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ABSTRACT: The emergence of antibiotic resistance in microbial
pathogens necessitates the development of alternative ways to
combat the infections that arise. The current study used
nanotechnology as an alternate technique to control virulence
characteristics and biofilm development in Pseudomonas aeruginosa
and Staphylococcus aureus. Furthermore, based on the acceptance
and biocompatibility of the probiotic bacteria, we chose a lactic
acid bacteria (LAB) for synthesizing two types of metallic
nanoparticles (NPs) in this study. Using molecular techniques,
the LAB strain C1 was isolated from Kimchi food samples and
identified as Lactiplantibacillus sp. strain C1. The prepared
supernatant from strain C1 was used to produce gold nanoparticles
(AuNPs) and silver nanoparticles (AgNPs). C1-AuNPs and C1-
AgNPs were characterized physiochemically using a variety of instruments. C1-AuNPs and C1-AgNPs had spherical shapes and sizes
of 100.54 ± 14.07 nm (AuNPs) and 129.51 ± 12.31 nm (AgNPs), respectively. C1-AuNPs and C1-AgNPs were discovered to have
high zeta potentials of −23.29 ± 1.17 and −30.57 ± 0.29 mV, respectively. These nanoparticles have antibacterial properties against
several bacterial pathogens. C1-AuNPs and C1-AgNPs significantly inhibited the initial stage biofilm formation and effectively
eradicated established mature biofilms of P. aeruginosa and S. aureus. Furthermore, when P. aeruginosa was treated with sub-MIC
levels of C1-AuNPs and C1-AgNPs, their different virulence features were significantly reduced. Both NPs greatly inhibited the
hemolytic activity of S. aureus. The inhibition of P. aeruginosa and S. aureus biofilms and virulence features by C1-AuNPs and C1-
AgNPs can be regarded as viable therapeutic strategies for preventing infections caused by these bacteria.

■ INTRODUCTION
There is an increasing number of reports on the surge of
antimicrobial resistance (AMR) traits in various microbial
pathogens worldwide.1 Furthermore, recent studies suggest
that AMR from microbial pathogens took a toll on about 4.95
million people.2 Several research investigations have found that
a large variety of bacterial pathogens exhibit diverse resistance
mechanisms.3,4 Biofilm formation is one of the adaptive
resistance mechanisms in bacterial pathogens that acts as a
primary barrier to drug entrance.5 Furthermore, these biofilm-
forming bacterial pathogens are responsible for the generation
of mutants that are selectively more resistant than normal
cells.6,7 The production of several virulence factors further aids
pathogenicity and infection by biofilm-forming bacterial
pathogens.8,9 The development of biofilms by pathogenic
bacteria on biotic surfaces (e.g., tooth surfaces, skin, trachea,
respiratory tract, and urinary tract) and abiotic surfaces (e.g.,
medical devices and implants) has received considerable
attention.10,11 As a result of the difficulties caused by bacteria

that form biofilms, researchers are compelled to investigate
alternative infection-fighting methods.12

Emerging nanotechnology, notably the use of nanoparticles
in managing a wide spectrum of bacterial pathogens, has
emerged as a promising strategy.13 Nanoparticles’ features,
such as small size, large surface area, biocompatibility, and
targeting to specific sites, make them more suited for use in
various biochemical functions.14,15 Most studies used bio-
logically derived raw materials (from algae, fungi, bacteria, and
mammals) to synthesize organic or inorganic nanoparticles to
treat infectious and noninfectious diseases due to their various
benefits over chemically synthesized nanoparticles.16−19 We
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synthesize two different kinds of metallic nanoparticles, such as
silver (AgNPs) and gold (AuNPs), using microbial-derived
products as raw materials, which have several advantages.
According to a recent study, probiotics, particularly lactic acid
bacteria (LAB), have drawn much interest from the food and
pharmaceutical industries because of their many advantages for
human health and well-being.20−22 Several studies have shown
that LAB provides biological protection against microbial
infections.23,24 As a result, it would be one of the novel
approaches to using LAB as an environmentally friendly
method of synthesizing biocompatible NPs that can be used to
treat a wide variety of microbial infections.25,26 Thus, in the
current study, we sought to isolate and characterize the LAB
strains from the Kimchi sample as a biological source for the
synthesis of AuNPs and AgNPs. In addition, gas chromatog-
raphy-mass spectroscopy was used to investigate the identified
LAB strain C1 for the production of secondary metabolites to
determine their various biological functions.27

To investigate biofilm inhibition and virulence properties of
synthesized C1-AuNPs and C1-AgNPs, we used one Gram-
positive (Staphylococcus aureus) and one Gram-negative
(Pseudomonas aeruginosa) nosocomial biofilm-forming and
virulence-producing bacterial pathogen.8,9 Both P. aeruginosa

and S. aureus are SKAPE bacteria, which are designated as top-
priority bacterial pathogens against which novel antibacterial
treatments must be identified, according to WHO guide-
lines.1,28 The synthesized C1-AuNPs and C1-AgNPs were used
to investigate many antibacterial activities against these
pathogens, including (1) bactericidal activities, (2) inhibition
of early-stage and dispersal of mature biofilms, and (3)
reduction of several virulence features.

■ RESULTS
Lactic Acid Bacteria Isolation and Identification from

Kimchi Samples. A total of 15 LAB bacteria were isolated,
and their antioxidant properties were evaluated. For the
synthesis of AuNPs and AgNPs, strain C1 was chosen because
it had the highest antioxidant potential (data not shown). The
LAB strain C1 was identified in detail using a molecular
technique, which included sequencing the 16S rRNA gene.
The 16S rRNA gene sequence obtained was blast searched,
and the findings revealed that strain C1 had the most
similarities with numerous Lactiplantibacillus species. The
phylogenetic study also revealed the existence of Lactiplanti-
bacillus between its branches (Figure 1). Thus, strain C1 was

Figure 1. Evolutionary relatedness analysis of the Lactiplantibacillus sp. strain C1 with the type strain of LAB based on the 16S rRNA gene
sequences.
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identified as Lactiplantibacillus sp. strain C1 based on 16S
rRNA gene sequencing and phylogenetic analysis. The strain
C1 16S rRNA gene sequence has been submitted to NCBI
GenBank as accession number OP585604.
Green Synthesis of C1-AuNPs and C1-AgNPs. The initial

confirmation for the formation of C1-AuNPs was based on the

color transition from yellow to red wine, whereas there was
white precipitation in the case of C1−AgNP formation.
Furthermore, in situ spectral scanning was performed, and
the results revealed that there was a rising absorption peak at
560 nm in the case of the C1-AuNPs (Figure 2A), whereas a

Figure 2. UV−visible absorption spectroscopy and Fourier transform infrared spectroscopy (FTIR) analysis of the NPs. (A) UV−vis absorption
spectra of C1-AuNPs, (B) UV−visible absorption spectra of C1-AgNPs, (C) FTIR spectra of C1-AuNPs, and (D) FTIR spectra of C1-AgNPs.

