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ABSTRACT: This study evaluates the impact of two separate incubation periods
(4 and 6 weeks) on the morphology of sol−gel-fabricated ZnO nanospikes (ZNs),
that is, ZN1 and ZN2, respectively. We further analyzed the inhibitory effects of
ZN1 and ZN2 on quorum sensing (QS) and biofilm formation in Pseudomonas
aeruginosa (PAO1) and Chromobacterium violaceum (strains 12472 and CVO26).
The size of the synthesized ZNs was in the range of 40−130 nm, and finer
nanoparticles were synthesized after an incubation period of 6 weeks. Treatment
with ZNs decreased the production of violacein in the pathogen without affecting
the bacterial growth, which indicated that ZNs inhibited the QS signaling regulated
by N-acyl homoserine lactone. ZN2 had a higher inhibitory action on the virulence
factor productivity than ZN1. Furthermore, ZN2-treated cells displayed a
substantial decrease in azocasein-degrading protease activity (80%), elastase activity
(83%), and pyocyanin production (85%) relative to untreated P. aeruginosa PAO1
cells. Treatment with ZN2 decreased swarming motility and exopolysaccharide
production by 89 and 85%, respectively. ZN2 was effective against both the las & pqs systems of P. aeruginosa and exhibited broad-
spectrum activity. Additionally, ZN2 was more efficient in inhibiting the biofilm formation at the attachment stage than ZN1. These
findings revealed that in P. aeruginosa, ZN2 demonstrated inhibitory effects on QS as well as on the development of biofilms. Thus,
ZN2 can be potentially used to treat drug-resistant P. aeruginosa infections.

■ INTRODUCTION

Irrational and sustained application of antibiotics has
culminated in the proliferation of multidrug-resistant (MDR)
bacteria, which are associated with both hospital-acquired and
community-acquired infections. Combating MDR bacterial
infections is challenging because of the ineffectiveness of
currently used antibiotics and slow development of novel
antibiotics.1 Hence, there is a renewed scientific interest in
developing alternative antimicrobial strategies, such as
antivirulence therapy. In contrast to the antibiotic treatment
that involves killing the pathogen, the antivirulence technique
is based on inactivating the pathogen by inhibiting its virulence
factors,2 thus reducing the probability of the pathogens
developing resistance to this line of attack.3 The current thrust
areas in antivirulence therapy include quorum sensing (QS)
inhibition4,5 and biofilm formation.6,7

Pathogenic bacteria such as Pseudomonas aeruginosa regulate
their pathogenicity, virulence factor production, and biofilm
formation via QS.8 P. aeruginosa is an infectious opportunistic
bacteria, primarily causing nosocomial infections, which leads
to mortality in immune-compromised patients.9 In P.
aeruginosa, N-acyl homoserine lactones (AHLs) activate the

QS signaling, which is regulated by three frameworks: las, rhl,
and pqs systems10 that are interlinked by intracellular signaling
molecules (autoinducers) and Pseudomonas quinolone-based
signal (PQS), provided by the bacterial cells. These QS
systems control the generation of virulence factors viz. elastase,
exotoxins, exoproteases, pyocyanin, rhamnolipid, pyoverdin,
and siderophores; all involved in the formation of biofilms.11

Compared with the planktonic form, P. aeruginosa biofilms
have higher antibiotic resistance. Thus, it is a very challenging
to treat biofilm-based infections.12 The groundbreaking
detection of halogenated furanones from marine algae Delisea
pulchra as QS inhibitor (QSI)13 ushered the scientific
community toward discovering new natural and synthetic
QSIs.14 Some natural QSIs from edible plants such as
resveratrol15 are nontoxic; however, a few furanones exhibit a
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certain level of toxicity to humans and are unstable.16,17 Thus,
there is an increased effort on developing nanoparticles (NPs)
that target QS and biofilm formation in the pathogens without
harming the host.18

Metal and metal oxide NPs are now widely used for several
medical and pharmaceutical applications. One of the promising
metal nanomaterials is zinc (Zn) and its oxide (ZnO). Zinc is a
highly active element with potent reducing properties;
therefore, it can readily oxidize to form ZnO that can be
exploited in the synthesis of ZnO-based NPs. Due to its
distinctive optical, piezoelectric to semiconductor properties,
ZnO has been studied in nanoelectronic/nano-optical devices
and functions as energy storages/nanosensors.19 Doping with
suitable elements changes the optical properties of ZnO
nanomaterials that can be used for bioimaging and delivery of
drugs or genes.20 They also display good protein adsorption
properties and can therefore be used in the metabolism of
human body systems, cytotoxicity regulation, and other cellular
responses.21 Due to the decreased toxicity, the US Food and
Drug Administration (US FDA) has deemed ZnO as Generally
R e c o g n i z e d A s S a f e o r G R A S s u b s t a n c e s
(21CFR182.8991).22,23 Consequently, this makes it safe to
be used on humans.
Numerous recent reports have analyzed the antibacterial

