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ABSTRACT: The intensive use of antimicrobial agents has led to the emergence of multidrug resistance (MDR) among microbial
pathogens. Such microbial (MDR) infections become more problematic in chronic diseases in which the efficacy of
chemotherapeutic agents is highly reduced. To combat the problem of drug resistance, inhibition of bacterial quorum sensing
(QS) and biofilms are considered as promising strategies in the development of anti-infective agents. In this study, gold nanoparticles
(AuNPs-CA) were biofabricated using Capsicum annuum aqueous extract and characterized. The AuNPs-CA were tested against the
QS-controlled virulence factors and biofilms of Pseudomonas aeruginosa PAO1 and Serratia marcescens MTCC 97. AuNPs-CA were
found to be crystalline in nature with average particle size 19.97 nm. QS-mediated virulent traits of P. aeruginosa PAO1 such as
pyocyanin, pyoverdin, exoprotease activity, elastase activity, rhamnolipids production, and swimming motility were reduced by
91.94, 72.16, 81.82, 65.72, 46.66, and 46.09%, respectively. Similarly, dose-dependent inhibition of virulence factors of S. marcescens
MTCC 97 was recorded by the treatment of AuNPs-CA. The biofilm development and exopolysaccharide (EPS) production also
decreased significantly. Microscopic analysis revealed that the adherence and colonization of the bacteria on solid support were
reduced to a remarkable extent. The findings indicate the possibility of application of green synthesized gold nanoparticles in the
management of bacterial infection after careful in vivo investigation.

■ INTRODUCTION

Owing to the contribution of infectious diseases in global
mortality and morbidity after cancer and cardiovascular
diseases, infectious diseases are now considered a serious
threat to human health and the environment.1 The intensive
and unprescribed use of antimicrobials is the key factor leading
to the emergence of multidrug-resistant (MDR) and
extensively resistant (XDR) microorganisms. These drug-
resistant microbes further worsen the treatment of infectious
diseases by making the antibiotics therapeutically ineffective.2,3

The spread of antimicrobial resistance (AMR) among bacteria
has increased enormously and reached an alarming situation.

According to a WHO (2019) report, approximately 700 000
people die annually due to infections caused by drug-resistant
microbes. AMR is expected to become the major cause of
global mortality by 2050, even surpassing cancer, if no action is
taken.4,5 Moreover, the Centers for Disease Control and
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Prevention (CDC) has documented that each year more than
2 million people become ill due to antibiotic-resistant
infections in the United States, which causes roughly 23 000
deaths.6 Global AMR dissemination and lack of discovery of
new antibiotics are the major problems associated with the
treatment of infectious diseases. The global AMR threat has
triggered urgent calls from international and national agencies
to tackle the problem at various stages through integrated
approaches by developing new strategies to combat AMR.
Inhibition of bacterial communication systems and biofilms of
pathogenic bacteria in the development of anti-infective agents
are considered as promising strategies.7,8 These anti-infective
agents selectively target microbial virulence without affecting
their growth, minimizing the risk of development of drug
resistance.9

Quorum sensing (QS) is a microbial communication
mechanism in which microbes communicate through the
biosynthesis and diffusion of signaling molecules (auto-
inducers) to control an array of physiological functions.
Through QS, microbes coordinate their behavior and regulate
the expression of a certain set of genes in a population-
dependent manner.10 QS is known to be involved in the
secretion of virulence factors and the expression of antibiotic-
resistant genes.11,12 Earlier, it was thought that microbes grow
in the planktonic mode; however, it was found that the
majority of the microbes grow in colonies or communities
called biofilms.13 Bacteria reside in self-secreted extrapolymeric
substances; these extrapolymeric substances include exopoly-
saccharides (EPS), proteins, eDNA, etc.14

Recent advancement in nanotechnology has received
considerable attention in many scientific domains including
biomedical science, materials science, medicine, engineering,
etc.15 This has also created new hope in the development of
novel antibacterial and anti-infective agents. Typically, nano-
particles are materials with size less than 100 nm. Metal
nanoparticles are considered a good choice for biomedical
applications such as diagnostics, photothermal therapy,
electrical and optical sensing, etc.16 A large number of metal
nanoparticles such as gold, silver, titanium, iron, zinc, etc. have
been documented to exhibit antibacterial properties.17 More-
over, certain nanoparticles have also proved to be potent
inhibitors of bacterial biofilms.18 Owing to such excellent
properties of nanoparticles, continuous efforts are being made
for the development of inhibitors of biofilms and virulence.
The chemical procedure for metal nanoparticle synthesis is

more prevalent. Chemicals synthesis uses certain chemicals as

reducing agents to form metal nanoparticles, and these
chemicals or their byproducts pose a serious threat to the
environment.19 However, the green route of metal nanoparticle
synthesis has advantages over chemical synthesis owing to the
use of natural products and being eco-friendly in nature.20

Moreover, the biodegradable nature of natural products makes
it further beneficial and a commonly used material for
nanoparticle synthesis. On the contrary, there are some
drawbacks associated with the green route of metal nano-
particle synthesis. The major limitation is that the
phytochemical profile of natural products changes with
climatic and seasonal variation, and these variations greatly
influence the specificity and reproducibility in the synthesis of
nanoparticles with precise attributes.21 Moreover, the over-
exploitation of natural resources may also result in ecological
imbalances.
In this study, gold nanoparticles were prepared using the

aqueous extract of Capsicum annuum. The major reason for
selection of C. annuum for gold nanoparticle synthesis is that
the extract of this plant has been reported to exhibit antibiofilm
activity against Klebsiella pneumoniae, Pseudomonas aeruginosa,
and Escherichia coli.22 The active phytoconstituents of
Capsicum frutescens and C. annuum extracts have been found
to mitigate the QS-controlled virulent phenotypes of
bacteria.23 Moreover, gold nanoparticles have also been
found to exhibit anti-QS potential.24 Therefore, it is expected
that gold nanoparticles and phytoconstituents of C. annuum
will impart enhanced efficacy against the biofilms and QS of
pathogenic bacteria. The nanoparticles were characterized in
detail. The antivirulence and antibiofilm activities of the gold
nanoparticles were tested against Gram-negative bacteria viz. P.
aeruginosa PAO1 and Serratia marcescensMTCC 97. The effect
of biofabricated nanoparticles was assessed on the architecture
of the biofilm using an array of microscopic tools such as light,
confocal microscopy, and electron microscopy.

