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Abstract

One of the main characteristics of Pseudomonas aeruginosa is remarkable

intrinsic antibiotic resistance which is associated with production of

β‐lactamases and the expression of inducible efflux pumps. Nanoparticles

(NPs) are a novel option for coping with this resistant bacteria. Hence, the aim

of present study was production of CuO NPs via Bacillus subtilis and applied

them to deal with resistant bacteria. For this purpose, first NPs were

synthesized and were analyzed with different standard techniques containing

scanning electron microscope, Fourier‐transform infrared spectroscopy, and

X‐ray powder diffraction. Microdilution Broth Method and real‐time

polymerase chain reaction were used to antibacterial properties of the CuO

NPs and expression of mexAB‐oprM in clinical samples of P. aeruginosa,

respectively. The cytotoxic effect of CuO NPs was also evaluated on MCF7 as a

breast cancer cell line. Finally, the data were analyzed by one‐way analysis of

variance and Tukey's tests. The size of CuO NPs was in the range of 17–26 nm
and showed antibacterial effect at <1000 μg/mL concentrations. Our evidence

noted that the antibacterial effects of the CuO NPs occurred through the

downregulation of mexAB‐oprM and upregulation of mexR. The interesting

point was that CuO NPs had an inhibitory effect on MCF7 cell lines with the

optimal inhibition concentration at IC50 = 25.73 µg/mL. Therefore, CuO NPs

can be considered as a promising medical candidate in the pharmaceutical

industry.
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1 | INTRODUCTION

Green chemistry aids to decrease the application of
hazardous substances and evaluate the efficiency of
chemical processes [1, 2]. The use of microorganisms as
a sustainable and readily available tool to produce
Nanoparticles (NPs) has received much attention in
recent years [3, 4]. NPs were considered due to their
antibacterial properties based upon inherent inhibitory
effects of particles and ample interactive surface
[1, 5, 6]. NPs can be produced by microorganisms,
especially bacteria as a defense and resistance mecha-
nism in their natural environment [7], for instance,
metallic NPs production for resistance to metallic ions
[8, 9]. The bacterial cell wall has a negative electrical
charge that leads to electrostatic interaction with
positive metallic ions, and contains certain enzymes
responsible for producing NPs. When the metallic ions
are turned into NPs, they can pass through the cell wall
due to their smaller size [8, 10]. Among different NPs,
CuO is cheap, highly antibacterial, and stable with a
longer half‐life in comparison to the organic antimi-
crobial compounds [11, 12]. As CuO NPs attach to the
cell membrane, they affect the permeability and
cellular respiration disturbance [13]. The antibacterial
abilities of CuO NPs are due to their abrasive nature.
The jagged surface of these NPs mechanically damages
the cell membrane [14]. Additionally, the released Cu2+

ions are attracted to the negatively charged carboxylic
group of the cell wall lipoproteins as followed by the
cell entry and enzyme function alterations, which
inevitably lead to bacteria death [15, 16]. Actinomycetes
and Aliivibrio fischeri can synthesize CuO NPs which
inhibit the growth of a variety of bacteria [8, 17].
Bacteria have been subjected to evolutionary processes
to develop antibiotic resistance, since the advent of
antibiotic production and prescription of them. This
has caused a notable reduction in the efficiency of
antibiotics [18–20]. Among resistant bacteria, Pseudom-
onas aeruginosa is a primary cause of life‐threatening
nosocomial infections in immunocompromised pa-
tients and severe infection requiring ventilation, such
as COVID‐19. A number of new alternative drugs have
been developed to treat antibiotic resistant P. aerugi-
nosa, including NPs, antimicrobial peptides, quorum
sensing inhibitors, bacteriophage therapy, and antimi-
crobial photodynamic therapy. Increased expression of
MexAB‐OprM efflux pumps is an important mecha-
nism of antibiotic resistance in P. aeruginosa, and
treatment with inhibitors of active efflux pumps
appears to be an attractive strategy to combat its
multidrug resistance (MDR) [21–23]. The expression of
MexAB–OprM is regulated by mexR gene [24]. Iron

oxide NPs has a fading effect on the mexA gene of P.
aeruginosa [25]. Whereas after silver NPs application
mexB was downregulated [26].

