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Abstract

Introduction: Typhoid fever is caused by Salmonella enterica, which is a chronic health problem in endemic areas due to multidrug resistance
and biofilm development. The stress adaptation and virulence regulatory gene phoP and the biofilm-associated gene bapA may represent
molecular targets for anti-virulence interventions. In this study, S. Typhi isolates from blood samples were characterized for their antimicrobial
sensitivity and biofilm formation, and the molecular impact of biosynthesized selenium nanoparticles (SeNPs) on phoP and bapA expression
was assessed.

Methodology: Biochemical analyses and 16S rRNA polymerase chain reaction (PCR) were performed on 92 blood samples identified 35 S.
Typhi isolates. Antimicrobial susceptibility was evaluated by standard protocols. Biofilm-formation capacity was determined. SeNPs were
obtained from E. coli by biological synthesis according to ultraviolet—visible (UV-vis) spectroscopy, Fourier-transform infrared (FTIR)
spectroscopy, and X-ray diffraction (XRD) analyses; at concentrations of 12.5-100 png/mL. Differences in gene expression were quantified by
quantitative reverse transcription real-time PCR.

Results: All the isolates were resistant to ampicillin and ceftriaxone; susceptible to meropenem, ertapenem, trimethoprim—sulfamethoxazole,
chloramphenicol, and tetracycline; and had variable sensitivity to ciprofloxacin. The isolates induced strong (57.1%) and moderate (40%)
biofilm formation. The production of phoP and bapA were significantly inhibited by SeNPs treatment in a concentration-dependent manner,
with maximal inhibition at 100 pg/mL (p = 0.0001); and exhibited a significant positive correlation for both genes (R = 0.899).

Conclusions: Biosynthesized SeNPs effectively downregulate key virulence determinants in antibiotic-resistant S. Typhi, supporting their

potential as adjunctive or alternative therapies capable of decelerating pathogenicity and biofilm-associated persistence.
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Introduction

Nanoscience and nanotechnology are fast-evolving
interdisciplinary fields that concern themselves with the
study of structures, devices, and systems at a nanometer
scale (1-100 nm) and extending their scope of activity.
All new properties and functions for such materials are
demonstrated because the structure of atoms is perfectly
laid out [1]. The trace element selenium (Se) is of high
biomedical interest in biological system chemistry as it
has profound and crucial antioxidant, immune, and
enzymatic action. One notable achievement exploiting
these roles is the production of selenium nanoparticles
(SeNPs). Specifically, SeNPs, due to their special
nanoscale properties, provide enhanced biological
activity with less toxicity in comparison to inorganic
and organic selenium compounds; and this makes them
very attractive for new therapeutic and biomedical
applications [2,3]. Classical chemical and physical
methods for the synthesis of nanoparticles (NPs) are

frequently limited in application towards biomedical-
based applications due to their high cost and use of toxic
reagents. In contrast, biological synthesis or "green
synthesis" has arisen as a promising, sustainable and
efficient alternative using biological agents, such as
microorganisms, for the synthesis of stable NPs [4].
Escherichia coli is well-known for its remarkable
capability of reducing selenite ions (Na,SeOs) to stable
SeNPs [5].

Salmonella enterica is well documented as one of
the most significant foodborne pathogens affecting
global public health. Its pathogenicity is essentially
driven by the activity of virulent factors for survival
within the host and the consequent disease promotion
[6]. The S. enterica bapA gene encodes a large secreted
surface-associated protein, bapA. Biofilm formation,
adhesion, and host colonization are all significantly
dependent on this protein. Earlier studies have
demonstrated the destruction of biofilm formation as a
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result of deletion of bapA, and this strongly reduced
bacterial colonization and invasion in animal models of
infection; conversely, overexpression of bapA
enhanced biofilm biomass [7]. A further indication of
the broader biofilm-regulatory network of bapA is that,
bapA is located on the surface of a cell and is lightly
associated with it. Additionally, the transcriptional
regulator CsgD can regulate its expression along the
lines of curli fimbriae and cellulose biosynthesis.
Recent advances have revealed the structural features of
bapA. bapA consists of tandem Blg (Ig-like) domains,
whose folding and stability depend on calcium binding
[8]. Such structural reinforcements not only preserve
the stability of the biofilm matrix of the genome, but
also enhance bacterial persistence for longer under
environmental and host-associated stresses. Together,
these findings suggest that bapA plays a central role in
biofilm formation and virulence outcomes following
infection with S. enterica, and environmental
persistence influences the potential for bacterial
pathogenesis.

The two-component system of PhoP/PhoQ in S.
enterica consists of the sensor kinase PhoQ, which
responds to environmental signals such as low
magnesium, acidic pH, osmotic stress, or antimicrobial
peptides; and activates the response regulator PhoP.
PhoP can switch on when it is phosphorylated [9]. After
PhoP achieves phosphorylation, a broad-range gene
expression system is established by which
environmental adaptation, and resistance to stress and
virulence can be advanced [10]. Thus, genes located in
the Salmonella pathogenicity islands (SPI-1 or SPI-2)
are regulated. In addition to its classical function in
stress adjustment, phoP has also been demonstrated to
exert a direct modulatory effect on virulence
determinants. It also induces expression of an operon of
orgB and orgC, expressed in SPI-1, indicating the
connection of environmental self-sustaining pathways
and invasion-associated networks. Furthermore, the
PhoP/PhoQ system is regulated by RstA/RstB and
SsrB/SsrA, two other proteins that alter bacterial
response against an ever-evolving host environment
[11]. In total, these properties characterize phoP as a
key regulator integrating stress response and virulence,
allowing for a boost in Salmonella colonization and
infection capability. However, despite extensive
characterization of SeNPs in terms of their
physicochemical properties, their mechanism of
modulating the genetic regulation of the virulence
determinants in S. enterica is yet to be defined.

