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Multidrug-resistant (MDR) Pseudomonas aeruginosa is a major health threat in the
community and hospital setting. This work investigates the antibacterial and antibiofilm
effects of coumarin-conjugated silver nanoparticles (Ag@Glu-Coumarin nanoparticles)
on MDR P. aeruginosa. Silver nanoparticles (NPs) were initially functionalized with
glucose, conjugated with coumarin and characterized by Fourier Transform Infrared
Spectroscopy (FT-IR), X-ray diffraction (XRD), Field Emission Scanning Electron
Microscope (FE-SEM), Energy-dispersive X-ray spectroscopy (EDS)-mapping,
Dynamic Light Scattering (DLS), zeta potential and Thermogravimetric Assay (TGA)
analyses. Antibacterial potential of the NPs was studied by disk diffusion and broth
microdilution assays. Biofilm formation ability of P. acruginosa strains and antibiofilm
effects of Ag, coumarin and Ag@Glu-Coumarin NPs were analysed using the crystal
violet staining method. The relative expression of the algD, pelA, and pslA genes was
investigated by real-time PCR. The Ag@Glu-Coumarin NPs were correctly synthesized
with a spherical shape and average size of 80 nanometer(nm). The surface charge and
hydrodynamic size of the particles were -80.4 milliVolt (mV) and 271.2 nm, respectively
and exhibited sufficient thermal stability at temperatures up to 100 °C. The average
diameter of growth inhibition zones caused by Ag@Glu-Coumarin NPs was 30mm, and
the minimum growth inhibitory concentration ranged 256-512pug/mL. The strains 1, 6,
7, 8 and 10 displayed the highest biofilm formation potential, which was reduced by
77.3,75.9, 90.3, 89.2 and 89.4%, respectively, in treated bacteria. Moreover, treatment
of P. aeruginosa strains with Ag@Glu-Coumarin NPs significantly reduced expression
of the algD, pelA and pslA genes to 0.68, 0.46 and 0.37 folds, respectively. This study
demonstrated antibacterial activity and antibiofilm effects of Ag@Glu-Coumarin NPs,
suggesting their therapeutic potential against MDR P. aeruginosa strain.

1. INTRODUCTION

population, particularly in hospital settings. Broad

Pseudomonas aeruginosa is a rod-shaped, aerobic and
gram-negative bacterium that is frequently found in water,
soil, plants and animals. It is considered an opportunistic
human pathogen causing various infections in humans
such as otitis, septicemia, urinary tract infection and
respiratory diseases. P. aeruginosa is a main cause of
mortality in immunocompromised patients, burns and
cystic fibrosis. This bacterium has a high ability to adapt
to different environmental conditions and is highly
resistant to antimicrobial compounds [1]. Development of
drug resistance by P. aeruginosa is a main therapeutic
challenge that reduces the effectiveness of antibiotic
treatment interventions. Multidrug Resistant (MDR) P.
aeruginosa is a major health threat to the human

spectrum of antibiotic resistance in MDR P. aeruginosa
limits effective therapeutic options; therefore finding
effective drugs against these strains is of significant
priority [2].

Antibiotic resistance in P. aeruginosa arises from
several inherent and acquired resistance determinants. In
addition to low permeability of the bacterial outer
membrane and multidrug efflux systems, which account
for bacterial intrinsic drug resistance mechanisms, biofilm
formation is regarded as a main determinant factor in the
antibiotic resistance of P. aeruginosa. Biofilm consists of
a bacterial population embedded in a self-produced
extracellular polymeric matrix established on living and
non-living surfaces. In biofilm growth, bacteria typically
show significantly higher resistance to antimicrobials, as
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the biofilm matrix acts as a barrier that reduces bacterial
exposure to the drugs. Furthermore, bacteria that grow in
biofilm exhibit different phenotypic characteristics
compared with planktonic growth, noticeably grow
slower, thus display resistance to antibiotics that are
effective against actively dividing bacteria [3]. In P.
aeruginosa, the biofilm matrix mainly consists of
exopolysaccharide, secretory proteins, lipids and
extracellular DNA (eDNA). The main exopolysaccharides
of P. aeruginosa biofilm include alginate, Pel and Psl, each
of which provides different physiological characteristics to
the bacterial biofilm [4]. Alginate is responsible for the
mucoid phenotype of P. aeruginosa, facilitating bacterial
persistence, accumulation of nutrients and water in biofilm
and adhesion to respiratory tract mucin. In addition,
alginate synthesis is associated with biofilm maturation,
microcolony formation and resistance to unfavorable
conditions [5]. In contrast, Pel and Psl are responsible for
biofilm initiation and maturation through facilitating
intracellular adhesion and formation of surface-attached
architecture [4].

