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Abstract
Pseudomonas aeruginosa is 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 µg/mL or 125 µg/mL, while the MBC was
determined at 500 µg/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.
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pathogen that colonizes immunocompromised hosts
using its virulence factors. [1]. P. aeruginosa is
responsible for both nosocomial and communityacquired infections, so finding efficient medicine to

Introduction
Pseudomonas aeruginosa (P. aeruginosa) is a rodshaped, encapsulated and gram-negative opportunistic
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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.

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 ventilatorassociated pneumonia, bacteremia, skin, and surgicalsite 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 betalactamase 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

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, H2S 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 μl, containing 4 μl template DNA (200
ng), 1 μl forward primer, 1 μl reverse primers (Table 1),
4 μl of distilled water and 10 μl 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
Base pair
Primer
Sequence
(5’-ACGCTCACCGGCTCCAGATTTAT-3’)
93bp
TEM-F
(5’-TGGATGGAGGCGGATAAAGTTGC-3’)
93bp
TEM-R
(5’- GGGACCCGCACAAGCGGTGG -3’)
191bp
16S-F
(5’- GGGTTGCGCTCGTTGCGGGA -3’)
191bp
16S-R

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.

Biosynthesis iron oxide nanoparticles
Fe3O4 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
(III) 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).

Real-Time PCR
To assessment of the effects of iron nanoparticles on
TEM gene expression profile, after treatment of 8
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
using
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
μl reactions containing 10 μl qPCR Mix (QuantiTect
SYBR Green), 1.5 µl cDNA, 2 µL of primers, 6.5 µL of
DW and 1 µL 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−ΔΔCT, where all values were normalized with
respect to the 16SrRNA levels [18].

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 × 108 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 µg/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 µg/mL) were prepared according to the Clinical and
Laboratory Standards Institute (CLSI) standard [17].
Suspension of cells in MHB containing 1.5×108

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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Sca
anning electtron microsccopy (SEM) analysis off
syn
nthesized ION
NPs
SEM images of biosynthessized IONPs are
a detailed inn
Fig
gure1. The nanoparticle sizze range was from
f
13 to 41
nm
m. The IONP
Ps shape weere mainly spherical
s
andd
app
proximately monodisperse.
m

R
Results

Mo
olecular analyysis
The results of the PCR tesst showed thaat 8 (13.33%))
iso
olates had thee TEM beta-laactamase gen
ne (Figure 2)..
Baacterial growth
h was compleetely stopped after 2 hourss
of treatment wiith a concenttration of 500
0 μg / ml off
ION
NPs. In addition, statisticcal analysis of Real-timee
PC
CR data showeed that there iis a statisticallly significantt
diffference betw
ween gene eexpression leevels of twoo
ION
NPs treated issolates and noon-treated onees. The resultss
sho
owed that TEM
M gene expreession levels in
n two isolatess
treated with iro
on oxide nannoparticles weere 78% andd
75%
% lower than untreated baccteria (P<0.00
01; r = 0.958))
(Fiigure 3). The decreases in TEM beta-laactamase genee

M and MBC determinattion
Antimicrobiaal activity, MIC
of IONPs
The evaluuation of anttimicrobial efffects of ION
NPs
using the miccrodilution tecchnique and the
t assessmennt of
MIC and M
MBC against eight P. aeeruginosa straains
carrying the TEM beta-lactamase gene were perform
med
(Table 2). T
The antimicroobial activity of IONPs w
was
examined aat different concentration
ns. The low
west
concentrationn of IONPs thhat inhibited the growth off P.
aeruginosa ((MIC) was obbserved at 25
56 µg/mL or 125
µg/mL, whilee the MBC off IONPs again
nst P. aeruginnosa
was determinned at 500 µg//mL.

Tab
ble 2. Antibacteerial effects of iron
i
oxide nanooparticles again
nst strains with positive
p
TEM bbeta-lactamase gene
g
Microorgaanism
Iro
on oxide nanop
particles
Code
Zone inhib
bition
MIC
MBC
(mm
m)
(µg ml-1)
(µg ml-1)
26
128 µg ml
m -1
500 µg ml-11
PS1
-1
32
256 µg ml
m
500 µg ml-11
PS12
-1
24
128 µg ml
m
500 µg ml-11
PS3
20
128 µg ml
m -1
500 µg ml-11
PS18
-1
22
128 µg ml
m
500 µg ml-11
PS51
21
128 µg ml
m -1
500 µg ml-11
PS47
-1
26
128 µg ml
m
500 µg ml-11
PS40
-1
26
256
µg
ml
m
500 µg ml-11
PS13

Figure 1. SEM image of iron oxide nanoparticles sshowing that the size of the nan
noparticle is in range of 13 to 41 nm.
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Figure 2. A
Agarose gel electrophoresis of
o PCR produccts amplified from
f
TEM gen
ne carrying P. aeroginosa strains. Arrow
indicates thee expected 93 bp
b PCR productt. Ladder: 1 kb pplus DNA ladd
der. Lanes from 1 to 8: Samplees.

