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ARTICLE INFO ABSTRACT
Keywords: Pseudomonas aeruginosa infections associated with biofilm are a significant clinical challenge due
Anti-quorum sensing to the limited efficacy of traditional antibiotics or combination therapies. Hence, exploring novel
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Synthesized silver nanoparticles
Pseudomonas aeruginosa

strategies and assessing different compounds for their anti-biofilm or anti-quorum sensing (QS)
properties is imperative. One of the various applications of silver nanoparticles (AgNPs) is to use
them as an antimicrobial agent to target bacteria resistant to common antibiotics. This study
evaluates the anti-biofilm and anti-virulence effect of biosynthesized AgNPs against P. aeruginosa
PAO1 at subinhibitory concentration levels.

Minimum inhibitory concentrations (MICs) and biofilm formation capacity were evaluated by
the microdilution method and crystal violet method, respectively. Motility assay and virulence
factors were investigated in the presence of AgNPs.

It was observed that green-synthesized AgNPs at sub-MIC (50 pg/mL) suppressed P. aeruginosa
biofilm formation by 78 %. Increased dose-dependent inhibitory effects on virulence phenotypes
(LasB elastase, LasA protease, pyocyanin, and motility) regulated by QS were observed. In
addition, the relative expression levels of biofilm-related genes including algC, pslA, and pelA were
analyzed using RT-qPCR. The expression level of QS-regulated biofilm genes after AgNPs treat-
ment sub-MIC led to a decrease in the expression of algC, pslA, and pelA by 77 %, 83 %, and 68 %,
respectively.

The findings of this study demonstrated how green AgNPs can effectively inhibit QS at sub-MIC
concentrations, indicating their potential as antivirulence agents to deal with challenges related
to biofilm formation and antimicrobial resistance in P. aeruginosa. This presents a promising
alternative to traditional antibiotics in antimicrobial therapy.

1. Introduction

Antibiotics and antimicrobial drugs have been utilized for a long time to restrain or kill bacteria. Nevertheless, resistance to
antimicrobial drugs has extended on an incredibly massive scale over time, enormously decreasing their effectiveness, and becoming a
worldwide challenge, so much so that the World Health Organization (WHO) has ranked antimicrobial resistance as the third global
health threat [1]. In 2013, WHO announced that the world is heading towards a post-antibiotic period, where bacterial infections
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cannot be treated with traditional antibiotics and can often lead to death [2]. Bacterial drug resistance has several negative conse-
quences for medicine and public health. Drug-resistant bacterial diseases result in higher doses of drugs, the addition of remedies with
more toxicity, increased treatment costs, longer treatment periods, and increased mortality [3].

Pseudomonas aeruginosa is an opportunistic bacterial pathogen that can cause long-term and persistent human infections, especially
in immunocompromised and hospitalized individuals [4]. The World Health Organization (WHO) has introduced multidrug-resistant
(MDR) P. aeruginosa as a serious menace to public health that requires extensive research and development of novel antimicrobial
drugs [4]. The presence of highly complex regulatory networks and the ability to produce biofilm in this bacterium has led to
widespread antibiotic resistance and treatment failure [5].

Bacterial population density is regulated by a highly organized cell-to-cell signaling system called quorum sensing (QS), in which
signaling molecules regulate the expression and production of virulence factors, including motility, and biofilm development [5]. In
P. aeruginosa, there are three QS systems: rhll/rhlR, lasl/lasR, and pgs/mvfR systems. In the las system, the activation of the tran-
scription factor lasR is initiated by the autoinducer C12-HSL. This activation then leads to the expression of lasl and subsequently
triggers the production of exotoxin A, LasB elastase, and LasA protease. Similarly, in the rhl system, the autoinducer C4-HSL enhances
rhll expression through its binding and interaction with rhlR. This induction causes the production of LasB elastase, rhamnolipids, and
pyocyanin [6,7].

Therefore, interference with QS signalling systems can lead to reduced bacterial virulence and is a promising alternative strategy to
combat multidrug-resistant P. aeruginosa and treat bacterial infections [2].

One of the most promising strategies for overcoming microbial resistance is the use of nanoparticles (NPs) [1]. The NPs offer the
definitive solution to combat antibiotic-resistant bacteria, as they are not only used as antimicrobial and natural antibiotic carriers but
also combat the bacteria themselves [8]. In addition, the exceptional physiochemical properties of NPs mainly due to their large
surface area to volume proportion make them potential candidates to be utilized for better therapeutic effectiveness against resistant
microbes [9]. Also, the multiple concurrent mechanisms of action of nanoparticles against bacteria have made it difficult for bacterial
cells to evolve resistance to NPs [8].