Coumarin is a plant-derived bioactive compound made
up of fused benzene and a-pyrone rings. It is a plant
secondary metabolite that is found in leaves, roots and
seeds of plants. Coumarins exhibit a wide range of
pharmacological potency, such as anti-inflammatory,
anticancer, and antibacterial, which are due to their ability
to exert non-covalent interactions with organic
macromolecules [6]. It has been documented that
coumarin can exert antibacterial properties via different
mechanisms, including quorum-sensing inhibition,
biofilm inhibition and disruption, and growth inhibition.
Furthermore, it can cause certain metabolic and gene
expression alterations in pathogenic bacteria, which
ultimately lead to a decrease in their virulence [7, 8].
However, like many other plant metabolites, coumarin
lacks sufficient water solubility and bioavailability, which
limits its biomedical applications [6]. For this reason,
studies have focused on improving the bioavailability of
this substance in order to improve its pharmaceutical
potential.

A combination of nanomaterials with drugs and
biomolecules provides several benefits, such as controlled
drug release, protection against degradation and rapid
clearance, and penetration and entrapment in biofilm
matrix [9]. Therefore, using nanocarriers for the delivery
of drugs and biomolecules to prevent and disrupt bacterial
biofilm is an innovative strategy in antibacterial
chemotherapy. Silver nanoparticles (Ag NPs) have been
extensively studied for their antibacterial activity, as they
are biocompatible, inexpensive and have significant
antibacterial potential against a wide range of bacterial
pathogens [10]. Ag NPs have received great attention for
use as carriers for drug delivery to bacterial biofilms [11].
However, their potential for delivery of biomolecules,
particularly coumarins, to prevent and eradicate bacterial
biofilm has been less explored. Therefore, the current work
was conducted to synthesize silver nanoparticles
functionalized with D-glucose and conjugated with
coumarin (Ag@Glu-Coumarin) and to characterize their

antibacterial and antibiofilm potentials against MDR P.
aeruginosa strains.

2. MATERIALS AND METHODS
2.1. Synthesis of Nanoparticles (NPs)

At first, Ag NPs (purchased from the US Research
Nanomaterials Inc., USA) were functionalized with D-
glucose using the following procedure to promote the
conjugation of the NPs to coumarin (purchased from
Merck, code 8.22316.0250, Germany). One gram of Ag
NPs and 0.5 gram of D-glucose were dispersed using an
ultrasonic water bath and then heated at 180 °C for 3 hours.
The mixture was centrifuged at 6000 rpm and Ag@Glu
NPs were collected and dried in an oven at 70 °C. To
conjugate the NPs with coumarin, one gram of Ag@Glu
NPs and one gram of coumarin (Sigma-Aldrich) were
dispersed in 50 mL of distilled water and the reaction
mixture was shaken for 24 hours at 25 °C. Finally,
Ag@Glu-Coumarin  NPs  were collected using
centrifugation, rinsed with distilled water and freeze-dried
[12].