Figure 3. TEM imaging of C1-AuNPs and C1-AgNPs. (A−C) TEM images of C1-AuNPs at 100, 50, and 20 nm resolution, (D) SAED of C1-
AuNPs, (E,F) TEM images of C1-AgNPs at 100 and 50 nm resolution, and (G) SAED of C1-AgNPs.
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400 nm absorption peak in the case of the C1-AgNPs (Figure
2B) is indicating the production of these NPs.

These absorption peaks at the specific wavelength were
continually growing as the reaction time increased. To
determine the ionic interaction, FTIR analysis was also
performed. The FTIR data revealed that the C1 supernatant
has certain vibration band characteristics (Figure 2C,D). Some
comparable FTIR spectra in the cases of C1-AuNPs and C1-
AgNPs have also been found, indicating the interaction of the
supernatant component with the produced NPs. The
distinctive vibration bands in the FTIR spectra of C1-AuNPs
were found to be at 3253, 2940, 1580, 1409, and 1039 cm−1

(Figure 2C). Similar spectra were discovered in the FTIR
analysis of AuNPs synthesized from various other natural
materials.29,30 The broad band at 3253 cm−1 represents O−H
stretching, the band at 2940 cm−1 represents the presence of
the C−H stretch of the alkane group, the band at 1580 cm−1

for the C−N, the band at 1409 cm−1 for the C−H, and the
band at 1039 cm−1 shows the C−N stretch of aliphatic
amines.30 Similar types of FTIR spectra in the case of C1-
AgNPs have also been observed, which are recognized AgNP
characteristics. The particular bands were found to be present
at 3281, 2948, 1646, 1540, 1390, and 956 cm−1, respectively
(Figure 2D). These observed bands have also been found in
the FTIR spectra of AgNPs produced from various natural
sources.31 The broad band at 3253 cm−1 represents O−H
stretching, the band at 2940 cm−1 represents the presence of
the C−H stretch of the alkane group, the band at 1580 cm−1

represents the presence of the C−N, the band at 1409 cm−1

represents the existence of the C−H bond. The band at 1039

cm−1 represents the presence of the C−N stretch of aliphatic
amines.

Field emission-transmission electron microscopy (FE-TEM)
helped examine the morphology of the produced C1-AuNPs
and C1-AgNPs, as shown in Figure 3. The morphology of C1-
AuNPs was found to be spherical (Figure 3A−C). Similarly,
C1-AgNPs were found to have a spherical shape (Figure 3E,F).
The size of C1-AuNPs and C1-AgNPs was measured using a
particle analyzer (Figure 4A,B). C1-AuNPs had an average size
of 100.54 ± 14.07 nm and a polydispersity index (PDI) of 0.80
(Figure 4A). C1-AgNPs were observed to have an average size
of 129.51 ± 12.31 and a PDI value of 0.14 (Figure 4B). The
zeta potential was used to determine the presence of charge on
C1-AuNPs and C1-AgNPs. The zeta potential of C1-AuNPs
was determined to be −23.29 ± 1.17 mV (Figure 4C), while
the zeta potential of C1-AgNPs was found to be −30.57 ± 0.29
mV (Figure 4D).

The elemental composition of the produced NPs was
determined using energy dispersive X-ray spectroscopy (EDS).
The scanning electron microscopy (SEM) picture acquired in
the EDS also demonstrates the spherical shape of C1-AuNPs
(Figure 5A), and Au peaks in the spectra indicate the presence
of Au in C1-AuNPs (Figure 5B). The mapping of Au by EDS
also shows the existence of Au in C1-AuNPs (Figure 5C). The
SEM image of C1-AgNPs obtained in the EDS further verifies
their spherical shape (Figure 5E). The presence and
composition of Ag in C1-AgNPs were verified by EDS spectra
(Figure 5D). The presence of Ag in the C1-AgNPs was further
verified by the mapping of Ag using EDS (Figure 5F).

Figure 4. (A) Particle size distribution of C1-AuNPs, (B) particle size distribution of C1-AgNPs, (C) zeta potential of C1-AuNPs, and (D) zeta
potential of C1-AgNPs.
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The crystallinity of the produced NPs was also confirmed by
X-ray diffractometry (XRD) (Figure 6). Only a few wide peaks
have been identified in the XRD spectra of C1 supernatant
between 16 and 28° (Figure 6A). The XRD spectra of the C1-
AuNPs were found to be present distinct diffraction peaks at
2θ values of 38.2, 45.6, 50.6, 56.3, 64.4, 75.1, 77.6, and 83.8°
(Figure 6B). Similarly, the C1-AgNPs XRD spectra indicate
the existence of distinctive diffraction peaks at 2θ values of
38.1, 46.1, 64.2, and 76.9° (Figure 6C). These distinct
diffraction peaks in C1-AuNPs and C1-AgNPs have previously
been shown to be common in AuNPs and AgNPs synthesized
from various materials.