In this study, we have attempted to synthesize CuO
NPs via the green methods, and subsequently measure
the antibacterial effect after NPs verification via pheno-
typic and genotypic methods. Therefore, synthesized
CuO NPs carried out as suitable markers for evaluating
the activity and expression of mexAB‐oprM genes and
mexR regulator genes of efflux pump gene.

2 | MATERIALS AND METHODS

2.1 | Clinical isolates collection

Ten P. aeruginosa were collected from the clinical centers
of Khorramabad city during 3 months in 2020. Bacterial
specimens were collected from various clinical samples,
such as blood, wounds, bronchial lavage, urine, etc.
Then, all isolates were identified by biochemical tests
[27]. A standard strain (accession: ATCC 25922) was
bought from the Iranian biological resource center, and
was used alongside the clinically derived P. aeruginosa as
a control.

2.2 | Antibiotic sensitivity analysis

Samples were tested for antibiotic resistance by the
Kirby‐Bauer test. Different antibiotics family members
were purchased from PADTAN TEB Company, based on
the Clinical & Laboratory Standards Institute (CLSI)
table [28]. The antibiotic disks included ceftriaxone
30 μg, imipenem 10 μg, cefepime 30 μg, amikacin 30 μg,
cefazolin 30 μg, gentamicin 10 μg, ciprofloxacin 5 μg,
minocycline 10 μg, meropenem 5 μg, clarithromycin
15 μg, and cotrimoxazole 25 μg. Eventually, we consid-
ered isolates as MDR which was resistant to at least one
of the three antibiotic classes.

2.3 | NP biosynthesis

Bacillus subtilis (Accession: IBRC‐ M10742) was also
bought from the Iranian biological resource center for
NPs synthesis. Lyophilized B. subtilis was first inoculated
into the Tryptic soy broth (TSB) for a short incubation
period in 37°C to biosynthesize NPs, followed by
streaking on blood agar medium. Colonies resulting
from the mentioned cultures were used to inoculate
Erlenmeyer flasks, containing TSB 250mL for yielding
bacterial culture supernatants. The pH was set to 7.2, and
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the growth medium was incubated in a shaker incubator
for 24–48 h. The culture medium was centrifuged at
10,000g for 15 min. In the next step, 10 mM copper
sulfate [CuSo4·5H2O] was added to 25mL of supernatant
with subsequent incubation in 100°C for 15min. This
caused the solution to turn brownish red from blue. To
separate the NPs, centrifugation was done at 10,000g for
15 min. The pellet was washed many times with
deionized‐distilled water, and subsequently with ethanol
to remove the blue molecules. Finally, the CuO NPs were
heated and dried at 100°C [8].

2.4 | Evaluation and verification of
biosynthesized NPs

Different techniques were employed to confirm NPs
precipitation. Fourier‐transform infrared spectroscopy
(FTIR) was recorded using a Fourier transmission
infrared spectrometer (Bruker) in the range of
400–4000 cm−1. Crystalline phase detection of the NPs
was done by the X‐ray diffractometer (XRD) (D8
Advance from Bruker Model, manufactured by Ger-
many) with Cu Kα radiations; λ= 1.5406 Å, at 35 kW,
35mA current, and Bragg angles of 10 > 2θ> 8. NPs
detection was done by scanning electron microscope
(SEM) analysis; it demonstrates the particle size and
shape. The pictures were taken and recorded.

