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Zinc oxide and titanium dioxide nanoparticles induce oxidative
stress, inhibit growth, and attenuate biofilm formation activity

of Streptococcus mitis
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Abstract  Streptococcus mitis from the oral cavity causes
endocarditis and other systemic infections. Rising resist-
ance against traditional antibiotics amongst oral bacteria
further aggravates the problem. Therefore, antimicro-
bial and antibiofilm activities of zinc oxide and titanium
dioxide nanoparticles (NPs) synthesized and character-
ized during this study against S. mitis ATCC 6249 and
Ora-20 were evaluated in search of alternative antimicro-
bial agents. ZnO and TiO,-NPs exhibited an average size
of 35 and 13 nm, respectively. The ICs, values of ZnO
and TiO,-NPs against S. mitis ATCC 6249 were 37 and
77 ug ml~!, respectively, while the IC, values against S.
mitis Ora-20 isolate were 31 and 53 pug ml~!, respectively.
Live and dead staining, biofilm formation on the surface
of polystyrene plates, and extracellular polysaccharide
production show the same pattern. Exposure to these nano-
particles also shows an increase (26—83 %) in super oxide
dismutase (SOD) activity. Three genes, namely bapAl,
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sodA, and gifB like genes from these bacteria were identi-
fied and sequenced for quantitative real-time PCR analy-
sis. An increase in sodA gene (1.4- to 2.4-folds) levels and
a decrease in g#fB gene (0.5- to 0.9-folds) levels in both
bacteria following exposure to ZnO and TiO,-NPs were
observed. Results presented in this study verify that ZnO-
NPs and TiO,-NPs can control the growth and biofilm for-
mation activities of these strains at very low concentration
and hence can be used as alternative antimicrobial agents
for oral hygiene.

Keywords ZnO - TiO, - Nanoparticles - Oral hygiene -
Alternative antimicrobials - S. mitis

Introduction

Oral bacteria pose a serious health challenge as an etiologi-
cal agent of several systemic infections besides dental and
periodontal diseases [1]. Emerging antibiotic resistance
among these bacteria further aggravates the problem of
oral hygiene and of systemic diseases resulting from recur-
ring oral infections [2]. Infections of Streptococcus mitis, a
commensal oral bacterium, and a low virulence pathogen
lead to endocarditis, sepsis in neutropenic patients, toxic
shock like syndrome, and pancreatic cancer [3—6]. Moreo-
ver, the incidence of multidrug resistance in S. mitis includ-
ing resistance to S-lactams, tetracycline, and aminoglyco-
sides is a matter of concern [7, 8]. Whole genome sequence
and other studies also confirm the presence of genetic
information for multidrug resistance in S. mitis [9]. There-
fore, it is of immense importance to minimize the popula-
tion of S. mitis in the oral cavity and/or to control other sys-
temic infections caused by this bacterium using alternative
antimicrobial agents.
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Nanoparticles exhibit excellent antimicrobial activities
[10-13] and are being already used in a number of com-
mercial products including toothpaste, sunscreen, and food
products [14, 15]. One such nanoparticle with a global pro-
duction of 5500 tons per year and with excellent antimi-
crobial activity is TiO,-NPs [15, 16]. TiO,-NPs are used in
various food products with EU code E171, and the average
exposure for an adult in the USA is estimated to be 1 mg Ti
per kilogram body weight per day [17]. Another important
metal oxide nanoparticle with excellent antimicrobial activ-
ity is ZnO [11, 12]. In addition to possessing antimicrobial
activity, nanoparticles are inexpensive and biocompatible
and hence can be used as novel front-line alternative/com-
plementary antimicrobial agents [18, 19]. However, only a
few studies have checked the antimicrobial activity of these
nanoparticles on viridian group of streptococci with rele-
vance to oral health. Furthermore, the mechanism underly-
ing their antimicrobial activity is not well understood. This
study, therefore, aims to describe the antimicrobial and
antibiofilm activity of ZnO- and TiO,- NPs against S. mitis
and elaborates the possible mechanism of their antimicro-
bial activity.