In the medical field, silver nanoparticles (AgNPs) are particularly important and popular due to their antimicrobial properties [10].
For years, AgNPs have been recognized as an antimicrobial agent with a broad spectrum of activity and have been used in various
industrial and medical applications against bacteria, viruses, and other microorganisms [11,12]. It is believed that green nanoparticles
have a relative advantage over AgNPs that are produced through physical and chemical methods due to their natural coating and
biocompatibility [13].

In our previous research, AgNPs were synthesized using the medicinal plant Teucrium polium and characterized by different ana-
lyses [14]. The antibacterial activity of green synthesized AgNPs led to the potential inhibition of six pathogens including Pseudomonas
aeruginosa, Escherichia coli, Staphylococcus aureus, Salmonella typhimurium, Klebsiella pneumonia, and Acinetobacter baumannii. The in-
crease in antibiotic resistance of P. aeruginosa and the placement of this bacterium at the top of the priority pathogens list of the WHO
[15] have intensified the need to develop new treatment strategies against this bacterium.

Since the development of anti-biofilm treatments in the field of biomedicine is a challenge and a necessary need, the present study
aimed to investigate the effect of sub-inhibitory concentrations of green synthesized AgNPs on QS system-related virulence factors and
biofilm production of Pseudomonas aeruginosa PAO1. This study provides valuable insight into the anti-biofilm and anti-QS activity of
synthesized AgNPs at sub-inhibitory concentrations against Pseudomonas aeruginosa, which can be very important for the effective
management of infections and the overcoming of antimicrobial resistance, especially considering the global challenge of antimicrobial
resistance.

2. Materials and methods
2.1. Green synthesis of silver nanoparticles using Teucrium polium leaf/flower

The green synthesis of AgNPs was carried out according to Hashemitabar et al., previous research [14]. To synthesize AgNPs, the
aqueous extract of Teucrium polium at a concentration of 100 mg/mL was mixed with an aqueous solution of silver nitrate (AgNOs,
Merck, Germany) with a concentration of 5 mM at pH 10 and 60 °C temperature for 24 h. To separate and purify the synthesized
AgNPs, the mixture was centrifuged at 10,000 rpm for 10 min. After centrifugation, the supernatant solution was discarded and the
precipitate of nanoparticles was washed three times with sterile double distilled water (ddH20). The obtained nanoparticle sediment
was subsequently dried at room temperature and kept in a dark location to assess the antibacterial properties.

2.2. Microorganisms

The study utilized two strains of P. aeruginosa: the quality control strain P. aeruginosa ATCC 27853 and the wild-type strain
P. aeruginosa PAO1. P. aeruginosa PAO1 is commonly employed as a model strain in biofilm and QS system research. Both these strains
were obtained from the microbiology laboratory collection of Ferdowsi University of Mashhad, Iran. For further experiments,
P. aeruginosa strains were grown on Luria-Bertani (LB, Merck, Germany) agar at 37 °C for 24 h.

2.3. Antibacterial activity of AgNPs

The antimicrobial activity of AgNP against P. aeruginosa was evaluated using the Nature protocol with slight modifications [16]. 95
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pg/mL of Miiller— Hinton broth (MHB, Sigma-Aldrich, St. Louis, MO, USA) was poured into each well of a 96-well plate (Sigma-Aldrich,
Germany). The synthesized AgNPs powder was dissolved in ddH,0 and ultrasonicated at 400 Hz for 30 min to make it completely
uniform. Two-fold serial dilutions of silver nanoparticles (concentration 400, 200, 100 to 6.25 pg/mL) were prepared using MHB
medium and added to wells of the plate. Finally, the bacterial suspension with ODgoo = 0.01 was added to each well to obtain a final 5
x 10° CFU/mL concentration. A column of wells containing sterile medium with AgNPs and a column containing a mixture of sterile
medium with bacterial suspension were considered negative control and positive control, respectively. The plates were placed
overnight in a shaker incubator at 37 °C. After that, the OD values were read by a microplate reader (Epoch2-microplate reader, BioTek
Company, USA) at a wavelength of 600 nm to determine the quantitative growth of bacteria in each concentration. To determine the
minimum bactericidal concentration (MBC), which is the lowest concentration that shows a specified reduction (e.g., 99.9 %) in
CFU/mL compared to the MIC dilution, the dilution corresponding to the MIC and at least two of the more concentrated test product
dilutions were inoculated on Nutrient agar.