2.5 | Evaluating the antibacterial
properties of NPs using the microdilution
broth method

Minimum inhibitory concentration (MIC) was deter-
mined by broth microdilution method in the sterile 96‐
well plates with the CLSI method. A 3000 μg/mL stock of
the NPs was made with the sterile Mueller‐Hinton broth
containing 10% DMSO. In the following, 50 μL of the
CuO NPs was added from the third to the twelfth plate
row, and 100 μL was added to the first and second rows.
Dilution was done in the wells from the second to the
tenth row. A 24‐h culture of P. aeruginosa at the 0.5
McFarland standard (1.5 × 108 CFU/mL) was added from
the second till the tenth rows. The plates were incubated
in 37°C and 50% humidity for 24–48 h. In the next step, 2,
3, 5‐triphenyl‐tetrazolium chloride at the concentration
of 5 mg/mL was used as a visual marker of micro-
organism growth. The well concentration without color
was reported as the MIC. The DMSO solvent at the
concentration of 1% was used as a negative control.
Gentamicin was used as a positive control. Each test was
performed in triplicate [29].

2.6 | The effect of NP on the mexAB‐
OprM efflux pump gene expression

Real‐time polymerase chain reaction (PCR) measured the
effect of CuO NPs on the expression of mexAB‐oprM efflux
pump gene. In the current investigation, the expression of
efflux genes such as mexA, mexB, and oprM were
evaluated. Bacterial RNA extraction was done with
GeneAll's RNA extraction kit (Korea) according to the
manufacturer's instruction in identical conditions, and at
the same time for treated and controlled bacteria rpo‐D
was used as an internal control. The concentration and
quality of the RNA were evaluated with a Nanodrop device
(Thermo Fisher Scientific 2000c). The complementary
DNA (cDNA) synthesis was done according to the
structure of AnaCell's kit. The cDNA quantity and quality
were assessed by a Nanodrop device for treatment and
control groups. The complementation specificities of real‐
time PCR primers were evaluated to determine the best
annealing temperature. A SYBR green‐containing PCR
master mix produced by SMOBIO Technology was used to
measure efflux pump gene expression. Total reaction
volumes were fixed at 20 μL, including 1 μL of cDNA,
10 μL of SYBR green master mix, forward and reverse
primers for mexAB‐oprM (2 μL) and mexR. Diethyl
pyrocarbonate (DEPC) treated water was used to adjust
the volume. The real‐time PCR was done with a CORBET
device at Lorestan University of Medical Sciences. Initial
denaturation was done at 95°C for 5min, 40 cycles were
denatured at 95°C for 15 s, the annealing temperature of
each gene was set for 20 s, extension happened at 72°C for
20 s, the final extension was performed at 72°C for 45 s.
The final step was 55–95°C for 15 s to acquire a melting
curve. Primer sequences are shown in Table 1 [30].

2.7 | Effect of CuO NPs on MCF‐7
cell line

The cytotoxic properties of CuO NPs were evaluated on
MCF7 cell lines which were purchased from the Iranian
Genetic Resources Center (IBRC). The cells were cultured in
5ml of ready‐made media control solution Dulbecco's
modified Eagle's medium with fetal bovine serum 10% at
37°C. The effect of CuO NPs growth inhibition on MCF7
cells was assessed using a quantitative colorimetric
3‐(4,5‐dimethylthiazol‐2‐yl)−2,5‐diphenyltetrazolium bro-
mide (MTT) cytotoxicity test. The cytotoxic effect of taxol
(Bristol Myers Squibb) was also investigated as a common
chemotherapy drug. After 24 h incubation MCF7 cell lines
were treated in triplet with concentrations of 1000, 500, 250,
125, 62.5, 31.25, and 0 (as negative control) μg/mL in 96‐well
plates. Then, they were incubated for 48 h. In the next step,
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10 μL of MTT solution (5mg/mL) was added. DMSO
(100 μL) was added to each well to dissolve Formazan
crystals, and the plates were placed at room temperature in
darkness for 3–4 h. The optical density of each well was read
at the wavelength between 492 and 630 nm using ELISA
readers (Stat Fax 4700 Awareness Technology Inc.). All the
tests were also performed in three replicates for Taxol [31].

