-
tion. Furthermore, CaF2-NPs were found to substantially de-
crease the caries in treated rat groups as compared to the un-
treated groups in in vivo studies. Scanning electron micro-
graphs of rat’s teeth further validated our results. These find-
ings suggest that the CaF2-NPs may be used as a potential

antibiofilm applicant against S. mutans and may be applied
as a topical agent to reduce dental caries.
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Introduction

Dental caries are characterized by dissolution of the tooth
enamel and are a cause of public health concern (Nakano et
al. 2007; Falsetta et al. 2014). A major factor influencing
dental decay is an assault of the tooth surface by oral microbial
biofilms (Selwitz et al. 2007; Nance et al. 2013). Streptococ-
cus mutans is considered to be one of the main etiological
agents of dental caries and is a best known biofilm-forming
oral bacterium (Loesche 1986; Hasan et al. 2015). Acid pro-
duction by fermentat ion of dietary carbohydrate
(acidogenesis), formation of exopolysaccharide, and biofilm
formation along with its ability to survive in an acidic envi-
ronment (aciduracity) are some of the prominent characteris-
tics which help S. mutans in its cariogenic process (Koo et al.
2003; Krol et al. 2014). Eradication of dental biofilm is very
difficult and only mechanical cleaning like brushing or
flossing the teeth is not sufficient. Thus, to improve oral
health, it is important to formulate approaches that can inhibit
or delay biofilm formation.

Fluorides and its various preparations are of great impor-
tance in dentistry (Marquis et al. 2003). In its ionic form,
f luor ide prevents demineral iza t ion and helps in
remineralization of the tooth enamel (Featherstone 1999).
Fluorides also exert their effect on the biological activity of
caries-causing bacteria. They reduce the ability of plaque-
forming bacteria to produce acid and can impair glycolysis
by inhibition of enolase activity (Hamilton 1977).
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Furthermore, they work on membrane-associated proton
pump (H+-ATPase) by inhibiting it and in turn reducing the
cellular level of ATP (Sutton et al. 1987; Eshed et al. 2013).

It is believed that topical application of fluoride on teeth
leads to the formation of a calcium fluoride-like material
which acts as a reservoir of fluoride ions, and during caries
challenge, it releases fluoride at low pH in plaque and protects
the tooth’s surface from caries (Rosin-Grget and Lincir 2001;
Rølla and Saxegaard 1990). Nevertheless, the limited concen-
tration of calcium ion in the mouth results in the formation of
only a limited amount of calcium fluoride-like deposits after
topical application of conventional fluoride formulations
(Saxegaard and Rølla 1989).

Nanoscale-based approaches are being widely used and
have been proven to be more effective in the elimination of
biofilms and in the inhibition of dental caries (Eshed et al.
2013; Kulshrestha et al. 2014; Hernández-Sierra et al. 2008).
Their high surface to volume ratio provides them with unique
properties which can be exploited for the development of new
therapies and drugs (Raghupathi et al. 2011). Sun and Chow
have demonstrated that a calcium fluoride nanoparticle
(CaF2-NP) rinse can increase the level of fluoride ions in the
oral fluid, and in another study, the strength and the fluoride
release capacity of a dental composite having CaF2-NPs have
been shown (Sun and Chow 2008; Xu et al. 2008). However,
there are no studies focusing on the direct effect of CaF2-NPs
on caries causing virulence factors like exopolysaccharide
production, biofilm formation, aciduracity and acidogenesis
of S. mutans as well as its effect on demineralization of the
dental enamel.

The main objective of this study was to formulate
CaF2-NPs and to evaluate its effect on some of the major
virulence factors of S. mutans. Furthermore, we had investi-
gated the effect of CaF2-NPs on caries development in an in
vivo model to evaluate its use as a topical agent for the pre-
vention of dental caries.

Materials and methods

Microorganisms

UA159 strain of S. mutans, purchased from IMTECH, Chan-
digarh, India (MTCC SM497), was used in this study. All the
strains were grown in a brain heart infusion broth (BHI)
(HiMedia Laboratories, Mumbai, India) at 37 °C. The cultures
were stored at −80 °C in BHI containing 25 % glycerol.

Nanoparticle formation

CaF2-NPs were synthesized by a simple coprecipitation meth-
od as descr ibed ear l ier with sl ight modif icat ion
(Pandurangappa and Lakshminarasappa 2011a, b). In a typical

procedure, calcium chloride (CaCl2) and ammonium fluoride
(NH4F) were dissolved in 100 ml distilled water in a molar
ratio of 1:2, and the mixture was continuously stirred for 2 h
using a magnetic stirrer. The calcium fluoride nanoparticle
formation was indicated by the gradual color change from
transparent to opaque white suspension. After that, few drops
of ammonia were added into the mixture for precipitation. The
stirred solution was centrifuged for 15 min at 8000 rpm and a
white residue was obtained. The residue was washed thor-
oughly with ethanol and water. The obtained product was kept
in a ceramic petri dish and dried slowly in a vacuum oven
overnight at 60 °C and sintered at 300 °C for 3 h.

