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Abstract Amenace of antimicrobial resistance with growing
difficulties in eradicating clinical pathogens owing to the
biofilm has prompted us to take up a facile aqueous-phase
approach for the synthesis of silver nanowires (SNWs) by
using ethylene glycol as a reducing agent and polyvinylpyr-
rolidone (PVP) as a capping agent. This synthesis is a reflux
reaction seedless process. The obtained SNWs were about
200–250 nm in diameter and up to 3–4 μm in length. The
SNWs were characterized by field emission scanning electron
microscopy, transmission electron microscopy, UV–Vis spec-
troscopy, and X-Ray powder diffraction, and the chemical
composition of the sample was examined by energy dispersive
X-ray spectrum. The SNWs did not show an antibacterial
activity against test organisms, Bacillus subtilis NCIM 2063
and Escherichia coli NCIM 2931; however, it showed a
promising property of a quorum sensing-mediated inhibition
of biofilm in Pseudomonas aeruginosa NCIM 2948 and vio-
lacein synthesis in Chromobacterium violaceum ATCC
12472, which is hitherto unattempted, by polyol approach.

Keywords Silver nanowires . Polyol . Anti-quorum .

Pseudomonas . CLSM

Introduction

It is well known that silver ions and silver-based compounds
are highly toxic to microorganisms (Kim et al. 2007; Rai et

al. 2012; Salata 2004), and have been used in various fields
of biological applications (Chen and Schluesener 2008).
However, as the over/misuse of antibiotics have led to the
resurgence of antibiotic resistance in pathogenic microor-
ganisms (Knothe et al. 1987), it is likely that nanoparticle-
based therapeutics may give rise to similar resistance, so
there is a need to search for an alternative strategy to tackle
the growing menace of resistance in pathogenic microorgan-
isms. An important aspect of many pathogenic organisms
during their progression in a pathogenic state is a coopera-
tive behavior towards synthesis of the biofilm, in a process
called quorum sensing (QS) (Whitehead et al. 2001). The
QS is a phenomenon in which bacterial populations coordi-
nate communal behavior through a process of chemical cell-
to-cell signaling mediated by diffusible signal molecules
(Reading and Sperandio 2006; Suman et al. 2009). QS has
been known to control a wide array of phenotypes in bacte-
ria ranging from simple bacterial cell motility to complex
communal behaviors such as biofilm formation and produc-
tion of virulence factors (Davies 2003). The biofilms formed
by bacterial communities in aqueous conditions have been
shown to contaminate a wide variety of infrastructures, such
as plumbing, oil refineries, paper mills, heat exchangers, and
medical implant systems (Banerjee et al. 2011). And in
medical settings, biofilms are the cause of persistent infec-
tions, often endangering the functionality of the indwelling
catheters. Moreover, biofilms have been estimated to cause
80 % or more of all microbial infections in humans (Davies
2003). Since biofilms protect their constituent cells in vari-
ous ways, it becomes increasingly difficult to treat clinical
and industrial contamination (Blango and Mulvey 2009).
Also, the cooperative behavior of bacterial cells, mediated
by cell–cell communications, enhanced resistance to antimi-
crobial agents and the host’s defenses. A wide range of
bacteria-resistant surfaces have been proposed to inhibit
biofilm growth (Rana and Matsuura 2010); however, there
are only few reports on the use of nanostructures as an
antibiofilm agent (Lellouche et al. 2009).
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Nanostructures have attracted steadily growing interest
due to their fascinating properties and intriguing applica-
tions that are complementary or superior to those of bulk
materials (Xia et al. 2003). The inherent property of nano-
structure materials is a large surface-to-bulk ratio. As inter-
esting as spherical metal nanoparticles are, one-dimensional
(1-D) metal nanostructures are of even more fundamental
and practical interest in recent years (Murphy et al. 2006).
These are expected to play important role in fabricating
nanoscale devices due to their unique electrical, optical,
magnetic, and thermal properties (Zhai et al. 2009). The
synthesis of metal nanorods and nanowires of desired size
and shape has enormous importance in nanotechnology
because of its characteristic shape- and size-dependent op-
tical, electronic and chemical properties.