2.4. Biofilm inhibition assay

The anti-biofilm effect of silver nanoparticles on P. aeruginosa was investigated using the microtiter plate method and crystal violet
staining [17]. AgNPs in concentrations of 1/2 x MIC to 1/16 x MIC (equivalent to 50 to 6.25 pg/mL, respectively) were prepared with
tryptic soy broth (TSB, Merck) and added to 96-well U-bottom polypropylene plates (Sigma-Aldrich, Germany) at a volume of 200 pL
per well. The positive control comprised a sterile medium with a bacterial suspension (biofilm formation control), while the negative
control consisted of a sterile medium with AgNPs. After incubation for 24 h at 37 °C, the ODggp was recorded to determine the
quantitative growth of bacteria in different concentrations. After this step, to remove non-adherent cells, the wells were rinsed three
times with sterile phosphate-buffered saline (PBS) of pH 7.2. After drying at room temperature, 210 pL of 0.1 % (w/v) crystal violet
staining solution was added to each well and stained for 20 min at room temperature. Subsequently, the staining solution was
eliminated, and the wells were rinsed three times with sterile distilled water. Finally, 220 pL of 70 % ethanol was added to each well
and incubated for 20 min with gentle shaking. The OD values were read by a microplate reader (Epoch2-microplate reader, BioTek
Company, USA) at a wavelength of 595 nm.

2.5. Biofilm eradication assay

The efficacy of AgNPs in eradicating mature biofilms of P. aeruginosa was assessed as previously described [18]. A diluted seed
culture (200 pL with OD600 = 0.01) of the bacterial cells was added to a 96-well microtiter plate and incubated at 37 °C for 24 h. After
this incubation, the planktonic cells were discarded, and the surface-attached biofilm cells were washed with sterile TSB. 200 pg/mL of
various concentrations of AgNPs (100-6.25 pg/mL) were prepared in sterile TSB and added to the bacterial cells. The microplate was
subsequently incubated at 37 °C for 24 h. Plankton cells were then removed, and biofilm cells were stained using the same method
employed in the biofilm inhibition experiment.

2.6. Motility assay

To investigate the effect of AgNPs on virulence factors, the motility of P. aeruginosa was measured in the presence of synthesized
nanoparticles [5,19]. P. aeruginosa strains were grown on LB agar at 37 °C for 24 h and then colonies were suspended in LB broth with a
final concentration of 5 x 10° CFU/mL (ODggg = 0.01). The synthesized AgNPs were added to this suspension at a sub-minimum
inhibitory concentration (sub-MIC, 50 pg/mL) and kept overnight at 37 °C. Next, 5 uL of the suspension was placed in the center of
plates containing LB medium supplemented with agar at concentrations of 0.3 %, 0.5 %, and 1 %. Plates with concentrations of 0.3 %,
0.5 %, and 1 % agar were used to measure swimming, swarming, and twitching, respectively. After overnight incubation, the diameters
of the zones for twitching, swarming and swimming were measured. All experiments were repeated three times.

2.7. SEM analysis

The inhibitory effect of silver nanoparticles on biofilm formation was analyzed using a scanning electron microscope (SEM) [20]. A
polyvinyl chloride film as a biofilm carrier was cut to a diameter of 1 cm and exposed to ultraviolet radiation for 24 h in 75 % alcohol
and then washed with sterile 0.9 % normal saline. The biofilm carrier was immersed in a bacterial solution with a concentration of 5 x
10° CFU/mL and silver nanoparticles at a concentration of 1/2 x MIC. In parallel, a biofilm carrier was immersed in a bacterial solution
without AgNPs as a control. The samples were incubated at 37 °C for 24 h. Biofilm carriers were collected and gently washed three
times with sterile PBS to remove plankton bacteria on the carrier surface. Then, the samples were fixed in 3 % (w/v) glutaraldehyde
solution (Wuhan Saiweier Biotechnology Company, China) at 4 °C for 2 h. The biofilm carriers were washed three times using sterile
PBS. Then dehydration was done with different concentrations of ethanol (30, 50, 70, 80, 90, and 100 %) for 10 min per step. After
drying, the biofilms were observed by SEM (ZEISS LEO-1450 VP, Carl Zeiss AG, Jena, Germany).

2.8. Anti-quorum sensing activity assay

In this study, the effect of synthesized AgNPs on inhibiting the production of pathogenic factors of P. aeruginosa under the control of
the QS system i.e., pyocyanin, LasB elastase and LasA protease was investigated.
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Pyocyanin assay: An overnight culture of P. aeruginosa PAO1 was prepared and adjusted to ODggp = 0.01 in LB medium, then
incubated with different concentrations of AgNPs from 1/2 x MIC to 1/16 x MIC (equivalent to 50 to 6.25 pug/mL, respectively) for 24
h. A group containing bacterial suspension without nanoparticles was considered as a control. The samples were centrifuged at 10,000
rpm for 20 min. 3 mL of the supernatant was collected and mixed with chloroform at a ratio of 3:2, the chloroform supernatant was
extracted with 1 mL of 0.2 M HCI and vortexed. The absorbance of the upper pink layer in ODsyy was measured [21].