2.8 | Statistical analysis

All the data were analyzed by one‐way analysis of
variance and Turkey's tests on SPSS software version 22.
Statistical significance was considered p< 0.05.

3 | RESULTS

3.1 | NP biosynthesis assessments

3.1.1 | FTIR mediated assessment

The FTIR analysis was done to identify functional
groups in the CuO NPs (Figure 1). The FTIR showed
different chemical bonds formed CuO NPs. These
functional groups were from B. subtilis secondary
metabolites. FTIR analysis showed different peaks as
described below; 551.22, 643.17, 780.22, 1092.77,
1183.98, 1402.68, 1468.29, 1523.42, 1636.47, 2859.80,
2971.17, 2956.51, 3310.54, and 3756.80 cm−1. The FTIR

TABLE 1 Primers used in real‐time polymerase chain reaction.

Target gene Primer (5′–3′) Product weight (bp) Tm (°C) Reference

mexA F:5′‐ACCTACGAGGCCGACTACCAGA‐3′ 179 64 [30]

R: 5′‐GTTGGTCACCAGGGCGCCTTC‐3

mexB F: 5′‐GTGTTCGGCTCGCAGTACTC‐3′ 244 60 [30]

R: 5′‐AACCGTCGGGATTGACCTTG‐3′

oprM F: 5′‐CCATGAGCCGCCAACTGTC‐3′ 205 60 [30]

R: 5′‐CCTGGAACGCCGTCTGGAT‐3′

mexR F: 5′‐GAACTACCCCGTGAATC‐3′ 411 59 [30]

R: 5′‐CACTGGTCGAGGAGATGC‐3′

rpo‐D F: 5′‐ACCCGTGAA GGT GAA ATCAG‐3′ 672 60 [30]

R: 5′‐TTCAGCTGGAGCTTTAGCAAT‐3′

FIGURE 1 Fourier‐transform infrared spectroscopy spectrum of biosynthesized CuO nanoparticles using Bacillus subtilis.
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spectrum was measured in 400–4000 cm−1. A strong
peak of 3756.80 cm−1 was due to the presence of O–H
groups in the phenol and alcohol peaks at 1636.47 cm−1

corresponded to C–C bonding in the aromatic rings.
Peaks at 1092.77 cm−1 also corresponded to C–N bonds
in the aliphatic amino acids. A strong peak at
780.22 cm−1 corresponded to ═C–H groups in alkenes.
According to the prior studies of Sivaraj et al., a peak at
551.22 cm−1 is related to the oxygen–metal/M–O
bonding [32]. These functional groups lead to CuO
NPs formation, which is responsible for protein and
enzyme reduction. The FTIR spectrum of CuO NPs had
vibrations at 400–4000 cm−1, which supplied further
validations for M–O (M═Cu) existence.

3.1.2 | XRD mediated evaluation

The substance crystal structure X‐ray power diffraction
was used to conduct further evaluations and determine
the phases. The CuO NPs powder synthesized for XRD
was scanned at a speed of 0.02° s−1 and 2θ. The pattern
of CuO is variable from 20° till 80o. The CuO Bragg
angle peak was seen at the level of −111. This is in
accordance with the crystallography standard patterns
of JCPD (accession 89‐1117) and did not show any
secondary phases. Figure 2 shows the strong and
narrow observed peak is indicative of an appropriate
NPs crystal structure.

3.1.3 | Morphology and size evaluation of
NPs by SEM

SEM examinations were conducted to evaluate NPs size
and morphology. Figure 3 shows CuO NPs biosynthe-
sized by B. subtilis. As evident from the pictures, the CuO
NPs are crystalized into a spherical shape with a
diameter of 17–26 nm.

3.2 | The MICs of the CuO NPAgainst
the P. aeruginosa isolates

The Kirby–Bauer antibiogram test showed that 100% isolates
were resistant to different antibiotic families, so all of the
isolates can be considered MDR. Results of the MIC test for
the antibacterial effect of CuO NPs after three repetitions for
each P. aeruginosa strain are presented in Table 2.