effect of nanosized ZnO.20,24−26 However, limited studies have
evaluated the inhibitory effect of ZnO-based NPs on QS and
biofilm formation. Previously, we established significant
antimicrobial activity for thorn-like ZnO NPs.26 In this
study, we synthesized ZnO nanospikes (ZNs) using the sol−
gel approach at ambient conditions. The effect of incubation
periods on the morphologies of ZNs was also evaluated. Two
Gram-negative bacteria namely Chromobacterium violaceum
(strains 12472 and CVO26) and P. aeruginosa (PAO1) were
assessed for the inhibitory effect of ZNs on QS-monitored
virulence factor production and biofilm growth. Treatment
with ZNs reduced lasA protease, lasB elastase, pyocyanin
production, and biofilm formation. ZNs demonstrated wide-
spread antibacterial activities and was efficient against the P.
aeruginosa las and pqs systems. Additionally, ZN2 was more
effective in the inhibition of the biofilm formation at the
attachment stage than ZN1. This is the first study, according to
the literature survey, to assess the anti-QS behavior of the sub-
inhibitory compositions of ZNs synthesized at different
incubation times.

■ RESULTS AND DISCUSSION
Several studies have reported that QS can be potentially
targeted to combat the pathogenic bacteria.27,28 Halogenated
furanones are known to successfully interfere with AHL and
suppress bacterial QS. However, the existing halogenated
furanones are very reactive and hence apparently toxic for
treating bacterial infections in humans.29 Additionally, at sub-
inhibitory concentrations, some furanones have shown to
enhance biofilm formation.16 In recent years, researchers utilize
nanotechnology to develop next-generation nano-antimicro-
bials that can target QS and virulence factors, without affecting
the mammalian cells. Moreover, these nanomaterials exhibit
several advantages, such as higher solubility, better biofilm
penetration, effective delivery, and maintenance of the activity
of QSIs.30 The anti-QS and the biofilm inhibitory properties of
silver (Ag) NPs/nanocomposites have been well estab-
lished.3,31,32 Here, we report the anti-QS property of ZnO
NPs synthesized under different incubation conditions.

Characterization of ZNs. Earlier, we developed flower-
shaped ZnO NPs at various temperatures using a simple sol−
gel synthesis process, while avoiding sophisticated equip-
ment.33 Our group also reported the mechanical stirring effect
on ZnO NP synthesis, which exhibited thorn-like morphol-
ogy.26 In this study, we report the diversified growths of ZnO
NPs in the form of nanospikes (ZNs) of distinct aspect ratios
(L/D; length by diameter), fabricated at two different
incubation conditions. The ZNs (ZN1 and ZN2) were
prepared at ambient temperature as it was reported that NPs
synthesized at near-room temperature displayed better activity
against microbes.33 The transmission electron microscopy
(TEM) study revealed the overall surface morphology of the
ZN1 and ZN2 structures (Figure 1A,B). The ZNs were found

to be spike-like in nature, with long thread-shaped structures
stretching up to several micrometers in length. The average
diameter size of ZNs was in the range of 40−130 nm. The
growth and the sharpness of the nanoparticles were directly
proportional to the incubation period. An increase in the
incubation period resulted in the formation of finer particles.
Longer incubation time expedites proper mixing and better
dispersion with the surfactant, cetyltrimethyl ammonium
bromide (CTAB) (along with the ion carriers), on a
predetermined pH, leading to the unified growth of ZNs
toward the geometry of a specific facet ⟨0 0 0 1⟩, that is, length
(c-axis), while decreasing its cross-sectional area; thus changing
the aspect ratio. Several previous studies have highlighted that
different parameters such as time, temperature, kinetic energy
barrier, and capping molecules exert control over the
nanocrystal growth pattern under different conditions.33−35

Cozzoli and Manna36 discussed that the surfactant-supported
chemical−assist reactions allowed facile growth to varied
shapes and sizes of semiconductors, oxides, and metal
nanocrystals by balancing different parameters. Moreover, in
literature, diverse preparation techniques such as sol−gel
method,26 solution precipitation method,37 spray pyrolysis,38

hydrothermal method,34 microwave-assisted technique,39 and
water-assisted synthesis40 have resulted in various structures
and forms of ZnO NPs such as nanothorns,26 nanorods,37

hexagonal,38 nanoflowers,34 microspheres,39 and nanoprisms,40

respectively.
The optical property of ZNs was characterized by UV−vis

absorption spectroscopy. A strong, narrow, and sharp band of
absorption was obtained around 350−380 nm (existing in the
UV-B region), which was free from any other peak points. This

Figure 1. Size and shape characterization: TEM micrographs of ZNs
kept under different incubation periods: (A) 4 and (B) 6 weeks.
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peak is an important and typical value of characterization for
absorption of the pure hexagonal wurtzite ZnO structure
(Figure 2A).26 Furthermore, absorption peak intensity was

observed to be elevated at higher incubation period (6 weeks).
A small shift in the λmax of the absorption spectra of the ZNs
was also observed when incubation time was increased from 4
to 6 weeks. This hypsochromic shift in λmax of ZNs at higher
incubation period was due to the decrease in the aspect ratio of
ZNs and thereby concomitantly increase in the absorbance was
observed. Our results are in agreement with previous reports
which indicated that the shifting of the peak is determined by
crystal size, reaction temperature, solvent used, mode of
synthesis, and the maturation time of samples.41−43