Microbial Efficacy of the Supernatant and the
Metallic Nanoparticles. C1 supernatant and nanoparticles
such as C1-AuNPs and C1-AgNPs were tested for antibacterial
properties towards various bacterial species (detailed in Table
1). The MIC values were determined when cell growth
inhibition was greater than 90%, which was also confirmed by a
visual assessment of the cell turbidity in each well. C1
supernatant MIC values against all tested bacterial pathogens
were determined to be 4096 μg/mL. On the other hand, C1-
AuNPs and C1-AgNPs showed varied MIC values for each
bacterial pathogen (Table 1). C1-AuNPs had MIC values of
2048 μg/mL against Listeria monocytogenes and 1024 μg/mL

Figure 5. (A) SEM image of C1-AuNPs, (B) EDS spectrum of C1-AuNPs, (C) Au elemental map from C1-AuNPs, (D) EDS spectrum of C1-
AgNPs, (E) SEM image of C1-AgNPs, and (F) Ag elemental map from C1-AgNPs.
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against S. aureus and P. aeruginosa. The MIC values for
Streptococcus mutans, Escherichia coli, and Klebsiella pneumoniae
were determined to be 256 μg/mL. In comparison to C1-
AuNPs, the MIC values of C1-AgNPs against all pathogens
were found to be lower. C1-AgNPs had a MIC of 256 μg/mL
against L. monocytogenes but only 128 μg/mL against S. aureus,
E. coli, and K. pneumoniae (Table 1). Based on the findings, it is

inferred that the synthesized NPs exhibit lower MIC values
against microbial pathogens than the C1 supernatant. The
minimum bactericidal concentration (MBC) of both NPs,
including the antibiotic control tetracycline, and C1 super-
natant, was one-fold higher than MIC values (Table 1).
Furthermore, each NP, including C1 supernatant and
tetracycline, was found to have a bactericidal effect against

Figure 6. (A) XRD spectra of the C1 supernatant, (B) XRD spectra of C1-AuNPs, and (C) XRD spectra of C1-AgNPs.
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bacterial pathogens based on the ratio of MBC/MIC (equal to
1 or 2).
Inhibition of Initial Stage Biofilm Formation by C1-

AuNPs and C1-AgNPs. The sub-MIC doses of C1-AuNPs
and C1-AgNPs were used to test the early-stage biofilm
inhibition (Figure 7). The biofilm inhibition data demonstrate
that C1-AuNPs exhibited the greatest inhibition (42.43%)

against P. aeruginosa at 512 μg/mL concentration (Figure 7A).
Similarly, the highest suppression (73.97%) of the S. aureus
biofilm by C1-AuNPs was determined to occur at 512 μg/mL.
(Figure 7A). Furthermore, compared to P. aeruginosa biofilm,
S. aureus biofilm inhibition by C1-AuNPs was concentration-
dependent. The OD600 measurement was carried out to verify
that C1-AuNPs had no inhibitory impact on P. aeruginosa and

Table 1. MIC, MBC, and MBC/MIC Values of C1 Supernatant, C1-AuNPs, C1-AgNPs, and Tetracycline (Positive Control)
against Different Pathogenic Bacteriaa

antibacterial activities

C1 supernatant C1-AuNPs C1-AgNPs tetracycline

pathogens
MIC

(μg/mL)
MBC

(μg/mL)
MBC/MIC

ratio
MIC

(μg/mL)
MBC

(μg/mL)
MBC/MIC

ratio
MIC

(μg/mL)
MBC

(μg/mL)
MBC/MIC

ratio
MIC

(μg/mL)
MBC

(μg/mL)
MBC/MIC

ratio

S. mutans 4096 8196 2 256 512 2 32 64 2 0.5 1 2
S. aureus 4096 8196 2 1024 2048 2 128 256 2 0.25 0.5 2
P. aeruginosa 4096 8196 2 1024 2048 2 32 64 2 16 16 1
E. coli 4096 8196 2 256 512 2 128 256 2 1 2 2
L.
monocytogenes

4096 8196 2 2048 2048 1 256 512 2 1 2 2

K. pneumoniae 4096 8196 2 256 512 2 128 256 2 4 8 2
aThe microbroth dilution procedure was used to incubate the cell culture and ascertain the MIC value. In accordance with the OD600 values, the
MIC value was chosen.

Figure 7. Initial stage biofilm inhibition by C1-AuNPs and C1-AgNPs towards P. aeruginosa and S. aureus. (A) P. aeruginosa and S. aureus biofilm
inhibition by C1-AuNPs, (B) growth of P. aeruginosa and S. aureus treated with sub-MIC of C1-AuNPs, (C) P. aeruginosa and S. aureus biofilm
inhibition by C1-AgNPs, and (D) growth of P. aeruginosa and S. aureus treated with C1-AgNPs. *** and ** denote significance at p < 0.0001 and p
< 0.01, respectively, whereas ns denotes nonsignificance.
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S. aureus cell growth at the tested sub-MIC values. The results
reveal that there was no inhibition of cell growth, suggesting
that 100% of the cells are free to form a biofilm (Figure 7B).
The biofilm inhibitory impact of C1-AgNPs on P. aeruginosa
and S. aureus was also investigated at the sub-MIC level.
According to the data (Figure 7C), both have strong biofilm
inhibition effects. At a concentration of 16 μg/mL, C1-AuNPs
inhibited P. aeruginosa biofilms by 79.88%. Similarly, at
concentrations of 64 μg/mL, the maximal biofilm inhibition
of S. aureus by C1-AgNPs was determined to be 60.06%
(Figure 7C). The sub-MIC concentration of C1-AgNPs had
no inhibitory effects on the growth of P. aeruginosa and S.
aureus cells (Figure 7D). There was no inhibition of cell
growth at sub-MIC levels, suggesting that there were enough
cells in the assay to produce 100% biofilm.

The SEM image shows the presence of P. aeruginosa and S.
aureus biofilm architecture after treatment with C1-AuNPs and
C1-AgNPs at sub-MIC levels (Figure 8). The C1-AuNP-

treated cells have a slight reduction in surface attachment
compared to the control cells’ dense biofilm architecture
(Figure 8A,B). There are almost no cells at the surface
attachment in the case of C1-AgNPs treatment (Figure 8C).
The biofilm architecture of S. aureus treated with sub-MIC C1-
AuNPs was observed to have a significant reduction in surface
attachment when compared to control cells (Figure 8D).
Similarly, C1-AgNP-treated aureus cells exhibit the greatest
reduction on the surface attached to the nylon membrane
(Figure 8E) when compared to the control (Figure 8F). Based
on the examination of the biofilm architecture, it was
concluded that the sub-MIC of these NPs had strong biofilm
inhibition of P. aeruginosa and S. aureus.