Characterization of calcium fluoride nanoparticles

The synthesis of CaF2-NPs in the solution was monitored by
measuring absorbance using a UV-visible spectrophotometer
(PerkinElmer Life and Analytical Sciences, CT, USA) in the
wavelength range of 200 to 800 nm. Transmission electron
microscopy (TEM) analysis was performed using a
JEM-2100F TEM (Jeol, Tokyo, Japan) operating at 120 kV,
and nanoparticle size was calculated by examining a TEM
image by the ImageJ software (ImageJ 1.46r; Java
1.6.0_20). Scanning electron microscopy (SEM) has also
been employed to study the surface topography of
CaF2-NPs. X-ray diffraction (XRD) patterns of the powdered
sample were recorded on a MiniFlex™ II bench top XRD
system (Rigaku Corporation, Tokyo, Japan) operating at
40 kV. For the Fourier transform infrared spectroscopic
(FTIR) measurements, CaF2-NPs were mixed with spectro-
scopic grade potassium bromide (KBr) in the ratio of 1:100,
and the spectra were recorded in the range 400–4000 wave-
number (cm−1) on a Perkin Elmer FTIR Spectrum BX
(PerkinElmer Life and Analytical Sciences) in the diffuse re-
flectance mode at a resolution of 4 cm−1 in KBr pellets.

Determination of bacteriostatic (MIC) and bactericidal
(MBC) concentrations

The minimum inhibitory concentration (MIC) of CaF2-NPs
against S. mutans was determined using a double dilution
method as described earlier (Kulshrestha et al. 2014). The
minimum bactericidal concentration (MBC), on the other
hand, was determined by subculturing the test dilutions on
BHI agar plates and incubating for 24 h. The concentration
at which there was no growth on agar plates was taken as
MBC. The determinations were performed in triplicate and
the means of three independent experiments were calculated.

Biofilm formation assay

Biofilm formation was estimated by crystal violet assay. An
overnight culture of S. mutans was diluted to 105–106 colony
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forming units (cfu)/ml and 50 μl of diluted culture was inoc-
ulated into 100 μl of fresh media (BHI+5 % sucrose) contain-
ing various sub-MIC concentrations of nanoparticles. A me-
dium devoid of nanoparticle was used as a control. The mi-
crotiter plates were incubated at 37 °C for 24 h. After incuba-
tion, the medium was decanted and the remaining planktonic
cells were removed by gently rinsing with sterile water. The
adhered biofilms were stained with 200 μl of 0.1 % crystal
violet dye for 15 min at room temperature. After gentle wash-
ing with distilled water, the bound dye was removed from the
cells with 100 μl of 98 % ethanol. For the full release of the
dye, the plates were kept on a shaker for 5 min. Biofilm for-
mation was quantified by measuring the optical density
(OD)630 using a Bio-Rad iMarkTM Microplate reader, India.

Estimation of exopolysaccharide production

The Congo red (CR) binding assay was used to evaluate
exopolysaccharide (EPS) production. Biofilms were grown
in the presence of various concentrations of CaF2-NPs in a
microtiter plate. Fifty microliters of Congo red dye
(0.5 mM) was added to each well. The medium (100 μl) along
with 50 μl of CR was used as blank. The microtiter plate was
then incubated at 37 °C for 60 min. After incubation, the
medium of each well was transferred in a separate
microcentrifuge tube and centrifuged at 10,000g for 5 min.
Two hundred microliters of supernatant was separated from
each tube and absorbance was measured at 490 nm. The un-
treated sample was taken as control. This experiment was
conducted in triplicate. The amount of EPS produced was
estimated using the following formula (López-Moreno et al.
2014):

OD of blank CR−OD of the supernatant

¼ OD of bound CR EPS producedð Þ

Effect on growth curve

Overnight culture of S. mutanswas diluted in fresh BHI media
to get (OD600) 0.01 followed by the addition of 4, 2, and
1 mg ml−1 CaF2-NPs. Both control and treated cultures were
incubated at 37 °C for 24 h. Growth wasmonitored every hour
by taking the absorbance at 600 nm. The experiment was
performed in triplicate and the untreated samples were used
as controls.

Effect on adherence of S. mutans

The glass surface adherence assay was performed to evaluate
the effect of CaF2-NPs on adherence of S. mutans (Hamada
and Slade 1980). The bacteria (∼5×105 CFU/ml) were grown

for 6 h at 37 °C at an angle of 30° in a glass tube containing
BHI with 5 % sucrose and various concentrations of
CaF2-NPs (4, 2, and 1mgml−1). The solvent controls included
BHI (with 5 % sucrose) and an equivalent amount of nano-
particles. After incubation, planktonic cells were decanted,
and the attached cells were removed by 0.5 M of sodium
hydroxide. Planktonic and adhered cells were quantified using
a UV spectrometer by taking OD at 600 nm. Percent adher-
ence was calculated using the following formula:

% Adherence

¼ OD600of adhered cells
.
OD600 of total cells

� �
� 100

Effect on preformed biofilm

Approximately 107 cfu/ml of S. mutans cells was added to
each well of sterile 96-well microtiter plates. The plates were
then incubated at 37 °C for 24 h to form the biofilm. Then, the
supernatant containing planktonic cells was removed and
washed three times using 100 μl 0.9 % (w/v) NaCl. The
preformed biofilms were incubated at 37 °C in the media
(BHI+5 % sucrose) containing different concentrations of
CaF2-NPs (4, 2, and 1 mg ml−1) for 24 h. Biofilm mass was
evaluated by crystal violet assay.