Materials and methods

Synthesis and characterization of TiO,- and ZnO-
nanoparticles

Anatase TiO, nanoparticles were synthesized by the simple
hydrothermal method of Castro et al. [20]. Briefly, 10 %
solution (w/w) of titanium trichloride (TiCl;) prepared in
20 % w/w HCI was diluted 1:2 in 2 M HCI. To this diluted
solution, 4 M ammonium was added dropwise until a white
precipitate appeared. This suspension was maintained at
room temperature overnight and was washed with deion-
ized water to remove excess ammonium and chloride ions.
Crystallization of TiO, precursor was carried out with pure
water in an autoclave at 200 °C for 2 h. ZnO-NPs were syn-
thesized from zinc acetate dihydrate (Merck chemicals) by
the sol-gel method [21].

X-ray diffraction (XRD) patterns were determined to
check the crystalline nature of the synthesized nanoparti-
cles. The XRD pattern were acquired at room temperature
with the help of a PANalytical X’Pert X-ray diffractometer
(Spectris ple, England) equipped with a Ni filter using Cu
Ka (A = 1.54056 A) radiations as an X-ray source. Size
and structures of nanoparticles were determined by field
emission transmission electron microscopy (FETEM,
JEM-2100F, JEOL Inc., Japan) at an accelerating voltage
of 200 kV. For FETEM analysis, homogeneous suspen-
sions of nanoparticles in water (100 pg/ml) were prepared
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by sonication at room temperature for 15 min at 40 W. The
particle size distribution of nanoparticles was determined
by dynamic light scattering (DLS) using ZetaSizer-HT
(Malvern, UK).

Bacterial strains and culture media

Two strains of Streptococcus mitis were used in this study.
Streptococcus mitis ATCC 6249 was obtained from the
American type culture collection. Another isolate of Strep-
tococcus mitis, Ora-20 was isolated from the oral cavity of
a healthy male (age 40 years) and was characterized using
polyphasic approaches including 16S rRNA gene sequenc-
ing and biochemical tests. For routine culture, brain heart
infusion broth (BHI; Mast Group, Bootle, UK) with 2 %
sucrose was used. Strains were stored at —80 °C in 20 %
glycerol for longer preservation and storage.

Polyphasic characterization of the strains

Polyphasic characterization of Ora-20 was carried out
as described by Khan et al. [22]. Briefly, for determin-
ing 16S rRNA gene sequences, lysate from exponentially
growing cells was prepared using Prepman ultra (Applied
Biosystems) according to the protocol of supplier. 16S
rRNA gene was amplified with a pair of universal primers,
271, and 1492r, as described by Khan et al. [22]. Ampli-
cons were sequenced using an ABI PRISM 3100 Genetic
Analyzer 3130 (Applied Biosystems, Foster City, CA,
USA) and BigDye Terminator v3.1 Cycle Sequencing
Kit, according to the manufacturer’s instructions. Partial
sequences determined using 27F and 536R primers were
assembled and compared with those available in NCBI,
DNA databank using the basic local alignment search
tool (BLAST). Production of H,0,, and acid from lac-
tose, melibiose, and raffinose, and hydrolysis of urea were
checked using the standard protocols described by Cowan
and Steel [23].

Antimicrobial activity of ZnO and TiO, nanoparticles

Cultures of both Streptococcus mitis isolates (ATCC 6249
and Ora-20) were grown overnight in BHI broth with 2 %
sucrose. Aliquots of 500 pl were added to 5 ml of sterile
BHI broth containing different concentrations (25, 50, 100
and 200 pg ml™!") of ZnO-NPs or TiO,. Broths without
any nanoparticle were used as a control. The cultures were
incubated at 37 °C for 12 h and appropriate dilutions of
treated and untreated cells were spread on BHI agar plates.
The plates were incubated at 37 °C for 3 days, and the
numbers of colony-forming units (CFUs) were determined
and presented as log;, CFU/ml.
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Live and dead staining

Both ATCC 6249 and Ora-20 were grown with 50 pg ml~!
of ZnO-NPs and 100 ug ml~! of TiO,-NPs to exponential
phase (8 h) in individual experiments. Exponentially grow-
ing cultures of the treated and untreated isolates were har-
vested by centrifugation at 915x g and suspended in auto-
claved PBS buffer (pH 7.5). Populations of live and dead
cells in these samples were determined using the LIVE/
DEAD® BacLight™ Bacterial Viability Kit (Molecular
probes-Life technologies, USA), following manufacturer’s
instructions. Stained cells were observed under a fluores-
cence microscope (Nikon Eclipse 80i; Nikon Co., Japan).
Twelve fields for each treatment were counted and the
percentage of dead cells was calculated by comparing the
number of cells stained with propidium iodide to those
stained with SYTO 9 in the same field.

