
Introduction
The development of multidrug-resistant bacterial 
pathogens is a major global public health challenge 
(1). Antibacterial resistance rates are high in several 
bacterial pathogens, especially Enterobacteriaceae, which 
limits therapeutic options for treating serious infections 
(2). Klebsiella pneumoniae is one of the multidrug-
resistant organisms that poses a significant threat to 
human health in both community and hospital settings 
(3). This bacterium causes a wide range of infections, 
including septicemia, pneumonia, urinary tract infection, 
meningitis, and purulent abscesses in different organs, 
particularly in liver abscesses (4). The production of 
biofilm, especially in medical devices, and its association 

with increased horizontal transfer of antibiotic resistance 
genes is a significant factor that complicates efforts to 
control these infections. Isolates’ ability to create biofilm 
results in an increase in antibiotic resistance by more than 
a hundred times (5).

Multidrug-resistant pumps are commonly found in 
bacterial chromosomes, providing them with an intrinsic 
ability to develop resistance without the need for acquiring 
antibiotic resistance genes. K. pneumoniae is known to 
express the AcrAB efflux pump, which facilitates not only 
the efflux of antibiotics such as quinolones and β-lactams 
but also host-derived antimicrobial agents such as those 
found in human alveolar bronchoalveolar lavage fluid and 
antimicrobial peptides (6). Consequently, AcrAB serves as 
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Abstract
Background: OqxB is an efflux pump that has emerged as a factor contributing to antibiotic resistance 
in Klebsiella pneumoniae. The objective of this study was to investigate the occurrence of AcrAB efflux 
pump resistance genes in clinical samples of K. pneumoniae and to evaluate the influence of selenium 
nanoparticles (Se-NPs), loaded with ampicillin, on the expression of the OqxB gene associated with efflux 
pumps.
Methods: A total of 500 clinical samples were collected from hospitalized patients, and 60 strains of K. 
pneumoniae were isolated using standard microbiological methods. These strains were then analyzed 
using phenotypic and polymerase chain reaction (PCR) techniques to detect the frequency of KPSM, MRK, 
OqxA, and OqxB genes through multiplex PCR. The impact of Se-NPs loaded with ampicillin on the 
expression of the OqxB resistance gene was investigated using a real-time PCR technique.
Results: Based on the results of this study, it was found that the KPSM gene is not present in any of 
the investigated K. pneumoniae isolates. However, the MRK, OqxA, and OqxB genes were detected in 
57, 55, and 54 isolates, respectively. The minimum inhibitory concentration (MIC) values for Se-NP and 
Se-NPs with ampicillin were reported to be 1500 μg/mL and 375 μg/mL, respectively. Notably, the Se-
NPs with ampicillin could significantly down-regulate the expression of the OqxB gene. These findings 
demonstrated the potential of Se-NPs as a promising strategy for reducing antibiotic resistance in K. 
pneumoniae infections.
Conclusion: The findings emphasize the notable prevalence of drug resistance genes, specifically those 
associated with efflux pump production, in clinical samples of K. pneumoniae. Remarkably, the utilization 
of Se nanoparticles loaded with ampicillin demonstrated its efficacy in suppressing the expression of 
the OqxB gene and enhancing bacterial susceptibility to ampicillin. The results further imply that Se-
NPs could serve as a promising avenue for the development of innovative antibacterial agents, aimed at 
combating antibiotic resistance in K. pneumoniae infections.
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a resistance determinant against the host’s innate immune 
defense system in K. pneumoniae (7).

The resistance mechanism includes the AcrAB 
multidrug efflux system, which is responsible for this 
phenotype in K. pneumoniae. The acrRAB operon encodes 
various components of this system. Within the operon, 
acrR codes for the AcrAB repressor, while acrA and acrB 
encode a periplasmic lipoprotein weighing 40 kDa, which 
is anchored to the inner membrane and acts as a bridge 
between the outer and inner membranes and an integral 
membrane protein weighing 113.5 kDa. The integral 
membrane protein consists of 12 membrane-spanning 
α-helices and is located in the cytoplasmic membrane (8).