Inhibition of water-insoluble and water-soluble glucan
synthesis

The crude glucosyltransferase (GTF) was prepared from the
cell-free supernatant of S. mutans culture and assayed to eval-
uate the effect of nanoparticles on glucan synthesis. The en-
zyme was precipitated from the supernatant by a previously
reported method (Hasan et al. 2012). A reaction mixture
consisting of 0.25ml of crude enzyme, varying concentrations
of nanoparticles in 20 mM phosphate buffer (pH 6.8), and
0.25 ml of sodium acetate buffer (pH 5.7, having 0.4 M su-
crose) was incubated at 37 °C for 2 h. The mixture was then
centrifuged at 10,000g for 5 min to separate water-soluble and
water-insoluble glucans. Total amounts of water-soluble and
insoluble glucans were measured by the phenol-sulfuric acid
method (Dubois et al. 1956). Three replicates were made for
each concentration of the test compounds.

Glycolytic pH drop assay and acid production

Glycolytic pH drop of S. mutans was estimated as described
elsewhere (Phan et al. 2004). Cells were harvested from the
suspension culture by centrifugation and washed with a salt
solution (50 mM KCl+1 mM MgCl2). The cells were then
resuspended in a fresh salt solution containing different con-
centrations (4, 2, and 1 mgml−1) of nanoparticles. The pHwas

Appl Microbiol Biotechnol (2016) 100:1901–1914 1903



adjusted between 7.2 and 7.4 with 0.2 M KOH solution
followed by the addition of glucose (1 % w/v). The decrease
in pH was assessed every 10 min over a period of 60 min
using a pH meter. The initial rate of the pH drop, which can
give the best measure of the acid production capacity of the
cells, was calculated using the pH values in the linear portion
(0–10 min).

RNA extraction, reverse transcription and quantitative
real-time PCR

To analyze the effect of CaF2-NP treatment on the expression of
virulence genes of S. mutans, quantitative real-time PCR
(qRT-PCR) was performed. The organism was cultured in
BHI media supplemented with CaF2-NPs (4 mg ml−1). Bacte-
rial culture (OD600=1) was diluted (1:10) and inoculated into
fresh BHI media, followed by overnight growth at 37 °C. RNA
was isolated using TRIzol reagent (Invitrogen, Life Technolo-
gies). Purified RNA was dissolved in diethylpyrocarbonate-
treated water and was stored at −80 °C until required for com-
plementary DNA (cDNA) preparation. cDNA was prepared
using a High Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, USA). The reverse transcrip-
tion reaction mixture (20 μl) contained 2 μl 10× reverse
transcriptase (RT) buffer, 0.8 μl 25× dNTP Mix (100 m M),
2 μl 10× RT random primers, 1 μl MultiScribeTM reverse
transcriptase, 1 μg of RNA, and nuclease-free H2O to make
up the volume. It was incubated at 25 °C for 10 min, followed
by incubation at 37 °C for 120 min. Finally, the reaction was
terminated by incubating the mixture at 85 °C for 5 min accord-
ing to the manufacturer’s instructions. cDNA samples were
stored at −20 °C for further use.

The vicR, gtfC, spaP, comDE, and ftf primers (Table 1)
were designed using the algorithms provided by Primer Ex-
press (Applied Biosystems) for uniformity in size (≤95 bp)
and melting temperature. PCR conditions included an initial
denaturation at 95 °C for 10 min, followed by 40 cycles of
amplification with each cycle having denaturation at 95 °C for
15 s and annealing and extension at 60 °C for 1 min. The
expression levels of all the tested genes were normalized using
the 16S ribosomal RNA (rRNA) gene of S. mutans as an
internal standard (Livak and Schmittgen 2001).

Confocal microscopy

Confocal microscopy was performed in order to view the
changes in biofilm formation. Covered glass bottom dishes
(Genetix Biotech Asia) were used to grow S. mutans biofilm
in the presence and absence of CaF2-NP (4, 2, and 1 mg ml−1)
at 37 °C. The cells of the biofilm were stained with SYTO-9
(5 μM; excitation wavelength of 488 nm and emission
wavelength of 498 nm) and propidium iodide (PI)
(0.75 μM; excitation wavelength of 536 nm and emission

wavelength of 617 nm). The stained bacterial biofilm was
observed with a FluoView FV1000 (Olympus, Tokyo, Japan)
confocal laser scanning microscope equipped with argon and
He-Ne laser.

Transmission electron microscopy

Transmission electron microscopy was used to investigate the
intracellular changes in S. mutans (Khan et al. 2012). Control
and nanoparticle-treated culture material were suspended
using a centrifuge and washed with PBS (pH 7.4). Secondary
fixation was done with 2.5 % glutaraldehyde (HiMedia) and
1 % osmium tetroxide (OsO4) 2–3 h at 4 °C. Samples were
dehydrated by ethanol and embedded in araldite CY212
(Taab, Aldermaston, UK) resin for making the cell-pellet
blocks. Ultrathin sections of cells were stained with uranyl
acetate and lead citrate and observed under the TEM (Jeol,
Tokyo, Japan) microscope at 120 kV.

Toxicity assay on HEK-293 cell line

Cytotoxicity assay was performed on human embryonic kid-
ney cell line (HEK-293) obtained from the National Centre for
Cell Science (NCCS), Pune. The cell line was cultured in
Dulbecco’s modified Eagle’s medium (DMEM) supplement-
ed with 10% heat-inactivated fetal calf serum and IX Penstrep
antibiotic solution, incubated at 37 °C and 5 % CO2. The 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay was used to measure the viability of HEK-293
as described earlier (Denizot and Lang 1986). Various concen-
trations of CaF2-NPs (4, 2, and 1 mg ml−1) were incubated
with adherent HEK-293 for 24 h. After incubation, the super-
natants were removed and 90 μl of fresh medium containing
10 μl of MTT (1 mg ml−1) solution was dispensed in each
well. The plates were further incubated for 4 h. The formazan
crystals formed by the cellular reduction of MTT were dis-
solved in 150 μl of DMSO, and the plates were read on an
ELISA reader using a 570-nm filter. Wells containing cells
without treatment were used as controls. All measurements
were done in triplicate.