Quantitative assessment of biofilm formation

Quantitative inhibition of biofilm formation in the pres-
ence of TiO, and ZnO -NPs was assessed on 48-well poly-
styrene plates (Nunc, Denmark) as described by Burton
et al. [24]. Sterile BHI broths containing four concentra-
tions (25, 50, 100 and 200 pg/ml) of TiO, and ZnO-NPs
each were inoculated with the log phase cultures of ATCC
6249 and Ora-20. Cultures without any nanoparticles were
taken as control. Plates were incubated at 37 °C for 16 h.
The medium containing suspended cells was gently and
completely removed and wells were washed three times
with 500 ml of PBS buffer (137 mM NaCl, 2.7 mM KCI,
10 mM Na,HPO,-2H,0, 2 mM KH,PO,, pH 7.4). Plates
were stained with 500 ul of 0.4 % crystal violet (CV) dye
for 15 min at room temperature. The unbound dye was sub-
sequently removed by gently washing the wells three times
with 500 pl of PBS buffer. The CV retained by the biofilm
was solubilized in 500 pl of 33 % acetic acid. Absorption
was read at 620 nm using a microtitre plate reader (Multis-
kan Ascent, Labsystems, Helsinki, Finland).

Extracellular polysaccharide (EPS) production assay

The method described by Packiavathy et al. [25] was used
to study the inhibition of EPS production. Freshly grown
bacterial culture was added to 5 ml of sterile BHI broth
amended individually with TiO, or ZnO-NPs at increasing
concentrations of 25, 50, 100 and 200 ug/ml. EPS produced
by NP-treated and untreated bacteria was measured as fol-
lows. Cultures were centrifuged at 12,298 x g for 15 min
and resuspended in autoclaved PBS (pH 7.0). The cell sus-
pension was centrifuged again for 30 min at 13,559x g and
EPS in the supernatant was precipitated with 3 volumes of
95 % ethanol and the precipitate was suspended in 500 pl

of sterile Milli-Q water. For EPS quantification to 1 vol-
ume of EPS solution, 1 volume of ice-cold 5 % phenol and
5 volumes of concentrated sulphuric acid were added to
develop a red color. The intensity of the color was meas-
ured spectrophotometrically at 490 nm.

Superoxide dismutase (SOD) assay

Cell suspensions prepared above were incubated with ZnO
(30 ug mI~ ') and TiO,-NPs (100 ug ml™") for 4 h at 37 °C.
Following treatment, the cell suspensions were centrifuged
for 12,298 x g for 15 min. Cells were lysed with trichloro-
acetic acid (TCA, Sigma-Aldrich). Nitro blue tetrazolium
(NBT, Invitrogen) was added to a final concentration of
0.45 mM and samples were incubated at 37 °C for an addi-
tional 30 min. Finally, the absorbance of the samples was
recorded at 450 nm using a microplate reader (Multiskan
Ascent, Labsystems, Helsinki, Finland) to measure the
NBT diformazan formed in the samples.

Quantitative real-time PCR of the genes involved
in biofilm and oxidative stress

For the quantitative real-time PCR studies four primer
sets detailed in supplementary Table 1 were used. Total
RNA from bacterial cells treated with ZnO (30 ug ml~!)
and TiO,-NPs (100 ug mI~!) for 12 h was extracted using
RNeasy mini Kit (Qiagen) according to the manufacturer’s
instructions. Cells without any NPs were taken as control.
The concentration of the extracted RNA was determined
using Nanodrop 8000 spectrophotometer (Thermo-Scien-
tific) and the integrity of RNA was visualized on 1 % aga-
rose gel using gel documentation system (Universal Hood
II, BioRad). The first-strand cDNA was synthesized from
1 pg of total RNA by Reverse Transcriptase using M-MLV
(Promega) and random hexamer primer according to the
manufacturer’s protocol. Real-time quantitative PCR (RT-
PCRq) was performed using LightCycler® 480 (Roche
Diagnostics, Rotkreuz, Switzerland) and the SYBR Green
I Master mix recommended by Roche (Cat # 04707516001,
Roche Diagnostics, Switzerland). Two microliters of tem-
plate cDNA was added to the final volume of 20 pl of the
reaction mixture. Real-time PCR cycle parameters included