LasA protease assay: The azocasein assay was used to assess the production of LasA protease [6]. Bacterial suspensions of
P. aeruginosa PAO1 (with an optical density of 0.01 at 600 nm) were incubated at 37 °C for 24 h in the presence or absence of AgNPs at
concentrations ranging from 1/2 x MIC to 1/16 x MIC at 37 °C for 24 h. To eliminate bacterial cells, the suspension was filtered using a
0.22 pm syringe filter (Sigma-Aldrich, Merck Millipore, Darmstadt, Germany). Then, 150 pL of this filtered suspension was mixed with
250 pL of a solution containing 2 % azocasein (Sigma-Aldrich, St. Louis, MO, USA), prepared in 50 mM Tris-HCI. After incubating for 4
h at 4 °C, trichloroacetic acid (TCA) at a concentration of 10 % (1.2 mL) was added to precipitate the undigested substrate. The mixture
was then centrifuged at 10,000 rpm for 10 min, and the resulting supernatant was combined with 1.4 mL of a solution containing 1 M
NaOH. The relative protease activity was determined by measuring the optical density at a wavelength of 440 nm.

LasB elastase assay: The production of LasB elastase was assessed using elastin-Congo red (ECR) assay [6]. Bacterial suspensions of
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P. aeruginosa PAO1 (OD600 = 0.01) cells were incubated in the presence or absence of AgNPs at concentrations from 1/2 x MIC to
1/16 x MIC for 24 h at 37 °C. The suspension was centrifuged at 10,000 rpm for 20 min, and the supernatant was collected. The volume
of 100 pL from the supernatant was combined with 900 pL of ECR buffer (100 mM Tris-HCl, 1 mM CaCl2, pH 7.5, 10 mg ECR)
(Sigma-Aldrich, St. Louis, MO, USA) and incubated at 37 °C for 20 h with shaking. The reaction was stopped by introducing 100 mL of
EDTA (0.12 M) solution. The reaction mixture was centrifuged to eliminate the insoluble ECR, and the absorbance of the supernatant
was measured at OD4g5 to determine the activity level of elastase.

2.9. Quantitative real-time PCR

Quantitative real-time PCR (RT-qPCR) was used [22] to evaluate the effects of sub-MIC AgNPs on the expression levels of biofilm
production genes (algC, pslA, and pelA) under the control of the QS system according to Aflakian et al., [5]. P. aeruginosa PAO1 (10°
cells/mL) was incubated in LB medium supplemented with AgNPs at a concentration of 1/2 x MIC for 20 h at 37 °C. In parallel,
bacterial suspension with no AgNP treatment was prepared as a control. Total bacterial RNA was extracted using a total RNA isolation
kit (Denazist, ASIA). The complementary DNA (cDNA) was synthesized using an Easy cDNA synthesis kit (Parstous, Iran) following the
manufacturer’s guidelines.

Quantitative real-time PCR was performed using a BIO-RAD Real-Time PCR system (Rotorgen, USA) with SYBR Green qPCR RealQ
Plus (Ampliqon, Denmark). The reaction was set up in a final volume of 20 pL, consisting of 10 pL 2 x Master Mix Green, 1 pL of 10 pM
forward primer, 1 pL of 10 pM reverse primer and 1 pL. cDNA template topped up with ddH5O to 20 pL. The cycling program included
an initial denaturation at 94 °C for 3 min, followed by 40 cycles of denaturation at 94 °C for 30 s, annealing at 52 °C for 30 s, extension
at 72 °C for 30 s, and a final extension at 72 °C for 2 min. The 16S rRNA gene was used as a reference gene for normalization, and fold
change was determined using the AACT method (2 “22€T formula was used to analyze the data).

2.10. Statistical analysis

The statistical analysis was conducted through the use of Student’s t-test of variance (ANOVA) using SPSS software version 26. All
experiments were carried out three times, and the results are shown as means + standard errors of the mean (SEM) and standard
deviation (SD). Statistical significance was considered at p<0.05 and p<0.01.

3. Results
3.1. Characterization of green synthesized AgNPs

The green synthesis method of AgNPs which was determined in the previous study [14] showed that the aqueous extract of
T. polium as a harmless reducing agent compatible with the environment can cause the synthesis of AgNPs. The synthesis of nano-
particles was confirmed by scanning the wavelength in the range of 400-450 nm (specifically at 420 nm). Additionally, scanning
electron microscopy, energy-dispersive X-ray spectroscopy, and X-ray diffraction analysis confirmed the synthesis of AgNPs.
Furthermore, analysis through dynamic light scattering, zeta potential, and transmission electron microscopy indicated that the
nanoparticles exhibit a spherical shape with sizes ranging from 8 to 28 nm, and demonstrate high stability in the reaction mixture.