An X-ray diffraction (XRD) pattern was used to analyze the
phase and crystal parameters of synthesized ZN1 and ZN2
samples (Figure 2B). The nature of the peaks depict the
smaller size and crystalline nature of the synthesized ZN
samples. The strongest peak at 2θ = 36.2° was obtained along
the (101) orientation.26 Moreover, the peaks obtained at
planes (100), (002), (102), (110), and (103) suggested the
pure wurtzite structure of ZnO, as mentioned in The
International Centre for Diffraction Data (ICDD, USA card

no. 080-0075). No peaks other than the standard peak were
observed, which suggested that the synthesized ZN samples
were pure. After 4 and 6 week incubation time, average size of
the particles was estimated to be ∼50 and ∼115 nm,
respectively, when applying the Debye−Scherrer formula
(from dominant peak based on the full width at half maximum,
FWHM), which implies that both peak widths and crystal sizes
are inversely linked.
ZnO is known to occur in three crystal (lattice) structures

viz. rock-salt (B1), cubic zinc-blende (B3), and wurtzite
(B4).

44,45 The zinc-blende shape is stabilized by hetero-
epitaxial expansion on cubic substrates, for example GaAs/
ZnS, ZnS, and Pt/Ti/SiO2/Si, while the structure of the
Rochelle salt/rock salt (NaCl) is a metastable state reached at
high pressure only. Wurtzite ZnO is a hexagonal crystal having
lattice parameters “a” and “c” and a lattice constant (c/a) of

8/3 (1:633, in a typical wurtzite hexagonal structure), with
[0 0 0 1] or basal plane as the surface most frequently used for
growth.46 This structure is part of the space group C4

6v in the
Schoenflies notation and P63mc in the Hermann−Mauguin
system and exhibits a noncentrosymmetric structure (a
condition at where the space groups lack inversion center).46

At ambient conditions, only the wurtzite structure has a
thermodynamically stable hexagonal unit cell,44 wherein four
oxygen atoms surround each tetrahedral Zn atom and vice
versa47

The Fourier transform infrared (FTIR) spectroscopy
analysis of ZNs was performed in the range of 400−4000
cm−1 at room temperature (Figure 2C). In general, metal
oxides display absorption bands below 1000 cm−1 in the
fingerprint region, which is generated by inter-atomic
vibrations. The peculiar absorption band of the Zn−O
stretching vibration mode was around 373 cm−148 that
corresponds with the hexagonal ZnO wurtzite E2 form. The
other characteristic vibration modes were of O−H (around
3465 cm−1), C−O (around 1140 cm−1), and CO (around
1450 cm−1).26 In ZN samples, the peaks observed at 1520.23
and 1450.14 cm−1 corresponded to the asymmetric and
symmetric stretching vibrations of the CO functional
group.49 Previous studies documented two separate inter-
actions of O−H groups on the surface of the ZNs:50 (i) 1610−
1630 cm−1 band attributable to the H−O−H vibration bands
of chemisorbed water bending51 and (ii) 3000−3650 cm−1

band corresponding to Zn and O reversible dissociative
hydrogen absorption.52 The peak around 760 cm−1 can be
accredited to the stretching of the C−O bond. These results
show that even under different stirring conditions, the ZnO
NPs preserved their structures. Similar peaks were observed for
thorn-like ZnO NPs,26 albeit with the difference of a new peak
(at 1140 cm−1) observed in our case.

Minimum Inhibitory Concentrations. Minimum inhib-
itory concentrations (MICs) of ZN1 versus C. violaceum
(CV12472 and CVO26) and P. aeruginosa (PAO1) were found
to be 512, 512, and 800 μg/mL. In the same way, MICs of
ZN2 were shown to be 400 μg/mL against all test pathogens
(Table 1). Concentration levels below MICs (sub-MICs) have
further been used to determine the ZNs’ inhibitory properties
on QS and formation of biofilms. Several studies involving
metal oxide NPs have reported the MIC value of 256 μg/mL
(for Ag-NPs)53 and 500 μg/mL (for zinc NPs)54 against P.
aeruginosa.

Anti-QS Activity of ZNs. Biosensor C. violaceum strain
CV12472 was used to screen the potent inhibitory effects of

Figure 2. Characterization of ZNs: (A) UV−vis spectra, (B) XRD,
and (C) FTIR spectra of ZNs prepared under different incubation
periods.
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the synthesized ZNs on QS. The production of violacein, a
violet colored pigment, is regulated by the QS that depends on
CviI/R AHL system. Consequently, inhibition of pigment
formation indicates the interaction with AHL-regulated QS.55

Both ZN1 and ZN2 dose-dependently decreased the violacein
production. Additionally, the highest zone of pigment
inhibition by ZN1 and ZN2 was observed at a concentration
of 200 μg/mL (Figure 3A).
The quantification of inhibition of violacein formation was

carried out by extracting violacein from the biosensor C.
violaceum CVO26 strain treated with sub-MICs of ZNs. The
colorimetric study showed that ZNs significantly decreased the
production of violacein in C. violaceum CVO26 at various
concentrations. ZN1 at sub-MICs (25, 50, 100, and 200 μg/
mL) decreased violacein production by 28, 40, 52, and 65%,
respectively. Similarly, ZN2 inhibited AHL-regulated violacein
production in a dose-dependent manner. The production of
violacein decreased by 30−92% upon treatment with ZN2
(Figure 3B). At the highest ZN concentration (200 μg/mL),
no significant difference in the cell densities of CVO26 was
observed (Figure 3C). These results demonstrate that the ZNs
interfered with AHL-regulated QS signaling, inhibiting the
production of violacein, without effecting the growth of the

bacteria. The findings are consistent with a study on anti-QS
properties of NPs, wherein an 80% reduction in violacein
production was observed at a 4 mg/mL concertation.56 Some
other studies have reported that the nanostructures decreased
violacein production by ∼90%.55,57