Table 1 Sizes of synthesized TiO, and ZnO nanoparticles estimated
using TEM, XRD, and DLS analysis

Nanoparticle Size (nm) Hydrodynamic size (nm)
TEM XRD NPs concentration (ug ml™")
50 100 200
ZnO 35 35 176 191 292
TiO, 13.4 13 1272 1314 1802
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Fig. 1 Transmission electron microscopy (TEM) and X-ray diffraction patterns of TiO,-NPs and ZnO-NPs. TEM images show anatase TiO,-
NPs (a), polygonal ZnO-NPs (b) and their respective XRD patterns in figure ¢ and d

10 min at 95 °C followed by 40 cycles involving denatur-
ation at 95 °C for 15 s, annealing at 60 °C for 20 s and
elongation at 72 °C for 20 s. All the real-time PCR experi-
ments were performed in triplicate and data expressed as
the mean of at least three independent experiments.

Results and discussion

Synthesis and characterization of ZnO-
and TiO,-nanoparticles

Figure la shows the typical TEM image of TiO,-NPs.
The average size of TiO,-NPs was calculated from meas-
uring over 75 nanoparticles in random fields of view. The
mean £ SD of TiO, nanoparticles was 13.43 £ 4.18 nm.
The XRD pattern of the as-synthesized TiO,-NPs sample
is shown in Fig. lc. Sharp diffraction peaks of the nanopo-
wder corresponding to (101), (004), (200), (105) and (211)
crystal planes were observed. These diffraction peaks are
well defined and can be perfectly assigned to the anatase
TiO, (JCPDS-21-1272). The absence of any impurity peaks
suggested the high quality of anatase TiO, nanoparticles.
The crystallite size of 13 nm has been estimated from the
XRD pattern using the Scherrer’s equation [26], supporting
the TEM data (Table 1).

TEM image of ZnO-NPs synthesized by the sol-gel
method [21] is shown in Fig. 1b. The ZnO-NPs were
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polygonal in shape with smooth surfaces and an aver-
age size of 35 £ 2.98 nm. The X-ray diffraction peaks of
ZnO-NPs at (100), (002), (101), (102) and (110) suggest a
polycrystalline wurtzite structure (Zincite, JCPDS5-0664).
Although the size of TiO,-NPs was smaller than that of
ZnO-NPs, TiO,-NPs exhibit largest hydrodynamic particle
size (1272-1802 nm) in ultra-pure water in DLS analysis,
than that of ZnO-NPs (176-292 nm; Table 1).

Polyphasic characterization of isolate Ora-20

The partial sequence of 16S rRNA gene of isolate Ora-20
submitted in DNA data bank of Japan (DDBJ; accession
no. LC068581) shares 99 % similarity with the 16S rRNA
gene of Streptococcus mitis ATCC 15914. Both the isolate
Ora-20 and strain ATCC 6249 produce H,0,, and produce
acid from lactose, melibiose and raffinose, but did not
hydrolyze urea. These biochemical tests show that the iso-
late Ora-20 actually belongs to the species Streptococcus
mitis, confirming the results of 16S rRNA gene sequence
analysis [27].