Dispersal of the Established Mature Biofilm by C1-
AuNPs and C1-AgNPs. The dispersing impact of C1-AuNPs
and C1-AgNPs on the established mature biofilm was also
investigated using concentrations above the MIC, MIC, and
sub-MIC. Although no concentration-dependent eradication
was seen, both NPs were found to have strong biofilm
eradication effects against S. aureus and P. aeruginosa (Figure
9A,B). The eradication of mature biofilm of S. aureus by C1-
AuNPs at the abovementioned MIC concentration (2048 μg/
mL) was determined to be 69.49% (Figure 9A), whereas
70.48% eradication was observed at the abovementioned MIC
value (256 μg/mL) of C1-AgNPs (Figure 9A). Similarly, the
MIC doses of C1-AuNPs (1024 μg/mL) and C1-AgNPs (128
μg/mL) were shown to be exhibits 58.48 and 50.67%
eradication of mature biofilm, respectively (Figure 9A). The
dispersal of mature P. aeruginosa biofilm by C1-AuNPs and
C1-AgNPs was likewise found to be significant at various doses
(Figure 9B). At the abovementioned MIC value of 2048 μg/
mL, the maximal removal of P. aeruginosa mature biofilm by
C1-AuNPs was reported to be 55.35% (Figure 9B). However,
the eradication impact of C1-AuNPs was found to be 43.66%
at the MIC level (1024 μg/mL), the eradication effect of C1-
AgNPs was found to be 47.18% at the abovementioned MIC
values (64 μg/mL) and 45.38% at the MIC level (32 μg/mL).
It was observed that at the abovementioned MIC and MIC
levels, both C1-AuNPs and C1-AgNPs exhibited the highest
eradication effectiveness when compared to sub-MIC values.
Antimotiliy Effect of C1-AuNPs and C1-AgNPs. The

sub-MIC values of these NPs have also been tested for the
inhibition of several types of motilities in P. aeruginosa (Figure
10). P. aeruginosa swarming motility was significantly inhibited
at the tested concentrations of C1-AuNPs and C1-AgNPs
(Figure 10A,B) compared to the control (motility in the
absence of NPs) (Figure 10C). The percentage of swarming
motility inhibition in the presence of C1-AuNPs (256 μg/mL)
and C1-AgNPs (16 μg/mL) was determined to be 78.95 and
88.02%, respectively (Figure 10D). Similarly, C1-AuNPs and
C1-AgNPs significantly inhibited swimming motility (Figure
10E,F) as compared to the control (Figure 10G). Swimming
motility inhibition by C1-AuNPs (256 μg/mL) and C1-AgNPs
(16 μg/mL) was determined to be 66.17 and 85.29%,
respectively (Figure 10H). In comparison to the control
(Figure 10K), C1-AuNPs and C1-AgNPs inhibited pilli-
mediated twitching motility (Figure 10I,J). The percentages
of twitching motility inhibition by C1-AuNPs (256 μg/mL)
and C1-AgNPs (8 μg/mL) were determined to be 40.27 and
77.77% (Figure 10L), respectively.
Inhibition of Diverse Virulence Properties by C1-

AuNPs and C1-AgNPs. The effects of C1-AuNPs and C1-
AgNPs on various virulence factors in P. aeruginosa and S.
aureus have been studied. In the instance of P. aeruginosa, the
sub-MIC values of C1-AuNPs and C1-AgNPs were used to
assess the inhibition of protease activity, hemolytic activity, and
the inhibition in pyocyanin and pyoverdine levels. However, in
the case of S. aureus, we solely investigated the antihemolytic
action of these NPs. The maximum inhibition of the hemolytic
effects of C1-AuNPs and C1-AgNPs on P. aeruginosa was
reported to be 31.37% (Figure 11A) and 45.88% (Figure 11B)
at doses of 512 and 16 μg/mL, respectively. Similarly, both C1-
AgNPs and C1-AuNPs significantly inhibited the hemolysis of
S. aureus. The percentage of inhibition of S. aureus hemolytic
activity by C1-AuNPs and C1-AgNPs was determined to be
49.67% (Figure 11C) and 91.79% (Figure 11D) at the

Figure 8. (A) SEM image of P. aeruginosa biofilms treated with C1-
AuNPs, (B) SEM image of P. aeruginosa biofilms (control), (C) SEM
image of P. aeruginosa biofilms treated with C1-AgNPs, (D) SEM
image of S. aureus biofilms treated with C1-AuNPs, (E) SEM image of
S. aureus biofilms treated with C1-AgNPs, and (F) SEM image of S.
aureus (control).
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Figure 9. Dispersal of established mature biofilm of P. aeruginosa and S. aureus by C1-AuNPs and C1-AgNPs. (A) Dispersal of mature biofilm of S.
aureus by C1-AuNPs and C1-AgNPs and (B) dispersal of mature biofilm of P. aeruginosa mature biofilm by C1-AuNPs and C1-AgNPs. ***, **,
and * denote significance at p < 0.0001, p < 0.01, and p < 0.05, respectively, and ns denotes nonsignificance.

