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Abstract

Pseudomonas aeruginosa 1s a common cause of surgical-site infections and
healthcare-associated infections in the bloodstream, and urinary tract. Iron oxide
nanoparticles (IONPs) have shown, to possess antibacterial features. The nanoparticles'
status as emerging therapeutic elements has motivated investigators to assess the effects
of iron nanoparticles on the expression of TEM type beta-lactamase genes in P.
aeruginosa. In this descriptive-analytic study, 60 clinical isolates of P. aeruginosa were
isolated from burn wounds and respiratory excretions of Pasargad Research Laboratory
of Tehran, Iran. All isolates were characterized using differential biochemical tests and
confirmed samples as P. aeruginosa. Their genomic DNA was extracted and PCR
reaction was performed to screen TEM-gene carrying isolates. Then MIC of IONPs
against these strains was determined and finally, Real-time PCR performed to the
determination of the expression of the TEM gene. Results showed that 8 isolates
(13/33%) had the TEM beta-lactamase gene. The MIC and MBC of IONPs against P.
aeruginosa strains were observed at 256 pg/mL or 125 pg/mL, while the MBC was
determined at 500 pg/mL. In addition, statistical analysis of Real-time PCR data
showed that there is a statistically significant difference between gene expression levels
of IONPs treated isolates and non-treated ones. The results showed that TEM gene
expression levels in two isolates treated with IONPs were 78% and 75% lower than
untreated bacteria (P<0.001; r= 0.958). Our findings confirmed that IONPs are potential
antibacterial agents and can be considered as promising treatments for recalcitrant P.
aeruginosa infections.

Keywords: P. aeruginosa; TEM beta-lactamase; Iron oxide nanoparticles.

pathogen that colonizes immunocompromised hosts

Introduction using its virulence factors. [1]. P. aeruginosa 1is
Pseudomonas aeruginosa (P. aeruginosa) is a rod- responsible for both nosocomial and community-
shaped, encapsulated and gram-negative opportunistic acquired infections, so finding efficient medicine to
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treat its related infectious is necessary to improve the
clinical outcome [2]. Typically, the organism is
harmless, but it can become a persistent opportunist
pathogen in hosts with a weakened immune system and
hospitalized patients. The bacteria are a common cause
of a wide range of infections, including ventilator-
associated pneumonia, bacteremia, skin, and surgical-
site infections. There is a great amount of data
implicating that infections caused by drug-resistant P.
aeruginosa are related to significant rises in mortality
and morbidity rate, length of hospital stays, chronic
care, and need for surgical intervention [1, 2].

Antibiotic-resistant (AR) infections and lack of new
antibiotic development by the pharmaceutical industry,
are already widespread across the world and has reached
a crisis point in many societies [3]. AR P. aeruginosa is
one of the significant agents of healthcare-associated
infections, that are a global health issue because of the
cumulative development of multidrug-resistant strains.
This microorganism is fundamentally resistant to most
antibiotics because of expression of impermeable
proteins in the outer membrane. Additionally, P.
aeruginosa utilizes different mechanisms including the
secretion of inactivating enzymes, expression of efflux
pumps and chromosomal mutations to resist against
antibiotics [4, 5]. P. aeruginosa expresses many beta-
lactamase enzymes, including Metallo-beta-lactamases
(MBL), chromosomal cephalosporinase (AmpC) and
extended-spectrum beta-lactamases (ESBL). Nowadays,
the incidence of ESBL-producing bacteria has been
progressively growing in acute care hospitals [4, 6].

Beta-lactamase enzymes are the most prominent
reason for resistance to beta-lactam antibiotics, which
are the most common treatment for Gram-negative
bacterial infections. ESBL producing gram-negative
bacteria, especially P. aeruginosa, are characterized by
their ability to express a broad-spectrum beta-lactamase
enzyme to hydrolyze a wide variety of beta-lactam
antibiotics such as  penicillins, cephamycins,
cephalosporins, and carbapenems [7].