■ RESULTS AND DISCUSSION
Characterization of AuNPs-CA. The preliminary charac-

terization of AuNPs-CA was carried by monitoring the UV−vis
absorption spectrum. UV−vis absorption spectroscopy is a
routinely used technique for the characterization of metallic
nanoparticles because of the surface plasmon resonance (SPR)
phenomenon. SPR is a collective excitation of electrons in the
conduction band around the nanoparticle surface. The color of
the HAuCl4 solution changed from transparent to light or ruby
red, indicating the formation of gold nanoparticles (AuNPs-

Figure 1. (A) UV−visible absorption spectrum of AuNPs-CA synthesized using C. annuum aqueous extract. (B) Band-gap energy in eV of the
AuNPs-CA calculated using the Tauc plot.
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CA).25 The visible red color is due to the reduction of Au+3 to
Au0.2424 The UV−vis absorption spectrum of AuNPs-CA is
shown in Figure 1A. The nanoparticles exhibited an absorption
peak at 521 nm, which is attributed to the SPR of the gold
nanoparticles. This finding is in agreement with an earlier
report where gold nanoparticles synthesized using the marine
plant, Padina tetrastromatica, exhibited SPR at 526 nm.25 The
synthesis of gold nanoparticles using pulp extract of C. annuum
has been documented in the literature.26 The nanoparticles
were triangular and hexagonal in shape, and some spherical
particles were also observed when synthesized at different pH,
temperature, and HAuCl4 concentrations. The compounds
present in the extract of C. annuum are attributed to the
reduction of Au+3 and synthesis of AuNPs-CA. The band gap
was found to be 3.598 eV (Figure 1B), which is consistent with
an earlier report.27

The X-ray diffraction (XRD) analysis was carried out to
obtain the crystallinity and lattice parameters of green
synthesized AuNPs-CA (Figure 2A). The XRD pattern of
AuNPs-CA exhibited four intense peaks at 2θ values 38.183,
43.990, 64.550, and 77.670°, which correspond to Bragg’s
reflections of gold nanocrystals.28 The Debye−Scherrer
equation (eq 1) was used to calculate the average crystalline
size of AuNPs-CA29

λ
β θ

=D
0.9
cosp

(1)

where Dp is the average crystalline size, λ is the wavelength of
Cu Kα (1.54060 Å), θ is the Bragg angle, and β is the full
width at half-maximum (FWHM). The average crystalline size
of the AuNPs-CA calculated using the Debye−Scherrer
formula was found to be 20.80 nm.
The shape and size distribution of AuNPs-CA was analyzed

using transmission electron microscopy (TEM). The TEM
image of AuNPs-CA is shown in Figure 2B. The shape of
AuNPs-CA was observed as spheroidal with some anisotropies.
The particles ranged from nearly 7 to 36 nm. The average
particle size using TEM was found to be 19.97 nm. The EDAX
analysis confirmed that gold was present in AuNPs-CA (Figure
2A inset).
The particle size was further validated using DLS. The

particle size distribution analysis by DLS was found to be 26.34
nm (Figure 3A). This is in close agreement with the TEM
data. The colloidal solutions exhibiting ζ-potentials ranging
from −40.0 to +40.0 mV are generally considered stable. The
ζ-potential of AuNPs-CA was found to be −35.2 ± 6.49 mV
(Figure 3B), indicating the stable nature of synthesized
AuNPs-CA.

Determination of Subinhibitory Concentrations.
Before testing the antibiofilm and anti-QS activities of
AuNPs-CA, subinhibitory concentrations (sub-MIC) were
determined. The test bacteria were cultured in the presence
of varying concentrations (62.5, 125, 250, 500, and 1000 μg/
mL) of AuNPs-CA to determine the bacterial viability. The
presence of 250 μg/mL AuNPs-CA did not alter the bacterial

Figure 2. (A) X-ray diffraction pattern of biosynthesized AuNPs-CA using C. annuum aqueous extract. Peaks are located at 38.183, 43.990, 64.550,
and 77.670°. Energy-dispersive X-ray analysis (EDAX) spectrum of AuNPs-CA (inset). (B) Transmission electron micrograph (TEM) of AuNPs-
CA at 80 000× magnification.

Figure 3. (A) Dynamic light-scattering (DLS) pattern of biosynthesized AuNPs-CA using C. annuum aqueous extract. (B) ζ-Potential of
biosynthesized AuNPs-CA using C. annuum aqueous extract.
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growth. Furthermore, the CFU of the bacteria was determined
in the absence and presence of 200 μg/mL AuNPs-CA (Figure
S1). At this concentration, insignificant (p-value > 0.05)
differences in log10 CFU were recorded. Therefore, we have
selected 200 μg/mL and lower concentrations (100, 50, and 25
μg/mL) to assess the virulence factors and biofilms.
Inhibition of Quorum-Sensing-Controlled Virulence

Factors of P. aeruginosa PAO1. The effect of AuNPs-CA
was examined against six different virulence factors of P.
aeruginosa PAO1 that are governed by QS. For comparative
assessment, all tested virulence factors of P. aeruginosa PAO1
and S. marcescens MTCC 97 are presented in Table S1.
Many virulent strains of P. aeruginosa secrete a blue-green

pigment called pyocyanin. The production of pyocyanin is
controlled by bacterial cell-to-cell communication, i.e., QS.30

In the untreated control group of P. aeruginosa PAO1, the
concentration of pyocyanin was found to be 5.93 ± 0.39 μg/
mL, which decreased dose-dependently by treatment of
AuNPs-CA, as shown in Figure 4A. The presence of 25, 50,
and 100 μg/mL AuNPs-CA in the culture media decreased the
pyocyanin production by 50.28 ± 3.98, 63.75 ± 2.60, and
76.75 ± 2.08%, respectively. At the highest tested concen-
tration (200 μg/mL), more than 90% inhibition of pyocyanin
production was recorded. This result is in agreement with
previous findings in which green synthesized gold nano-
particles inhibited pyocyanin production in P. aeruginosa by
>90%.24 Pyocyanin is a known virulent trait of P. aeruginosa

that contributes to pathogenicity by interfering with cellular
functions of the host system.31 Pyocyanin and its precursor
have been reported to alter the expression of numerous
immune modulatory proteins in patients with cystic fibrosis.
The secretion of pyocyanin in cystic fibrosis subjects also
hinders the normal beating of respiratory cilia in human.32

Moreover, the establishment of biofilms is supported by
pyocyanin and the pigment also causes suppression of the host
immune system by inducing apoptosis in human neutrophils.33