3.2. Antibacterial and antibiofilm activity of AgNPs

The antibacterial activity of synthesized AgNPs was evaluated using the broth microdilution method by determining MIC and MBC
against P. aeruginosa. The obtained results showed a significant antibacterial effect at a concentration of 100 pg/mL (Fig. 1a). The
viability of P. aeruginosa at concentrations below the MICs of AgNPs was investigated to determine whether there is a significant
bacteriostatic effect at these concentrations. As shown in Fig. 1a, AgNPs at sub-MIC concentrations (50, 25, 12.5, 6.25 pg/mL) did not
show significant inhibition in the growth of planktonic cells of P. aeruginosa PAO1 compared to the control group (0 pg/mL) (P>0.05).
The MBC of the synthesized AgNPs was 200 pg/mL, and no growth was observed at this concentration. Hence, concentrations below
100 pg/mL were selected for evaluation in future anti-biofilm and anti-QS assays.

As shown in Fig. 1b, AgNPs prevented the biofilm formation of P. aeruginosa at concentrations sub-MIC. Significant inhibition of
biofilm formation at sub-MIC levels of about 78 % and 54 % was observed at 1/2 x MIC and 1/4 x MIC (50 pg/mL and 25 pg/mL),
respectively. Student’s t-test was performed to compare biofilm formation at sub-MIC levels of AgNPs to the control, which had 100 %
biofilm.

The established mature biofilm was significantly disrupted by AgNPs (Fig. 1c). Maximum eradication of the mature biofilm
occurred at the MIC (100 pg/mL) of AgNPs. Specifically, the eradication rate of the mature biofilm of P. aeruginosa was 64.8 % at its
MIC value and 50.9 % at 1/2 x MIC. These results indicate that the highest level of biofilm eradication was achieved at the MIC of the
AgNPs.

3.3. Effect of AgNPs on P. aeruginosa motility

The ability to move is an important factor in the spread and pathogenesis of P. aeruginosa infections. The sub-MIC effects of AgNPS
on three types of motility (twitching, swimming and swarming) were assessed by inoculating overnight cultures of P. aeruginosa PAO1
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on motility plates. As shown in Fig. 2b, the zone of swarming, swimming and twitching of P. aeruginosa PAOL1 in the absence of AgNPs
was 12 + 1.2 mm, 17 £ 1.3 and 10 + 2.1 mm, respectively. After treatment with AgNPs, the zone of swarming, swimming and
twitching decreased to 6 + 1.4 mm, 10 &+ 1.3 mm and 5 + 1.1 mm, respectively. In general, P. aeruginosa PAO1 exhibited a significant
decrease (p <0.05) in motility after AgNP treatment (Fig. 2a).

3.4. Effect of AgNPs on biofilm formation by scanning electron microscopy

SEM analysis was performed to reveal the inhibitory effects and the morphological changes of the treated cells. In the untreated
group, P. aeruginosa grew extensively and the cells in the secreted matrix were cohesively attached to the polyvinyl chloride film and
formed the primary biofilm (Fig. 3b), no biofilm was detected in the control group containing LB medium (Fig. 3a). In the treatment
groups, the density of bacteria and the amount of adhesion to the biofilm carrier decreased with increasing concentrations of AgNPs.
The absence of biofilm matrix around cells treated with concentrations of 50 pg/mL and 25 pg/mL indicates the inhibition of biofilm
formation by nanoparticles at levels below MIC (Fig. 3c-d). The size of some bacteria decreased due to the effect of nanoparticles. Also,
the damage of nanoparticles was caused by binding to the membrane and cell lysis. In comparison, control cells showed intact cell
structure within the biofilms.

3.5. Anti-virulence effect of AgNPs on QS-controlled factors

Pyocyanin, LasA protease and LasB elastase production: Investigating the effect of synthesized AgNPs on the production of
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Fig. 2. Effect of synthesized AgNPs at 1/2 x MIC (50 pg/mL) on the swimming, swarming and twitching motility of P. aeruginosa PAO1. (a) The
results indicate the means + SEM of motility. Control samples were plates inoculated with bacteria in the absence of AgNPs. Statistical significance
was determined by the student’s t-test. “*” shows a significant difference (*p <0.05) of AgNPs compared with the control. (b) Representative images
of swimming, swarming and twitching of P. aeruginosa in the presence of AgNPs compared with the control. The brown circle line indicates the zone
diameter of bacterial growth.
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Fig. 3. The electron microscopy analysis of biofilm formation of P. aeruginosa PAO1 before and after treatment with AgNPs. (a) LB medium as
negative control (no bacteria). (b) untreated group. Aggregation of P. aeruginosa cells and secretion of biofilm matrices after 24 h. (c) AgNPs treated
group with the final concentration of 1/4 x MIC. (d) AgNPs treated group with the final concentration of 1/2 x MIC. Biofilm formation decreased
with the increase in nanoparticle concentration.