Figure 10. (A) Reduction of swarming motility by C1-AuNPs, (B) reduction of swarming motility by C1-AgNPs, (C) swarming of control cells,
(D) bar diagram showing the inhibition of swarming motility by C1-AuNPs and C1-AgNPs, (E) reduction of swimming motility by C1-AuNPs, (F)
reduction of swimming motility by C1-AgNPs, (G) swimming of control cells, (H) bar diagram showing inhibition of swimming motility by C1-
AuNPs and C1-AgNPs, (I) reduction of twitching motility by C1-AuNPs, (J) reduction of twitching motility by C1-AgNPs, (K) twitching of
control cells, and (L) bar diagram showing inhibition of twitching motility by C1-AuNPs and C1-AgNPs. *** and ** denote significance at p <
0.0001 and p < 0.01, respectively.
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Figure 11. (A) Inhibition of P. aeruginosa hemolytic activity by C1-AuNPs, (B) inhibition of P. aeruginosa hemolytic activity by C1-AgNPs, (C)
inhibition of S. aureus hemolytic activity by C1-AuNPs, (D) inhibition of S. aureus hemolytic activity by C1-AgNPs, (E) pyocyanin inhibition by
C1-AuNPs and C1-AgNPs in P. aeruginosa, (F) pyoverdine inhibition by C1-AuNPs and C1-AgNPs production in P. aeruginosa, (G) protease
inhibition by C1-AuNPs in P. aeruginosa, and (H) protease inhibition by C1-AgNPs in P. aeruginosa. *** and ** denote significance at p < 0.0001
and p < 0.01, respectively.
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concentrations of 512 and 16 μg/mL, respectively. P.
aeruginosa pyocyanin production was considerably reduced
when cells were treated with sub-MIC doses of C1-AuNPs and
C1-AgNPs (Figure 11E). The maximum inhibition of
pyocyanin in the presence of C1-AuNPs and C1-AgNPs was
recorded at 57.75% (at 512 μg/mL) and 26.07% (at 16 μg/
mL), respectively (Figure 11E). The inhibition of the
siderophore pyoverdine by these NPs was shown to be
effective in P. aeruginosa (Figure 11F). In the presence of C1-
AuNPs at 512 μg/mL, the highest (65.26%) amount of
pyoverdine was inhibited. Pyoverdine inhibition was reported
to be 82.45% under the influence of C1-AgNPs at 16 μg/mL.
The inhibition of P. aeruginosa protease enzyme activity was
found to be significant, as evidenced by the inhibition of the
development of a clear zone around the hole on skim-milk agar
plates. There was a negligible zone of clearance in the cell
supernatant obtained from cells treated with 512 μg/mL doses
of C1-AuNPs (Figure 11G). Similarly, C1-AgNPs were
reported to have strong inhibitory effects at 16, 8, and 4 μg/
mL. (Figure 11H). In comparison to C1-AgNPs, the protease
activity of C1-AuNPs was found to be concentration-
dependent. The results of this investigation indicate that, in
addition to their biofilm inhibitory action, these NPs are
effective against the virulence features of bacterial pathogens.
Presence of Different Types of Secondary Metabo-

lites in the LAB Supernatant. The Gas chromatograph-
Mass Spectroscopy (GC−MS) analysis reveals the presence of
many secondary metabolites produced by strain C1, as shown
in the Supporting Information (Table S1). Several major and
minor peaks were observed in the GC chromatogram (Figure
S1), and these peaks were searched from the NIST library.
Table S1 summarizes the discovered compounds, together
with their retention time and composition %. Furthermore, the
biological roles of these compounds were discovered to have
previously been reported, with various types such as
antioxidant, antibacterial, anti-inflammatory, and anticancer
properties, which are also summarized in Table S1. Maltol, 2,3-
dihydro-3,5-dihydroxy-6-methyl-4H-pyran-4-one, and ergot-
amine are all antioxidant metabolites. The presence of these
antioxidants indicates that the prepared supernatant from the
C1 strain efficiently reduced ionic metals into gold and silver
nanoparticles. Similarly, several antimicrobial compounds
identified in GC−MS analysis (Table S1) indicate that the
supernatant from strain C1 has antibacterial activity against
several microbial pathogens. Based on the identified metabo-
lites with antioxidant and antibacterial activity, the LAB strain
C1 is a viable candidate for synthesizing metallic nanoparticles
and testing their antimicrobial capabilities.

■ DISCUSSION
With the rising AMR traits in microbial pathogens, the search
for potential antimicrobial drugs is always in high demand. The
approaches to control bacteria pathogens include physical,
chemical, and biological methods.32,33 The formation of
biofilm by bacteria has become one of the most challenging
issues in infection treatment because EPS restricts drug
entry.34 Nanotechnology has emerged as a prominent field
for the production of nanomaterials for use in the
pharmaceutical, agricultural, food, biomedical, and clinical
sectors lately.35,36 Employing green synthesis of nanoparticles
has been one of the more promising ways, with various benefits
over chemical and physical methods.37 Furthermore, the use of
materials derived from probiotics provides additional benefits

for synthesizing nanoparticles with improved compatibility and
acceptance due to the numerous health benefits of pro-
biotics.38 We isolated 15 LAB isolates from the Kimchi sample
to synthesize metallic nanoparticles, such as AuNPs and
AgNPs, as a probiotic extract. Among these, Lactiplantibacillus
sp. strain C1, with possible antioxidant activity, was identified.
Table S1 summarizes the identified metabolites from the
supernatant of Lactiplantibacillus sp. strain C1 that show
antioxidant and antimicrobial activity.39−41 Thus, the presence
of the antimicrobial and antioxidant component in the
supernatant of strain C1 confirms its suitability for the
synthesis of AuNPs and AgNPs. Furthermore, the antibacterial
activity of the prepared C1 supernatant against bacterial
pathogens in the current study provides proof of the presence
of the antimicrobial component in the supernatant. As
previously reported, the obtained supernatant from LAB serves
as an excellent reducing agent for the conversion of metallic
ions into nanoparticles.42−45

The AuNPs and AgNPs were synthesized using the
supernatant from strain C1. The confirmation of the
synthesized AuNPs was made based on a visual inspection of
the color change from yellow to red wine, whereas for AgNPs,
the formation of precipitates was considered confirmation.46,47

Furthermore, the appearance of particular absorption peaks at
560 nm and 400 nm was considered evidence for the synthesis
of C1-AuNPs and C1-AgNPs. These observed absorption
peaks in C1-AuNPs and C1-AgNPs are in close accord with
previously produced NPs utilizing natural materials.47−49 The
spherical form of the C1-AuNPs and C1-AgNPs is consistent
with nanoparticles previously synthesized utilizing microbial
extracts.43,50,51 Similarly, the sizes of C1-AuNPs and C1-
AgNPs were comparable to previously reported green
synthesized AuNPs and AgNPs.52 The high negative values
of the zeta potential of C1-AuNPs and C1-AgNPs, such as
−23.29 ± 1.17 and −30.57 ± 0.29 mV, indicate stable NPs and
are consistent with prior findings.52