3.3 | mexAB‐oprM and the mexR gene
expression

The gene expression data resulting of mexAB‐oprM and
the mexR regulatory gene were turned into relative
expression by the 2 C‐ΔΔ t formula from real‐time PCR
(Figure 4). According to our results, mexR gene was
overexpressed after NPs treatment; as MexR is a down
regulator of MexAB‐OprM.

FIGURE 2 X‐ray diffraction analysis of biosynthesized CuO nanoparticles using Bacillus subtilis.
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3.4 | Results of cytotoxicity of CuO NPs

The synthesized CuO NPs had a lethal activity against
cancer cell lines in a dose‐dependent manner with a
straight correlation. Therefore, the lowest cytotoxicity of
NPs at the concentration of 31.25 μg/mL was equal to
31.8%. The inhibitory concentration of 50% (IC50) was
calculated 25.73 μg/mL at concentrations of 500 and
1000 μg/mL, the rate of growth inhibition for NPs and
Taxol overlapped according to Figure 5, but at the lowest
concentration of 31.25, Taxol was the strongest growth
inhibitor for cancer cells (Table 3).

FIGURE 3 Scanning electron microscopy image of biosynthesized CuO nanoparticles using Bacillus subtilis.

TABLE 2 Evaluation of the inhibitory effect of synthesized
CuO nanoparticles using Bacillus subtilis.

Pseudomonas
aeruginosa strain

MIC test result
(μg/mL)

Gentamycin
control (μg/mL)

1 250 64

2 500 32

3 250 16

4 250 32

5 125 32

6 125 16

7 250 32

8 250 32

9 500 64

10 500 64

11 250 8

Abbreviation: MIC, minimum inhibitory concentration.

4 | DISCUSSION

In this study, CuO NPs were synthesized by B. subtilis
which grows in stressful and rough environmental
conditions. Besides that, B. subtilis has different
properties such as rapid growth, production of bio-
mass, production a lot of metabolites, high regenera-
tive power of metals, resistance to environmental
changes, short time to produce and extract NPs, and
most importantly extracellular for the biosynthesis of
CuO NPs [33]. The diameter of the synthesized NPs in
this study was 17‐26 nm, which is useful for nano‐
biotechnological applications. CuO NPs can penetrate
into the bacterial cells due to their smaller size
(nanometer) compared to the pore size of cell wall
(micrometer) [34]. Shantkriti et al. biosynthesized the
CuO NPs in Pseudomonas fluorescens with particle
diameters of 20–80 nm [35]. Another study synthesized
the CuO NPs by Actinomycetes at a particle diameter of
61.7 nm [8]. Eltarahony al. also biosynthesized the size
of CuO NPs by Proteus Mirabilis with the size of 10 nm
[36]. According to different studies, the size of
produced CuO NPs can be various based on the host
bacteria.

In the last decades, MDR of microbes have arisen due
to excessive and irresponsible consumption of antimi-
crobial compounds [37, 38]. In this study, the resistance
of isolates to various antibiotics was measured 100%.
After CuO NPs synthesis, the antibacterial effects were
evaluated by MIC test and demonstrated that the MICs
for all P. aeruginosa were less than 1000 μg/mL, which
showed the efficacy of CuO growth inhibition. Parallel to
our results, Ehsan et al. reported inhibitory effects of
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CuO NPs utilizing MIC results [39]. In line with our
study, it was showed antibacterial activity of carboxyl
and amine groups on the bacterial cell surface could
possibly attract Cu+2 ions toward the cell and confirmed
antibacterial activity of CuO NPs which was consistent
with our results [40–42]. Regarding these studies, CuO
NPs can have significant antibacterial properties, which
is consistent with our results.