Metal nanowires with an extremely high aspect ratio are
focused due to their excellent electrical, thermal, optical, and/
or catalytic properties in combination with their stability for
various potential applications such as conducting nanoscale
electronic sensing devices, conductive adhesive, surface en-
hanced Raman scattering, photonic crystals, etc. (Chen et al.
2007; Hu et al. 2010; Hu and Chan 2004; Huang et al. 2001;
Murphy et al. 2006). Since, these properties are size-
dependent, many physical and chemical approaches have been
developed including seed-based synthetic method (Chen and
Gao 2004; Sancia and Volkan 2009), electrochemical method
(Peppler and Janek 2007), solvothermal route (Chen et al.
2010; You et al. 2009), electrodeposition on templates
(Evans et al. 2008), wet chemical method (Caswell et al.
2003; Hu et al. 2004), photochemical method (Zou et al.
2004), sonochemical route (Yang and Li 2008; Zhu et al.
2010), and so on. Though the above-mentioned approaches
of physical templates can ensure a good control over the
morphology of the final products and thus gain metal nano-
wires with high aspect ratios, the addition and then the removal
of the templates may complicate the synthetic procedures and
limit the scale at which a material can be synthesized.

One of the most popular synthesis techniques for the
synthesis of silver nanostructures is the polyol method
(Fievet et al. 1989). The temperature-dependent reducing
power of polyol makes metals ideal for the synthesis of
particles over a broad range of sizes by controlling the
nucleation and growth processes through careful regulation
of reaction temperature (Wiley et al. 2005).

In our earlier study, we report of PANI-Ag (Tamboli et al.
2012) as an excellent antibacterial agent against Gram-positive
and Gram-negative organisms. In continuing the antibacterial
studies, we have attempted a synthesis of silver nanowires
(SNWs) by polyol reduction method in the presence of poly-
vinylpyrrolidone (PVP) as a capping agent and ethylene glycol
as the solvent and reductant, and have studied its application in
the field of biology as an agent that inhibits the formation of
biofilm in Pseudomonas aeruginosa and violacein production

in Chromobacterium violaceum, both QS-mediated traits. To
our knowledge, this is the first report of SNWs as anti-QS
agents synthesized by polyol reduction method.

Materials and methods

Synthesis of nanomaterials

The polyol process we have used for the synthesis of SNWs
was mainly based on ethylene glycol, which served as a good
solvent for both AgNO3 and PVP. In a typical synthesis, a
three-necked round-bottom flask (equipped with a condenser,
thermo controller, and magnetic stirring bar) containing pure
ethylene glycol was refluxed for 1 h at about 160 °C. Then
silver nitrate (0.25M) and PVP (0.375M) were simultaneous-
ly added in refluxing ethylene glycol (EG) solution. After
injection, the reaction mixture was continued for reflux at
160 °C for another 45 min. Finally, the reaction was stopped,
allowing the product to cool to room temperature. The reac-
tion mixture gradually turned turbid, and a yellow and gray
suspension was obtained. During the whole reaction process,
the temperature was kept at 150–160 °C. Vigorous magnetic
stirring was continuously applied throughout the entire pro-
cess of reduction and wire growth. The as-obtained product
was separated by centrifugation at 3000 rpm for 10 min and
then washed with deionized water. The procedure was repeat-
ed several times to get a purified product.

The transmission electron microscopy (TEM) images
were obtained on a transmission electron microscope
(TEHNAI G220) with an accelerating voltage of 80 kV. A
drop of the solution-containing samples was put onto copper
grids, which was dried at room temperature. The morphol-
ogies of the as-prepared samples were studied by field
emission scanning electron microscopy (FESEM, Hitachi
S4800) at an accelerating voltage of 20 kV. An energy
dispersive (ED) detector was equipped with this transmis-
sion electron microscope. The X-ray diffraction spectra
(XRD) measurements were performed on a Brucker-AXS
Model D8 advance instrument by using Cu Kα radiation
(50 kV). The XRD patterns were recorded from 10° to 90°
with a scanning rate of 0.067°/s. UV/Vis absorption spectra
were taken at room temperature on a Perkin-Elmer Lambda
950 Spectrophotometer in the range of 300–900 nm.