Another pigment produced by P. aeruginosa is pyoverdin.
This pigment is fluorescent in nature and secreted by many
virulent strains of P. aeruginosa.34 Treatment with varying
concentrations of AuNPs-CA resulted in concentration-
dependent inhibition of pyoverdin production (Figure 4A).
The addition of 25, 50, and 100 μg/mL AuNPs-CA decreased
the pyoverdin level by 16.98 ± 2.10, 26.77 ± 3.07, and 51.59 ±
3.19% in the culture supernatant, respectively. The presence of
the highest tested concentration (200 μg/mL) inhibited the
pyoverdin secretion by 72.16 ± 1.53%. Like pyocyanin,
pyoverdin also confers overall virulence to P. aeruginosa. The
presence of pyoverdin cleaves/detaches the iron from the
transferrin protein, which causes deficiency of iron in tissues of
the host.35 Moreover, a study has found that pyoverdin also
assists in the establishment of P. aeruginosa infection in cystic
fibrosis patients.34 Therefore, the inhibition of these pigments
depicts the protective effect of AuNPs-CA by decreasing the
virulence of P. aeruginosa PAO1.

Figure 4. (A) Effect of AuNPs-CA on the pyocyanin and pyoverdin production in P. aeruginosa PAO1. (B) Effect of AuNPs-CA on the exoprotease
and elastase activity in P. aeruginosa PAO1. The data is presented as average ± standard deviation (SD) of three replicates. * indicates p-values less
than 0.05 with respect to the control.

Figure 5. (A) Effect of AuNPs-CA on rhamnolipid production in P. aeruginosa PAO1. (B) Effect of AuNPs-CA on the swimming motility of P.
aeruginosa PAO1. The data is presented as average ± SD of three replicates. * indicates p-values less than 0.05 with respect to the control.
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Exoproteases and elastases are the major enzymes secreted
by virulent strains of pathogenic or opportunistic bacteria that
suppress the host immune response and cause degradation of
host tissues.36 The effect of AuNPs-CA on the production of
these two enzymes was assessed, and the results are presented
in Figure 4B. The presence of 25, 50, 100, and 200 μg/mL
AuNPs-CA resulted in 33.77 ± 2.59, 57.47 ± 5.41, 73.04 ±
2.87, and 81.82 ± 3.36% decreases in the exoprotease activity
in the supernatant of P. aeruginosa PAO1, respectively.
Similarly, treatment with 25, 50, 100, and 200 μg/mL
AuNPs-CA inhibited the elastase activity by 17.71 ± 3.75,
29.96 ± 2.53, 46.66 ± 3.36, and 65.72 ± 3.25%, respectively.
One of the mechanisms of bacterial invasion in host tissues is
cleaving the cell proteins by proteases and weakening the
immune response.37 The establishment of biofilms is also
modulated by the synthesis of las proteins whose synthesis is
governed by QS in P. aeruginosa.38 Previously, gold nano-
particles synthesized using fucoidan have been reported to
inhibit the production of proteases.39 Other metal nano-
particles such as silver nanoparticles have been documented to
inhibit the exoprotease activity of P. aeruginosa PAO1. The
study also found that silver nanoparticles downregulated the
lasB gene expression and ultimately reduced the elastinolytic
activity of P. aeruginosa.40 The inhibition of elastinolytic and
proteolytic activity shows the modulatory effect of AuNPs-CA
on modulation of lasI-lasR QS of P. aeruginosa.
P. aeruginosa secretes surfactants called rhamnolipids, which

help in the adherence of bacterial cells to solid support as well
as in the maintenance of the architecture of biofilms.41 AuNPs-
CA exerted a dose-dependent inhibitory effect on the
production of rhamnolipid in supernatants of P. aeruginosa
PAO1 (Figure 5A). The addition of 25, 50, 100, and 200 μg/
mL AuNPs-CA in culture media decreased rhamnolipid
production by 10.77 ± 2.51, 24.85 ± 1.58, 40.08 ± 2.71,
and 46.66 ± 1.85%, respectively. Rhamnolipids also help in the
motility of P. aeruginosa on solid surfaces,42 and the findings of
this study show the protective effect of AuNPs-CA. The
motility of P. aeruginosa results in the spread of the infection in
the host, and this virulence factor is also controlled by QS.43

The zone of the swimming diameter of P. aeruginosa PAO1 in
the absence and presence of AuNPs-CA on soft agar plates is
shown in Figure 5B. In control plates, P. aeruginosa PAO1
swam to the entire plate. At lower concentrations (25 and 50
μg/mL) of AuNPs-CA, an insignificant (p-value > 0.05)
reduction in swimming of P. aeruginosa PAO1 was found.
However, at higher tested concentrations (100 and 200 μg/
mL), the motility was reduced by 17.84 ± 2.82 and 46.09 ±
3.94%, respectively. This finding is in agreement with earlier

reports where gold nanoparticles synthesized using fucoidan
decreased the swarming, swimming, and twitching motility.39

Nanoparticles have been found to be potent inhibitors of QS
by altering the bacterial cell-to-cell communication. However,
the exact underlying mechanism of QS inhibition by
nanoparticles is not fully understood. Studies have proposed
two possible mechanisms, which are the dampening of
synthesis of signal molecules and the prevention of formation
of a complex with receptor proteins.44 A study conducted on
silver nanoparticles has found that the nanoparticles effectively
blocked the active sites to inhibit the expression of QS-
controlled genes by blocking regulatory proteins of tran-
scription. This resulted in inactivation of the LasR or RhlR
system.45 These studies led us to explain the possible
mechanism of anti-QS activity of AuNPs-CA, which may be
the inhibition of signal molecule synthesis, prevention of
binding of signal molecules to receptor proteins, and/or
blocking the active site of QS regulatory proteins.