The mexA, mexB, and oprM genes were down-
regulated through the mexR overexpression as a known
inhibitor of the mentioned genes, which proved the
efficacy of the cited NPs. Similar to the results obtained
from our study, Gholamrezazadeh et al. also showed that
CuO NPs can down‐regulate the biofilm genes of

Pseudomonas bacteria [43]. Askarinia et al. observed a
significant downexpression of mecA genes in clinical
strains of Staphylococcus aureus after treatment with the
synthesized NPs [44]. Sharifi et al. found that NPs had a
weak inhibitory effect on the mexA expression in P.
aeruginosa [25]. Moreover, silver NPs downregulated the
mexA and mexB genes that results of the above two
studies are consistent with our results [45]. Ahmed et al.
also understood that the synthesized NPs reduced the
expression of P. aeruginosa efflux pump genes [46].
Mahdi et al. observed the inhibitory effects of chitosan
NPs on the mexB gene of Pseudomonas [47].

On the other hand, based on our results, the
synthesized CuO NPs had a lethal dose‐dependent

(a) (b)

(c) (d)

FIGURE 4 The expression rates of the MexAB‐oprM efflux pump genes in the CuO nanoparticles‐treated and nontreated isolates; a
significant decrease was observed in gene expression; strain number 11 was the standard strain (ATCC: 27853); Relative fold change of the
gene expression of (a) mexA, (b) mexB, (c) oprM, and (d) mexR.
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activity against cancer cell. Furthermore, a study showed
that CuO growth inhibition on the MCF7 cell line at
different concentrations was higher than that of the
AMJ13 breast cancer cell line. It also reported that cancer
cells are more sensitive to CuO NPs than normal cells,
which means CuO NPs have selective effects on cells
[48]. Farhangi et al. also showed the cytotoxic effect of
synthetic CuO NPs on MCF7 cell line in a dose‐
dependent manner with the least effect on normal cells
[49]. In agreement with our observation, Thamer et al.
reported cell growth inhibition of CuO NPs on the MCF7
cell line was dose‐dependent [48]. Jeronsia et al. reported
the cytotoxic effects of CuO NPs on the MCF7 cell line,
too [50]. In contrast to our results Khatami et al. reported
that 30 µg/mL of IC50 for silver NPs on MCF7 cell line
which was higher than our IC50 (25.73 µg/mL), which
can indicate that CuO NP is more effective than silver
NPs. It can be due to a longer shelf life of Nanosized CuO
than other organic antimicrobials, such as silver and gold
[51]. So depending on the NP type, their effective
concentration is different [52]. However, in a study,
lower effective CuO NPs concentrations (IC50 = 20 µg/
mL) on MCf7 cells was obtained compared with that of
our research, which can be due to different production
methods of NPs [53].

Understanding the behavior of NPs in real systems
and their possible interactions with biological systems
is crucial for the safe implementation of these
materials in medical diagnostics and therapy [54].
Recent research showed that CuO NPs induce
changes in lipid profile, oxidative stress, renal
dysfunction, and etc in vivo under toxic conditions
[55]. Numerous factors affect the inhibition of cancer
cell lines, such as cell line type, treatment duration,
the concentration of used treatment, and so forth.
Growth inhibitory effect of NPs on cancer cells

FIGURE 5 Comparison of cytotoxicity of nanoparticles (NPs)
and taxol (with decreasing NPs and drug concentrations,
cytotoxicity should be reduced).
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depends on the NPs morphology, size, and surface as
well as cancer cell line type [56].

In summary, as antibiotic resistance is a huge threat
to humanity and a large issue in medicine, introducing
new materials with antibacterial activity and novel
strategies that change antibiotic administration can be
promising. The results of this study showed antibacterial
properties and cytotoxic effects of CuO NPs as well as
encouraged CuO NPs biosynthesis by the green method
via B. subtilis. On the other hand, the antibacterial effect
of CuO NPs was confirmed through the expression of
mexAB‐oprM output pump genes in P. aeruginosa. The
evidence of this study demonstrated the application of
nanotechnology in solving antibiotic resistance problems
in human infections with P. aeruginosa. However, more
laboratory studies are needed in terms of stability,
surface modification, coating, and toxicity of CuO NPs
on human cells and tissues.
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