Some studies showed that the most serious infections
due to gram-negative bacteria occur in healthcare places
and are frequently caused by Acinetobacter, Klebsiella
pneumonia, and P. aeruginosa. P. aeruginosa can
develop resistance to antimicrobial agents either through
mutations that alter the expression and/or function of
genomic encoded mechanisms or through the
acquisition of resistance genes on plasmids [8].
Ampicillin and penicillin resistance in P. aeruginosa
isolates are attributed to the TEM enzyme. The
microorganism relies on iron as a nutrient source to
grow but excessively high levels of iron can be toxic to
P. aeruginosa [9]. In addition, iron plays a key role in
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extracellular DNA (eDNA) release, biofilm formation
and is a dominant controller of gene expression in P.
aeruginosa which is intermediated through the quorum
sensing pathways and/or the ferric uptake regulator
(Fur) repressor protein [10, 11]. The invention of
nanoparticles has started a new way in medical
diagnoses, drug deliveries, and treatments. Iron oxide
nanoparticles (IONPs) are one of the most commercially
important types of these particles and exhibit some
unique characteristics that enhance their ability to be
used against pathogenic bacteria [11, 12]. The
augmented use of nanoparticles and their status as
emerging therapeutic elements has motivated the
evaluation of the effects of iron nanoparticles on TEM
type beta-lactamase genes expression in P. aeruginosa.

Materials and Methods

Bacterial strains

In our descriptive-analytic investigation, sixty strains
of P. aeruginosa were gathered from burn wounds and
respiratory excretions of Pasargad Research Laboratory
of Tehran, Iran. All isolates were characterized using
differential tests (gram staining, catalase, oxidase,
indole, citrate, urease, H,S and cetrimide tests) through
the procedures explained in Bergey’s manual of
determinative microbiology (13). Confirmed samples as
P. aeruginosa were cultured in Luria Bertani medium
(30% glycerol) (Merck, USA), stored at -70 °C and
subjected to further molecular identification. Then,
isolates were transferred into tryptic soy agar (TSA)
(Merck, USA) and incubated at 37 °C for overnight.

Molecular analysis

Isolates genomic DNA was extracted using the
Gram-negative DNA extraction kit (Qiagen, Germany)
according to product guidelines (14). The quantity and
quality of extracted DNA were checked by determining
the ratio of OD 260/280 (NanoDrop 2000c; Thermo
Fisher Scientific) and 1.5% agarose gel, respectively.
Then the PCR reaction was performed with a final
volume of 20 pl, containing 4 pl template DNA (200
ng), 1 pl forward primer, 1 pl reverse primers (Table 1),
4 pl of distilled water and 10 pl of Amplicon 2x master
mix. Briefly, one cycle of early denaturation at 94°C for
160 seconds, followed by forty cycles of 94°C for
fifteen seconds, 55°C for twenty-five seconds, and 70°C
for thirty seconds were the thermocycle conditions. The
amplicons were separated by 1.2% agarose gel
electrophoresis at for two hours. After electrophoresis,
fragments were stained by ethidium bromide and
visualized using ultraviolet light.
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Table 1. Oligonucleotide primers were used for the detection of TEM genes

Primer Sequence Base pair
TEM-F (5’-ACGCTCACCGGCTCCAGATTTAT-3) 93bp
TEM-R (5’-TGGATGGAGGCGGATAAAGTTGC-3’) 93bp
16S-F (5’- GGGACCCGCACAAGCGGTGG -37) 191bp
16S-R (5’- GGGTTGCGCTCGTTGCGGGA -3”) 191bp

Biosynthesis iron oxide nanoparticles

Fe;0,4 nanoparticles were synthesized according to
Khatami et al. According to that study instruction [15],
30 grams of Rosmarinus officinalis leaves were
collected, sterilized, dried and powdered. R. officinalis
leaves powder was added to 1500 mL sterilized DW and
heated at 85°C for 30 minutes. Twenty-five milliliters of
the obtained extract was mixed with 1 mM of the iron
(ITI) chloride hexahydrate 98% stock solution (0.1 M)
under constant stirring. The production of IONPs
realized when the liquid yellow color changed to black
[15]. IONPs size and morphology were evaluated with
scanning electron microscopy (SEM) (Hitachi, Japan).

Determination of the antimicrobial activity of IONPs

Well-diffusion assay method used for evaluation of
IONPs antimicrobial activity against bacterial strains
carrying the TEM beta-lactamase gene (n=8). The pure
cultures of microorganisms were subjected to Mueller
Hinton Broth (MHB) and incubated at 37 °C for 24
hours. Following 24 hours, the optical density of the
MHB culture was checked to be around 0.1 at 600 nm to
get 1 x 10° CFU/ml. Each strain was swabbed precisely
onto the individual plates via sterile cotton swabs. Using
a micropipette, different concentrations (2000, 1000,
500, 250 and 125 pg/mL) of IONPs were added to test
wells (6-mm diameter). Following incubation at 35 °C
for 24 h, growth inhibition zones were measured.