pyocyanin, as a P. aeruginosa siderophore that facilitates pathogenic growth at the site of infection, showed a significant decrease in the
amount of pyocyanin at a concentration of 1/2 x MIC - 1/4 x MIC (about 70 %62 %), compared to the control sample (Fig. 4a). In
parallel, the production of two other pathogenic factors associated with QS after exposure to AgNPs at sub-MIC (1/2 x MIC - 1/4 x
MIC) was significantly reduced in a dose-dependent manner: 85 %-72 % for LasA protease inhibition, and 87 %-75 % for LasB elastase
inhibition (Fig. 4b—c). These results confirmed the anti-virulent activity of synthesized AgNPs.

3.6. Biofilm genes expression

The P. aeruginosa biofilm matrix consists of three polysaccharides: Pel, Psl and alginate. Psl and Pel polysaccharides play a role in
adhesion and the initial development of the biofilm. The algC produces alginate precursors for a mucosal phenotype that protects
against antimicrobial agents and the host defence system. The gene expression levels related to biofilm formation (quorum sensing
genes) when exposed to synthesized AgNPs showed a significant decrease at sub-MIC levels. According to the results in Fig. 5, the
transcription levels of algC, pslA and pelA genes using RT-qPCR at the 1/2 x MIC)50 pg/mL) of AgNPs in the treated group decreased by
approximately 77.5 %, 83 %, and 68 %, respectively compared to the untreated group (P < 0.05). AgNPs at 1/4 x MIC (25 pg/mL)
repressed the expression levels of algC, pslA and pelA by 70.5 %, 75.3 % and 58.2 %, respectively. These inhibitory effects on biofilm
genes are correlated with the results of biofilm formation inhibition and SEM analysis.

4. Discussion

Increasing multidrug resistance to traditional antimicrobials has prompted researchers to search for novel approaches to modulate
bacterial virulence and control the spread of multidrug-resistant bacteria [5,19,23].

The unique properties of AgNPs, especially the antimicrobial properties against a wide range of bacteria, have made these to be
used in the medical, drug delivery, food and wastewater treatment industries, and are considered next-generation antimicrobials [1,
24]. Also, studies have shown that resistance to antimicrobial treatment is difficult for AgNPs, as it requires three separate mutations in
three separate bacterial systems in one generation of bacteria [25,26]. Since the synthesis method is one of the influential parameters
in the size and antibacterial properties of nanoparticles. Also, due to environmental concerns, the synthesis of metal nanoparticles
using plant extracts was used as the most economical and compatible method to reduce the involvement of toxic chemicals and has
been the subject of many studies in recent years [27].

The antibacterial activity of Bio-AgNPs against gram-positive and gram-negative bacteria has been described by many studies.
However, few studies have investigated the sub-inhibitory effects of silver nanoparticles on microorganisms [28,29]. The present study
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compared to the cells not treated with the AgNPs (0 pg/mL). The values are the mean + SD of three independent experiments. Statistical significance
was determined using the student’s t-test. *p<0.05 and **p<0.01 compared with the control group. NC: negative control.
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Fig. 5. The levels of relative expression of QS-regulated biofilm genes (algC, pslA, and pelA) in the presence of sub-MICs of AgNPs (50, 25, and 12.5
pg/mL). *P<0.05 indicates a significant difference compared to the control group (untreated). Error bars represent the standard deviation of three
parallel measurements.

was conducted to investigate the effect of sub-inhibitory concentrations of green AgNPs (16 nm) synthesized by Hashemitabar et al.
[14], on the inhibition of virulence factors, motility and biofilm formation regulated by QS system of P. aeruginosa.

Biofilm-forming bacterial pathogens are resistant to drugs, environmental stressors, and the host immune system, and they produce
virulence factors that contribute to chronic infections. The results of investigating the effect of synthesized AgNPs on inhibiting biofilm
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formation showed that nanoparticles were able to inhibit biofilm formation in a concentration-dependent manner. It was found that at
a concentration of 1/2 x MIC (50 pg/mL) of AgNPs, it inhibits the biofilm formation of P. aeruginosa by 78 %. In examining the impact
of nanoparticles on the dispersion of mature biofilms, we found that the highest eradication rate of mature biofilms was 64.8 % at the
MIC of AgNPs. Notably, at 1/2 x MIC, the eradication rate for mature P. aeruginosa biofilms was 50.9 %. Based on these findings,
reducing the biofilm formation and elimination of mature biofilms, as well as neutralizing the virulence properties of P. aeruginosa,
could be a potential approach to managing infections associated with this bacterium.