Inhibition of Virulence Factors of S. marcescens
MTCC 97. To check the broad-spectrum anti-QS activity,
the effect of AuNPs-CA was also tested against virulence
factors of S. marcescens MTCC 97. S. marcescens secretes a
pink-red pigment, which is controlled by QS. There are four
different acylhomoserine lactone (AHL) molecules that govern
many virulent traits of S. marcescens such as prodigiosin
production, biofilm formation, motility, and carbapenem
resistance.46 It is evident from the data presented in Table 1
that increasing concentrations of AuNPs-CA subsequently
inhibited the production of prodigiosin in S. marcescensMTCC
97. The presence of 25, 50, 100, and 200 μg/mL AuNPs-CA
inhibited prodigiosin production by 25.07 ± 2.34, 39.73 ±
2.95, 63.59 ± 6.36, and 78.41 ± 0.94%, respectively. A study
documented that there may be some common regulatory link
in prodigiosin biosynthesis, hemagglutination, and flagellar
variation in S. marcescens.47 Bacterial pigments, such as
prodigiosin, modulate the immune responses and induce
cytotoxicity in host cells.31,48 Moreover, pigments produced by
bacteria are also essential to their survival and contribute to
their pathogenicity.48 Earlier, silver nanoparticles synthesized
using Piper betle aqueous extract had been reported to inhibit
prodigiosin production in S. marcescens.49 A similar effect on
the azocasein degrading exoprotease activity in S. marcescens
MTCC 97 was also recorded in the presence of AuNPs-CA
(Table 1). Treatment with 25, 50, 100, and 200 μg/mL
AuNPs-CA resulted in 9.69 ± 2.28, 25.81 ± 2.72, 41.48 ±
2.93, and 57.653 ± 1.97% decreases in proteolytic activity in
cell-free supernatants, respectively. The secretion of proteolytic
enzymes is responsible for inducing immune response and
establishment of infection in the host.50

Table 1. Effect of AuNPs-CA on Inhibition of Virulence Factors in S. marcescens MTCC 97a

virulence factor production

AuNPs-CA concentration prodigiosinc protease activityd cell surface hydrophobicitye swarming motilityf

control 1.241 ± 0.039 0.736 ± 0.021 64.83 ± 4.02 89.66 ± 0.57
25 μg/mL 0.930 ± 0.029bI (25.07) 0.664 ± 0.016 (09.69) 44.83 ± 3.97bI 88.33 ± 1.52 (01.48)
50 μg/mL 0.748 ± 0.036bI (39.73) 0.546 ± 0.020bI (25.81) 35.53 ± 2.21bI 72.66 ± 4.50bI (18.95)
100 μg/mL 0.452 ± 0.079bI (63.59) 0.430 ± 0.021bI (41.48) 21.16 ± 1.95bI 63.33 ± 5.03bI (29.36)
200 μg/mL 0.268 ± 0.011bI (78.41) 0.311 ± 0.014bI (57.65) 12.03 ± 2.99bI 24.33 ± 7.37bI (72.86)

aThe data are presented as average ± SD of three replicates. For analysis of statistical significance, the t-test was performed. bIndicates p-values less
than 0.05 with respect to the control. Values in parenthesis are the percent inhibition. cProdigiosin pigment is expressed as the absorbance at 534
nm. dProtease activity is expressed as the absorbance at 400 nm. eCell surface hydrophobicity (CSH) is expressed as percentage. fSwimming
motility is expressed as swarm diameter in mm.
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The cell surface hydrophobicity (CSH) of S. marcescens
plays a key role in adherence to solid surfaces and development
of biofilms.51 AuNPs-CA successfully inhibited the CSH of S.
marcescens MTCC 97 (Table 1). In the untreated control
group S. marcescens MTCC 97, CSH was found to be 64.83 ±
4.02%. The presence of 25, 50, 100, and 200 μg/mL AuNPs-
CA decreased the CSH of S. marcescens MTCC 97 to 44.83 ±
3.97, 35.53 ± 2.21, 21.16 ± 1.95, and 12.03 ± 2.99%,
respectively. The hydrophobic index of the cell surface of
bacteria is important for initial attachment and biofilm
formation, and hence targeting CSH is an alternate strategy
for the inhibition of biofilms. A similar activity has been
reported earlier where silver nanoparticles synthesized using
root extract of Vetiveria zizanioides inhibited the CSH of S.
marcescens.52 The swimming motility is a characteristic feature
of some virulent strains of S. marcescens, and it plays an
important role in certain nosocomial infections such as urinary
tract infections (UTIs) associated with catheters.51 In the
absence of AuNPs-CA, S. marcescens MTCC 97 swarmed the
entire Petri plate with a dark-red-pink pigment production. At
the lowest tested concentration (25 μg/mL) of AuNPs-CA, no
inhibition in swarming motility was found. However, the
presence of 50, 100, and 200 μg/mL AuNPs-CA inhibited the
swarming motilities by 18.95 ± 5.01, 29.36 ± 5.59, and 72.86
± 8.19%, respectively. The motility in S. marcescens is assisted
by flagella that regulates the initial attachment and plays a key
role in biofilm development in UTIs.53 To the best of our
knowledge, this is the first report on the detailed inhibition of
QS-controlled virulence factors of S. marcescens by green
synthesized gold nanoparticles.
For green synthesized gold nanoparticles to be used as anti-

infective agents, the particles must not be toxic to the host, i.e.,
human cells. Upon literature survey, we found varied results for
the cytotoxicity of gold nanoparticles on different cell lines.
The cytotoxicity of gold nanoparticles depends on many
factors such as the method of synthesis, nature of extract used
for synthesis, targeted cells (normal or cancer), etc. Some
studies have found that gold nanoparticles are toxic to both
normal and cancer cell lines.54,55 However, a review conducted
on gold-nanoparticle-induced cell death has found that
biosynthesized gold nanoparticles are biocompatible with
normal human cells while showing potent cytotoxicity against
cancer cells.56 The cytotoxicity of AuNPs-CA on normal
human cells needs to be explored further.
Inhibition of Biofilm Development by AuNPs-CA. The

quantitative inhibition of biofilm development was assessed by
a standard crystal violet assay in 96-well polystyrene plates.
Biofilms have clinical significance where development of
biofilms by pathogenic or opportunistic microbes results in
successful establishment of infections. AuNPs-CA exhibited a
dose-dependent response on biofilm formation of test bacteria,
as shown in Figure 6. The presence of 25, 50, and 100 μg/mL
AuNPs-CA inhibited the biofilms of P. aeruginosa PAO1 by
16.96 ± 3.02, 47.98 ± 1.66, and 65.03%, respectively.
Treatment with the highest concentration (200 μg/mL) of
AuNPs-CA resulted in more than 90% inhibition of biofilms of
P. aeruginosa PAO1. Similarly, there were 14.89 ± 3.20, 32.36
± 3.21, 42.88 ± 2.10, and 74.12 ± 3.45% reductions in biofilm
development of S. marcescens MTCC 97 in the presence of 25,
50, 100, and 200 μg/mL AuNPs-CA, respectively. In clinical
settings, it has become clear that biofilms are more prevalent
than it was originally believed.57 Biofilms are not only found in
acute infections but also implicated in a number of chronic

infections such as cystic fibrosis, dental caries, otitis media,
periodontal disease, etc.58 There is also evidence indicating
that biofilms hamper the healing of chronic wounds.59 Once
the biofilms are established in persistent infections, there are
rare chances of healing only by the immune response.60