ZnO- and TiO,-NPs mediated change in growth
and viability of S. mitis

The antimicrobial activity of ZnO- and TiO,-NPs against
S. mitis isolate Ora-20 and ATCC 6249 is shown in Fig. 2.
It is clear from the figure that ZnO-NPs exhibit higher
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Fig. 2 Antimicrobial activity of TiO,-NPs and ZnO-NPs against
ATCC 6249 and Ora-20. It is to be noted that ZnO-NPs exhibit sig-
nificant growth inhibition (*p value <0.005) of both organisms even
at 25 pg ml~'. The values presented are mean + SD of two independ-
ent experiments done in triplicate

antimicrobial activity than TiO,-NPs, against both the
test organisms. A decrease of 99 % in the colony-forming
units of both organisms was observed when grown with
100 wg ml~! of ZnO-NPs, while a decrease of only 68 and
79 % in the populations of ATCC 6249 and Ora-20, respec-
tively, was observed with the same concentration of TiO,-
NPs (100 pg ml™"). ZnO-NPs exhibited an ICs, value of
37.05 and 31.7 ug ml~! against ATCC 6249 and Ora-20,
respectively, while TiO,-NPs exhibited much higher 1Cs,
values of 77 and 53.29 pg ml~' against ATCC 6249 and
Ora-20, respectively, further confirming that isolate Ora-
20 is more sensitive to these nanoparticles than the strain
ATCC 6249.

The results of viability assay also show that ZnO-NPs
more effectively decrease the viability of the test bacteria
than TiO,-NPs (Fig. 3). Images 4A0 and 4B0, show the
live/dead staining of ATCC 6249 and Ora-20, respectively,
grown without any nanoparticles. The number of dead cells
of ATCC 6249 and Ora-20 increased from 3 + 2 (A0) and
4.5 £+ 3 % (B0O) in controls to 35 + 5 % (Al) and 40 £ 6 %
(B1), respectively, when grown with 100 pg ml~! of TiO,-
NPs, while the population of dead cells of ATCC 6249 and
Ora-20 increased to 62 + 4 and 74 £ 7 %, respectively,
with 50 ug ml~! of ZnO-NPs. Increased staining with pro-
pidium iodide following treatment with nanoparticles indi-
cate disruption of cell walls of the bacterium resulting in
death.

Although, antimicrobial activities of ZnO-NPs against a
number of oral bacteria has been reported [28, 29], to the
best of our knowledge the antimicrobial activity of metal
and metal oxide NPs except for silver NPs against S. mitis
has not been determined [30]. The antimicrobial activity of

ZnO-NPs ¢
TiO,-NPs
® Ora-20
Control 5 ATCC 6249

0 20 40 60 80 100

Fig. 3 Population of live (green) and dead (orange) cells estimated
using BacLight Kit following treatment with ZnO (50 ug ml~!) and
TiO,-NPs (100 ug ml~"). Figs. a0 and b0, show the populations of
live and dead cells of ATCC 6249 and Ora-20 in control cultures.
Population of dead cells of ATCC 6249 increased significantly fol-
lowing treatment with TiO,-NPs and ZnO-NPs as shown in fig al and
a2, respectively. Figure b1 and b2 shows the increase in the popula-
tion of dead cells of Ora-20 following treatment with TiO,-NPs and
ZnO nanoparticles, respectively, while panel ¢ shows the bar graph
of percent dead cells (mean + SD of 12 fields) after treatment with
nanoparticles (*p value <0.005)

silver NPs [30] was found to be size dependent, wherein
the smallest NPs (5 nm) exhibited highest antimicrobial
activity with an MIC value of 25 pug m1~!. In our study pre-
sented above, both ZnO- and TiO,-NPs show significant
antimicrobial activity even at low concentrations against
ATCC 6249 and Ora-20. Although the size of ZnO-NPs
(35 nm) was three times that of TiO,-NPs (13 nm), ZnO-
NPs exhibit superior antimicrobial activity than TiO,-NPs.
The higher antimicrobial activity of ZnO-NPs compared to
TiO,-NPs has been reported earlier also [28]. Furthermore,
hydrodynamic size of TiO,-NPs (1272-1802 nm) in our
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study was four to six times bigger than that of ZnO-NPs
(176292 nm). The antimicrobial activity of NPs may also
be due to the release of metal ions from these nanostruc-
tures. Dimpka et al. [31] have shown the release of Zn ions
(2.8-7.5 %) from ZnO-NPs which was found to increase
with a decrease in the pH. It is to be noted that both bac-
teria produce acid and result in a decrease of pH during
the growth (data not shown). The release of Ti metal from
TiO,-NPs has also been demonstrated, but the percentage
of Ti metal released from NPs was comparatively lower
(0.53-0.82 %) than that of ZnO [32]. The poor antimicro-
bial activity of TiO,-NPs may be due to this low concen-
tration of Ti metal released from TiO,-NPs and a bigger
hydrodynamic size.