Minimum inhibitory concentration and Minimum
Bactericidal Concentration of IONPs

Minimum inhibitory concentration (MIC) and
minimum bactericidal concentration (MBC) of IONPs
against strains with positive TEM beta-lactamase gene
(n=8) had been performed as previously defined by Seifi
et al. [16]. To prevent the occurrence of errors,
nanoparticle suspensions were prepared simultaneously
with the implementation of microbial tests. P.
aeruginosa ATCC 25923 was used as standard strain
and tests were carried out in two replicates. To evaluate
the MIC and MBC of IONPs, serial dilutions of
nanoparticle powder in MHB (2000, 1000, 500, 250 and
125 pg/mL) were prepared according to the Clinical and
Laboratory Standards Institute (CLSI) standard [17].
Suspension of cells in MHB containing 1.5x10°
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CFU/mL was added to each concentration. The tubes
were assessed for turbidity at 600 nm after overnight
incubation at 37 °C. Then, MIC was determined as the
lowest concentration of IONP which prevents bacterial
growth in the culture medium. To ascertain the MBC, a
loopful of broth was collected from MIC determination
tubes that did not demonstrated any growth and
inoculated on sterile MHA. The dishes were incubated
for overnight at 37 °C. After incubation, the lowest
concentration at which no visible growth was recorded
as the minimum bacterial concentration.

Real-Time PCR

To assessment of the effects of iron nanoparticles on
TEM gene expression profile, after treatment of §
isolates (with the TEM gene) with MIC concentration of
IONPs using microdilution method, the expression of
TEM gene in treated (n=8) and non-treated (n=8)
isolates was studied by the Real-time method. Total
RNA was purified using an RNA Extraction Mini Kit
(CinnaGen, Iran), and quantified wusing a
spectrophotometer, and the complementary DNA
(cDNA) synthesis was carried out in reaction volumes
using the CinnaGen cDNA Reverse Transcriptase Kit
(Thermo Fisher Scientific) according to manufacturer
procedure. The primers for the PCR amplification of
cDNA were designed using the Oligo 7 available at the
website (http://www.oligo.net/) (Table 1).

Real-time PCR amplifications were performed in 20
ul reactions containing 10 pul qPCR Mix (QuantiTect
SYBR Green), 1.5 pl cDNA, 2 pL of primers, 6.5 pL of
DW and 1 pL of DNA-mixture with the following
thermocycle conditions; initial denaturation at 94°C for
10 minutes, 40 cycles of 96°C for 5 sec, 55°C for 22
sec, then 72°C for 1 minute. The relative changes in
target gene expression were calculated using the
equation 2—**“T, where all values were normalized with
respect to the 16SrRNA levels [18].

Statistical analysis

Statistical analysis and descriptive statistics are
conducted by Statistical Package for the Social Sciences
(SPSS) software using paired samples T-test (P < 0.05,
0.01). The Kolmogorov-Smirnov test used for the
evaluation of the normality of data. Student’s t-test was
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performed to determine statistical differences. The
reproducibility of data was determined by the
coefficient of variation (CV). Bio-Rad Real-Time PCR
analysis software used to collection and analysis of RT-
PCR data.

Results

Antimicrobial activity, MIC and MBC determination
of IONPs

The evaluation of antimicrobial effects of IONPs
using the microdilution technique and the assessment of
MIC and MBC against eight P. aeruginosa strains
carrying the TEM beta-lactamase gene were performed
(Table 2). The antimicrobial activity of IONPs was
examined at different concentrations. The lowest
concentration of IONPs that inhibited the growth of P.
aeruginosa (MIC) was observed at 256 ug/mL or 125
pg/mL, while the MBC of IONPs against P. aeruginosa
was determined at 500 pg/mL.
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Scanning electron microscopy (SEM) analysis of
synthesized IONPs

SEM images of biosynthesized IONPs are detailed in
Figurel. The nanoparticle size range was from 13 to 41
nm. The IONPs shape were mainly spherical and
approximately monodisperse.

Molecular analysis

The results of the PCR test showed that 8 (13.33%)
isolates had the TEM beta-lactamase gene (Figure 2).
Bacterial growth was completely stopped after 2 hours
of treatment with a concentration of 500 pg / ml of
IONPs. In addition, statistical analysis of Real-time
PCR data showed that there is a statistically significant
difference between gene expression levels of two
IONPs treated isolates and non-treated ones. The results
showed that TEM gene expression levels in two isolates
treated with iron oxide nanoparticles were 78% and
75% lower than untreated bacteria (P<0.001; r = 0.958)
(Figure 3). The decreases in TEM beta-lactamase gene

Table 2. Antibacterial effects of iron oxide nanoparticles against strains with positive TEM beta-lactamase gene