Moreover, the bacteria in persistent infections respond
inconsistently to antimicrobial chemotherapeutics.61 Bacteria
coordinate the expression of virulence factors and drug-
resistant genes in the biofilm mode of growth. For instance, a
study has documented that P. aeruginosa growing in the biofilm
mode on urinary catheters were found to be 1000-fold more
resistant to tobramycin compared to the planktonic growth.62

Intracellularly synthesized gold nanoparticles using Laccaria
fraternal have been reported to inhibit biofilms of P. aeruginosa.
The composition of gold in nanoparticles was nearly 15%, and
the particles reduced the biofilms by 93%.24 It has been
documented that change in chemical and physical properties of
the nanoparticles may influence the antibacterial activity and
bacterial toxicity.63,64 It is evident from data that AuNPs-CA
inhibited the biofilm development of Gram-negative bacterial
pathogens to a remarkable extent.
The nanoparticles are known to interact with the

extrapolymeric matrix of biofilms. This interaction is mainly
governed by their electrostatic forces owing the ζ-potential of
nanoparticles and charges on biofilms. The nanoparticles also
have the tendency to diffuse in the biofilm matrix.65 Based on
the previous reports, we can say that the possible mechanisms
of antibiofilm activity of AuNPs-CA may be mechanical
damage to the bacterial cell wall, oxidative stress due to
production of ROS, and/or disruption of the protein assembly
or functions due to release of metal ions.66

Inhibition of Biofilms on Glass Surface. The inhibitory
effect of AuNPs-CA on biofilm development on a glass surface
was further examined microscopically. The detailed changes in
biofilm architecture were studied using light microscopy,
confocal microscopy, and scanning electron microscopy
(SEM).

Light Microscopy. The bacterial cultures were grown in
the absence and presence of AuNPs-CA on glass coverslips in
24-well polystyrene tissue culture plates. The light microscopic
images of P. aeruginosa PAO1 and S. marcescens MTCC 97
biofilms in the absence and presence of AuNPs-CA are shown
in Figure 7. The untreated control of both bacteria formed

Figure 6. Effect of AuNPs-CA on the development of biofilms of P.
aeruginosa PAO1 and S. marcescensMTCC 97. The data are presented
as average ± SD of three replicates. * indicates p-values less than 0.05
with respect to the control.
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dense biofilms with a thick layer of cells on the glass surface.
Bacteria were heavily colonized on the surface forming a thick
cluster of cells. When the cultures were treated with AuNPs-
CA, the biofilm-forming ability of both bacteria was
remarkably reduced. As evident from the microscopic images,
the bacterial colonization decreased and their adherence on the
glass surface was greatly reduced. The results are in agreement
with a previous finding where gold nanoparticles synthesized
using a marine plant, P. tetrastromatica, inhibited the biofilm
development of Staphylococcus aureus.25

Confocal Microscopy. For confocal microscopic analysis,
the biofilms were stained with acridine orange and visualized
using a confocal laser scanning microscope. The confocal
microscopic images of P. aeruginosa PAO1 and S. marcescens
MTCC 97 biofilms with and without treatment of AuNPs-CA
are presented in Figure 8. As evident from the micrographs,
there were dense biofilms on the glass surface of the untreated
control of both bacteria. The glass surface was observed to be
heavily colonized by bacteria with a thick aggregate of cells in
biofilms. Treatment with AuNPs-CA resulted in the reduction
of biofilms on glass coverslips. Moreover, cells were seen as

scattered in which few cells were capable of colonization. A
similar finding has been reported in which the inhibition of
biofilms of P. aeruginosa by green synthesized gold nano-
particles was shown by fluorescence microscopy.25

Scanning Electron Microscopy. A detailed analysis on
the effect of AuNPs-CA on the biofilm architecture was
performed by electron microscopic analysis. The scanning
electron micrographs of P. aeruginosa PAO1 and S. marcescens
MTCC 97 biofilms are depicted in Figure 9. The untreated
cells of P. aeruginosa PAO1 were seen as a thick cluster of cells
with a smooth morphology. The bacterial cells were also
enclosed in the polymeric matrix. The presence of AuNPs-CA
in culture media extensively decreased the biofilm-forming
potential of P. aeruginosa PAO1 on the glass surface. The
bacterial cells were found to be scattered with a reduced
colonization. A similar observation was found for S. marcescens
MTCC 97 where the untreated control showed an extensive
biofilm with a mass of aggregated cells on the glass coverslips.
Treatment with AuNPs-CA inhibited the bacterial colonization
and, subsequently, the biofilm formation. The SEM analysis
showed the inhibition of biofilms of P. aeruginosa PAO1 and S.

Figure 7. Light microscopic images of the biofilms of P. aeruginosa PAO1 and S. marcescens MTCC 97 in the absence and presence of AuNPs-CA.
(A) Control P. aeruginosa PAO1; (B) P. aeruginosa PAO1 treated with 200 μg/mL AuNPs-CA; (C) control S. marcescens MTCC 97; and (D) S.
marcescens MTCC 97 treated with 200 μg/mL AuNPs-CA.

Figure 8. Confocal microscopic images of the biofilms of P. aeruginosa PAO1 and S. marcescens MTCC 97 in the absence and presence of AuNPs-
CA. (A) Control P. aeruginosa PAO1; (B) P. aeruginosa PAO1 treated with 200 μg/mL AuNPs-CA; (C) control S. marcescens MTCC 97; and (D)
S. marcescens MTCC 97 treated with 200 μg/mL AuNPs-CA.
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marcescens MTCC 97 with an altered biofilm architecture of
the test bacteria.
Electron microscopic analysis gave a visual validation of the

biofilm inhibition by AuNPs-CA. A similar finding has been
reported previously in which the structural modification of P.
aeruginosa biofilms was examined using atomic force
microscopy. The biofilms were found to be disrupted by the
treatment of gold nanoparticles.67 The matrix of bacterial
biofilms contains water channels through which the transport
of nutrients occurs. AuNPs-CA might be able to diffuse into
the biofilm matrix and reduce the formation of biofilms.
Inhibition of Exopolysaccharide (EPS) Production by