OqxB belongs to the resistance-nodulation-division 
efflux pump family and has been identified as a key 
contributor to resistance against different antibiotics, 
including quinolones, nitrofurantoin, quinoxalines, 
tigecycline, and chloramphenicol, as well as detergents 
and disinfectants. While there are reports on the presence 
of oqxB and its associated resistance, limited information 
is available regarding its other characteristics or 
mechanisms of action (9). Selenium (Se) is a trace element 
essential to the human body due to its antioxidant and 
pro-oxidative effects. The recommended daily intake 
of Se is approximately 40 μg, but high doses of up to 
400 μg / day can be toxic (10). Se plays a vital role in 
biological functions and acts as an important cofactor for 
antioxidant enzymes such as glutathione peroxidases and 
thioredoxin reductases that protect against free radical 
species (11). Recently, there has been a growing interest 
in the preparation and study of Se nanoparticles (Se-NPs) 
due to their interesting biological activities in both in vitro 
and in vivo conditions. Se-NPs exhibit low toxicity and 
excellent bioavailability compared to Se, making them an 
attractive alternative for various biomedical applications 
(12).

This study aimed to investigate the prevalence of AcrAB 
efflux pump genes in clinical isolates of K. pneumoniae 
as well as the impact of Se-NPs on the survival of K. 
pneumoniae and the expression of an important member 
of this drug resistance gene, the OqxB gene. 

Materials and Methods
Isolation and Identification of Klebsiella pneumoniae 
Isolates
In this descriptive cross-sectional study, a total of 500 
clinical samples (e.g., blood, urine, and wound) were 
collected from patients admitted to hospitals in Tehran 
between February and September 2022. The K. pneumoniae 
isolates were identified using conventional diagnostic tests 
(13,14). The isolated bacteria were stored at -20°C in brain 
heart infusion broth containing 20% glycerol for further 
investigation. To confirm the isolates, a specific target was 
amplified using the tyrB gene and conventional polymerase 
chain reaction (PCR). Genomic DNA was extracted using 
a genomic DNA extraction kit (CinnaGen Company, 
Iran) according to the manufacturer’s instructions. The 

PCR mixture contained 1 μL forward primer (10 μM), 1 μL 
reverse primer (10 μM), 1 μL purified DNA (1 μg), 10 μL 
PCR master mix (Fermentase Company, Germany), and 
7 μL DNase/RNase free water. The primer sequence of 
the tyrB gene is listed in Table 1. The cycling conditions 
included an initial denaturation for 5 minutes at 95 °C, 40 
cycles of 1 minute at 95 °C, 1 minute at 55 °C, and 1 minute 
at 72 °C, and a final extension for 10 minutes at 72 °C. The 
PCR product was then separated on a 2% agarose gel and 
stained with ethidium bromide (15).

Polymerase Chain Reaction Detection of Efflux Pump 
Genes 
Multiplex PCR was employed to detect the frequency of 
KPSM, MRK, OqxA, and OqxB genes. The PCR conditions 
included an initial denaturing at 94 °C for 5 minutes, 
followed by 35 cycles consisting of 1 minute at 94 °C for 
denaturation, 1 minute at 58 °C, 60 seconds for extension 
steps, and finally one cycle for the final extension at 72°C 
for 10 minutes. The primers used for the target genes are 
listed in Table 1.

Synthesis of Selenium Nanoparticles 
The Se-NPs were synthesized through the chemical 
reduction of sodium selenite salt with L-cysteine amino 
acid. To achieve this, a solution of sodium selenite salt was 
prepared along with a L-cysteine solution. Subsequently, 
10 mL of the 0.1 molar sodium selenite was transferred 
to a volumetric flask (1000 mL), and 40 mL of a 50 mM 
L-cysteine solution was added drop by drop to the flask 
using a graduated pipette. The volume was then increased 
to 1000 mL by adding distilled water. The mixture was 
continuously stirred at 6000 rpm for 30 minutes at 25 
°C, resulting in the formation of a red-to-brick colloidal 
solution of Se-NPs. The NPs were dried at a temperature of 
25-30 °C, and the resulting dried NP powder was collected 
and stored for further studies. The NPs were characterized 
using dynamic light scattering (DLS), zeta potential, and 
scanning electron microscopy (SEM).