In vivo toxicity studies

Acute oral toxicity of the nanoparticles was evaluated in ac-
cordance with the Organization for Economic and Coopera-
tion Development (OECD) guidelines (1998) for testing
chemicals. A limit test (2000 mg kg−1 body weight of the
animal) was carried out using five male Wistar rats in each
group (treated and control) ranging from 150 to 200 g in
weight. These animals were housed in standard hard bottom,
polypropylene cages. They were fed with standard pelletized
diet and sterile tap water ad libitum. All animals were ob-
served for changes in their weight, behavior, and mortality till
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the 14th day post-administration of dose. Efforts were made to
minimize animal suffering and the number of animals for ex-
perimentation purpose.

Caries induction in rats

To determine the effects of CaF2-NPs on oral establishment
and cariogenic potential of S. mutans, a total of 20 rats were
purchased. These animals were divided into two groups: a
control and a test group (n=10 per group). All the animals
were fed with erythromycin water (100 μg ml−1) and a regular
diet for 3 days in order to reduce the microbial load. To con-
firm the absence of S. mutans colonization in the oral cavity,
oral swabs were plated on mitis salivarius-bacitracin (MSB)
agar plates. The animals were offered 5 % sucrose diet ad
libitum throughout the experiment in order to enhance the
infection by S. mutans. On the 4th day, their molar tooth sur-
faces were inoculated with a streptomycin-resistant strain of
S. mutans—MT8148R (1.4×1010 cfu). The inoculation was
repeated once every day for five consecutive days. After that
CaF2-NPs were topically applied twice a day on the teeth of
animals by means of a camel hairbrush for 2 weeks. Swab
samples were then taken from the surfaces of animal molars
on the first day of the first, third, sixth, eighth, and tenth week
postinoculation. The samples from the control and treated
groups were pooled in 2 ml of 10 mM potassium phosphate
buffer, serially diluted, and plated on MSB agar plates con-
taining streptomycin for total cell counts. The plates were
incubated at 37 °C for 2 days before enumeration of colonies
of S. mutans. The percentages of the S. mutans cells were
calculated to determine its oral colonization in the animals.
At the end of the experimental period, all the animals were
sacrificed. The jaws were then aseptically dissected and son-
icated in 5 ml of 154 mM sterile NaCl in order to dislodge the
dental plaque. These samples of plaque were serially diluted
and were streaked on mitis salivarius agar plates to estimate
the S. mutans population. These plates were incubated at
37 °C for 2 days before enumeration of colonies. All of the

jaws were defleshed and suspended in 3.7 % formaldehyde
until caries scoring. All molars of the animals were examined
under a dissecting microscope and carious lesions were scored
by a Larson’s modification of the Keyes system (Larson
1981). The results obtained were analyzed by Student’s t test,
with p<0.05 considered as statistically significant.

Scanning electron microscopy of animal tooth’s surface

The effect of the CaF2-NPs on the structural integrity of the
biofilm and subsequent reduction in caries formation was also
observed by SEM. The aseptically removed jaws of the animals
(Wistar rats) were stored in normal saline and were directly
visualized under SEM. The experiment was performed in trip-
licate. The samples were analyzed by SEM (Hitachi S-3000N;
High Technology Operation, Japan) at several magnifications.

Statistical analysis

The values were calculated as the mean of individual experi-
ments in triplicate and compared with those of the control
groups. Differences between two mean values were calculated
by Student’s t test. A one-way analysis of variance (ANOVA)
was performed for comparison of multiple means using the
online link: http://www.physics.csbsju.edu/stats/anova.html.
Data with p values <0.05 were considered statistically
significant. For qRT-PCR, one-way ANOVAwas followed by
post hoc multiple comparisons (Tukey’s test) to compare the
multiple means using the R software (ver 3.2.0). Values were
considered statistically significant when p value was <0.05.

Results

Characterization of calcium fluoride nanoparticles

TEM analysis of CaF2-NPs was performed to determine its
morphology and size (Fig. 1a). The particles were found to be

Table 1 Nucleotide sequences of primers used in this study database (NCBI)

Genea Description Primer sequence (5′–3′)

Forward Reverse

16S rRNA Normalizing internal standard CCTACGGGAGGCAGCAGTAG CAACAGAGCTTTACGATCCGAAA

vicR Two-component regulatory system TGACACGATTACAGCCTTTGATG CGTCTAGTTCTGGTAACATTAA
GTCCAATA

gtfC Glucosyl transferase C (GTF C); glucan production GGTTTAACGTCAAAATTAGCTG
TATTAGC

CTCAACCAACCGCCACTGTT

ftf Fructosyl transferase (FTF); fructan production AAATATGAAGGCGGCTACAACG CTTCACCAGTCTTAGCATCCTGAA

spaP Cell surface antigen, SpaP (or Ag I/II) GACTTTGGTAATGGTTATGCATCAA TTTGTATCAGCCGGATCAAGTG

comDE Competence-stimulating peptide ACAATTCCTTGAGTTCCATCCAAG TGGTCTGCTGCCTGTTGC

aBased on S. mutans genome
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in the nanometer range with an average particle size of 15–
25 nm (Fig. 1b). The SEM image (Fig. 1d) of nanoparticles
revealed the morphology of the synthesized nanoparticles.
The particles were not readily dispersed, but numerous spher-
ical protuberances were observed in the image suggesting that
they are formed by aggregation of smaller particles.