Virulence Factors Inhibition by ZNs. The growth
kinetics analysis of P. aeruginosa strain PAO1 showed that
the pathogen cell density was not significantly affected upon
treatment with 200 μg/mL of ZNs (Figure 4A). This indicated
that the synthesized NPs did not reduce the growth of the P.
aeruginosa as well, consistent with the result obtained in the
case of biosensor C. violaceum CVO26 strain (Figure 3C).
Various types of virulence factors are produced by P.

aeruginosa in a synchronized manner for host colonization and
adaptation.58−60 These include elastase, pyocyanin, rhamnoli-
pid, and biofilm production.11,61 Extracellular protease (lasA)
and elastase (lasB) are believed to play key roles in P.
aeruginosa infection62 by degrading the host tissue enabling
systemic spread of the pathogen. Coordinated expression of
these proteases is very important for successful infection, and
QS is considered to be a mechanism to enable this. Another
significant redox active small-molecule QS-regulated virulence
factor is pyocyanin, which is documented to play a significant
role in the pathogenesis, because it damages the host
neutrophil-mediated protection system.63 Interfering with the
QS system through application of QSI is, therefore, a potential
antivirulence strategy to effectively reduce virulence in P.
aeruginosa infections.63 Thus, the impacts of ZN1 and ZN2
sub-MICs on QS managed virulence factors such as total
protease, elastase, pyocyanin generation, swarming motility,
and exopolysaccharide (EPS) development in P. aeruginosa
PAO1 were evaluated in this study. ZN1 dose-dependently

Table 1. Antimicrobial Activity of ZNs at Different
Incubation Periods

MIC (μg/mL)

Organism ZN1 ZN2

C. violaceum CV12472 512 400
C. violaceum CVO26 512 400
P. aeruginosa PAO1 800 400

Figure 3. Assay for QS inhibition: (A) screening for anti-QS activity using C. violaceum 12472 biosensor strain. The figure shows zone of pigment
inhibition, green arrow (ZN1) and red arrow (ZN2). (B) Analysis of the growth curve of C. violaceum CVO26 at a concentration of 200 μg/mL of
ZN. (C) Inhibition of violacein production in CVO26 by different ZN (ZN1 and ZN2) concentrations (25−200 μg/mL), as quantified
spectrophotometrically at 585 nm.
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decreased the production of elastase (35−74%), total protease
(17−58%), and pyocyanin (25−67%) at concentrations
ranging from 25 to 200 μg/mL (Figure 4B). The inhibition
of virulence factor production by ZN2 was higher than that by
ZN1 over the same concentration range. Treatment with 200
μg/mL of ZN2 significantly reduced azocasein-degrading
protease activity (80%), elastin degrading elastase activity
(83%), and pyocyanin production (85%) in P. aeruginosa
PAO1, as compared to the control (Figure 4C). Prateeksha et
al.64 reported a 52 and 60% decrease in elastase and protease
production respectively, after treatment with selenium nano-
vectors at sub-MIC. In case of Terminalia chebula extract, a
similar decline in the development of pyocyanin was
observed.65 Our findings, therefore, showed that ZN decreased
elastase and pyocyanin production in P. aeruginosa strains,
consistent with the previously published reports.66,67

Exopolymeric materials play a key role in the maintenance of
biofilm architecture and provide the scaffold for adhesion to
surfaces and cohesion between cells, offering increased
resistance against antibiotics and host immune defenses, as
well as to osmotic and oxidative stresses.68 Pseudomonas also
display a multicellular swarming motility on semi-solid
surfaces, which involves substantial alterations in metabolic
processes and gene expression, and thus, results in increased
resistance to several antibiotics.69,70 Moreover, swarming
motility of flagellar and pili regulated by QS is a kind of
virulence factors due to its association with the cell/surface
attachment during biofilm development.71,72 Hence, reduced
EPS development and attenuated swarming motility contribute
to impaired biofilm formation, which increases drug sensitivity

of pathogens and makes them susceptible to the host immune
system. The results of this study indicated that the sub-MICs
(25−200 μg/mL) of ZNs can inhibit EPS production in P.
aeruginosa PAO1. Furthermore, ZNs reduced the swarming
migration of the target organism. Treatment with ZN1
diminished the production of EPS by 30−79% and decreased
the swarming motility by 22−78%, as compared to the
untreated control (Figure 4B). Similarly, treatment with ZN2
significantly inhibited the production of EPS and swarming
migration at various concentrations. ZN2 reduced the
production of EPS by 41−85% as well as the motility of P.
aeruginosa PAO1 by 28−89% (Figure 4C). Various plant
extracts such as Cuminum cyminum,71 Mangifera indica,72

Alpinia officinarum,70 and Cinnamomum tamala70 as well as
secondary metabolites,73,74 green tea,75 and essential oils67,76

have been reported to hinder the swarming motility of P.
aeruginosa PAO1. However, there are limited studies that have
evaluated the effect of metal NPs on the attenuation of
swarming motility. Intrinsically, sub-lethal concentrations of tin
oxide hollow nanoflowers77 as well as silver78 and gold79 NPs
demonstrated major inhibition of the mobility of P. aeruginosa
PAO1, suggesting biofilm interruption, which is in well-
agreement with our data.