Ampicillin Loading on Selenium Nanoparticles
To prepare the Se-NPs for further studies, 50 mg of 
the NPs were added to a 25 mL flask containing 10 
mL of deionized distilled water. The mixture was then 

Table 1. Genes and Primer Sequences

Gene Sequences Size (bp) Reference

tyrB
F5'-GGCTGTACTACAACGATGAC -3`
R5'-TTGAGCAGGTAATCCACTTTG -3'

931 (15)

MRK
F5'-GTCTTTTCGTCCCGGGTATATAAC-3'
R5'-CCACATCGACATTCATATTTTTCC-3'

244 (16)

KPSM
F5'-GCGCATTTGCTGATACTGTTG-3'
R5'-CATCAGACGATAAGCATGAGC-3'

272 (17)

OqxA
F5'-CGTGCTGTTCACGATAGATG-3'
R5'-GACACGAGGTTGGTATGGAC-3'

144 This study

OqxB
F5'-CGGCCAGTTCTACAAACAGT-3'
R5'-GGTAGGGAGGTCTTTCTTCG-3'

136 (18)
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placed in an ultrasonic bath with medium speed for 10 
minutes to ensure complete dispersion of the NPs in 
the water. Ampicillin antibiotic solution (Sigma) with a 
concentration of 50 μg/mL was added drop by drop into 
the container containing the dispersed nanoparticles, 
reaching a final volume of 25 mL. The mixture was then 
placed in a shaker incubator at a speed of 150 rpm and a 
temperature of 25 °C for 24 hours. After this period, the 
contents of the flask were centrifuged at 13 000 rpm for 
15-20 minutes, and the resulting precipitate was collected 
for further analysis.

Effects of Ampicillin/Selenium Nanoparticles on the 
Expression of OqxB
The real-time PCR technique was employed to determine 
the effects of Se-NPs on the expression of the OqxB gene, 
which is an important resistant gene of efflux pump 
genes. To evaluate the impact of ampicillin/Se-NPs on 
the expression levels of OqxB, the bacteria were cultured 
in sub-minimum inhibitory concentrations (MICs) of 
the ampicillin/Se-NPs, and after 24 hours of incubation 
at 37 °C, total RNA was extracted using a commercial 
kit (Fermentas Company, Germany). The concentration 
and purity of the extracted RNA were evaluated at 260 
and 280 nm. The purified RNA was then converted into 
cDNA using a commercial kit from Fermentas Company, 
Germany, following the manufacturer’s instructions. 
Then, real-time PCR was performed using a Step-One 
PLUS ABI thermocycler (USA). A mixture containing 2 
μL of primers (10 mM, Table 1), 10 μL SYBR Green master 
mix (CinnaGen Company, Iran), 1.5 μL cDNA (1 mg), 
and 6.5 μL RNase/DNase free water was added to special 
microtubes. The expression of K. pneumoniae 16s rRNA 
was measured as the housekeeping gene, and the 2-∆∆Ct 

formula was used to normalize the raw data.

Statistical Analysis
SPSS software version 21 was used for statistical analysis 
of the data. The Kolmogorov-Smirnov test was employed 
to explore the normality of the data distribution. One-
way ANOVA was then used for statistical analysis of the 
variables, and the data were presented as mean ± standard 
error. Further, a P value less than 0.05 was considered 
statistically significant.

Results
In this study, a total of 60 isolates of K. pneumoniae were 
identified from clinical samples using biochemical and 
molecular methods. The results of the multiplex-PCR test 
for the efflux pump genes among the isolates revealed that 
none of the isolates have the KPSM gene. However, the 
MRK, OqxA, and OqxB genes were detected in 57, 55, and 
54 isolates, respectively.