UV-visible spectroscopy of the nanoparticle is represented
in Fig. 1c. A strong peak was observed in the UV range
(∼202 nm). CaF2-NPs show characteristic absorption peaks
in the UV range (Pandurangappa and Lakshminarasappa
2011a, b). The origin of these bands is due to the nanosize
of the particle. It has been suggested that the large surface to
volume ratio of nanoparticles results in the development of
voids on the surface and inside the agglomerated nanoparti-
cles. These voids lead to fundamental adsorption in the UV
range (Kumar et al. 2007). Furthermore, it is well established
that the surface of nanoparticle is comprised of numerous
defects like Schottky or Frenkel resulting in the absorption
of light by the nanocrystal (Zhang et al. 2008). Thus, the
absorption band at 202 nm in the present study confirms the
formation of CaF2-NPs.

The FTIR spectrum of CaF2-NPs showed a strong band at
∼3400, 1678, and 430 cm−1 (Fig. 1e). Two peaks at ∼3400 and
∼1678 cm−1 in the FTIR spectrum are due to H-O-H bending
of the water molecule. The band at ∼430 cm−1 arises due to

hindered rotation of hydroxyl ion (Khan et al. 2013). Further-
more, Fig. 1f is a typical XRD pattern of CaF2-NPs. The peaks
were indexed using PowderX software and they were well
matched with the s tandard JCPDS No. 87-0971
(Pandurangappa and Lakshminarasappa 2011a, b) which re-
veals a cubic-phase fluorite-type structure (Fujihara et al.
2002). The broad peaks in the XRD pattern suggest a small
crystalline size (Pandurangappa and Lakshminarasappa
2011a, b). The crystalline size was calculated to be ∼6.8 nm
by using Scherrer’s formula. Moreover, from the XRD spec-
tra, it can be estimated that the particles are in a single phase
and the pure sample has been synthesized as there are no extra
peaks found.

Effect on bacterial viability

The MIC of CaF2-NPs on S. mutans was found to be
>64 mg/ml.

Significant reduction in biofilm

Biofilm formation ability of S. mutans in the presence of dif-
ferent concentrations (4, 2, 1 mg ml−1) of CaF2-NPs was eval-
uated using crystal violet assay (Fig. 1a). There were almost
89, 71, and 62 % reductions in the biofilm-forming ability of

Fig. 1 Characterization of CaF2-NPs. a Transmission electron microscopy image of CaF2-NPs. b Particle size ∼15–25 nm. c UV-visible absorption
spectra CaF2-NPs. d Scanning electron microscopy image of CaF2-NPs. e FTIR spectrum. f XRD pattern of CaF2-NPs
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S. mutans as compared to those of the control when treated
with 4, 2, and 1 mg ml−1 concentrations of nanoparticles,
respectively. With the decrease in nanoparticle concentrations,
there is a gradual increase in its biofilm formation ability. This
suggests a concentration-dependent reduction in biofilm
formation.

Effect on EPS production

A considerable decrease in EPS production in S. mutans
in the presence of CaF2-NPs was observed and the reduc-
tion is in a concentration-dependent manner (Fig. 2b). A
90, 65, and 64 % decrease in EPS production was ob-
served when treated with 4, 2, and 1 mg ml−1 of
CaF2-NPs, respectively, as compared to that of the un-
treated sample. The highest EPS production was seen in
the control when no nanoparticles were present. When
nanoparticle concentration increased, the EPS production
decreased.

Variation in the growth curve of S. mutans

Growth curve was used to investigate the effect of CaF2-NPs
on S. mutans growth. The results displayed a typical sigmoidal
pattern and there was no significant variation between the
control and treated samples (Fig. 3). The results clearly indi-
cated that bacterial growth is not hindered at concentrations of
nanoparticles used in the study.

Effect on adherence of S. mutans

The inhibitory effect of different concentrations of CaF2-NPs
on initial adherence of S. mutans is shown in Fig. 4. There
were 70, 57, and 44% inhibition of attachment of S. mutans to
the glass surface in the presence of 4, 2, and 1 mg ml−1 con-
centrations of CaF2-NPs, respectively.

Dispersion of preformed biofilm

Different concentrations of CaF2-NPs were used to evaluate
the effect on treatment of preformed biofilm of S. mutans
(Fig. 4). There were 11, 7, and 5 % reductions of preformed
biofilm on treatment with 4, 2, and 1 mg ml−1 concentrations
of CaF2-NPs, respectively.

Reduction in glucan production

A significant reduction in both water-insoluble glucan and
water-soluble glucan production was observed in S. mutans
when treated with CaF2-NPs (Fig. 5). Almost 90 % reduction
was observed in the treated sample as compared to the control.
Soluble and insoluble glucans both were reduced to the same
extent in the present experiment.

Decrease in the rate of acid production and stress
tolerance in S. mutans

As shown in Fig. 6, the acid tolerance ability of S. mutanswas
inhibited appreciably in the presence of CaF2-NPs. The onset
pH of 7.2 dropped to 4.5 in the control, while in the treated
samples (4 mg ml−1), final pH was 5.2. Furthermore, the rate
of initial pH drop in 10 min was calculated to be 0.14 to
0.09 min−1 in case of the control and treated samples, respec-
tively, demonstrating a pronounced reduction in the acid pro-
duction ability of S. mutans.