AuNPs-CA.Microbes secrete a vast number of large molecules
that are collectively termed extracellular polymeric substances
or exopolymers. These exopolymers facilitate the adherence of
bacteria to solid support, leading to the formation of a complex
microbial architecture called biofilms.68 Among bacterial
exopolymers, exopolysaccharides (EPS) constitute the major
portion. EPS helps in development of bacterial microcolonies
and also aids in the maintenance of the biofilm architecture.69

EPS confers drug (antimicrobial) resistance and serves as a
protective barrier for bacterial cells by restricting the entry of
chemotherapeutic agents.70 Moreover, the elevated secretion
of EPS alters the biofilm architecture in such a way that it
imparts resistance to antimicrobial agents.71 Targeting EPS
secretion by bacteria is also a novel target for antibacterial drug
discovery because of the positive correlation between biofilm
formation and EPS secretion.72 The effect of AuNPs-CA on
EPS production in P. aeruginosa PAO1 and S. marcescens
MTCC 97 was assessed, and the results are presented in Figure
10. Treatment with 25, 50, 100, and 200 μg/mL AuNPs-CA
resulted in 13.24 ± 2.42, 26.60 ± 4.09, 58.50 ± 2.60, and 84.83
± 3.88% decreases in EPS secretion of P. aeruginosa PAO1,

respectively. At the lowest tested concentration (25 μg/mL),
insignificant (p-value > 0.05) reduction in EPS of S. marcescens
MTCC 97 was found. However, 23.84 ± 2.48, 50.64 ± 2.24,
and 72.51 ± 4.35% inhibition was recorded in the presence of
50, 100, and 200 μg/mL AuNPs-CA, respectively. A similar
finding was reported earlier where gold-nanoparticle-synthe-
sized baicalein reduced the EPS production of P. aeruginosa
PAO1 by more than 80% at 1000 μg/mL.73 The EPS
inhibition by AuNPs-CA supports the biofilm inhibition data
and provides a possible mode of antibiofilm activity.

■ CONCLUSIONS
In this study, gold nanoparticles (AuNPs-CA) were synthe-
sized using C. annuum extract. The crystalline nature of

Figure 9. Scanning electron microscopic images of the biofilms of P. aeruginosa PAO1 and S. marcescens MTCC 97 in the absence and presence of
AuNPs-CA. (A) Control P. aeruginosa PAO1; (B) P. aeruginosa PAO1 treated with 200 μg/mL AuNPs-CA; (C) control S. marcescens MTCC 97;
and (D) S. marcescens MTCC 97 treated with 200 μg/mL AuNPs-CA.

Figure 10. Effect of AuNPs-CA on EPS production in P. aeruginosa
PAO1 and S. marcescensMTCC 97. The data are presented as average
± SD of three replicates. * indicates p-values less than 0.05 with
respect to the control.
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AuNPs-CA was confirmed using XRD analysis, and the average
size of nanoparticles was found to be 19.97 nm. QS-controlled
virulence factors of P. aeruginosa PAO1 and S. marcescens
MTCC 97 such as pyocyanin, prodigiosin, pyoverdin,
exoprotease activity, elastase activity, rhamnolipids production,
cell surface hydrophobicity, and motility were remarkably
inhibited by AuNPs-CA. Moreover, biofilm formation and EPS
production of both test bacteria were decreased by the
application of AuNPs-CA. Finally, the microscopic examina-
tion of biofilms confirmed that colonization of bacteria on glass
coverslips was reduced to a remarkable extent. The findings
indicate the potency of gold nanoparticles against bacterial
infection, and they may be developed as biofilms and QS
inhibitors after careful in vivo investigation.

■ MATERIALS AND METHODS

Materials and Chemicals. Orcinol and trichloroacetic
acid (TCA) were procured from HiMedia Laboratories, India.
Elastin−Congo red (ECR) and azocasein were purchased from
Sigma Aldrich. All organic solvents were obtained from
Thermo Fisher Scientific, India.
Plant Material and Extract Preparation. The fruits of C.

annuum L. (chili pepper) were obtained from an authorized
shop at the local market at Aligarh, UP, India. The plant
material was air-dried at room temperature in the shade for 15
days and ground in a mixer grinder to make a fine powder. For
the preparation of aqueous extract, 5 gm of plant powder was
mixed in 100 mL of double-distilled water and heated at 95 °C
for 30 min. The mixture was then left at room temperature for
3 h with intermittent shaking. The suspension was centrifuged
and then filtered using a filter paper to obtain the extract. The
extract was stored at −20 °C for further use.
Synthesis of Gold Nanoparticles. Stock solution (1

mM) of HAuCl4 was made in double-distilled water. For
synthesis of gold nanoparticles, 30 mL of HAuCl4 solution was
mixed with 70 mL of plant extract and placed on a magnetic
stirrer for 2 h. The color of the reaction mixture turned red/
ruby red, indicating the formation of gold nanoparticles.74 The
reaction mixture was centrifuged at 15 000 rpm for 45 min to
obtain gold nanoparticles (AuNPs-CA). The nanoparticle
pellet was washed twice with double-distilled water to remove
the excess of water-soluble phytocompounds or biomolecules.
The nanoparticles were dried overnight in an oven at 55 °C
and stored at −4 °C in the powdered form. A fresh suspension
was made in double-distilled water for experimental usage.
Characterization of AuNPs-CA. The UV-spectroscopic

characterization of AuNPs-CA was performed using a UV-
2600 spectrophotometer, Shimadzu, Japan. The absorbance
spectrum of the AuNPs-CA suspension was recorded from 300
to 700 nm. Double-distilled water was used as the blank.
The band-gap energy of AuNPs-CA was determined using

the Tauc relation. As per the Tauc relation, the absorption
coefficient for the direct band-gap material was calculated
using eq 2

α ν ν= −h A h E( )m
g (2)

where A is the optical constant, Eg is the band gap, α is the
absorption coefficient, and m is the index.75

The X-ray diffraction pattern was recorded with an X-ray
diffractometer (MiniFlex-II XRD system, Rigaku Corporation,
Tokyo, Japan). To record the diffraction pattern, Cu Kα
radiation (λ = 1.54060 Å) was used. The 2θ range for XRD

analysis was 20−80°. The average particle size of AuNPs-CA
was calculated using the Debye−Scherrer formula. The particle
size distribution and ζ-potential were obtained using DynaPro-
TC-04 dynamic light-scattering (DLS) instrument attached to
a ZetaSizer (Malvern, U.K.). The aqueous suspension of
AuNPs-CA was used for DLS measurements.
The transmission electron microscopic (TEM) analysis of

AuNPs-CA was performed using JOEL-2100, Tokyo, Japan, at
the University Sophisticated Instrumentation Facility (USIF),
AMU, Aligarh, India. Briefly, 10 μL of an aqueous suspension
of AuNPs-CA was placed on a TEM grid and air-dried at room
temperature. The grid was used for TEM analysis, and the
particle size distribution was obtained by measuring the size of
nanoparticles.
To confirm the presence of gold in AuNPs-CA, energy-

dispersive X-ray (EDAX) analysis was performed. The fine
powder of AuNPs-CA was placed on a microscopic slide for
analysis. The analysis was performed using an INCAx-sight
EDAX spectrometer (Oxford Instruments).