2.2. Characterization of the NPs

The physical and chemical properties of the NPs were
characterized by Fourier Transform Infrared Spectroscopy
(FT-IR), X-ray diffraction (XRD), Field Emission
Scanning Electron Microscope (FE-SEM), Energy-
dispersive X-ray spectroscopy (EDS), Dynamic Light
Scattering (DLS), zeta potential and Thermogravimetric
Assay (TGA) analyses. FT-IR analysis of Ag, coumarin
and Ag@Glu-Coumarin NPs was performed using a
Nicolet IR-100 FT-IR device in a wavenumber range of
500-4500 cm'. The assay was done to compare the
functional groups of the substances. To determine the
crystal structure of Ag@Glu-Coumarin, an XRD analysis
was conducted using the Co- Ka X-radiation at k=1.79 A.
Field emission scanning electron microscopy (TESCAN
Mira3 SEM) was employed to determine the shape and
size of dried NPs, and an EDS-mapping assay was
conducted to elucidate the atomic composition of the NPs.
The surface charge and hydrodynamic size of Ag@Glu-
Coumarin NPs in an aqueous environment were
characterized using the DLS and zeta potential analyses
(Malvern Ltd, 6.32 zeta sizer). Finally, Thermogravimetric
Assay (TGA) was applied to determine the thermal
stability of the NPs using a Rheometric Scientific STA
1500 (USA) device.

2.3. Bacterial Strains and Antibiogram

A total of 10 clinical P. aeruginosa strains and P.
aeruginosa ATCC 27853 were included in this work. The
bacteria were isolated from clinical specimens (Shahid
Motahari Hospital, Tehran, Iran) and identified using
standard identification assays. To identify Multidrug-
Resistant (MDR) strains, a standard antibiogram assay was
applied using the ampicillin (10ug), ciprofloxacin (5pg),
tetracycline (30pg), imipenem (10pg) and gentamicin
(10pg) disks. In brief, a spread culture of the bacterial
strains (1.5 x10® CFU/mL) was prepared and the standard
antibiotic disks were placed on the surface of the medium.
The plate was incubated at 37 °C for 24 hours, after which



Coumarin-conjugated silver nanoparticles; potent antibacterial.../ Abbaspour Naderi E. Shafighi S.T. Mirzaie A. Salehzadeh A. 59

the zones of inhibition around the disks were measured
[13].

2.4. Antibacterial Properties

The antibacterial effect of Ag nanoparticles (NPs),
coumarin and Ag@Glu-Coumarin NPs on P. aeruginosa
strains was studied by disk diffusion assay. In brief, a
suspension of each bacterial strain with a density of 1.5
x108 CFU/mL was prepared and cultures of the strains
were prepared over the Muller-Hinton Agar medium using
sterile cotton swabs. Next, wells of 5 mm in diameter were
punctured in the medium and 50 pL of the substances was
added to the wells. A ciprofloxacin disk was also used as
a standard antibiotic. The plate was incubated at 37 °C and
zones of inhibition around the wells were measured [14].

2.5. Minimum Inhibitory Concentration (MIC)

To determine the Minimum inhibitory concentration
(MIC) of Ag NPs, coumarin, Ag@Glu-Coumarin NPs and
ciprofloxacin (as a standard drug), a gradient concentration
of each substance ranging from 1 to 1024 pg/mL was
prepared in a 96-well plate and bacterial stock (1.5 x10%
CFU/mL) was added to the wells. The plate was incubated
at 37 °C for 24 hours and then, bacterial growth was
inspected based on the appearance of turbidity in each
well. The minimum concentration of each substance that
inhibited bacterial growth was regarded as MIC [15].

2.6. Antibiofilm Assay

Initially, the biofilm formation level of the strains was
studied by the crystal violet staining method. In brief, the
bacteria were grown in the Muller-Hinton Broth in a 96-
well plate at 37 °C for 48 hours. After incubation, the

medium was aspirated and gently rinsed with PBS to
remove planktonic cells and the wells were stained with
0.1% crystal violet solution for 20 minute. The wells were
washed with distilled water to remove the unbound dye
and then 200uL of 30% acetic acid was added to the wells
to solubilize the dye. Finally, the absorbance of each well
was measured at 570 nm to quantify the biofilm level in
each well [16].