ZnO-NPs and TiO,-NPs mediated biofilm inhibition
of S. mitis

The biofilm formation activity of S. mitis ATCC 6249 and
Ora-20 on the surface of polystyrene plates was inhib-
ited by both the nanoparticles, i.e. ZnO- and TiO,-NPs in
a concentration-dependent manner (Fig. 4). An inhibi-
tion of 42 + 3, 11.8 £ 4, 18.6 = 5 and 27.6 = 6 % of
the biofilm formation by ATCC 6249 was observed with
25, 50, 100 and 200 pg ml~! of TiO,-NPs, respectively,
while the corresponding values for ZnO-NPs were 7, 20,
40 and 46.7 %. The biofilm formation activity of isolate
Ora-20 was reduced by 11.5 £ 4, 23.3 + 4, 30.2 + 6 and
37.3 + 8 % when grown with 25, 50, 100 and 200 pg ml™!
of TiO,-NPs, respectively. while ZnO-NPs reduced the bio-
film formation activity of Ora-20 by 12.8 £ 4, 252 + 5,
65.9 £+ 8 and 74.8 £ 9 % at a concentration of 25, 50, 100

100

m ATCC 6249 TiO,-NPs
80 ATCC 6249 ZnO-NPs
8 Ora-20 TiO,-NPs

8 Ora-20 ZnO-NPs
60

.

*
* * *
20 | I% '
, Lad N
25 50 100
Conc. of NPs (ug ml?)

% Decrease in biofilm

Fig. 4 Percent decrease in the biofilm formation activities of ATCC
6249 and Ora-20 in the presence of TiO,-NPs and ZnO-NPs on the
surface of polystyrene plates as compared to control. ¥*Represents the
p value <0.05
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and 200 g ml~!, respectively. Significant inhibition (p
value <0.05) of biofilm formation activity of ATCC 6249
and Ora-20 was observed at 50 pg ml~" of ZnO-NPs,
while, TiO,-NPs inhibited the biofilm formation by ATCC
6249 and Ora-20, significant (p value <0.05) at a concen-
tration of 100 and 50 g ml~!, respectively, which again
confirms that ZnO-NPs are more effective than TiO,-NPs at
inhibiting the biofilm formation activity of S. mitis.

Biofilm formation by oral bacteria is crucial to oral
hygiene. ZnO-NPs have been shown to inhibit biofilm for-
mation activity of various oral bacteria including Strepto-
coccus sobrinus ATCC 27352, Rothia sp. and Streptococ-
cus mutans and total oral bacteria [12, 13, 33, 34]. NPs
may percolate through the spaces between bacteria disrupt-
ing biofilm mechanically and killing bacteria by inhibiting
biochemical processes crucial to biofilm formation such as
exopolysaccharide production [13]. ZnO-NPs exhibit better
antibiofilm activity than TiO,-NPs, again probably due to
the higher quantity of Zn ions than Ti metal ions produced
by their respective nanoparticles [31, 32]. It has been dem-
onstrated that charge of the nanoparticles plays an impor-
tant role in their diffusion through a biofilm [35]. Metal ions
from NPs also inhibit enzymes, such as DapE, involved in
the later stages of peptidoglycan synthesis adversely affect-
ing biofilm formation [36]. Very few studies on the TiO,-
NPs mediated inhibition of oral biofilm are available [37].