Bacterial Strains and Culture Conditions. In this study,
P. aeruginosa PAO1 and S. marcescensMTCC were used for the
determination of antibiofilm and anti-QS activities. The
inocula of the cultures for each experiment were grown in
Luria−Bertani medium. For the inoculum, P. aeruginosa PAO1
and S. marcescens were grown in LB for 4 h and then OD (600
nm) was adjusted to 0.1. A total of 100 μL of adjusted OD was
used as the inoculum in 5 mL of broth, which corresponds to
∼106 CFU/mL. For motility assays, 5 μL of adjusted OD was
directly spotted onto the soft agar plates. P. aeruginosa PAO1
was grown at 37 °C, while S. marcescens MTCC 97 was grown
at 30 °C.

Assessment of Virulence Factors of P. aeruginosa
PAO1. For the assessment of virulence factors of P. aeruginosa
PAO1, the culture was grown in Luria−Bertani medium
(unless stated) in the absence and presence of varying
concentrations (25−200 μg/mL) of AuNPs-CA. The cultures
were incubated for 18 h at 37 °C in a shaking incubator.
Following incubation, the cultures were centrifuged at 8000
rpm for 10 min and the supernatant was collected. All
virulence factors were determined in cell-free supernatants
unless otherwise stated. For each experiment, fresh cell-free
supernatant was used.
For pyocyanin estimation, the bacteria were grown in

Pseudomonas broth (PB) as this medium increases production
of pyocyanin.76 The bacterial culture was grown in the absence
and presence (25−200 μg/mL) of AuNPs-CA at 37 °C for 18
h under the shaking condition. Then, 5 mL of culture from the
control and each treatment group was centrifuged to obtain
cell-free supernatant. Next, 3 mL of chloroform was added to
the cell-free supernatant and mixed by vigorous vortexing to
extract the pyocyanin. The aqueous layer was discarded, and
the organic layer was again extracted in 1.2 mL of 0.2 N HCl.
The absorbance of the aqueous layer was recorded at 520 nm
using a UV-2600 spectrophotometer. As a blank, 0.2 N HCl
was used.
For pyoverdin assessment, 0.1 mL of the cell-free super-

natant was mixed with 0.9 mL of 50 mM Tris-HCl (pH 7.4).
The fluorescence intensity of the samples was measured at 460
nm using an RF-5301PC spectrofluorometer (Shimadzu,
Japan). The excitation wavelength was 400 nm.77

For the assessment of rhamnolipids, 0.3 mL of the cell-free
supernatant was added to 0.6 mL of diethyl ether and vortexed
for 1 min for proper mixing. The organic phase (diethyl ether)
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was taken, and the aqueous phase was discarded. The organic
phase was dried in 1.5 mL centrifuge tubes by evaporating the
diethyl ether at room temperature. Then, 0.1 mL deionized
water was added to each tube followed by addition of 0.9 mL
of orcinol solution (0.19% w/v orcinol in 53% H2SO4). The
reaction mixture was heated for 30 min at 80 °C, and then,
samples were cooled at room temperature. The absorbance of
each sample was recorded at 421 nm using a UV-2600
spectrophotometer.78

The proteolytic activity in the cell-free supernatant of P.
aeruginosa PAO1 was determined by an azocasein degradation
assay. Freshly harvested 0.1 mL of culture supernatant was
added to 1.0 mL of 0.3% (w/v) azocasein (prepared in 0.05 M
Tris-HCl containing 0.5 mM CaCl2, pH 7.5). The mixture was
allowed to react for 4 h at 37 °C with intermittent shaking. The
reaction was stopped by the addition of 10% w/v ice-cold
trichloroacetic acid (0.5 mL). The mixture was centrifuged at
15 000 rpm for 5 min to settle down insoluble azocasein. The
absorbance of the supernatant was recorded at 400 nm using a
UV-2600 spectrophotometer earlier.78

The elastinolytic activity in the cell-free supernatant of P.
aeruginosa PAO1 was determined by the standard Elastin−
Congo red (ECR) assay. To 0.1 mL of fresh cell-free
supernatant, 0.9 mL of ECR buffer (5 mg/mL ECR and 1
mM CaCl2 in 100 mM Tris, pH 7.5) was added and incubated
for 3 h at 37 °C with intermittent shaking. The reaction was
terminated by adding 1 mL of sodium phosphate buffer (pH
6.0) and quickly placing the samples at 4 °C for 30 min. The
insoluble ECR was separated by centrifugation and discarded.
The absorbance of the supernatant was recorded at 495 nm
using a UV-2600 spectrophotometer.79

The swimming motility of P. aeruginosa PAO1 was
determined on soft agar plates (0.3% agar) of LB medium.
Culture (5 μL) from the actively growing state (OD 600 = 0.1)
was placed onto soft agar plates containing varying
concentrations (25−200 μg/mL) of AuNPs-CA. No treatment
was given to control plates. The plates were incubated at 37 °C
for 18 h under the static condition. The swimming diameter
was measured in millimeters (mm) using a transparent ruler.
Assessment of Virulence Factors of S. marcescens

MTCC 97. For the assessment of virulence factors of S.
marcescens MTCC 97, the culture was grown in the absence
and presence of varying concentrations (25−200 μg/mL) of
AuNPs-CA. The culture was grown in Luria−Bertani broth
and incubated at 30 °C for 18 h in a shaking incubator. The
cell-free supernatant was obtained by centrifugation at 8000
rpm for 10 min. The virulence factors of S. marcescens MTCC
97 were evaluated in the fresh cell-free supernatant (unless
otherwise stated).
The exoprotease activity was determined using a standard

azocasein degradation assay as mentioned above. Briefly, 0.1
mL of the culture supernatant was mixed with 1 mL of 0.3%
(w/v) azocasein (0.5 mM CaCl2 in 50 mM Tris-HCl, pH 7.5).
The reaction was allowed to stand for 15 min at 30 °C with
intermittent shaking. Then, 0.5 mL of ice-cold acetic acid
(10%) was added to terminate the reaction. The insoluble
azocasein was removed by centrifugation, and the absorbance
of the supernatant was recorded at 400 nm using a UV-2600
spectrophotometer. As a blank, 50 mM Tris-HCl was used.51