To study the antibiofilm potential, the bacteria with the
highest biofilm formation potential were selected for the
antibiofilm assay. Initially, the bacteria were treated with
a sub-MIC of Ag NPs, coumarin, and Ag@Glu-Coumarin
NPs, at 37 °C for 48 hours, after which the biofilm level in
each well was quantified by crystal violet staining assay,
as described above.

2.7. Gene Expression

The expression level of the genes involved in the synthesis
of biofilm exopolysaccharides, including algD, pel4 and
psl4 was quantified using real-time PCR assay. In brief,
the bacteria were treated with a sub-MIC of Ag NPs,
coumarin and Ag@Glu-Coumarin NPs for 24 hours, while
the untreated bacteria were considered the controls. Total
RNA was initially extracted and complementary DNA
(cDNA) was synthesized by Zist Virayesh cDNA
synthesis kit, according to the manual. Finally, gene
expression was done using an Ampliqgon SYBR Green
master mix in a Rotor-Gene QIAGEN thermocycler
device. The 16s rRNA gene was used as an internal control
gene and gene expression levels were quantified using the
2-45Ct method [17]. The sequence of the primers used for
gene amplification is provided in Table 1.

Table 1.
Sequence of the primers used for gene expression assay
Gene Forward primer Reverse primer Pro?grc); size
algD 5'-GGGCTATGTCGGTGCAGTAT-3' 5'-AACGATACGTCGGAGTCCAG-3' 219
peld 5-TACTGGGCCTCGAAGTTCTC-3' 5-TCATCAAGCCCTATCCGTTC-3' 214
pslA 5-GTTCTGCCTGCTGTTGTTCA-3’ 5-GGTTGCGTACCAGGTATTCG-3’ 230
16s rRNA 5'-CCAACCCTTTTCCTTACTTGC-3’ 5'-CATCAACTTCACCTTCACGC-3’ 119

2.8. Statistical Analyses

The experiments were performed in triplicate and the
results were presented as mean+standard deviation (SD).
Significant differences between the treatment groups were
investigated by one-way ANOVA and a p-value of less
than 0.05 was considered statistically significant. To
identify which specific groups differed, Tukey's post hoc
analysis was subsequently performed.

3. RESULTS AND DISCUSSION
3.1. Characterization

In the FT-IR spectrum of Ag NPs, the peak at wavenumber
of 567 cm™! corresponds to the Ag bond and the peak at

3441 cm™ is related to the O-H bond. Considering the
spectrum and comparison with previous reports, it can be
concluded that the results are consistent with other
references and Ag NPs have been synthesized correctly
[18, 19]. In the FT-IR spectrum of Ag@Glu-Coumarin
NPs, the presence of a peak at 459 cm™ is due to the Ag
bond. Also, the presence of peaks at 753, 1116, 1395, 1605
and 1734 cm'! is related to H-C, C-O, C-C, C=0, and C=C
bonds, respectively. Also, the absorption peaks at 12926
and 3418 cm’! are related to H-C, and O-H bonds,
respectively. The FT-IR spectra were displayed in Fig. 1.
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Fig. 1. FT-IR spectra of Ag and Ag@Glu-Coumarin NPs. The
spectra display correct synthesis of the nanocomposite.