TiO,- and ZnO-NPs induced inhibition of EPS
production

Both the NPs, namely TiO,- and ZnO-NPs reduced the
production of EPS by S. mitis ATCC 6249 and Ora-20
(Fig. 5). It is evident from the figure that a significant (p
value <0.05) inhibition of EPS production by Ora-20 was
observed only with 20 pug ml~! of ZnO and TiO,-NPs,

880

= ATCC 6249 TiO,-NPs
ATCC 6249 ZnO-NPs

660 = Ora-20 TiO,-NPs

& Ora-20 ZnO-NPs

440 1

-~ *

I

(]
()
L

% decrease (EPS production)

[T

40
Conc. of NPs (ug ml?)

Fig. 5 TiO, and ZnO-NPs mediated concentration-dependent change
in the EPS production by S. mitis (ATCC 6249 and Ora-20). *Repre-
sents the p value <0.05
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Fig. 6 Increase in the SOD activities of ATCC 6249 and Ora-
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value <0.05

while this significant inhibition (p value <0.05) of EPS pro-
duction by ATCC 6249 was observed only with 30 ug ml~!
or higher concentration of tested NPs, therefore showing
that Ora-20 was more sensitive to the tested nanoparticles
than ATCC 6249. NPs mediated inhibition of EPS produc-
tion by bacteria has been documented earlier also [12].
Inhibition of enzymes involved in the production of EPS
such as glucosyltransferase by metal ions has been demon-
strated in vitro [38].

Superoxide dismutase (SOD) assay

The change in SOD activity, when grown with NPs, is
shown in Fig. 6. Compared to control, an increase of 26
and 61 % in the SOD activity of ATCC 6249 when grown
with of TiO,- and ZnO-NPs, respectively, was observed.
The corresponding increase in the SOD activity of Ora-
20 upon growth with the TiO,- and ZnO-NPs was 44 and
83 %, respectively. These results clearly show that ZnO-
NPs and TiO,-NPs both induce oxidative stress in ATCC
6249 and Ora-20. Nanoparticle-mediated induction of oxi-
dative stress in bacteria has been demonstrated earlier also
[39]. ZnO- and TiO,-NPs induced oxidative stress in E. coli
was reported by Kumar et al. [40]. Amongst oral bacteria,
ZnO-NPs cause oxidative stress and increased the activity
of SOD in Streptococcus mutans [34].

Molecular study and gene expression
Gene amplification and validation

A total of three primer sets targeting (supplemen-
tary Table 1) superoxide dismutase (sodA) gene,

biofilm-associated protein-like gene (bapAl like) and
glycosyltransferase B (g#fB) gene were used for gene
expression studies. These genes were selected to study the
change in oxidative stress level (sodA), biofilm formation
activity (bapAl like), and the change in the production of
EPS (g#/B). Partial sequences of sodA genes from viridian
group of Streptococci are already available in DNA data
bank (NCBI), and a primer set for the gene has also been
published earlier [41]. sodA genes, therefore, were ampli-
fied using the primer set and PCR conditions described by
Johnston et al. [41]. For sequencing also, the PCR primers
were used unless mentioned otherwise. The sequences of
sodA genes from ATCC 6249 and Ora-20 were submitted
to DNA databank of Japan (DDBJ) with accession numbers
LC068582 and LC068584, respectively. The sodA gene
sequence obtained from ATCC 6249 shows 96 % sequence
similarity to the sodA gene of Streptococcus sp. 1E45
(Accession no. KF288804), while the sequences obtained
from Ora-20 share a sequence similarity of 99 % with
Streptococcus sp. IE44 (Accession no. KF288803). A PCR
fragment of g#fB gene c.a. 286 bp was amplified using the
primer set described in supplementary Table 1. Sequences
of this amplicon from ATCC 6249 and Ora-20 were also
submitted to DDBJ with accession numbers LC068583 and
LC068585, respectively. The sequence of the g#fB gene
from ATCC 6249 shares a similarity of 93 % with the gz/B
gene of Streptococcus salivarius (FR873481), while the
sequence from Ora-20 shares a similarity of 90 % with the
gtfB gene of Streptococcus salivarius (FR873481). Genes
similar to biofilm-associated protein were also identified
in S. mitis, as the bapAl like gene in S. mitis (EJG87516)
shares 67 % similarity with Streptococcus parasanguinis
(JF345716). Based on the primary analysis amplicon of
c.a. 173 bp wa obtained from ATCC 6249 and Ora-20 as
expected (data not shown). But we failed to obtain the
sequences of these amplicons.