The effect of SNW particles on the QS-controlled syn-
thesis of violacein was determined using C. violaceum, a
wild-type pigment-producing strain, and biofilm formation
was determined by using P. aeruginosa.

Determination of antibacterial activity

For determining the minimum concentration of SNWs re-
quired to inhibit the growth of Bacillus subtilis NCIM
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2063and Escherichia coli NCIM 2931, a modification of
broth dilution method was used. This method facilitates the
testing of inhibitory activity at various nanoparticle concen-
trations in Muller Hinton (MH) broth. The MH broth was
supplemented with different concentrations of nanoparticles
(0.125–4 mg/mL) and inoculated with bacterial suspension
to obtain 106 colony forming units (CFU)/mL. Control tubes
were maintained without SNWs. As SNWs formed a turbid
solution in LB broth, instead of observing the turbidity as a
measure of minimum inhibitory concentration (MIC) value,
counting of the viable number of bacteria (in CFU/millili-
ter), in comparison to control, was performed.

Violacein synthesis and quantification

C. violaceum ATCC 12472 was cultivated in the presence of
SNWs (0.125–4 mg/mL) in Luria–Bertaini (LB) broth and
incubated at 30 °C in a shaker for 18 h. One milliliter of culture
from each concentration was centrifuged at 13,000 rpm for
10 min to pelletize the cells along with insoluble violacein.
The culture supernatant was discarded, and 1 mL of dimethyl
sulphoxide (DMSO) was added to the pellets. The solution was
vortexed vigorously for 30 s to completely solubilize violacein
and was centrifuged at 13,000 rpm for 10 min to remove the cell
debris, and the absorbance of violacein content in the DMSO
was read at 585 nm in microplate reader (Schimadzu, Japan).

Biofilm formation and quantification

P. aeruginosa NCIM 2948 was grown overnight in LB broth
at 37 °C with agitation. After growth, the culture was diluted
with LB medium (OD600 0.02), and 50 μl of the diluted
culture was added to 940 μl of LB medium supplemented
with 0.125–4 mg/mL of SNWs and were incubated statically
for 18 h at 37 °C in 24-well polystyrene plates. After incuba-
tion, planktonic bacteria present in the media were discarded,
and the biofilms were washed three times with phosphate-
buffered saline buffer. Washed biofilms were fixed with 1 mL
of methanol (99 %). After 15 min, the methanol was dis-
carded, and the plates were dried at room temperature.
Crystal violet (0.1 % in water) was then added to each well
(1 mL/well), and the plates were incubated for 15 min at room
temperature. Crystal violet was then discarded, and stained
biofilms were washed three times with 1 mL of water. Acetic
acid (33 % in water) was added to the stained biofilms (2 mL)
in order to solubilize the crystal violet, and the absorbance of
the solution was read at 590 nm (Schimadzu, Japan).

Scanning electron microscopy and confocal scanning laser
microscopy of biofilm

Biofilms that formed on polystyrene flat-bottomed micro-
titre plates in the presence sub-MIC concentrations of SNWs

(2 mg/mL) were fixed in 2 % glutaraldehyde in 0.1 M
cacodylate buffer (pH 7.5 for 4 h at 4 °C. After thoroughly
washing with cocdylate buffer, samples for SEM were dehy-
drated in a series of ethanol solutions (30–100 %), vacuum-
dried, mounted on aluminum stubs with conductive carbon
cement, and coated with a gold film. Samples were observed
with scanning electron microscope (Joel, Japan). Samples
for confocal laser scanning microscopy (CLSM), after thor-
ough washing, were treated with 5-μM fluorescent dye,
Concavallin A Alexafluor 488, with an excitation at wave-
length of 488 and emission at 520 (Ziess Carl, Germany).

Results

FESEM characterization

The FESEM images of as-synthesized SNWs are shown in
Fig. 1a, b. It is observed from the micrographs that there is a
formation of uniform-sized silver nanocubes and nanowires.
The size of the nanocubes was observed to be∼240 nm. The
surface of nanowires was relatively uniform with smooth
tapering end having an average diameter of∼200–250 nm
and a length of up to few microns. Diameters of the nano-
wires were more or less identical.