For the determination of the prodigiosin pigment, S.
marcescens MTCC 97 was cultured in the absence and
presence of AuNPs-CA. The culture was incubated at 30 °C
for 18 h under shaking. Briefly, 2 mL of culture was mixed in 1

mL of acidified ethanol (96 mL of ethanol + 4 mL of 1 M
HCl) by vigorous vortexing for 5 min. The sample was
centrifuged to settle down the debris and bacterial cells. The
absorbance of the supernatant was recorded at 534 nm using a
UV-2600 spectrophotometer. Acidified ethanol was used as a
blank, and percent inhibition was calculated with respect to the
control.80

Cell surface hydrophobicity (CSH) was determined using
standard microbial adhesion to the hydrocarbon assay.81

Bacteria were cultured in the absence and presence of varying
concentrations of AuNPs-CA at 30 °C for 18 h. Following
incubation, 0.1 mL of toluene was added to each treatment
group and vortexed vigorously for 2 min. For the separation of
two different phases, samples were incubated at room
temperature for 20 min. The absorbance of the aqueous
phase was recorded spectrophotometrically at 600 nm. Percent
CSH was calculated using eq 3
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OD before vortexing
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(3)

The swarming motility of S. marcescens MTCC 97 was
examined on soft agar plates containing 0.5% agar. The soft
agar plates were prepared with varying concentrations of
AuNPs-CA. No amendment was done on control plates.
Briefly, 5 μL of culture from the actively growing state was
placed onto soft agar plates. The culture spot was allowed to
air-dry in a biosafety laminar flow. The plates were incubated
at 30 °C for 24 h in a static bacteriological incubator. The
swarming diameter was measured using a transparent ruler in
millimeters (mm).

Determination of Inhibition of Biofilm Inhibition by
AuNPs-CA. The effect of AuNPs-CA on biofilms of test
bacteria was assessed both spectroscopically and microscopi-
cally.

Quantitative Determination of Biofilms by the
Crystal Violet Method. The quantification of biofilm
inhibition by AuNPs-CA was performed using a crystal violet
assay in 96-well polystyrene plates using a standard method
with slight modifications.82 The test bacteria were grown in the
presence of varying concentrations (25−200 μg/mL) of
AuNPs-CA in a 96-well plate for 24 h at their respective
optimum temperatures in the static condition. No treatment
was given in the control group. On completion of the
incubation period, the medium was decanted to remove the
planktonic cells. The wells containing biofilms were washed
gently three times with sterile phosphate buffer to remove
loosely bound cells. The biofilms were then stained by adding
200 μL of 0.1% (w/v) crystal violet solution to each well and
left for 15 min. The excess amount of stain was removed, and
wells were again washed thrice with sterile phosphate buffer
and left at room temperature for 15 min to air-dry. Finally, the
biofilms were dissolved in 250 μL of 90% ethanol and
absorbance was recorded at 620 nm using a microplate reader.
The percent inhibition was calculated with respect to the
control.

Inhibition of Biofilms on Glass Surface. The visual
validation of biofilm inhibition was performed by developing
the biofilms on glass coverslips and visualizing using light,
electron, and confocal microscopy.

Light Microscopy. The bacterial strains were grown in 24-
well tissue culture plates in the absence and presence of 200
μg/mL AuNPs-CA. Sterile glass coverslips of dimension 1 cm
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× 1 cm were placed in each well in the slant position and
incubated for 24 h at their respective optimum temperatures
under the static condition. Following incubation, the glass
coverslips were removed and gently washed with sterile
phosphate buffer to wash out loosely bound cells. The biofilms
on the glass surface were stained for 15 min by placing a few
drops of 0.1% (w/v) crystal violet solution. The excess stain
was washed with sterile phosphate buffer and left at room
temperature to air-dry. The biofilms were visualized using a
light microscope (Olympus BX60, model BX60F5, Olympus
Optical Co. Ltd. Japan) equipped with a color VGA camera
(Sony, model no. SSC−DC-58AP, Japan), and images were
captured at 40X magnification.
Confocal Microscopy. For confocal microscopy, the

biofilms were developed on a glass surface as mentioned
above. The glass coverslips were taken out and washed with
sterile phosphate buffer. The biofilms were stained for 20 min
using 0.1% acridine orange. The excess amount of stain was
removed by washing. The glass coverslips were air-dried at
room temperature in the dark. The images were captured using
Zeiss LSM780 at 63X magnification, at USIF, AMU, Aligarh.
Scanning Electron Microscopy. The glass coverslips

containing biofilms were developed as mentioned in the Light
Microscopy section. The glass coverslips were washed with
sterile phosphate buffer and air-dried for 15 min at room
temperature. The biofilms were fixed with 2.5% glutaraldehyde
(prepared in 50 mM phosphate buffer) for 24 h at 4 °C. After
fixation, the biofilms were dehydrated by a gradient of ethanol
washing ranging from 20 to 100%. Each gradient wash was
done for 15 min. The coverslips were air-dried at room
temperature and then coated with gold. The visualization was
done using a JEOL-JSM 6510 LV scanning electron micro-
scope, at USIF, AMU, Aligarh.
Determination of Exopolysaccharides (EPS) Inhib-

ition by AuNPs-CA. The estimation of exopolysaccharides
(EPS) was done in the cell-free supernatant using a previously
described method with minor modifications.83 Briefly, test
bacteria were cultured in the absence and presence of varying
concentrations (25−200 μg/mL) of AuNPs-CA. The cultures
were incubated for 24 h at their respective optimum growth
temperatures in a shaking incubator. The cell-free supernatant
was obtained by centrifugation. The EPS was precipitated by
adding 15 mL of chilled ethanol to 5 mL of culture supernatant
and incubated overnight at 4 °C. The amount of EPS was
determined by estimating the sugar level using the Dubois
method.84

Statistical Analysis. Each experiment was performed in
three independent replicates, and data presented are average
with standard deviation. For analysis of statistical significance,
the two-sample t-test was performed.
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