β-Galactosidase Activity Assay. The expression of QS-
regulated genes that encode virulence factors (like lasB and
pqsA) of P. aeruginosa PAO1 was investigated for the analysis
of ZNs anti-QS activity. A β-Galactosidase assay was
performed to determine the impact of ZNs (25−200 μg/
mL) on the transcriptional function of lasB and pqsA. ZN1 and
ZN2 respectively decreased the transcriptional activity of lasB

Figure 4. QS-regulated virulence traits of PAO1: (A) analysis of the growth curve of P. aeruginosa PAO1 incubated with ZN at a 200 μg/mL
concentration. Effects of sub-MICs of (B) ZN1 and (C) ZN2 on inhibition of the QS-regulated virulence factor. Data are expressed as mean %
reduction ± SD. *≤ 0.05, **≤ 0.005, and ***≤ 0.001 vs control.
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by 45 and 62%. Similarly, at a concentration of 200 μg/mL,
ZN1 and ZN2 decreased the transcriptional activity of pqsA by
51 and 56%, respectively (Table 2). A previous study found
that the regulation of lasB-lacZ expression is sensitive to the
concentration of autoinducers.80 The findings of our study are
consistent with the above observation. ZN1 and ZN2
treatment decreased the activity of β-galactosidase, which
indicated diminished levels of AHL, and thus are suggestive of
downregulation of lasB gene expression.
PQS, also called as 2-heptyl-3-hydroxy-4-quinolone, has

been revealed to regulate the expression of multiple virulence
factors in P. aeruginosa.81 The PQS signal is intertwined with
the QS cascade, acting as a regulatory link between the QS
systems las and rhl.82,83 The development of pyocyanin in P.
aeruginosa strain PAO1 is also mainly regulated by the pqs
system.84 The inhibition of the pqs system, thus, may disrupt
quinolone signaling in P. aeruginosa, and the downregulation of
these genes may interfere with the normal production of
various virulence factors, viz. lasA protease, lasB elastase,
rhamnolipid, and pyocyanin through the activity of lasAB and
phzA1 operons, respectively. Our study revealed that ZNs
decreased the transcriptional activation of pqsA and inhibited
the pqs system. Consequently, the findings of this assay
demonstrate the wide spectrum anti-QS property of ZN due to
its inhibition of both las and pqs systems.
Effect of ZNs on Cell Attachment. The first stage in the

formation of biofilms is cell attachment to a surface followed
by its assembly to form microcolonies and finally differ-
entiation of biofilms into a mature structure.85 It has been
suggested that biofilm formation might be prevented by
inhibiting initial adhesion. Furthermore, a previous study has
proved that the inhibition of preformed biofilm development is
more complicated to achieve as compared to the cell
attachment phase.86 Therefore, the antiattachment property
of ZNs against P. aeruginosa PAO1 was evaluated. The
synthesized NPs significantly inhibited cell attachment to the
microtiter plate. Compared to the control, treatment with 25,
50, and 100 μg/mL of ZN1 inhibited the cell attachment by
23, 35, and 48%, respectively.
Similarly, treatment with 25, 50, and 100 μg/mL

concentration of ZN2 inhibited the cell attachment by 20,
41, and 62%, respectively, as compared to the control (Figure
5). ZN1 and ZN2 at a concentration of 200 μg/mL inhibited
cell attachment by 58 and 85%, respectively. These results
indicate that the NPs inhibit biofilm at the attachment stage
and can be used as coatings on surfaces to prevent cell
attachment and hence prevent biofilm formation. Similar
results have been reported by other authors.56,77

Inhibition of ZNs on Biofilm Formation. QS plays a
crucial role in the production of biofilms, which are used by
pathogenic bacteria to activate virulence and develop antibiotic
resistance.87 Therefore, the deactivation of QS can be a

preventive strategy for biofilm formation in P. aeruginosa
PAO1. Microscopic analysis of biofilm inhibition showed
reduction in the number of micro-colonies (Figure 6A).
Images of confocal laser scanning microscopy confirmed the
light microscopy results as key interruption in the biofilm
architecture of P. aeruginosa strain PAO1 was observed (Figure
6B). ZN1 reduced biofilm formation by 23−58% in a
concentration-dependent manner. ZN2 was found to be
more potent in biofilm inhibition at greater concentrations as
compared to ZN1. Treatment with 25, 50, 100, and 200 μg/
mL of ZN2 impaired the formation of biofilm by 20, 41, 62,
and 85%, respectively, when compared to untreated control
(Figure 6C).
Biofilms are complex, immobile microbial communities

having various types of bacterial colonies or single type of cells
in a group that adhere to the surface.88 Cells residing in
biofilms are approximately 1000 times more resistant to their
planktonic forms.12 Biofilm-associated P. aeruginosa diseases
are becoming problematic to treat due to the rise in the MDR
and persistent biofilm infections.89 Therefore, a biofilm is a
potential drug target against drug-resistant microorganisms. In
this study, treatment with ZN1 and ZN2 significantly
decreased the biofilm biomass. This is in conformity with
the results of previous studies, which reported that zinc
oxide,56,90 tin oxide,77 iron oxide,91 and silica NPs92 as well as
agents, such as doxycycline93 and ceftazdime84 inhibit P.
aeruginosa biofilm formation. Moreover, the disruption of the
QS system with furanones has also been reported to reduce
biofilm growth.17 Decreased biofilm formation could be due to
reduced swimming motility as flagella-mediated motility is
caused to promote biofilm formation by initiating cell to
surface attachment. A previous study has also reported a
similar kind of effect using phenylacetic acid, which inhibited