Figure 3. Com
mparison of gene expression levvels in isolates of this study (L
Left) and meltinng curve (right).

sug
ggest that IONPs
I
causee stress and
d inhibit P.
aerruginosa by their impact on the expreession of thee
mu
ulti-resistance response gennes [20, 21]. In
I the presentt
stu
udy out of the
t
60 P. aaeruginosa issolates, eightt
(13
3.33%) were positive for the TEM-1 B-lactamasess
gen
ne. Frequenccy of TEM--1 B-lactamaases gene inn
preevious clinicaal studies byy Cavallo et al (1310 P.
aerruginosa isolaates), Bert et al (249 P.
P aeruginosaa
iso
olates) in Fran
nce and a veteerinary study by Elhariri ett
al (45 P. aerugiinosa isolates)) in Egypt waas reported ass
0%
%,1.9% and 33
3%, respectivvely [22-24]. In
I addition, a
clin
nical study in Iran by SShojapour ett al (175 P.
aerruginosa isolaates) demonsttrated that 19 % of isolatess
weere positive for
f the TEM--1 B-lactamasses resistancee
gen
ne which was in line with oour findings [2
25].
In our study, the minimuum concentrattion of Fe3O4
NP
Ps required fo
or the growth inhibition and bactericidall
acttivity of TEM
M beta-lactamaase positive P.
P aeruginosaa
waas 256 or125
5 µg/ml and 500 µg/ml, respectively..
Th
hese findingss are in lline with th
hose studiess

expression leevels observeed in anotherr six isolates but
were not stattistically signiificant.

Diiscussion
y Gram-negattive
The expreession of betaa-lactamase by
bacteria is oone of the moost effective and
a predominnant
mechanisms of resistance to beta-lactam
m antibiotics [5].
Due to the ffact that the production of
o beta-lactam
mase
enzymes leaads to failure of treatmentt with extenddedspectrum anntibiotics, infeection due to
o beta-lactamaaseproducing bbacteria, especially TEM
M-derived ES
SBL
producing ggram-negativee bacteria, arre an increassing
problem worrldwide [19]. The
T current sttudy aimed at the
evaluation of the effects of
o IONPs on TEM type beetalactamase gene expressioon in isolateed strains off P.
aeruginosa.
Analyses of TEM geene expressio
on in treatedd P.
aeruginosa w
with iron oxidde nanoparticcles in this stuudy
exhibited thhat the expression levelss of TEM w
was
meaningfullyy decreased in two isollates. This m
may
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Rev. 41(5):698-722; (2017).
3. Li X-Z, Plésiat P, Nikaido H. The challenge of
efflux-mediated antibiotic resistance in Gramnegative bacteria. Clin. Microbiol. Rev. 28(2):337418; (2015).
4. Ventola CL. The antibiotic resistance crisis: part 1:
causes and threats. Pharm & Therap. 40(4):277;
(2015).
5. Pasa O, Ozer B, Duran N, Inci M, Yula E. Betalactamase Enzymes of Clinical Pseudomonas
aeruginosa Strains. West Indian Med. J. 65(1):40-5;
(2016).
6. Bell BG, Schellevis F, Stobberingh E, Goossens H,
Pringle M. A systematic review and meta-analysis of
the effects of antibiotic consumption on antibiotic
resistance. BMC Infect. Dis. 14(1):13; (2014).
7. Shanmugam K, Thyagarajan R, Katragadda R,
Vajravelu L, Lakshmy A. Biofilm formation and
Extended Spectrum Beta Lactamases (ESBL)
producers among the gram negative bacteria causing
Urinary tract infections. Int. J. of Med. Microb. and
Trop. Dis. 3(3):86-90; (2017).
8. Gellatly SL, Bains M, Breidenstein EB, Strehmel J,
Reffuveille F, Taylor PK, Yeung AT, Overhage J,
Hancock RE. Novel roles for two-component
regulatory systems in cytotoxicity and virulencerelated properties in Pseudomonas aeruginosa. AIMS
Microbiol. 4(1):173-91; (2018).
9. Oglesby AG, Farrow JM, Lee JH, Tomaras AP,
Greenberg EP, Pesci EC, Vasil ML. The influence of
iron on Pseudomonas aeruginosa physiology a
regulatory link between iron and quorum sensing. J.
Biol. Chem. 283(23):15558-67; (2008).
10. Ramezani Ali Akbari K, Abdi Ali A. Study of
antimicrobial effects of several antibiotics and iron
oxide
nanoparticles
on
biofilm
producing
pseudomonas aeruginosa. NMJ. 4(1):37-43; (2017).
11. Lerner RN, Lu Q, Zeng H, Liu Y. The effects of
biofilm on the transport of stabilized zerovalent iron
nanoparticles in saturated porous media. Water Res.
46(4):975-85; (2012).
12. Fahmy HM, Mohamed FM, Marzouq MH, Mustafa
AB, Alsoudi AM, Ali OA, Mohamed MA, Mahmoud
FA. Review of Green Methods of Iron Nanoparticles
Synthesis and Applications. J. Bionanosci. 14 (5):113; (2018).
13. De Vos P, Garrity GM. Bergey's manual of
systematic bacteriology: Springer;p123-191; (2009).
14. Phillips K, McCallum N, Welch L. A comparison of
methods for forensic DNA extraction: Chelex-100®
and the QIAGEN DNA Investigator Kit (manual and
automated). Forensic Sci. Int. 6(2):282-5; (2012).
15. Khatami M, Alijani H, Sharifi I, Sharifi F, Pourseyedi
S, Kharazi S, Lima Nobre MA, Khatami M.
Leishmanicidal
activity
of
biogenic
Fe3O4
nanoparticles. Sci. Pharm. 85(4):36; (2017).
16. Seifi Mansour S, Ezzatzadeh E, Safarkar R. In vitro
evaluation of its antimicrobial effect of the
synthesized Fe3O4 nanoparticles using Persea
Americana extract as a green approach on two
standard strains. Asi. J. Gre. Chem. 3:353-65; (2019).

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 µg/mL and 500
µg/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 µg/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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