Gene expression studies by RT-PCR

The change in gene expression levels (sodA and gtfB) fol-
lowing treatment with nanoparticles is shown in Fig. 7.
Data were normalized by 16S rRNA gene. The expres-
sion level of sodA gene increased by 2.5- and 1.6-folds
when the cells of Ora-20 and ATCC 6249 were grown
with 30 pg ml™' of ZnO-NPs, respectively. The corre-
sponding increase in sodA gene expression of Ora-20 and
ATCC 6249, when grown with 100 pug ml™! TiO,-NPs,
was 2.14- and 1.43-folds. The increase in sodA gene lev-
els, when grown with nanoparticles, confirms the results
of SOD assays, wherein the growth of tested isolates with
nanoparticles results in 26—-83 % increase in SOD activity.
The expression levels of g#fB gene decreased by 0.93- and
0.89-folds in ATCC 6249 and Ora-20 upon growth with
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Fig. 7 Change in gene expression levels of sodA and gtfB genes in
ATCC 6249 and Ora-20 when grown with TiO,-NPs and ZnO-NPs

30 ug ml~!' of ZnO-NPs. When grown with 100 ug ml~!
of TiO,-NPs the expression levels of g#fB gene decreased
by 0.49- and 0.8-folds in ATCC 6249 and Ora-20, respec-
tively (Fig. 7). A significant decrease in the EPS production
by ATCC 6249 and Ora-20 was also observed even with
20 ug ml~! of tested nanoparticles. The significant decrease
in biofilm formation activity of ATCC 6249 and Ora-20
with ZnO-NPs and TiO,-NPs supports the results of gene
expression studies. Although a decrease in bapAl gene
expression levels was also observed, but as the sequence
reaction for this gene failed, finding on this gene will
remain inconclusive.

ZnO-NP mediated cell wall disruption and oxidative
stress were found to be the main mode of action against
Campylobacter jejuni [42]. Reverse transcription-quanti-
tative PCR analysis of Campylobacter jejuni showed that
in response to ZnO-NPs’ (~35) treatment the expression
levels of two oxidative stress genes (katA and ahpC) and
a general stress response gene (dnaK) increased by 52-, 7-,
and 17-fold, respectively [42]. Our studies presented above
also show increased permeability of propidium iodide,
increased SOD activity and increased expression of sodA
gene following the treatment with nanoparticles. These
results suggest that treatment with tested NPs results in oxi-
dative stress and disruption of the cell wall in ATCC 6249
and Ora-20. Hence, the synthesized nanoparticles can be
used to control the growth and biofilm formation activity of
oral bacteria.

As the use of these NPs for controlling oral Streptococci
is proposed, it is important to carefully and realistically
evaluate the nanotoxicity of ZnO and TiO,-NPs. Although
these NPs may not exert acute adverse effects to human
cells, due to the short exposure time and non-toxic doses,

@ Springer

in vitro cytotoxicity of ZnO-NPs against a number of cell
lines is reported [43]. On the contrary, very few reports on
the in vivo toxicity of these nanoparticles are available and
this remains a subject of future studies. It has been dem-
onstrated that ZnO-NPs (8-10 nm) and TiO,-NPs (5 nm)
both show minimal toxicity below 100 pg/cm? [44]. Van-
debriel and De-Jong in their review on mammalian toxic-
ity of ZnO-NPs have concluded that in vitro toxicity of
ZnO-NPs is largely due to the oxidative stress [45]. They
have also concluded that the genotoxicity of ZnO-NPs was
only observed in in vitro studies and not in in vivo stud-
ies. As our results suggest the use these NPs at much lower
concentration (~50-70 pg ml~}), toxicity arising from any
accidental ingestion will be insignificant.

Conclusions

Results presented in this study clearly demonstrate that
TiO,- and ZnO-NPs exhibit marked antimicrobial and anti-
biofilm activity against ATCC 6249 and Ora-20 and hence
can control their growth and biofilm formation activity in
the oral cavity even at a concentration as low as 50 ug ml~".
Results presented above suggest that the antimicrobial and
antibiofilm formation activity is due to the disruption of the
cell wall and oxidative stress. Therefore, these nanoparti-
cles can be used as alternative antimicrobial agents against
oral opportunistic pathogen Streptococcus mitis.
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