Loo et al., investigated the effectiveness of AgNPs against P. aeruginosa PAO1 and showed that EPS matrix degradation resulted in a
95 % reduction in Pseudomonas biofilm production [30].

Our findings were phenotypically similar to the findings of Singh et al., [31]. They showed a decrease in P. aeruginosa PAO1 biofilm
formation ability using green synthesized AgNPs. The results of this study showed a partial lethal effect of silver nanoparticles at the
sub-MIC level, which led to the inhibition of bacterial growth and adhesion. Therefore, the inhibition of biofilm formation at
sub-minimum inhibitory concentrations (MIC) could be attributed to non-lethal damage or the suppressive effect on the expression of
related genes.

One of the important factors in bacterial pathogenicity is motility because it plays a role in host cell adhesion, colonization, and
biofilm formation [32]. In the present study, P. aeruginosa PAO1 showed a significant reduction in swarming, swimming and twitching
motility when exposed to AgNPs. The study of de la Fuente-Nunez et al., showed well that the reduction of swimming and twitching
motility, and the suppression of the expression of various genes involved in motility directly affect the biofilm formation [33].

In accordance with these results, Hussain et al. showed that AgNPs at sub-MIC (1/16, 1/8, 1/4 and 1/2 MIC), caused a 42-81 %
reduction in swarming motility and 79-22 % reduction in biofilm formation of P. aeruginosa PAO1 [34].

In the research by Khan et al., sub-MIC concentrations of gold nanoparticles led to a significant decrease in swimming, swarming,
twitching, and biofilm formation [35].

Contrary to our results, Saeki et al., in investigating the effect of synthesized silver nanoparticles (75 nm) using Fusarium oxysporum,
showed that sub-inhibitory concentrations of biological nanoparticles (1/2 MIC, 7.81-31.25 uM) significantly (p < 0.05) increased
swarming, swimming, twitching and biofilm formation capacity [19]. This difference could be associated with the size, shape, surface
charge and biological corona of nanoparticles. Liao et al., confirmed that smaller nanoparticles have more antibacterial activity than
larger nanoparticles, so the size of the nanoparticles can determine the regulation of the virulence factor [36]. Grun et al., found that
the treatment of pre-grown freshwater biofilms with 30-70 nm AgNPs increased biofilm formation and led to a change in the biofilm
community [37].

Considering that the adhesion of bacteria to different surfaces, especially host tissues, is considered the initial stage of the formation
and spread of bacterial biofilms, in this study the inhibitory effect of silver nanoparticles against bacterial adhesion on polyvinyl
chloride film was evaluated by SEM. The biofilm matrix was present in the untreated cells, which caused the cells to adhere to one
another and the surface. The results of the SEM analysis were in agreement with the results of other experiments in inhibiting biofilm
formation in the presence of different concentrations of AgNPs. Similar results of biofilm inhibition using SEM were shown by Singh
et al., [38].

At sub-MIC levels, one of the possibilities is the absorption of nanoparticles by P. aeruginosa due to the very small size of the NPs,
and spherical shape, which allows the endocytosis or ingestion of nanoparticles by the treated cells. When AgNPs are introduced,
various mechanisms have been reported for nanoparticles to cell damage, including the production of reactive oxygen species (ROS),
DNA damage, disruption of protein and ribosome function, and interference with the QS system [1,26]. Also, AgNPs release silver ions
(Ag+) from their surface when exposed to aerobic conditions. These released silver ions show a strong antimicrobial effect by
interacting with the cell walls and membranes of bacteria. This mechanism is the main cause of the toxicity of AgNPs [39].

Since pathogenicity, biofilm formation capacity and the most virulence factors of Pseudomonas are controlled by the QS system,
this study, in addition to the phenotypic investigation of biofilm inhibition investigated the expression of genes related to the biofilm
polysaccharide matrix (Psl, Pel, and alginate). The lasI/lasR system in the QS system directly controls the psl gene expression. The lasR
protein influences the expression of pel and alg genes by activating the rhll/rhIR system, which is the second QS system [5]. In this
research, the transcriptional expression of algC, pslA, and pelA genes was significantly decreased when exposed to 1/2 x MIC - 1/4 x
MIC of AgNPs. Specifically, algC exhibited a reduction of 77 %-70 %, pslA of 83 %-75 %, and pelA of 68 %-58 %.