The biofilm inhibition of P. aeruginosa and S. aureus by C1-
AuNPs and C1-AgNPs at their sub-MIC levels was shown to
be different. P. aeruginosa and S. aureus biofilm inhibition by
C1-AuNPs was observed to occur at a higher concentration
than inhibition by C1-AgNPs. Maximum biofilm inhibition of
these pathogens by C1-AgNPs was observed to occur at a four-
fold lower concentration of C1-AgNPs with a comparable rate
of inhibition. The findings suggest that C1-AgNPs are more
effective antibiofilms than C1-AuNPs. Previous research has
shown that AuNPs synthesized from various natural products
require the same concentration as C1-AuNPs to inhibit biofilm
formation.46 The required biofilm inhibitory concentration of
C1-AgNPs is also consistent with prior observations in which a
low concentration of AgNPs produced from other natural
products is also required.53,54 The requirement of high
concentrations (> MIC and MIC) of C1-AuNPs and C1-
AgNPs for maximal eradication of established mature biofilms
suggests that mature biofilms have a thick EPS matrix that
requires a high concentration to disperse.55,56 Former research
has also shown that a very high concentration of AuNPs is
necessary to eradicate mature biofilm by AuNPs.46,57 Based on
the findings of this work, it is concluded that these NPs can be
used as a possible agent to inhibit biofilm development on
surfaces (biotic and abiotic) where biofilm formation is
common.10,11

In addition to managing the biofilm, attenuation of the
virulence factors produced by P. aeruginosa and S. aureus has
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been postulated as another method of controlling their
infection.58−60 C1-AuNPs and C1-AgNPs both inhibit P.
aeruginosa flagella-mediated and pilli-mediated motility at sub-
MIC levels. The concentration necessary for maximum
inhibition of swarming, swimming, and twitching motilities
by these NPs was similar to the concentration required for
maximum inhibition of biofilms. The suppression of several
types of motilities by these NPs is consistent with previously
described biogenic-based synthesized NPs.46,61 Inhibiting
motilities in P. aeruginosa will assist in controlling the
formation of initial-stage biofilms and cell dispersal during
mature biofilm dispersal.62 P. aeruginosa virulence properties
(e.g., pyocyanin and pyoverdine production and hemolytic and
protease activity) and hemolytic activity of S. aureus were
significantly inhibited by the same dose that inhibited biofilm
and motility properties. Previous research on the attenuation of
these various virulence properties by C1-AuNPs and C1-
AgNPs supports the current finding.46,63

■ CONCLUSIONS
The present study includes isolating and identifying LAB
strains from Kimchi samples using a molecular technique. The
strain C1, also known as Lactipalntibacillus sp. strain C1, was
selected as the best antioxidant bacterium to synthesize two
types of metallic nanoparticles, C1-AuNPs and C1-AgNPs.
The synthesized C1-AuNPs and C1-AgNPs have been fully
characterized as spherical in shape, crystalline in nature, and
highly stable using a variety of instrumental techniques such as
UV−visible absorption spectroscopy, FTIR, FE-TEM, DLS,
and XRD. Furthermore, GC−MS analysis of the C1 super-
natant reveals the presence of a variety of organic secondary
metabolites. These metabolites have previously been found to
exhibit various biological actions such as anticancer, anti-
oxidant, antiviral, antibacterial, and antifungal properties. The
NPs were physiochemically analyzed utilizing several types of
equipment. Antibacterial properties such as antibiofilm and
antivirulence features of these NPs were examined against
human bacterial pathogens. C1-AuNPs and C1-AgNPs
significantly inhibited the initial stage biofilm of P. aeruginosa
and S. aureus, which was corroborated by studying the biofilm
architecture using SEM. When exposed to the MIC and sub-
MIC of C1-AuNPs and C1-AgNPs, the mature biofilms of P.
aeruginosa and S. aureus were shown to be substantially
eradicated. P. aeruginosa virulence properties such as
pyocyanin, pyoverdine production, protease action, and
hemolytic action were all inhibited by sub-MIC C1-AuNPs
and C1-AgNPs. After treatment with sub-MICs of both NPs, S.
aureus hemolytic activity was dramatically reduced. C1-AuNPs
and C1-AgNPs also reduced the QS-mediated distinct forms of
motility of P. aeruginosa. The overall study concluded that
probiotic-based synthesized NPs would be prospective
candidates for reducing the initial-stage biofilm, removing the
mature biofilm, and disarming numerous virulence properties
of human pathogenic bacteria. Since the present study revealed
phenotypic-based prevention of biofilm and virulence features,
subsequent analyses of the gene expression of relevant genes
are required to elucidate the molecular mechanisms.

■ MATERIALS AND METHODS
Chemicals, Microbial Strains, Culture Media, and

Growth Conditions. Gold(III) chloride trihydrate (CAS#
16961-25-4; 99% pure) and silver nitrate (CAS# 7761-88-8;

≥99.0% pure) were purchased from Sigma-Aldrich Co. (St.
Louis, MO, USA). The bacterial strains, essentially P.
aeruginosa PAO1 (KCTC 1637), E. coli (KCTC1682), S.
aureus (KCTC 1916), and L. monocytogenes (KCTC3569),
were purchased from the Korean Collection for Type Cultures
(KCTC, Daejeon, Korea). Similarly, the bacteria S. mutans
(KCCM 40105) was obtained from the Korean Culture Center
of Microorganisms (KCCM; Seodaemun-gu, Seoul). In
contrast, K. pneumoniae (ATCC 4352) was received from the
American Type Culture Collection (ATCC). Bacterial strain.
such as E. coli, P. aeruginosa, S. aureus, and L. monocytogenes,
were grown in Tryptic soy broth (TSB) (Difco Lacboratory
Inc., Detroit, MI, USA). Brain Heart Infusion broth (BHI)
(Difco Laboratory Inc., Detroit, MI, USA) was used for S.
mutans. In deMaan Rogosa Sharpe Medium, LAB strain C1
was checked for growth and subculturing (MRS; Difco
Lacboratory Inc., Detroit, MI, USA). The growth study of
these microbes and other biological experiments were carried
out at 37 °C.
Lactic Acid Bacteria Isolation and Identification. The

previously reported procedure was used to isolate LAB from
the Kimchi sample.64 Kimchi (25 gm) was homogenized by
diluting (10−10) in phosphate-buffered saline (PBS) (0.1 M:
pH 7.2). The diluted solution was spread plated on MRS agar
plates with 0.002% (w/v) Bromocresol purple (Duksan Pure
Chemical Co., Ltd.) and incubated at 37 °C for 24 h. Based on
the presence of a yellow tint surrounding the colony, which
was due to the production of organic acid by LAB, the pure
LAB colony was separated from the agar plate. The pure
bacterial colonies were further screened as potential anti-
oxidant candidates. For molecular examination, 16S rRNA
gene sequencing was targeted to identify potential antioxidants
showing bacterial colonies.64,65 The 16S rRNA gene region was
determined by the Bionics sequencing service (SEOUL,
Korea) using 27F (5′-AGAGTTTGATCCTGGCTCAG-3′)
and 1492R (5′-GTTACCTGTTACGACTT-3′) primer pairs.
The 16S rRNA gene sequence retrieved was blast-searched
against the EzBioCloud 16S database. The sequence alignment
of the 16S rRNA gene of strain C1 with the types of strains
available from the EzBioCloud 16S database was performed.
The phylogenetic tree was created using MEGA 11, a
neighbor-joining algorithm, and a distance estimation
method.66