Expression profile of virulence gene

qRT-PCR was performed to gain insight into the effect of
CaF2-NP treatment on the expression of virulence genes (gtfC,
vicR, ftf, comDE, spaP) in S. mutans. An entire set of genes
was downregulated after treatment with nanoparticles (Fig. 7).
The expression of spaP decreased by 80 % and that of vicR
and comDE genes by >50 %. The decrease in the expression

Fig. 2 Inhibitory effect of sub-
MIC concentration of CaF2-NPs.
a Biofilm formation. b EPS
production. Data are mean±SD
(n=3). Statistical significance as
compared with the untreated
control (p<0.05) denoted by an
asterisk (*)
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of gtfC gene was 32 % and a suppression of 14 % was ob-
served in the expression of ftf gene.

Impairment of biofilm architecture visualized
through confocal microscopy

Confocal laser scanning microscopy (CLSM) images of
S. mutans illustrate an apparent obliteration of biofilm archi-
tecture in the presence of CaF2-NPs without affecting its
growth (Fig. 8). The upper panel shows the control sample
images, while lower three panels represent images of biofilms
when treated with various concentrations of CaF2-NPs. In the
control images (Fig. 8a–d), majority of the cells show green
fluorescence with a mat of S. mutans cells showing a rich
biofilm architecture, while in the treated samples (Fig. 8e–
h), cells were highly dispersed and alive, which depicted the
inhibition of biofilm formation and not the viability.

Insignificant effect on the cell wall of S. mutans

TEM analysis was performed to visualize the effect of nano-
particle on the cell wall of S. mutans (Fig. S1 in the

Supplementary material). In the control, the cell wall is intact
with the healthy intracellular content of bacterium (Fig. S1a);
on the contrary, in the image of the treated samples (Fig. S1b),
little damage was observed (indicated by red arrows), but the
damage was not prominent and majority of the cells were
having an intact membrane. The results suggest that there
was insignificant damage to the cell walls in the presence of
CaF2-NPs.

Cytotoxicity

The relative cell viability of HEK-293 cell line in the presence
of CaF2-NPs is shown in Fig. S2. Almost 100 % viability was
observed in all concentrations (4, 2, and 1 mg ml−1). Thus, the
test concentration of CaF2-NPs is nontoxic to HEK-293 cell
line.

Toxicity profile

No mortality was observed after the oral toxicity assay and
animals did not exhibit any behavioral or weight changes, thus

Fig. 3 Growth curves of CaF2-
NP-treated and untreated
S. mutans (OD values, 1:10 times
diluted). The data represent mean
±SD

Fig. 4 Inhibitory effect of sub-
MIC concentration of CaF2-NPs
on adherence and preformed
biofilm of Streptococcus mutans.
Data are mean±SD (n=3).
Statistical significance as
compared with the untreated
control (p<0.05) denoted by an
asterisk (*)
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indicating that nanoparticles were absolutely nontoxic to the
animals used in this study.

In vivo caries reduction

The weekly recovery of S. mutans cells over 5 weeks post-
treatment is presented in Table S1 of the Supplementary ma-
terial. There was a substantial decrease in the recovery of
S. mutans cells from rats treated with nanoparticles as com-
pared to the untreated group (control). It was also found that
there was a significant reduction of caries score in rats treated
with CaF2-NPs as compared to the control. Figure 9 shows the
reduction in smooth as well as sulcal surface caries after treat-
ment. The overall reduction in smooth surface caries was com-
parable to sulcal surface caries posttreatment. The severity of
smooth surface caries was reduced to 52.6 % (slight), 72.1 %
(moderate), and 70.7 % (extensive) as compared to that of

sulcal surface caries where they were reduced by 50.8 %
(slight), 65.6 % (moderate), and 69.5 % (extensive). However,
the reduction in the extensive caries was found to be pro-
nounced over slight and moderate caries.

Scanning electron micrograph of untreated and treated
rats teeth

SEM analysis of the rats’ teeth clearly depicted the deminer-
alization of the dental margins in the untreated group
(Fig. 10(a)), while the groups treated with CaF2-NPs showed
smooth dental margins as clearly shown in Fig. 10(a′). Fur-
thermore, Fig. 10(b, c, b′, c′) shows the dental surface of un-
treated and treated teeth, respectively. It was observed that in
untreated samples (Fig. 10(b, c)), the surface of the tooth has
an evident biofilm embedded in the glucan pool, whereas in
the treated groups (Fig. 10(b′, c′)), the dental surface was
found clear from any such exopolysaccharide projections as
previously detectible in the control.

Discussion

S. mutans is the key organism of dental caries and its cario-
genic potentials are well documented (Islam et al. 2008;
Dmitriev et al. 2011). The control of its virulence factors like
exopolysaccharide production, biofilm formation, aciduracity,
and acidogenesis and enhancement of remineralization of
tooth enamel are major approaches which can be used for
combating dental caries. In the present study, we have report-
ed CaF2-NPs to be very effective in suppressing S. mutans
biofilm and other virulence factor (exopolysaccharide forma-
tion, acidogenesis, aciduracity).