According to the XRD spectrum of Ag@Glu-
Coumarin NPs, the peaks at 20 of 38.18, 44.29, and 64.52
degrees are related to Ag NPs, which is in accordance with
the card number 087-0719 from the Joint Committee on
Powder Diffraction Standards (JCPDS) database and is in
accordance with previous studies [18, 19]. According to
the intensity of the peaks in this spectrum, it can be
claimed that the material has a very high crystalline
property. Also, the size of the nanoparticles from the
Scherrer relationship is 3.89 nm. In the spectrum related to
the Coumarin, the presence of peaks at 26 of 11.40, 22.90,
and 48.25 degrees is in accordance with previous research
[20]. In the XRD spectrum of Ag@Glu-Coumarin, the
presence of peaks at 20 of 38.21, 44.45 and 64.45 degrees
indicates the presence of silver NPs and at 26 of 11.46,
22.97 and 48.30 degrees indicates the presence of

EHT = 10,00 kV

WD= 7.2 mm

coumarin. The structure of the composite is similar to the
structure of its constituent materials (Fig. 2).
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Fig. 2. XRD patterns of Ag NPs, Coumarin and Ag@Glu-
Coumarin NPs. The structure of the nanocomposite is similar to
the structure of its constituent materials.

According to FE-SEM, the nanoparticles were
spherical and in a size range of 60 to 80 nm (Fig. 3a).
Furthermore, no elemental impurity was noticed by EDS-
mapping and the elemental composition of Ag@Glu-
Coumarin NPs includes Ag (80.2 weight%), C (13.5
weight%) and O (6.3 weight%)(Fig. 3b). The surface
charge and hydrodynamic size of Ag@Glu-Coumarin NPs
in an aqueous solution were -80.4 mV and 271.2 nm,
respectively, indicating well dispersion of the particles due
to the high repulsion between the particles (Fig. 4). TGA
analysis exhibited that Ag@Glu-Coumarin has sufficient
thermal stability at temperatures up to 100 °C, which did
not display considerable weight loss (Fig. 5).

EHT = 10.00 kV
WD = 7.1 mm
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3.2. Antibiotic Resistance

Antibiogram assay for P. aeruginosa strains showed that
the majority of strains were resistant to ampicillin (54.5%),
followed by gentamicin (36.3%) and tetracycline (27.2%).
In contrast, 63.3% of the strains were sensitive to
ciprofloxacin and imipenem. Fig. 6 and Table 2 display the
antibiotic resistance profile of the studied strains.

Antibiogram
801
El Resistant
60 =3 Intermediate
B3 Sensitive
40+
204
£
g
2 o
& £ & &é\ <
© F ) & &
& §° & & s
o <8 N §

Fig. 6. Antibiogram of studied P. aeruginosa strains.

Table 2.
Antibiotic susceptibility profile of studied P. aeruginosa strain
P. aeruginosa strains Ampicillin Ciprofloxacin Tetracyclin Imipenem gentamicin
samplel R S R S R
sample2 I S S S S
sample3 R S R S S
sample4 S 1 S I R
sample5 R S S I S
sample6 R R S S R
sample7 S 1 S S R
sample8 R S 1 R I
sample9 R S S I S
sample10 I R R S R
ATCC27853 S S I S S

3.3. Well-Diffusion Assay and MIC

According to the results, Ag@Glu-Coumarin NPs
exhibited more antibacterial potency against P. aeruginosa
strains than Ag and coumarin. The average diameter of

zones of inhibition caused by Ag@Glu-Coumarin NPs, Ag
NPs and coumarin was 30, 20 and 11.2 mm, respectively.
The zone of inhibition of ciprofloxacin for the studied
strains ranged 30.4 mm (Fig. 7).
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Fig. 7. Antibactarial potency of different substances against P. aeruginosa strains (a & b). Ag@Glu-Coumarin NPs exhibited stronger
antibacterial effects on the studied strains than bare coumarin and Ag NPs.

The MIC of coumarin and Ag NPs for P. aeruginosa
strains was 512-1024 pg/mL, while the MIC of Ag@Glu-
Coumarin NPs for the studied strains ranged 256 to 512

pg/mL. In addition, the MIC of ciprofloxacin for clinical
P. aeruginosa strains was 256-512 pg/mL and for P.
aeruginosa ATCC 27853 was 128 pg/mL (Table 3).