Preparation of Supernatant from Cell Culture of
Strain C1. Bacterial strain C1 was grown in an MRS medium
for 24 h at 37 °C, and when cell growth reached ∼9 log cfu/
mL, the cell cultures were centrifuged (10 000g for 20 min) at
4 °C. Using a freeze-dryer (FD8518, ilShinBiobase Co. Ltd.,
Yangju-si, Korea), the recovered filter-sterilized supernatant
was freeze-dried into powder form. The sterilized supernatant
was employed for three separate purposes: (1) testing
antibacterial activity, (2) synthesis of metallic nanoparticles,
and (3) secondary metabolite profiling from LAB strain C1 cell
culture.
Synthesis of Metallic Nanoparticles. The LAB super-

natant was used to synthesize two types of metallic
nanoparticles, gold (C1-AuNPs) and silver nanoparticles
(C1-AgNPs), as previously described.46 The alkaline pH of
the LAB supernatant was adjusted with 0.1 N NaOH for
nanoparticle synthesis. The C1-AuNPs were synthesized by
dissolving 1 mM gold (III) chloride trihydrate (HAuCl4·
3H2O) in 200 mL of deionized water and setting the pH to 9.
The solution was regularly stirred, and the temperature was
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maintained at 60 °C. Dropwise LAB supernatant (3 mL) was
added to the solution, and continuous stirring at 60 °C was
allowed. The color change from yellow to dark-red wine
indicates the formation of AuNPs. Furthermore, the
appearance of the AuNPs’ particular absorption peak was
examined by scanning the spectra (in the range of 200−700
nm) using a microplate reader (BioTek, Winooski, VT, USA).
After freezing at −70 °C for 2 h, the sample was immediately
placed in the freeze dryer to lyophilize the AuNPs in powder
form. The silver nanoparticles were synthesized using a
somewhat different method (AgNPs). Silver nitrate (2 mM)
was dissolved in 200 mL of deionized water. The prepared
supernatant (3 mL) from strain C1 was added to the bottle,
covered with aluminum foil to keep it dark, and maintained at
37 °C overnight. Furthermore, an increase in the absorption
peak at a specific wavelength suggests the formation of AgNPs.
To get the pellet, the sample was centrifuged at 4 °C for 30
min at 13000 rpm. The pellet was cleansed with deionized
water before being freeze-dried to powder.
Analysis of Secondary Metabolites Produced by

Strain C1. The identification of metabolites present in the
LAB supernatant was accomplished using GC−MS analysis.26

The GC−MS equipment (Agilent Technologies 7890A-
5975C) was used to examine the metabolites in the
supernatant. The helium gas was used as the carrier with a
1.0 mL/min flow rate. The sample (1.0 1.0 μL) was injected
into the GC−MS machine for 1 min with a split flow delay and
resolved using a DB-5MS column (Agilent Technologies, Palo
Alto, CA, USA). The GC’s inlet, interface, and ion sources
were programmed at 250, 250, and 230 °C, respectively. The
start and end temperatures of the oven were 50 and 230 °C,
with a 5 °C/min rate, followed by 2 min at a constant
temperature. The mass spectra of each compound in m/z were
analyzed from 50 to 550 at 70 eV. Each peak in the GC
chromatogram was analyzed, and the metabolites were
identified using the chemical compound database accessible
in the National Institute of Standards and Technology
database.
Instrumental Characterization of the Synthesized

Nanoparticles. The detailed characterization of synthesized
AuNPs and AgNPs was carried out in line with the previously
described procedures.67 The initial characterization of these
NPs was performed by scanning UV−vis absorption spectra
from 200 to 700 nm with a microplate reader (BioTek,
Winooski, VT, USA) to check for a specific absorption peak.
FETEM (JEM-F200, JEOL, Japan) was used to examine the
shape and morphology of these nanoparticles. The ionic
interaction in the synthesized NPs was verified by scanning the
spectra with FTIR (JASCO (FT-4100), Tokyo, Japan). The
frequencies used in the FTIR ranged from 400 to 4000 cm−1.
Using a particle analyzer, the Litesizer 500 (Anton Paar,
GmbH), the average size and zeta potential of AuNPs and
AgNPs were determined. The elemental mapping and EDS of
these NPs were performed on the same FE-TEM device that
was used to check the morphology. The XRD (Rigaku (Japan),
Ultima IV) equipment was employed to determine the
crystalline nature of C1-AuNPs and C1-AgNPs.
Testing of the Antimicrobial Efficacy of the Super-

natant and Nanoparticles. The powdered forms of C1
supernatant, C1-AuNPs, and C1-AgNPs were utilized to test
their antibacterial properties on various microbial pathogens,
as shown in Table 1. The procedure for determining the
minimum inhibitory concentration (MIC) values was followed

as previously reported.68 In brief, the seed culture of these
microorganisms was diluted in their respective growth media
to attain the requisite OD600 value of 0.05. These cell cultures
in the 96-well microplate were incubated with various NP
concentrations (ranging from 4 to 2048 μg/mL). However,
cell-free supernatant from the C1 strain was added to the 96-
well microplate in steps ranging from 128 to 4086 μg/mL. The
cell culture and NPs added to the microplate were incubated
for 24 h at 37 °C. After incubation, the OD at 600 nm of the
growing cells was evaluated with a microtiter plate reader. The
MIC values of each NP were calculated based on the inhibition
of cell growth (>90%) at various doses. Furthermore, the visual
inspection of cell growth inhibition was also used to calculate
the MIC values. The MBC of C1-AuNPs, C1-AgNPs, C1
supernatant, and tetracycline (as positive control) towards
microbial pathogens has been determined as described
previously.69 The MBC experiment was carried out by
incubating the microbial cells in the 96-well microtiter plate
with NPs at the ≥MIC concentration. On the TSA, the NP-
treated cell culture (100 μL) was spread-plated. The MBC
endpoint of the tested concentration was noted when there
were no visible colonies on the agar plate. The bactericidal
effect was determined using the MBC/MIC ratio as previously
described.70