Fig. 5 Inhibitory effect of CaF2-NPs on the synthesis of water-soluble
polysaccharide and water-insoluble polysaccharide (glucans). Data are
mean±SD (n=3). Statistical significance as compared with the
untreated control (p<0.05) denoted by an asterisk (*)

Fig. 6 Effect on sub-MIC levels of CaF2-NPs on glycolytic pH drop (the
values enclosed in a box correspond to the initial rate of pH drop). Data
are mean±SD (n=3). Statistical significance as compared with the
untreated control (p<0.05) denoted by an asterisk (*)

Fig. 7 Expression profile of various genes of S. mutans in response to
treatment of sub-MIC concentration of CaF2-NPs. The data presented
were generated from at least three independent sets of experiments
(data=mean±SD). Statistical significance as compared with the
untreated control (p<0.05) denoted by an asterisk (*)
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CaF2-NPs were prepared using a co-precipitation method,
a type of liquid-phase methods. The main advantages of using
liquid-phase methods are simple methodology and high sur-
face activity of the nanomaterials produced (Omolfajr et al.
2011).

Formation of biofilm is the crucial virulence factor of S.
mutans by virtue of which it causes dental caries (Hamada and
Slade 1980; Nance et al. 2013). Biofilms are adherent bacte-
rial communities embedded in the hydrated matrix of
exopolysaccharides and exhibit a complex three-dimensional
structure (Costerton et al. 1999; Selwitz et al. 2007). The cells
in biofilms behave differently in their functionalities as com-
pared to their planktonic counterparts (Fux et al. 2003).

Biofilm architecture imparts bacteria with the ability to
resist antibiotics and to lead to persistent bacterial infec-
tion (Mah and O’Toole 2001). CaF2-NPs were found to
substantially decrease biofilm formation after 24 h of in-
cubation. EPS is essential for the formation, maintenance,
and spread of biofilm and it is one of the key virulence
factors of S. mutans (Flemming and Wingender 2010). A
considerable reduction in EPS production in the presence
of CaF2-NPs may be associated with the diminution of the
biofilm-forming ability of S. mutans. Moreover, the sim-
ilarity in the growth curve of treated and control samples
indicated that CaF2-NPs reduced biofilm formation with-
out affecting bacterial viability.

Fig. 8 Effect of CaF2-NPs on biofilm architecture. Confocal laser scanning micrographs of control biofilm (a–d) and micrographs of treated biofilm
4 mg/ml (e–h), 2 mg/ml (i–l), and 1 mg/ml (m–p)
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Attachment of S. mutans cells to the adhering surface is a
significant step in the process of caries formation, and its
deterrence could be a prophylaxis against its virulence (Islam
et al. 2008). Adherence occurs mainly by virtue of the hydro-
phobic interactions between the cells and the adhering surface.
The marked inhibition in adherence after short-term exposure
of sub-MIC concentrations of CaF2-NPs showed that the
nanoparticles are modifying the physical properties of the cell
surface which in turn is reducing the hydrophobic interactions
between S. mutans and the adhering surface. Moreover, very
less reduction in preformed biofilm on treatment with
CaF2-NPs suggests that these nanoparticle are best suited in
the prophylactic treatment of dental caries.

Glucan is the main exopolysaccharide produced by
S. mutans and is an integral component in the sucrose-
dependent colonization of S. mutans biofilm on the tooth
surface. It is elicited from the data that there is a phenom-
enal reduction in glucan synthesis. Almost equal reduction

was observed in both water-soluble and water-insoluble
glucans. This indicates that CaF2-NPs are acting on the
GTFs and impairing their enzymatic activity; thus, the
reduction in EPS production was due to malfunctioning
of GTFs.

Acid production and acid tolerance are cardinal virulence
factors which are attributed to the cariogenic ability of
S. mutans (Kuramitsu 1993). Pursuing these abilities,
S. mutans easily survives in stress conditions and imposes
stress on other species of cariogenic plaque eventually evolv-
ing out as the dominant species. Furthermore, the sustained
pH values below pH 5.4 aids in the demineralization of the
enamel and the development of dental caries (Banas 2004).

The rate of pH drop reflects the acidogenic capacities of the
cells, while the final pH values of the suspensions represent
acid tolerance (Gregoire et al. 2010). In the present study, the
results show a significant drop in the final pH of the suspen-
sion in the presence of CaF2-NPs, suggesting deterioration in

Fig. 9 Effect of sub-MIC level of
CaF2-NPs on dental caries
development in rats. a Smooth
surface caries. b Sulcal surface
caries; data represents mean±SD
of Keyes’ score
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the acid tolerance capacity of S. mutans. Along with this, the
rate of pH drop was decreased in the presence of CaF2-NPs as
compared to the control, which implies the impairment of acid
production capacity.

It is evident that CaF2-NPs are acting against some of the
major virulence factors of S. mutans. One of the reasons be-
hind this antibiofilm property of CaF2-NPs may be the release
of fluoride ions. Fluoride ions have been reported to act di-
rectly or, in the form of metal complexes, to inhibit many
enzymes (Li 2003). In S. mutans, fluoride ions combine with
H ions forming the HFmolecule, which can eventually inhibit
the glycolytic enzymes like enolases (Sutton et al. 1987;
Eshed et al. 2013). In addition, a fluoride ion hinders the
proton extrusion by F-ATPases through lending a proton back
into the cell (Li 2003; Svensäter et al. 2000). Thus, it is pos-
sible that suppression of the acid and glucan production ability
in the presence of CaF2-NPs is due to the release of fluoride
ions from the nanoparticles.