TEM characterization

A representative TEM image of as-synthesized SNWs is
shown in Fig. 2, which supports well to the formation of
uniform silver rods observed in the FESEM analysis de-
scribed above.

XRD characterization

Figure 3 shows XRD pattern of SNWs. It showed that as-
synthesized SMWs were highly crystalline. All diffraction
peaks could be readily indexed to the (111), (200), (220),
and (311) planes of pure face-centered cubic silver (JCPDS
File 04-0783), and no impurities were observed. The calcu-
lated lattice constant from XRD pattern was 4.0867 Å which
is perfectly in agreement with the literature value
(4.0867 Å). The energy dispersive X-ray analysis (Fig. 4)
of a sample provides further evidence for the SNWs.

Ultraviolet–visible spectrophotometry

Figure 5 shows the UV–visible spectra of the as-prepared
SNWs. The centrifuged sample exhibit two surface plasmon
resonance peaks; absorption peak at 349 nm can be attrib-
uted to the plasmon response of long SNWs (Tian et al.
2009). The shoulder peak at 349 nm was an optical charac-
teristic similar to bulk silver, which is usually been observed
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for SNWs (Shen et al. 2007; Wang et al. 2005; You et al.
2009). The second peak at 389 nm corresponds to the
transverse plasmon band of SNWs. It is well known that
two plasmon modes, transverse and longitudinal modes, are
expected for 1-D metallic nanostructures.

Antibacterial activity

We have modified the MBC determination method and mea-
sured the inhibition by counting the number of viable cells as
CFU/milliliter, since SNWs in MH broth gave a white turbid
color in MIC tubes. The antibacterial action of the as-
synthesized SNWs was as shown in Fig. 6. When the cells
of test organisms were subjected to different concentrations of
SNWs, no reduction in the number of viable cells was ob-
served. The number of cells in control and test samples after
12–16 h of incubation remained constant, approx. 1×108/mL.

Anti-quorum sensing and biofilm

A graphical representation of events of SNWs inhibiting the
QS-mediated biofilm formation in P. aeruginosa was shown
in Fig. 7.

The QS inhibition of violacein biosynthesis in C. viola-
ceum and biofilm formation in P. aeruginosa was as shown
in Figs. 8 and 9, respectively. Based on a modification of
previously described method (Martinelli et al. 2004), a

spectrophotometric assay was performed to quantify the
relative amount of (violacein) pigmentation of wild-type
C. violaceum in the presence of SNWs. As the pigments
from this wild-type strain may absorb light at a wavelength
used for monitoring bacterial cell density (540–700 nm), the
mutant strain C. violaceum CV026—a mutant incapable of
producing the pigments—was used for the assessment of the
effects of SNWs on the growth of the test organisms. Thus,
in this modified assay, the effect on pigment production was
assessed in the wild-type strain, while the effect on growth
was monitored using the mutant nonpigmented strain. When
the cells of C. violaceum were incubated with SNWs, there
was a decrease in the synthesis of violacein in C. violaceum
(Fig. 8); this inhibition started at 0.5 mg/mL and continued
till 4 mg/mL, after which growth of cells ceased. Compared
to 100 % violacein synthesis in the control, at 0.5 mg/mL,
there was a reduction of about 60 % of violacein synthesis,
while at 4 mg/mL, the reduction was by 80 %.

When P. aeruginosa was grown in different concentra-
tions of SNWs, it was found that the highest decrease in the
formation of biofilm was at 4 mg/mL, without effecting the
growth in comparison to that in the control (Fig. 9).
However, at increasing concentration, there was a decrease
in the number of viable cells. Therefore, 4 mg/mL of SNWs
significantly arrested biofilm formation without affecting
viability, whereas concentration above it inhibited the
growth of the organism itself. The SEM analysis of the
biofilm at 4 mg/mL was as shown in Fig. 10. It can be
observed that in the presence of SNWs, the outermost cov-
ering of the matrix was aloofed, thus exposing the cells
underneath; however, the control sample showed cells with
a layer of matrix, a typical of intact biofilm.