Characterization of Nanoparticles
According to the SEM evaluation, the Se-NPs exhibited 
a spherical morphology and had an average size of 53 

nm (Figure 1). The hydrodynamic diameter and Zeta 
potential of the particles were also determined using a 
Zetasizer Nano. The determination of the Zeta potential 
was used to predict the stability of dispersed particles in 
an aqueous medium. The higher the absolute value of Zeta 
potential, the lower the likelihood of Se-NPs to aggregate. 
The average zeta potential values of the NPs ranged from 0 
to 100 mV. On the other hand, DLS measurements of the 
NPs generated values with a hydrodynamic diameter of 8 
nm (Figure 2).

Determination of the Minimum Inhibitory Concentration
The MIC and sub-MIC values for Se-NPs in this study 
were 1500 and 750 μg/mL, respectively. Meanwhile, the 
MIC and sub-MIC values for ampicillin/Se-NPs were 
determined to be 375 and 187.5 μg/mL, respectively.

The Effects of Selenium Nanoparticles on the Expression 
of OqxB Gene
The real-time PCR results revealed that the expression 
levels of the OqxB gene significantly decreased after 
treatment with ampicillin/Se-NPs (P = 0.020). Specifically, 
the expression levels of the gene were 1 ± 0.10 before 
treatment and 0.43 ± 0.05 after treatment with ampicillin/
Se-NPs (Figure 3).

Discussion
The global challenge of antibiotic resistance, particularly 
in the context of K. pneumoniae infections, has become 
a growing concern. This has increased mortality rates 
associated with infections caused by resistant strains 
of K. pneumoniae (19,20). As such, the World Health 
Organization (WHO) has designated K. pneumoniae 
as a priority pathogen, highlighting the urgent need 
for the development of next-generation antibiotics 
(21). Antibiotics that were previously effective against 
K. pneumoniae such as nitrofurantoin, beta-lactams, 
aminoglycosides, quinolones, tigecycline, and colistin, 
have now been shown to be ineffective due to the increased 
expression of efflux pumps (22). Most Gram-negative 
bacteria have multiple families of efflux pumps that reduce 
the intracellular concentration of antibiotics, resulting in 
acquired intrinsic resistance to several classes of antibiotics 
(23). However, the prevalence of these resistance genes 

Figure 1. SEM Image of Se Nanoparticles. Note. SEM: Scanning electron 
microscopy; Se: Selenium
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varies among different ethnic populations. The current 
study demonstrated a high prevalence of resistance genes 
among patients infected with K. pneumoniae, indicating 
that treatment of these infections can be challenging and 
pose a significant risk to this population. These findings 
are consistent with those of Muhsin et al, who reported 
a high prevalence of efflux pump resistance genes among 
clinical isolates of K. pneumoniae in Baghdad, Iraq 
(24). Similar results were also observed in other studies 
conducted in different parts of the world (25,26). Similar 
to our research findings, Rodríguez-Martínez et al also 
discovered a high prevalence of oqxA and oqxB genes in K. 
pneumoniae, with rates of 76% and 75%, respectively (27). 
In a separate study, oqxA and oqxB genes were detected in 
56.7% and 54.6% of K. pneumoniae isolates, respectively 
(28(. According to the study conducted by Yuan et al, 
both oqxA and oqxB genes were found to be present in 
all strains of K. pneumoniae that were analyzed (29). The 
increased prevalence of efflux pump resistance genes 
among K. pneumoniae isolates from patients is concerning 
and calls for urgent attention to identify new antibacterial 
strategies. Our findings suggest that ampicillin/Se-NPs 
may serve as a potential antibacterial agent as they could 
significantly reduce the resistance of K. pneumoniae to 
ampicillin and decrease the expression of the OqxB gene, 
which is a major antibiotic resistance gene.