Microorganism Iron oxide nanoparticles
Code Zone inhibition MIC MBC
(mm) (pg ml") (pg ml")

PS1 26 128 pg ml™ 500 pg ml™
PS12 32 256 pg ml™ 500 pg ml™
PS3 24 128 pg ml™? 500 pg ml™
PS18 20 128 pg ml™? 500 pg ml™
PS51 22 128 pg ml™ 500 pg ml™!
PS47 21 128 pg ml™ 500 pg ml™!
PS40 26 128 pg ml? 500 pg ml™
PS13 26 256 ug ml 500 pg ml™!
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Figure 1. SEM image of iron oxide nanoparticles showing that the size of the nanoparticle is in range of 13 to 41 nm.
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500bp

TEM 93bp

Figure 2. Agarose gel electrophoresis of PCR products amplified from TEM gene carrying P. aeroginosa strains. Arrow
indicates the expected 93 bp PCR product. Ladder: 1 kb plus DNA ladder. Lanes from 1 to 8: Samples.
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Figure 3. Comparison of gene expression levels in isolates of this study (Left) and melting curve (right).

expression levels observed in another six isolates but
were not statistically significant.

Discussion

The expression of beta-lactamase by Gram-negative
bacteria is one of the most effective and predominant
mechanisms of resistance to beta-lactam antibiotics [5].
Due to the fact that the production of beta-lactamase
enzymes leads to failure of treatment with extended-
spectrum antibiotics, infection due to beta-lactamase-
producing bacteria, especially TEM-derived ESBL
producing gram-negative bacteria, are an increasing
problem worldwide [19]. The current study aimed at the
evaluation of the effects of IONPs on TEM type beta-
lactamase gene expression in isolated strains of P.
aeruginosa.

Analyses of TEM gene expression in treated P.
aeruginosa with iron oxide nanoparticles in this study
exhibited that the expression levels of TEM was
meaningfully decreased in two isolates. This may
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suggest that IONPs cause stress and inhibit P.
aeruginosa by their impact on the expression of the
multi-resistance response genes [20, 21]. In the present
study out of the 60 P. aeruginosa isolates, eight
(13.33%) were positive for the TEM-1 B-lactamases
gene. Frequency of TEM-1 B-lactamases gene in
previous clinical studies by Cavallo et al (1310 P.
aeruginosa isolates), Bert et al (249 P. aeruginosa
isolates) in France and a veterinary study by Elhariri et
al (45 P. aeruginosa isolates) in Egypt was reported as
0%,1.9% and 33%, respectively [22-24]. In addition, a
clinical study in Iran by Shojapour et al (175 P.
aeruginosa isolates) demonstrated that 19 % of isolates
were positive for the TEM-1 B-lactamases resistance
gene which was in line with our findings [25].

In our study, the minimum concentration of Fe;04
NPs required for the growth inhibition and bactericidal
activity of TEM beta-lactamase positive P. aeruginosa
was 256 orl25 pg/ml and 500 pg/ml, respectively.
These findings are in line with those studies
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demonstrating that the toxicity and bactericidal effects
of copper, zinc or IONPs depends on concentration,
species, and particle size [26, 27]. These can be
attributed to the nanoparticles' diameter because they
can penetrate deeply into the biofilm matrix. In addition,
these nano agents have a high surface area to volume
ratio, that provides an effective interaction with bacteria
[28,26,10]. In the Khatami et al study, MIC and MBC of
iron oxide nanoparticles against another gram-negative
bacteria, E. coli, were obtained at 250 pg/mL and 500
pg/mL, respectively [29]. Masadeh et al. calculated
MIC value of IONPs against Enterobacter aerogenes,
Proteus mirabilis, and Klebsiella pneumoniae in the
range of 10-320 pg/mL of IONPs [30].

Antimicrobial nanoparticles deal with many
characteristic advantages, low cost, and selective
toxicity when compared to conventional antibiotics.
Previous studies have demonstrated that the application
of low concentrations of iron nanomaterials may
negatively affect the functionality of porin pumps [31,
32]. Ramezani et al. revealed the significance of the
physicochemical features of iron nanoparticles and their
effective concentration on different bacteria [10].

Conclusion

Our finding showed the effects of iron nanoparticles
on TEM gene expression levels, as another
antimicrobial feature. In conclusion, this study

demonstrates that the iron nanoparticles downregulated
the expression of the TEM gene and inhibits the growth
of P. aeruginosa. Current survey findings support that
iron oxide nanoparticles and its composites can be
considered as potential antibacterial and therapeutic
agents for recalcitrant P. aeruginosa infections.
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