The gene expression profile of selected genes of S. mutans
revealed a considerable reduction in gene expression in the
presence of CaF2-NPs. spaP (Ag I/II or P1) is a protein of
the antigen I/II family and is crucial in S. mutans for initial
adhesion to the tooth surface (Khan et al. 2010). Downregu-
lation of this gene in S. mutans probably results in poor adhe-
sion and reduced ability to form biofilm on smooth surfaces.
vicR is a two-component regulatory system and is known to
regulate a set of genes encoding for important surface proteins
which are critical for sucrose-dependent adherence to a
smooth tooth surface (Hasan et al. 2012). Thus, suppression
of these two genes may further lead to inhibition of adhesion
and may be a cause of anticariogenic action. In addition, gtfC

and ftf, which encode the GTFC and FTF enzymes that cata-
lyze the cleavage of sucrose to synthesize extracellular glucan
and fructan polysaccharides (He et al. 2012), were also down-
regulated. The reduction in the aforesaid genes will thereby
suppress the exopolysaccharide synthesis pathway eventually
inhibiting the biofilm formation. Furthermore, comDE, which
is a part of the quorum sensing cascade of S. mutans, was also
suppressed considerably. It has been shown to regulate genetic
competence, acid tolerance, and biofilm formation (Li et al.
2002). Hence, downregulation of this gene will not only at-
tenuate internal communication system but also adversely af-
fect the acid tolerance potential of S. mutans. As the genes
examined are only a selected set of genes of the S. mutans
genome, additional assessment of other virulence genes is
further required to get a broader spectrum of the effect of
CaF2-NPs on cariogenic potentials of S. mutans.

The findings of the present study indicated that the
antibiofilm effect of CaF2-NPs against S. mutans is a combi-
nation of both the suppression in enzymatic activity associated
with glucan synthesis and the gene involved in adhesion, acid
production, acid tolerance, and quorum sensing. The interac-
tion of CaF2-NPs with enzymes and the suppression of genes
are interlinked to each other at different steps of the regulatory
network. This may lead to impairment of the whole metabolic
network, eventually forbidding bacterial pathogenesis.

Confocal laser scanning microscopy results were in consis-
tence with the above discussed results. A disruption of biofilm
architecture was observed by CLSM in the presence of
sub-MIC concentrations of CaF2-NPs. In the control sample,
a green mat is clearly visible which shows that the cells are
interacting with each other and forming a healthy biofilm,

Fig. 10 SEM analysis of rats’ teeth to evaluate the effect of CaF2-NP
caries development and extent of demineralization in treated (lower
panel) and untreated groups (upper panel). a Untreated rat tooth
showing caries (magnification ×200). b, c Magnified view of marked

region showing biofilm of S. mutans on untreated tooth (magnification
×10). a′ CaF2-NP-treated tooth (magnification ×200). b′, c′ Magnified
view of marked region of a treated tooth (magnification ×10)
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while in the treated samples, there were more live cells as
compared to dead cells, but less biofilm was formed suggest-
ing that at the tested concentrations there was a tremendous
decrease in biofilm formation ability of S. mutans. Moreover,
TEM images of S. mutans are exhibiting insignificant destruc-
tion of the peptidoglycan layer, and there was no damage to
the cells which validates that CaF2-NPs is not affecting bac-
terial viability.

Further, the use of animal models to study the S. mutans-
host interactions under controlled conditions demonstrated
that daily topical exposure to CaF2-NPs dramatically affected
the ability of S. mutans to colonize the tooth surfaces, conse-
quently inhibiting the development of smooth surface caries
and sulcal surface carious lesions.

These nanoparticles were able to lodge themselves deep into
the cavity and could release calcium fluoride in a sustained
manner to mineralize the cavity. However, the depth of slight
caries was not deep enough to lodge the nanoparticles within
them. This is the probable reason for the reduction of extensive
caries over the slight and moderate caries. The in vivo effect of
CaF2-NPs was also confirmed by the scanning electron micro-
graphs demonstrating a reduced demineralization and biofilm
formation on tooth surfaces treated with CaF2-NPs. It has been
reported that topical application of fluoride on teeth surface
results in the formation of calcium fluoride-like material which
act as the reservoir of fluoride ions that when released protect
the tooth’s surface and help in the remineralization
(Rosin-Grget and Lincir 2001; Rølla and Saxegaard 1990).
Hence, the reduction in caries may be due to the attachment
of nanoparticles on the tooth surface and the sustained release
of fluoride ions (Sun and Chow 2008; Xu et al. 2008) from
CaF2-NPs, which not only helps in the suppression of virulence
traits of S. mutans but also promotes remineralization.

Despite the potential benefits of using nanoparticles, it is
necessary to be concerned about their probable harmful effects
to human health. In the present study, the most likely harmful
effect may be the entry of nanoparticles in the human gastro-
intestinal tract. CaF2-NPs were found to be noncytotoxic to
human normal cell line (HEK-293) and there was no oral
toxicity, thus substantiating no detrimental effect on human
normal cells. Apart from that, there is a diverse microbial
ecosystem in the human intestine and the metabolic activities
of these microbes direct ly actuate human health
(Rajilić-Stojanović et al. 2007). Hence, it is important to ad-
dress the interaction of gut microbes with CaF2-NPs, and
whether these interactions are deleterious, positive, or insig-
nificant. Consequently, further research is required in this as-
pect before using CaF2-NPs in therapeutics.

In conclusion, the present study validates the anticariogenic
potential of CaF2-NPs against S. mutans. These nanoparticles
appear to be ideal for the prevention of dental caries with no
oral toxicity. Moreover, they are noncytotoxic to normal hu-
man cell line (HEK-293). Thus, CaF2-NPs could possibly be

used as a topical applicant and as a potential therapeutic agent
against S. mutans to inhibit caries-related problems.
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