MIC of different substanc:salgz)lre S::’l.ldied P. aeruginosa strains
MIC (pg/mL) Average MIC (pg/mL)
P. aeruginosa strain - - . X - - Ag N T eiproflox

g-cumarin g cumarin ciproiloxacin cumarin g cumarin acin

samplel 512 512 1024 1024 1024 1024 512 512 512 1024 1024 512
sample2 256 256 1024 1024 512 512 512 512 256 1024 512 512
sample3 256 256 1024 1024 1024 1024 512 512 256 1024 1024 512
sample4 256 256 512 512 512 512 256 256 256 512 512 256
sample5 512 512 512 512 512 512 512 512 512 512 512 512
sample6 256 256 1024 1024 1024 1024 512 512 256 1024 1024 512
sample7 512 512 1024 1024 1024 1024 256 256 512 1024 1024 256
sample8 512 512 512 512 1024 1024 512 512 512 512 1024 512
sample9 256 256 512 512 512 512 512 512 256 512 512 512
sample10 512 512 1024 1024 1024 1024 512 512 512 1024 1024 512
ATCC:27853 512 512 512 512 512 512 128 128 512 512 512 128

3.4. Biofilm Formation/Inhibition Assay

According to the results, the strains 1, 6, 7, 8 and 10
displayed the highest biofilm formation levels with an
average optical density (ODs7) of 1.41, 1.43, 1.53, 1.39
and 1.36, respectively. Treatment of the P. aeruginosa
strains with Ag@Glu-Coumarin NPs resulted in the most
robust biofilm inhibition, followed by coumarin and Ag
NPs. The average ODs7, which corresponds to biofilm
biomass in the bacteria treated with Ag@Glu-Coumarin

NPs and coumarin, was 0.222 and 0.285, respectively,
while the average absorbance in the Ag treatment group
was 0.339. In other words, following treatment of strains
1, 6,7, 8 and 10 with Ag@Glu-Coumarin NPs, the biofilm
formation was inhibited by 77.3, 75.9, 90.3, 89.2 and
89.4%, respectively. In addition, biofilm formation of P.
aeruginosa ATCC 27853 was reduced by 92.6%. The
results indicate the efficient antibiofilm potential of
Ag@Glu-Coumarin NPs against biofilm-producing MDR
P. aeruginosa strains. The results were displayed in Fig. 8.
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Fig. 8. Biofilm formation level of P. aeruginosa strains (a). Antibiofilm effects of Ag@Glu-Coumarin, coumarin and Ag NPs on
selected P. aeruginosa strains (b&c). The results indicate the higher antibiofilm potential of Ag@Glu-Coumarin NPs than Ag NPs
and coumarin.

3.5. Gene Expression

Real-time PCR assay showed that treatment of P.
aeruginosa with Ag@Glu-Coumarin NPs caused a
significant reduction in the expression of the gene involved
in the synthesis of biofilm exopolysaccharides. The
expression of algD in this treatment group was
significantly reduced to 0.68-fold relative to the control,
while Ag NPs and coumarin reduced the expression of this
gene to 0.81 and 0.75 folds relative to the control,
respectively (Fig. 9a).

Moreover, the average expression level of the peld
gene in the bacteria treated with Ag NPs and coumarin

reduced to 0.68-fold and 0.76-fold relative to the control,
respectively, while treatment of P. aeruginosa strains with
Ag@Glu-Coumarin NPs resulted in the significant
reduction of the peld gene to 0.46-fold relative to the
control (Fig. 9b).

A similar pattern was also observed for the expression
of the psi4 gene. The expression of this gene in bacteria
treated with Ag@Glu-Coumarin NPs significantly
decreased to 0.37-fold relative to the control, while Ag
NPs and coumarin reduced gene expression to 0.81-fold
and 0.47-fold relative to the control, respectively (Fig. 9c).
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Fig. 9. Relative expression of the algD (a), pelA (b) and pslA (c) gene in P. aeruginosa strains after treatment with Ag NPs, coumarin
and Ag@Glu-Coumarin NPs. Ag@Glu-Coumarin NPs caused significant reduction all studied genes.