To further understand the biofilm inhibition, CLSM was
used to study the formation of biofilm in the presence of
SNWs. Figure 11 describes the effect of sub-inhibitory
concentration of SNWs on biofilm formation ability of P.
aeruginosa. Under CLSM, the biofilm in the presence of
SNWs was seen as fractured green fluorescence with lower
intensity, shown as an insert in the figure. However, in the
absence of SNWs, the fluorescence intensity was linear and
intense, indicating an intact biofilm.

Discussion

Antibacterial

With the emergence and increase of microbial organisms
resistant to multiple antibiotics, and the continuing emphasis
on health-care costs, many researchers have tried to develop
effective antimicrobial agents to curb the menace of patho-
genic microorganisms. Such problems and needs have led to
the resurgence in the use of silver-based antiseptics that mayFig. 2 TEM images of silver nanowires (a and b)

Fig. 1 FESEM images of silver nanowires (a and b)
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be linked to broad-spectrum activity and far lower propen-
sity to induce microbial resistance than antibiotics (Kim et
al. 2007). So, we have attempted to study the biological
application of the as-synthesized SNWs as an antibacterial
and anti-QS agent. The antibacterial activity was determined
by determining the MIC which is the lowest concentrations
at which a compound can inhibit a bacterium growth. A
lower MIC corresponds to higher antibacterial activity. We
have modified a typical MIC determination method that
comprised visual inspection of broth for turbidity (bacterial
growth causes a clear broth to turn turbid) and measured the
inhibition by counting the number of viable cells as CFU/
milliliter instead, as SNWs in MH broth gave a white turbid
color in MIC tubes. As silver nanoparticles were reported to
act on bacteria in a concentration-dependent manner (Kim et
al. 2011), we were expecting similar results. However, non-
inhibitory action of SNWs could be owing to avoidance of

interaction of silver nanoparticles as they were stabilized by
PVP. In fact, a literature search in ISI Web of Knowledge
database showed that there were reports on the synthetic
method of silver nanoparticles using ethylene glycol and
PVP as a stabilizer (Carotenuto et al. 2000; Silvert et al.
1996; Slistan-Grijalva et al. 2005; Sun and Xia 2002);
however, there was no mention on antimicrobial activity to
the synthesized particles, an observation reported by us as
well. So, we have decided to explore other biological appli-
cation of SNWs.

Anti-quorum sensing and biofilm

As the synthesis of the violacein and biofilm are QS-
mediated and controlled (Chen et al. 2011), anti-QS studies
of SNWs were carried out by quantifying the synthesis of a
pigment (violacein) in model organisms, C. violaceum and
biofilm in P. aeruginosa, respectively. Many synthetic and
natural compounds were shown as an agent that impedes the
QS phenomenon in C. violaceum (Martinelli et al. 2004);
however, C. violaceum has not been explored as a model
organism to study the effect of nanoparticles in anti-QS
studies. Our preliminary results show that, because the
violacein synthesis is QS-mediated and the negative effect
on violacein production in the present study was not caused
by the inhibition of growth, it was clear that the SNWs were
mediating the QS-controlled inhibition of violacein synthe-
sis in C. violaceum. The QS-mediated inhibition of viola-
cein is important because when the growth is not affected,
there is no selective pressure for the development of resis-
tant bacteria. Having known that SNWs is indeed an inhib-
itor of QS in C. violaceum, the possibility that it may also be
able to inhibit QS-controlled phenotypes in other Gram-
negative bacteria was explored. P. aeruginosa was chosen
for this purpose because of the known QS systems that
control a number of genes involved in biofilm formation
and production of virulence factors (Schuster and Peter
Greenberg 2006). While the molecular interplay between
QS and biofilm development is still uncertain, it is clear
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Fig. 3 XRD spectrum of silver nanowires