Table 2. Effect of ZNs on Transcriptional Activity of lasR and pqsA

ZN1 ZN2

Concentration (μg/mL) lasR pqsA lasR pqsA

control 1452 ± 22.3 967 ± 34.7 1452 ± 22.3 967 ± 34.7
25 1336 ± 14.6 808 ± 26.4 1380 ± 18.7 763 ± 41.2
50 1162 ± 25.8 681 ± 39.6 930 ± 41.2 579 ± 45.8
100 973 ± 31.7 553 ± 44.5 711 ± 29.1a 461 ± 38.7a

200 653 ± 26.7a 474 ± 27.3a 552 ± 38.7b 425 ± 34.4a

ap < 0.05. bp < 0.005.

Figure 5. Effect of sub-MICs of ZNs on P. aeruginosa PAO1 biofilm
attachment, presented as percentage inhibition.
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the biofilm formation by interfering with swimming motility of
P. aeruginosa.94

■ CONCLUSIONS

This study encompasses the synthesis of discrete ZNs,
prepared at different incubation periods (4 and 6 weeks).
The diameter of the synthesized nanospikes was found to be in
the range of 40−130 nm; with finer particles synthesized at a
longer incubation period of 6 weeks. The present investigation
also highlights the inhibitory effect of ZNs on QS and biofilm
formation, which can enhance the antibiotic efficiency and
decrease the pathogenicity of bacterial pathogens that can be
exploited in the future for the treatment of drug-resistant
infections of P. aeruginosa. Furthermore, these findings confirm
the positive effect of increased incubation period on the
activity of ZNs as NPs synthesized at a longer incubation
period were found to be more active than those synthesized at
a shorter incubation period.

■ EXPERIMENTAL SECTION

Chemicals. All analytical grade chemicals were obtained
(with no extra purification) from Merck Limited, India. For the

synthesis of ZNs, double-distilled water (DDW) was used. All
glassware were purchased from Borosil, India.

Bacterial Strains and Growth Conditions. Violacein, a
QS-regulated purple pigment, is produced by C. violaceum wild
strain 12472 in response to cognate C4 and C6 AHLs.
However, C. violaceum CVO26, a violacein and AHL-negative
double mini Tn5 mutant, generates violacein in the presence of
short-chain auto-inducers. P. aeruginosa strain PAO1 is an
opportunistic pathogen in which several virulence factors and
traits are regulated by QS. All pathogenic strains were
maintained on Luria Bertani (LB) broth which comprises
0.5% yeast extract, 15.0% tryptone, and 0.5% NaCl salt. LB
broth was used to prepare LB agar by adding 1.5% agar (Hi-
media). The C. violaceum 12472 and C. violaceum CVO26
strains were cultured at 28 °C, whereas P. aeruginosa PAO1
was cultured at 37 °C.

Synthesis of ZNs. ZNs were synthesized at ambient
temperature using DDW by two different reactant conditions.
In synthesisA, 10 mL solution of 0.1 M zinc acetate
dihydrate was mixed with 160 mL of DDW using a magnetic
stirrer. Next, 0.001 mol of a capping agent, CTAB, was added
to the solution under constant stirring. The reaction was then
terminated by gradually adding >0.5 g of sodium hydroxide, an

Figure 6. Anti-biofilm activity of ZNs: (A) images of P. aeruginosa biofilm (a−c) CV staining under a light microscope, (B) acridine orange staining
under a confocal laser scanning microscope. (a) Control, untreated, (b) 200 μg/mL of ZN1, and (c) 200 μg/mL of ZN2. (C) Effect of sub-MICs
of ZN1 and ZN2 on percent inhibition of biofilm formation of P. aeruginosa PAO1.
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ion carrier, to the mixture. The reaction mixture was incubated
for less than an hour until a white cloudy appearance was
observed. The solution was then transferred to the
centrifugation tubes and incubated at ambient temperature
for 4 weeks. Finally, the product was washed with the help of
DDW and 99.8% absolute alcohol. This sample was labeled as
ZN1 and stored for further characterization. In synthesisB,
the same procedure was repeated, except for the incubation
condition, which was 6 weeks at ambient temperature. Finally,
the product was washed with DDW and 99.8% absolute
alcohol, labeled as ZN2, and stored for further studies.
Characterization of ZNs. The XRD analysis of ZNs was

examined using an X-ray diffractometer (Bruker AXSD8
ADVANCE, Germany). The sample was exposed to Cu-Kα