In QS system, lasR and rhlR are involved in coding transcription activators and LasI and RhlI in the synthesis of autoinducers [40].
AgNPs may interfere with the las and rhl pathways and prevent the production of signalling molecules or the transcription of genes
under the control of this system [41].

Al-Momani et al., showed that biosynthesized AgNPs (11 nm) at sub-inhibitory concentrations have significant inhibitory effects on
growth, biomass metabolism and biofilm formation. Also, the expression of seven genes encoding biofilm and QS in clinical isolates of
P. aeruginosa (lasR, lasl, IssB, rhIR, rhll, pgsA and pgsR) decreased significantly upon exposure to the nanoparticles [41].

Pyocyanin, a pigment produced by P. aeruginosa regulated by QS, plays a key role in the pathogenesis of P. aeruginosa infections by
causing oxidative stress, damaging host cells, promoting tissue destruction, and Interference with the host immune response. Addi-
tionally, P. aeruginosa produces pyocyanin, which aids in iron acquisition, bacterial growth, and immune response stimulation. The
bacterium also secretes enzymes LasA protease and LasB elastase, contributing to tissue damage and colonization in host infections
[42]. The results of investigating the effect of synthesized AgNPs on the production of three virulence factors (pyocyanin, LasA
protease, and LasB elastase) in this study showed a significant decrease in the levels of pyocyanin, LasA protease, and LasB elastase (70
%, 85 %, and 87 %, respectively) at a concentration of 1/2 x MIC.

In a similar study, Singh et al., showed that synthesized bio-AgNPs (28 nm) prevented the formation of biofilm and several
virulence factors such as LasA protease (86 %), LasB elastase (86 %), pyocyanin (96 %) and reduced the production of C12-AHL and
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C4-AHL of PAOL. Further gene quantification analyses revealed that AgNPs significantly decreased the expression of QS-regulated
genes, especially those responsible for producing virulence factors [38].

Rather and Mandal investigated the effects of plant-synthesized silver nanoparticles on QS-dependent virulence factors and biofilm
of P. aeruginosa. AgNPs showed significant reduction of QS-dependent virulence factors and biofilm at Sub-MICs. Significant inhibition
of 88 %, 79 %, 73 % and 61 % of biofilm formation, QS, pyocyanin and LasB elastase were reported, respectively [43].

In the study of Awadelkareem et al., biologically synthesized AgNPs were tested on Gram-negative bacteria to assess their impact
on biofilm formation and virulence factors controlled by QS. In this study, a dose-dependent decrease in virulence factors of
P. aeruginosa (pyocyanin, pyoverdin, LasB elastase and LasA protease) was observed. Biofilm development was reduced by 72.56 % at
the highest sub-MIC. In addition, a significant decrease in biofilm formation on glass surfaces, swimming motility and exopoly-
saccharides (EPS) was also observed [42].

5. Conclusions

There is a growing interest in the development and synthesis of environmentally friendly and non-toxic metal nanoparticles [14]
for medical or clinical purposes. This study evaluated the anti-bacterial and anti-virulence effects of AgNPs synthesized from the
medicinal plant Teucrium polium extract on P. aeruginosa. Biosynthesized AgNPs showed a significant reduction in multiple
QS-regulated functions in P. aeruginosa. P. aeruginosa showed a reduction in its ability to form biofilm at sub-MIC levels, with a
suppression rate of 78 % in a dose-dependent manner. This reduction in biofilm formation is crucial, as biofilms contribute to the
persistence and resistance of bacterial infections, particularly in chronic conditions.

In addition, the inhibition of virulence factors, including pyocyanin, LasB elastase, and LasA protease, at a concentration of 1/2 x
MIC was 70 %, 87 %, and 85 %, respectively. These factors are integral to the pathogenicity of P. aeruginosa, and their suppression
could lead to diminished virulence and enhanced susceptibility to host defences.

There was a notable reduction in three types of motility (swarming, swimming and twitching), further indicating that AgNPs
disrupt the motility and colonization capabilities of P. aeruginosa. This is particularly significant as motility is a key factor in the
establishment of infections and biofilm development.

After treatment with AgNPs, the relative expression of biofilm-related genes controlled by QS, including algC, pslA, and pelA,
decreased by 77 %, 83 %, and 68 %, respectively. The reductions in gene expression emphasize the ability of AgNPs to interfere with
the QS signalling pathways that govern biofilm development and maintenance.

These results indicate the promising future for AgNPs as potential alternative antimicrobial agents or in combination with anti-
biotics. Due to the significant increase in drug absorption in the presence of nanoparticles, AgNPs could serve as an effective drug
delivery system. However, further in-vivo studies are necessary to assess the therapeutic effectiveness of AgNPs against infections
caused by pathogens resistant to conventional antibiotics.
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