Fig. 5 UV–Vis absorption spectrum of silver nanowires

Fig. 4 Typical EDS spectrum of silver nanowires

Appl Microbiol Biotechnol (2013) 97:3593–3601 3597



now that QS is involved in the maturation and differentia-
tion of biofilms (Favre-Bonté et al. 2003). A biofilm is a
group of microorganisms embedded in extracellular poly-
meric substances that consist of polysaccharides, proteins,
lipids, and nucleic acids and protects microorganism im-
mune response and antimicrobial agents. The inhibition of
QS-mediated synthesis of biofilm formation in P. aerugi-
nosa was tested by growing the organism in MH broth
supplemented with various concentrations of SNWs, in 24-
well microtitre plates. Crystal violet retention assay was
used to quantify the inhibition of biofilm formation, since

crystal violet has a high affinity to the polysaccharides. The
reduction in the retention of the dye at increasing concen-
tration of SNWs is an indication of the inhibition of the
biofilm (Fig. 9). The reduction was linear till 4 mg/mL, after
which death of the cells commenced. In the recent year,
interest in the design and synthesis of biomaterial has shifted
from drug molecules to nanomaterials (Knetsch and Koole
2011; Bazaka et al. 2012), and many biomedical devices has
been constructed primarily containing nanomaterials as anti-
biofilm agents (Monteiro et al. 2009). Silver nanoparticles and
their composites have been shown to inhibit the formation of
biofilm in E. coli (Babapour et al. 2011), P. aeruginosa, and
Staphylococcus epidermis (Kalishwaralal et al. 2010). In an
effort to synthesize silver nanoparticles, Babapour et al.
(2011) have used silane-based matrices, phenyltriethoxysi-
lane, containing different amounts of Ag, and showed an
antibiofilm activity against E. coli, while biological approach
was used by Kalishwarlal et al. (2010) to synthesize Ag nano-
particles (NPs) and showed an antibiofilm activity against P.
aeruginosa and S. epidermis. In our study, we have used
polyol approach to synthesize SNWs. Polyol approach is
advantageous over the above methods of Ag NPs synthesis
because the size and shape of the nanoparticles synthesized
can be controlled by the controlling the reactants concentra-
tions. Also, the biogenic method cannot be used to control the
size and shape of NPs; sol-gel method also suffers from
similar drawbacks. Surprisingly, the antibiofilm activity
shown by Babapour et al. (2011) by using SEM seems to
occur by a decrease in the number of viable cells, and less
conclusive evidences were mentioned by Kalishwaralal et al.

Fig. 6 A minimum bactericidal concentration of SNWs against B.
subtilis and E. coli. The cultures were set up at initial inoculums of
1×106 in Mueller–Hinton broth containing various concentrations
from (0.125–4 mg/mL) SNWs and were incubated for 12 h at
180 rpm and 37 °C. The cell number remains constant for all tested
conc. Error bars represent the standard deviation (n03)

Fig. 8 Quantification of violacein pigment. The cultures of C. viola-
ceum were set up at initial inoculums of 1×106 in Mueller–Hinton
broth containing various concentrations from (0.125–4 mg/mL) SNWs
and were incubated for 18 h at 180 rpm and 37 °C. Violacein quanti-
fication extracted in DMSO was read at 585 nm. At 0.5 mg/mL, there
was a reduction in the synthesis of violacein by 60 % and continued till
4-mg/mL conc., after which cell death tends to start. Error bars
represent the standard deviation (n03)

Fig. 7 Graphical representation of molecular events in QS-mediated
biofilm formation/inhibition in P. aeruginosa

3598 Appl Microbiol Biotechnol (2013) 97:3593–3601



(Kalishwaralal et al. 2010) for the mentioned claim on anti-
biofilm activity to the biogenic silver. In our study, we report a
QS-mediated inhibition of the biofilm synthesis (not by a
reduction in the number of viable cells) and have used SEM
and CLSM to further confirm the antibiofilm activity of
SNWs. However, as the amount required to bring about the
QS-mediated inhibition of violacein and biofilm formation
was high, we have not carried further the experiments to
further prove it. However, we have undertaken new methods
to prepare and functionalize the SNWs and continue the
similar studies. Under SEM, the ability of P. aeruginosa to
form the biofilm was decreased.