radiations of 1.54 Å wavelength, with the angular range of 30−
70°. The diversified growths of the different ZN morphologies
and their respective sizes were analyzed by the TEM
instrument (JEOL JEM-2100, Japan). Moreover, the composi-
tional quality of ZNs was analyzed by the FTIR spectrometer
(Thermo Scientific Nicolet iS 10).
Calculation of MICs. The MICs of ZNs against the

pathogenic bacteria were evaluated by the macro-broth
dilution method.56 The MIC was taken as the least
concentration of ZN at which no observable growth of test
pathogenic strains was observed. Therefore, the concentrations
of the ZN samples below the MIC value were considered as
sub-inhibitory, which were used to study the inhibitory effects
of ZNs on QS and biofilm formation.
Inhibition of Violacein Production. A biosensor bioassay

for violacein production by C. violaceum 12472 was evaluated
using a disc diffusion assay, as descried earlier.56 C. violaceum
was grown overnight in LB broth. Then, 50 μL of the culture
was added to 5 mL of molten soft LB agar (0.3% w/v) and
immediately poured onto LB agar plates containing 5 μg/mL
of C6-AHL. ZNs at sub-MIC concentrations were applied on
sterilized paper discs and placed on the surface of the agar
medium. The plates were then incubated overnight at 30 °C
and examined for violacein pigment production. A colorless,
opaque zone of inhibition of violacein (loss of pigmentation)
around the disc was considered as anti-QS activity.
Quantitative Estimation of Violacein. The extent of

violacein production by C. violaceum (CVO26) in the presence
and absence of sub-MICs of ZNs was studied by extracting
violacein and quantifying photometrically using the method of
Blosser and Gray95, with slight modifications.71 Briefly, C.
violaceum CV026 biosensor strain was cultured for approx-
imately 18 h. Next, the culture with an optical density of 0.1 at
600 nm (OD600) was inoculated into LB medium supple-
mented with 10 μM C6-HSL and ZNs in an Erlenmeyer flask.
The flasks were incubated in a shaker at 27 °C and 150 rpm for
24 h. Afterward, 1 mL of fresh culture from each flask was
subjected to centrifugation for 10 min at 13,000 rpm to obtain
the insoluble precipitate of violacein. Furthermore, 1 mL of
dimethyl sulfoxide was added to the pellet and mixed
vigorously for 30 s to complete the solubilization. The cell
debris was then removed by centrifuging the mixture at 13,000
rpm for 10 min. The supernatant containing violacein (200
μL) was transferred to a 96-well microplate (POLYLAB,
India). The absorbance of the mixture was measured at 585
nm in a microplate absorbance reader (Thermo Scientific,
Multiskan Ex., India). Finally, the percent inhibition of
pigment production (in the presence of ZNs) was calculated
as follows:

OD OD
OD

100control treated

control

−
×

This experiment was carried out in quadruplets, and the
results are well expressed as mean ± SD.

Effect of ZNs on the Production of the Virulence
Factors. Effects of sub-MICs of ZNs on the production of
virulence factors in P. aeruginosa (lasB elastase, protease, and
pyocyanin), swarming motility, and EPS extraction and
quantification were assessed following established methods,
as described below.

(a) LasB Elastolytic Activity Assay. The lasB elastolytic
activity was evaluated as per the method described
previously.96 The bacterial culture was treated with ZNs for
16 h at 37 °C. Then, 100 μL of both treated and untreated
culture supernatant was incubated with 900 μL of elastin
Congo Red (ECR) buffer (100 mM Tris, 1 mM CaCl2, at pH
7.5) supplemented with 20 mg of ECR (Sigma, USA) for 3 h
on a shaker at 37 °C. After centrifugation, insoluble ECR was
decanted, and the absorption of supernatant containing Congo
Red was evaluated at 495 nm. The culture-free LB medium
with ZNs and without ZNs was considered as a negative
control.

(b) Azocasein Degrading Proteolytic activity. Proteolytic
action of cell-free supernatants of P. aeruginosa PAO1 cultured
with and without ZNs at sub-MIC concentrations was
determined using the published protocol.97 Briefly, 150 μL
each of culture supernatants were incubated with 1 mL of 0.3%
azocasein (Sigma, USA) in 0.05 M Tris−HCl and 0.5 mM
CaCl2 (pH 7.5) at 37 °C for 15 min. Trichloroacetic acid
(10%, 0.5 mL) was added to stop further reaction. The mixture
was then centrifuged and the absorbance was recorded at 400
nm.

(c) Determination of Pyocyanin Level. The pyocyanin level
was determined following the previously reported method.98 A
5 mL of treated and untreated culture supernatant of P.
aeruginosa PAO1 with ZNs was extracted with 3 mL of
chloroform and then re-extracted with 1 mL of 0.2 M HCl for
pink to deep-red colored solution development. Then, the
extracted solution was used to read the absorbance at 520 nm.

(d) Swarming Motility Assay. Swarming motility of bacteria
was assessed as mentioned earlier.99 An overnight culture of P.
aeruginosa PAO1 was inoculated at the center of the medium
(1.0% tryptone, 0.5% NaCl, and 0.3% agar) with or without
various sub-inhibitory concentrations viz. 25, 50, 1000, and
200 μg/mL of ZNs.