Biofilm Assays. The early-stage biofilm inhibition by C1-
AuNPs and C1-AgNPs was evaluated using the previously
described approach.46 The sub-MIC values of C1-AuNPs and
C1-AgNPs were used to evaluate biofilm inhibition against P.
aeruginosa and S. aureus. 300 μL of microbial cell culture with
an OD600 value of 0.05 was put in a 96-well microplate with
different concentrations of C1-AuNPs and C1-AgNPs (4−
2048 μg/mL). The microplate was kept for incubation for 24 h
at 37 °C. Total cell growth in the presence of NPs was
measured using a microplate reader set to 600 nm. The
planktonic cells were discarded from each well, and the
adherent cells were rinsed three times with distilled water.
Crystal violet was applied to the biofilm cells for 20 min, and
the stained cells were rinsed thrice with distilled water. The
dye-stained cells were dissolved in 95% concentrated ethanol,
and the biofilm measurement was done at 570 nm.

Similarly, the dispersing impact of these NPs on the
pathogens’ established mature biofilm was investigated utilizing
the abovementioned MIC, MIC, and sub-MIC values of these
NPs.46 The mature biofilm of pathogens was formed by
growing cell culture (OD600 = 0.05) in a 96-well microplate.
The plate was incubated at 37 °C for 24 h to allow for the
establishment of a mature biofilm. The planktonic cells were
discarded, while the adhering ones were rinsed three times
with TSB. The mature biofilm was treated with varied dosages
of NPs (ranging from 64 to 2048 μg/mL). The microplate was
then incubated at 37 °C for another 24 h. The regrown
plankton was removed, and the dye-stained biofilm was
quantified by measuring the OD at 570 nm.
Visualization of the Biofilm Architecture Using SEM.

The antibiofilm activity of C1-AuNPs and C1-AgNPs was
further validated by analyzing the structure of the biofilm
through SEM, as previously described.46 P. aeruginosa and S.
aureus cell cultures (OD600 = 0.05) were put in a 24-well
microplate with a nylon membrane size of 0.5 × 0.5 cm. These
wells were then incubated for 24 h at 37 °C with sub-MIC
values of C1-AuNPs and C1-AgNPs. A control group was a
well that had not been treated with NPs. The cells were fixed
directly in glutaraldehyde and formaldehyde at 4 °C for 12 h.
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The biofilm cells were thoroughly washed three times in PBS
to remove planktonic cells altogether. The biofilm cells were
dehydrated by incubating them in ethyl alcohol concentrations
ranging from 50 to 95%. A freeze-drier was used to dry the
biofilm cells completely, and a picture of the biofilm cells was
captured using SEM TESCAN (Vega II LSU; Czech).
Analysis of the Virulence Properties. The effect of C1-

AuNPs and C1-AgNPs on P. aeruginosa virulence features such
as pyoverdine, pyocyanin, protease activity, and hemolytic
activity was studied as previously described.71 In the instance
of S. aureus, the hemolytic activity was carried out in the
presence of C1-AuNPs and C1-AgNPs. The inhibitory impact
of NPs on pyocyanin formation from P. aeruginosa was tested
by incubating several sub-MIC values of NPs with cell culture
(OD600 ∼ 0.05). These cells were incubated at 37 °C for 24 h.
Chloroform and 0.1 N HCl were used to extract the pink
pigment, and the OD at 520 nm was examined later.72 By
incubating the cell culture (OD600 = 0.05) in low salt media of
sodium succinate (2%), pyoverdine synthesis from P.
aeruginosa was evaluated in the presence of NPs by measuring
the OD at 405 nm. The hemolytic activity of cells treated with
NPs was tested as described earlier.71 The NP-treated cell
culture (50 μL) was mixed with 950 μL of diluted sheep red
blood cells (RBCs; MBcell Ltd., Seoul, Korea) and incubated
for 3 h at 37 °C. The sample was centrifuged, and the quantity
of lyzed RBCs in the supernatant was detected at 534 nm. The
inhibition of P. aeruginosa protease activity by C1-AuNPs and
C1-AgNPs was tested using agar media added with 2% skim
milk. The filter-sterilized supernatant obtained from the NP-
treated cell culture was inserted into the hole made in the
skim-milk agar plate. The clear zone surrounding the hole was
observed.

Flagella-based motilities in P. aeruginosa (e.g., swimming and
swarming) as well as pilli-mediated motilities, such as
twitching, were also evaluated for C1-AuNPs and C1-AgNPs,
as previously described.71 Swarming motility is performed
using Luria Bertani (LB) broth media with Bacto agar (0.5%),
0.4% glucose, and 0.4% casamino acid. In contrast, the
swimming motility medium was made in LB by dissolving
Bacto agar (0.3%), tryptone (1%), and NaCl (0.25%). Bacto
agar (1.5%), casamino acid (0.2%), and glucose (30 mM) were
used to test twitching motility. Autoclaved media were mixed
with C1-AuNPs and C1-AgNPs and poured into Petri dishes.
Swimming and swarming experiments were performed by
placing the microbial cell culture (3 μL) in the center of the
agar plate and incubating it for 24 h at 37 °C. The diameter of
cells moved on the agar surface was measured. In the case of
twitching, the cell culture was deposited in the Petri plates
using a sterilized toothpick, followed by the pouring of
twitching agar media. The solid agar media was removed in the
case of twitching motility and stained with crystal violet. The
diameters of the stained cells were measured and compared to
the control.
Statistical Analysis. Each graph was plotted using

GraphPad Prism 7.0 (GraphPad Software Inc., San Diego,
CA). The experiment was statistically analyzed using a one-way
ANOVA. ***p < 0.0001, **p < 0.01, and *p < 0.05 were
considered significant. The triplicate samples were taken, and
the experiment was repeated three times. Furthermore, the
data in the graph were presented as the mean ± standard error.
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