This decrease cannot be because of the reduction in the
number of cells as the cell density in the planktonic and
biofilm were nearly same. The SEM analysis also clearly
shows that the cell densities in control and test were nearly
same, unlike the observation in SEM by Babapour et al.
(2011), wherein a decrease in the cell densities has been
shown as a measure of biofilm inhibition. The CLSM has
confirmed the SEM results. As the biofilm constituent, ma-
jorly, the polysaccharides and the fact that Concanavalin A
Alexa Fluor 488 has a affinity towards the mannosyl units of
polysaccharides, CLSM analysis of the biofilm has showed a
reduced intensity of fluorescence in the presence of SNWs,
suggesting a reduction in the synthesis of a biofilm (Fig. 11).
This inhibitory effect of SNWs on the biofilm may due to the
presence of water channels throughout the biofilm. As in all
biofilms, water channels (pores) are present for nutrient trans-
portation; SNWs may directly diffuse through the exopoly-
saccharide layer through the pores and may impart antibiofilm
function. However, as seen under SEM, only the outermost
layer was aloofed in the presence of SNWs; it is likely that
there was a diffusion limit to SNWs, possibly owing to rod

shape and thus an observation as seen in Fig. 10. In a similar
effort, Fabrega et al. (2009) have shown that Ag NPs poten-
tially slough off the biofilm in a concentration-dependent
manner, without decreasing the number of viable cells, an
observation reported by us as well.

It is not possible to locate the precise cellular events the
SNWs interrupt in the model organisms in order to be called
as anti-QS agents, but it is likely that it may be acting at any
stage of synthesis of diffusible signal molecules or reorga-
nization by its cognate receptor or transduction of signal
inside the cells to induce or repress the transcription of QS-
regulated genes.

Thus, as-synthesized SNWs show to be a promising
candidate in the inhibition of the QS. This is important
because QS is a type of decision-making process used by
decentralized groups to coordinate behavior. Instead of lan-
guage, bacteria use signaling molecules that are released
into the environment to respond quickly, coordinate their
behavior, and survive. The advantage of the anti-QS ap-
proach to controlling infection is that there are few evolu-
tionary forces that select for resistance. In other words,

Fig. 9 Quantification of the biofilm. The cultures of P. aeruginosa
were set up at initial inoculums of 1×106 in Mueller–Hinton at 37 °C.
After removal of planktonic cells (culture medium), the formed biofilm
was treated with 0.1 % crystal violet and extracted in acetic acid to read
at 595 nm. At 4 mg/mL SNWs, there was a reduction in biofilm by
27 %. Error bars represent the standard deviation (n03)

Fig. 10 Effect of SNWs on the formation of biofilm in P. aeruginosa.
The cells of P. aeruginosa in the presence of SNWs (MIC50 value)
under SEM were seen as exposed structure without the covering of
polysaccharides (right), while in the absence of SNWs, cells were seen
as embedded structures in the polysaccharide matrix (left). Note the
similar number of cells in control and test biofilm image

Fig. 11 Confocal image analysis of the biofilm formation in P aeru-
ginosa. The cells were incubated with SNWs and stained with Con-
canavallin A Alexa Fluor with excitation at 488 and emission at
520 nm and observed for fluorescence. In the presence of SNWs, there
was a reduction in the fluorescence, indicating a decrease in the
formation of biofilm. Histogram of the intensity profile is shown as
an insert
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natural selection does not come into play, and resistant
strains will unlikely to occur. Therefore, QS inhibition offers
new hope in combat with multiple antibiotic-resistant bac-
teria. Inhibition of bacterial QS systems, rather than bacte-
ricidal or bacteriostatic strategies, may find application in
many different fields, such as in medicine, agriculture, and
food technology. This approach is highly attractive because
it does not impose harsh selective pressure for the develop-
ment of resistance with antibiotics because QS is not direct-
ly involved in processes essential for the growth of bacteria.

In summary, uniform-sized well-dispersed SNWs can be
synthesized by polyol reduction route in the presence of PVP
as stabilizing agent. Since these SNWs did not find an anti-
bacterial activity and the fact the QS phenomenon is linked to
the establishment of infectious diseases, a QS-mediated inhi-
bition of biofilm in P. aeruginosa can be viewed as a prom-
ising method in therapeutic applications against pathogens
which are increasing the development of resistance towards
many antibiotics. This is important as natural selection does
not come into play, and resistant strains will unlikely to occur.
Thus, inhibition of bacterial QS by attenuating the signals can
prevent the development of bacterial virulence and successful
establishment of infections.
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