(e) EPS Extraction and Quantification. The test strain P.
aeruginosa PAO1 cultured with or without ZNs was
centrifuged, and the supernatant was filtered followed by
incubation with three volumes of chilled absolute ethanol
overnight at 4 °C to precipitate EPS.99 EPS was quantified by
measuring sugars, as per the previous protocol.100

lasB and pqsA Transcriptional Activity Analysis. The
transcriptional activities of lasB and pqsA in Escherichia coli
MG4/pKDT17 and E. coli pEAL08-2 were analyzed using β-
galactosidase assay, as mentioned previously.80,101 Briefly, the
QS signal molecules (AHLs) in the supernatant of overnight
cultures of P. aeruginosa PAO1 grown in the presence or
absence of sub-MICs of ZNs were extracted using ethyl acetate
solvent. Next, 2 mL culture of reporter strains E. coli MG4
(pKDT17)/E. coli pEAL08-2 and 0.5 mL of the ethyl acetate
extracted supernatant were incubated at 30 °C in a water bath
for 5 h with 100 rpm rotation. The reporter cell cultures were
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centrifuged at 3200 g for 15 min, and the cell pellet was re-
suspended in Z-buffer solution (0.05 M β-mercaptoethanol,
0.04 M NaH2PO4·H2O, 0.06 M Na2HPO4·7H2O, 0.01 M KCl,
and 0.001 M MgSO4·7H2O, at pH 7.0). Then, 1 mL of Z-
buffer, 200 μL of chloroform, and 100 μL of 0.1% sodium
dodecyl sulphate were added with 1 mL of the cell suspension
to lyse the cells. The cell suspension was then treated with 0.4
mL of O-nitrophenol-β-D-galactopyranoside (dissolved in 4
mg/mL of phosphate-buffered saline). After yellow color
development, reaction was then stopped using 1 mL of 1 M
Na2CO3. Absorbance of reaction samples was read at 420 and
550 nm. Units of β-galactosidase were calculated using the
formula:

OD (OD 1.75) 1000
time volume OD

420 nm 550 nm

600 nm

− × ×
× ×

Cell Attachment Assay. A 100 μL of the standardized
culture (1.0 × 106 cfu mL−1) was incubated with 100 μL of
ZNs in the 96-well microtiter plates (final volume, 200 μL).
Sterile media was also added as an additional control to check
the sterility of the experiment. The 96-well plates were then
sealed with a sterile sealing tape and incubated further at 37 °C
for 8 h for the cell attachment and biofilm development. After
incubation, a crystal violet assay was performed in triplicates to
assess biofilm biomass.102

Biofilm Inhibition Assay. A polyvinyl chloride biofilm
formation assay was performed to investigate the effect of ZNs
on biofilm formation, as per the following protocol.103 The
overnight cultures of P. aeruginosa strain PAO1 were
resuspended in fresh LB medium with and without ZNs and
incubated at 30 °C for 24 h. Biofilms formed in a microtiter
plate were stained with crystal violet solution followed by
solubilization of dye in ethanol. Biomass was then quantified
by measuring the absorbance at 470 nm.
Statistical Analysis. In the study, various experiments

were carried out in triplicates. The data were presented as
mean values. For statistical analysis, student’s t-test was
performed between control and test values.
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Oliver, A.; Rotger, R. Chronic Colonization by Pseudomonas
Aeruginosa of Patients with Obstructive Lung Diseases: Cystic
Fibrosis, Bronchiectasis, and Chronic Obstructive Pulmonary Disease.
Diagn. Microbiol. Infect. Dis. 2010, 68, 20−27.
(60) Gellatly, S. L.; Hancock, R. E. W. Pseudomonas Aeruginosa :
New Insights into Pathogenesis and Host Defenses. Pathog. Dis. 2013,
67, 159−173.
(61) Sousa, A.; Pereira, M. Pseudomonas Aeruginosa Diversification
during Infection Development in Cystic Fibrosis LungsA Review.
Pathogens 2014, 3, 680−703.
(62) Ahmed, S. A. K. S.; Rudden, M.; Smyth, T. J.; Dooley, J. S. G.;
Marchant, R.; Banat, I. M. Natural Quorum Sensing Inhibitors
Effectively Downregulate Gene Expression of Pseudomonas Aerugi-
nosa Virulence Factors. Appl. Microbiol. Biotechnol. 2019, 103, 3521−
3535.
(63) Li, X.-H.; Lee, J.-H. Quorum Sensing-Dependent Post-
Secretional Activation of Extracellular Proteases in Pseudomonas
Aeruginosa. J. Biol. Chem. 2019, 294, 19635−19644.
(64) Prateeksha; Singh, B. R.; Shoeb, M.; Sharma, S.; Naqvi, A. H.;
Gupta, V. K.; Singh, B. N. Scaffold of Selenium Nanovectors and
Honey Phytochemicals for Inhibition of Pseudomonas Aeruginosa
Quorum Sensing and Biofilm Formation. Front. Cell. Infect. Microbiol.
2017, 7, 93.
(65) Sarabhai, S.; Sharma, P.; Capalash, N. Ellagic Acid Derivatives
from Terminalia Chebula Retz. Downregulate the Expression of
Quorum Sensing Genes to Attenuate Pseudomonas Aeruginosa
PAO1 Virulence. PLoS One 2013, 8, No. e53441.
(66) García-Lara, B.; Saucedo-Mora, M. Á.; Roldań-Sańchez, J. A.;
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