Infections caused by MDR P. aeruginosa are a critical
health challenge, particularly in hospital settings. In
addition to the intrinsic and acquired resistance
mechanisms, biofilm formation is regarded as a major
contributing determinant in the development of MDR
phenotype in P. aeruginosa. The polysaccharide matrix of
the biofilm plays a crucial role in the failure of antibiotic
efficacy on this pathogen. The use of metal nanoparticles
is a promising approach to penetrate the biofilm matrix and
deliver drugs and bioactive molecules to bacterial cells.
Accordingly, the present study investigated the
antimicrobial and antibiofilm effects of Ag@Glu-
Coumarin NPs on MDR P. aeruginosa.

Characterization of the physicochemical properties of
Ag@Glu-Coumarin NPs showed that the particles were
correctly synthesized, contained no impurities and were at
the nanoscale. Size is the main physicochemical
determinant in the antibacterial potential of silver NPs, as
it can affect the intrinsic antibacterial property and cellular
uptake of the particles [21]. The small size of the particles
can facilitate their penetration into the biofilm matrix,
where they can exert their antibacterial effects more
efficiently than large particles. Beyond size, shape can also
affect the antibacterial activity of NPs, as it determines the
contact between the nanomaterial and bacterial cell
components. It has been documented that spherical silver
NPs have good antibacterial potential due to high surface
reactivity [22]. We found that the particles are strongly
negatively charged, which provides sufficient repulsion
between the particles to avoid particle agglomeration.
Furthermore, we found that the particle size was increased
in the aqueous medium compared to the dry form, which
could be a result of water absorption and swelling.

Characterization of the antibacterial properties
revealed that Ag@Glu-Coumarin NPs demonstrated
antibacterial activity than bare Ag NPs and coumarin,
suggesting additive antibacterial effects caused by Ag and
coumarin. The antibacterial mechanism of silver mainly
relies on the generation of reactive oxygen species (ROS)
such as peroxide and superoxide ions, which can interact
with bacterial cells, causing damage to cell components. It
has been reported that the ROS molecules can cause

damage to the bacterial cytoplasmic membrane, causing
perturbation of its selective permeability and leakage of
cytoplasmic content. In addition, the cytoplasmic
membrane is a vital component of bacterial cells that
regulates vital functions such as energy production,
chemotaxis, and sensory transduction. Therefore, damage
to the cytoplasmic membrane can disrupt essential cellular
processes and inhibit or reduce bacterial growth. In
addition, following the release of Ag ions from the
synthesized NPs, they can interact with bacterial
biomolecules, especially enzymes and DNA, and thus
disrupt their normal function [21, 23]. Furthermore, the
NPs can disrupt the normal functions of P. aeruginosa
efflux systems, causing increased susceptibility of bacteria
to antimicrobials [24]. The efflux systems are membrane-
anchored proteins involved in the active extrusion of
antibiotics and antibacterial molecules from bacterial
cytoplasm, reducing their cytoplasmic concentration and
developing bacterial resistance. It has been found that
silver nano-conjugates can cause disruption of P.
aeruginosa efflux systems which complies with our
findings [25, 26]. Therefore, the inhibition of bacterial
efflux pumps can be the underlying mechanism for
antibacterial effects of Ag@Glu-Coumarin NPs than bare
Ag NPs and coumarin.

In addition to the efflux systems, the outer membrane
of P. aeruginosa is another intrinsic determinant for
bacterial drug resistance. Due to the low permeability, it
works as a barrier to the majority of antibacterial agents
[27]. The oxidative damage due to the generation of ROS
can be another contributing factor causing the sensitivity
of P. aeruginosa to Ag@Glu-Coumarin NPs. Damage to
the bacterial outer membrane can facilitate penetration of
the generated ROS, Ag ions and Ag@Glu-Coumarin NPs
into the bacterial cell, where they can exert additional
antibacterial functions.