This study revealed a noteworthy decrease in the 
expression of the OqxB gene, which could potentially play 
a role in diminishing resistance to various antibiotics. 
Moreover, the findings indicated that the utilization 
of ampicillin/Se-NPs can enhance the effectiveness of 
ampicillin and make bacteria more susceptible to the 
antibiotic. This enhanced sensitivity may be attributed to 
mechanisms that do not rely on the decreased expression 

of the OqxB gene. Several potential mechanisms could 
explain the increased sensitivity to ampicillin when 
utilizing ampicillin/Se-NPs (30). The NPs may improve 
the targeted delivery of ampicillin to the bacterial cells, 
ensuring that a higher concentration of the antibiotic 
reaches its intended target. This increased delivery can 
enhance the bactericidal effect of ampicillin. On the other 
hand, the NPs may facilitate the uptake of ampicillin by 
bacterial cells. They can interact with the cell membrane, 
promoting the entry of ampicillin into the cells and 
increasing its intracellular concentration. This higher 
concentration can lead to improved antibiotic efficacy. 
Furthermore, the combination of ampicillin with Se-NPs 
may exhibit synergistic effects, where the NPs enhance the 
antimicrobial activity of ampicillin. This synergy could 
involve various mechanisms such as disrupting bacterial 
cell walls or interfering with bacterial metabolic pathways. 
Additionally, the inclusion of ampicillin/Se-NPs in the 
system can potentially elicit cellular stress and inflict 
damage upon bacterial cells. These NPs can generate 
reactive oxygen species or disrupt vital cellular processes. 
As a result, bacteria may become more susceptible to the 
effects of ampicillin, thereby increasing their vulnerability 
to the antibiotic’s action (30,31). It is worth noting that 
these are hypothetical mechanisms, and further research 
is needed to determine the exact mechanisms responsible 
for the increased sensitivity to ampicillin when using 
ampicillin/Se-NPs. These findings are supported by a study 
by Huang et al who reported that Se-NPs coated with the 
antimicrobial polypeptide ε-poly-L-lysine (ε-PL) exhibit 
significant antibacterial activity against various strains 
of bacteria, including Gram-positive, Gram-negative, 
and drug-resistant strains compared to the individual 
components of Se-NPs and ε-PL (32). The promising 
therapeutic potential of Se-NPs was demonstrated in the 
current study as the NPs exhibited no toxicity to human 
dermal fibroblasts at minimal inhibitory concentrations. 
These findings suggest that the combination of Se-NPs 
with antibiotics and antimicrobial peptides may represent 
a highly effective new strategy with broad antibacterial 

Figure 2. Zeta Potential and Hydrodynamic Diameter of the Se 
Nanoparticles.  Note. Se: Selenium

Figure 3. Expression Levels of the OqxB Gene before and after Treatment by 
the Se Nanoparticles. Note. Se: Selenium
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activity, low cytotoxicity, and a significant delay in the 
development of resistance (32). The ability of Se-NPs to 
decrease antibiotic resistance in various bacteria has been 
demonstrated in previous studies (33-36), highlighting 
their potential as a valuable tool in the fight against 
antibiotic-resistant infections.
Conclusion 
Our findings indicate that the utilization of Se-NPs in 
antibiotic preparation holds great promise in addressing 
drug resistance in different bacteria, particularly those 
associated with hospital-acquired infections. However, 
further research is needed to assess the impact of Se-NPs 
conjugated with other antibiotics on resistant bacteria as 
well as to investigate the potential influence of this novel 
drug on the expression of other resistance genes. When 
using Se-NPs in antibiotic preparation, several potential 
challenges or limitations may arise. The safety profile of 
Se-NPs needs to be thoroughly evaluated as their potential 
toxicity and long-term effects on human health and the 
environment have not yet been fully understood. It is 
crucial to ensure that the use of Se-NPs is safe for both 
patients and the environment. Additionally, NPs such 
as Se-NPs may exhibit instability over time, leading 
to changes in their physicochemical properties and 
potentially affecting their efficacy. Hence, ensuring the 
stability and shelf-life of Se-NPs in antibiotic formulations 
is essential for their practical application. Furthermore, the 
use of NPs in medical applications may require regulatory 
approvals and compliance with specific guidelines. 
Accordingly, adequate regulatory measures need to be 
in place to ensure the safe and ethical use of Se-NPs in 
antibiotic formulations.
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