In addition to silver, coumarin has its antibacterial
effects on P. aeruginosa strains. As reported in the
previous studies, the antibacterial action of coumarin is
primarily attributed to its ability to interact with bacterial
DNA topoisomerase enzymes and inhibit bacterial
secondary DNA structure [7, 28]. Therefore, Ag@Glu-
Coumarin NPs can exert an additive antibacterial effect
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through different mechanisms. By characterizing the
antibiofilm potential, we found that Ag@Glu-Coumarin
NPs were considerably more potent antibiofilm agents
than Ag and coumarin against MDR P. aeruginosa strains.
The inhibition of the bacterial biofilm can be associated
with affecting bacterial quorum sensing (QS) and C-di-
GMP (Guanosine monophosphate) levels by coumarin [8].
QS is a cell-to-cell communication mechanism based on
the secretion of specific signal molecules, which regulate
various cell functions, particularly virulence factors, drug
resistance and biofilm formation [29]. Several QS systems
have been found in P. aeruginosa that are involved in the
regulation of biofilm formation. Therefore, QS inhibition
is a promising anti-virulence strategy against P.
aeruginosa. Coumarin has been described as a natural QS
inhibitor in several pathogenic bacteria, including P.
aeruginosa. Previous studies have reported that coumarin
derivatives can interfere with QS systems of P.
aeruginosa, causing inhibition of bacterial biofilm
formation, which is in agreement with our findings [30].

C-di-GMP is considered an intracellular secondary
messenger involved in the regulation of several functions
in P. aeruginosa, including the synthesis of
exopolysaccharides and biofilm formation [31]. It has been
found that coumarin can interfere with the C-di-GMP
metabolism, thereby reducing its intracellular content and
interfering with its subsequent regulatory mechanisms.
Therefore, in addition to QS inhibition, coumarin can
perturb bacterial biofilm inhibition by reduction of C-di-
GMP levels and these combined effects may explain the
reduced biofilm levels observed in this work [8].

In agreement with biofilm inhibition, we observed that
the expression of the genes involved in the expression of
biofilm matrix polysaccharides significantly decreased by
Ag@Glu-Coumarin NPs. The synthesis of alginate, Psl
and Pel is regulated by the QS system of P. aeruginosa,
particularly the Las QS system [32]. Therefore, the
reduced expression of the algD, psiA and pelA that were
observed in this work can be a result of the QS inhibitory
effects of coumarin. Furthermore, several studies reported
that generation of the Psl and Pel polysaccharides is highly
dependent on the intracellular C-di-GMP level. Therefore,
the reduced expression of the peld and psiA may be
associated with the reduction of C-di-GMP level by
coumarin [33].

4. CONCLUSION

In this study, we observed that Ag@Glu-Coumarin NPs
demonstrated antibacterial activity against MDR P.
aeruginosa strains because the average diameter of zones
of inhibition caused by Ag@Glu-Coumarin NPs was 30
mm and the MIC of Ag@Glu-Coumarin NPs for the
studied strains ranged 256 to 512 pg/mL. The antibiofilm
effects of Ag@Glu-Coumarin NPs against MDR P.
aeruginosa strains were demonstrated. Following
treatment of strains 1, 6, 7, 8§ and 10 with Ag@Glu-
Coumarin NPs, biofilm formation was inhibited by 77.3%,
75.9%, 90.3%, 89.2% and 89.4%, respectively. Also,
Ag@Glu-Coumarin NPs efficiently reduce the expression
of the biofilm exopolysaccharide genes. The expression of
algD in this treatment group was significantly reduced to

0.68-fold relative to the control. This work increased our
understanding of the antibacterial mechanism of coumarin
nanocomplexes and suggests their therapeutic potential
against the MDR P. aeruginosa strain. For this purpose
toxicity toward mammalian cells should be evaluated
using MTT assay. However, the lack of more detailed
molecular characterization and in-vivo infection models is
a limitation of this work, which need to be considered in
future studies.
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