The aim of this study was to biosynthesize SeNPs
in E. coli, characterize these particles using high-
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fidelity laboratory methods, and evaluate how varying
concentrations of SeNPs influence the expression levels
of the phoP and bapA genes in S. enterica.

Methodology
Characteristics of bacterial isolates

A total of 92 clinical peripheral blood samples were
harvested aseptically and analyzed by microbiological
methods. The patients were prospectively recruited
based on clinical suspicion of typhoid fever with
persistent fever and associated gastrointestinal
symptoms. Only patients in the acute symptomatic
phase were included, while anyone previously
diagnosed with chronic or recurrent infections was
excluded. The samples were initially inoculated into an
enrichment and selective culture media (xylose lysine
deoxycholate, (XLD) agar and Salmonella—Shigella
(SS) agar) and incubated at 37 °C to allow for bacterial
growth. Colony morphological data suggestive of
Salmonella (non-lactose fermenting, hydrogen sulfide—
producing colonies) were stained with Gram stain and
a panel of biochemical tests including triple sugar iron
(TSI) agar, urease, citrate utilization, and motility
assays to substantiate the phenotypic identity.
Molecular confirmation was performed by polymerase
chain reaction (PCR) amplification of the 16S rRNA
gene using standard universal primers (F:
AGAGTTTGATCMTGGCTCAG, R:
GGTTACCTTGTTACGACTTACTT). A total of 35
isolates were identified and determined to be S. enterica
subsp. Typhi based on the combined culture,
biochemical, and molecular results of the 92 blood
samples tested.

Ethical approval

The study, including both the descriptors and the
consent form, was reviewed and approved by the
College of Science Research Ethics Committee
(College of Science, Mustansiriyah University) and
approved (approval ID BCSMU/1724/00073M) in June
2024. Written informed consent was obtained from all
subjects.

Antimicrobial susceptibility testing

Antimicrobial sensitivity testing of the Salmonella
isolates was carried out according to the Clinical and
Laboratory Standards Institute (CLSI) standards, and
the isolates were categorized into three classes:
sensitive (S), intermediate (I), or resistant (R) [12]. The
antimicrobial titer plate method was used following the
protocol described by Agarwal et al. [13]. The
antibiotic disks were imported from Liofilchem (Roseto
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degli Abruzzi, Italy) and used at concentrations of
meropenem (MEM) 10 pg, ciprofloxacin (CIP) 5 pg,
ertapenem (ERT) 10 ug, trimethoprim-
sulfamethoxazole (STX) 25 pg, ampicillin (AM) 10 ug,
ceftriaxone (CRO) 30 pg, chloramphenicol (C) 30 ug,
and tetracycline (TE) 25 pg. Thus, a wide range of drug
classes and mechanisms of action were used in bacterial
susceptibility assessment. Isolates resistant to more
than 3 antibiotics were described as multidrug resistant
(MDR).

Biofilm formation

Biofilm generation by Salmonella isolates was
tested by both qualitative and quantitative methods.
Colonies showing black, dry, and coarse appearance
were classified as slime or biofilm positive; red or
smooth colonies were interpreted as weak (non-
substrate) or non-biofilm producing colonies. The
biofilm was classified on Congo red agar (CRA) [14].
Quantitative evaluation was conducted with a microtiter
plate assay in which all the wells were inoculated with
100 pL of bacteria suspension in nutrient broth and
incubated at 37 °C for 24-48 hours. Non-adherent cells
were removed from the plate following incubation, and
the remaining biofilm was stained with 1% crystal
violet. The remaining dye was quantified by microplate
reader measurement of absorbance at 570 nm.

The biofilm-forming capacity was classified
according to the optical density cutoff (ODc) which was
3 standard deviations above the negative control mean
optical density [15]. Consequently, the isolates were
identified as non-producers (OD < ODc), weak
producers (ODc < OD <2 x ODc), moderate producers
(2 x ODc < OD <4 x ODc), or strong producers (OD >
4 x ODc). All the experiments were conducted in
triplicate with biological replicates for reproducibility
and methodological consistency, so that there was a
standardized basis to analyze biofilm formation among
the isolates.

Preparation of SeNPs using E. coli

SeNPs were biosynthesized using E. coli isolates.
The stock Na:SeOs solution consisted of 0.425 g
Na>SeOs + 25 mL sterile distilled water. This stock was
filtered through a 0.22 pum syringe filter to obtain
different working concentrations of the solution (25, 50,
100 mM). Out of the 50 isolates, 20 E. coli strains were
chosen based on their high selenium tolerance and
biosynthetic efficiency. Selection was based on the
color change of the medium from colorless to red and
the successful reduction of Na:SeOs to SeNPs. These
isolates were optimized for conditions affecting SeNP
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biosynthesis, including reaction time (24 and 48 hours),
Na:SeOs concentration (25, 50, 100 mM), pH (5-9),
and shaker speed (130—160 rpm). To prepare SeNPs, a
single colony of E. coli was inoculated in nutrient broth
(5 mL) and incubated for 24 hours at 160 rpm. The
culture was further added to 100 mL nutrient broth with
2 mL filter-sterilized Na.SeOs (100 mM). The pH was
adjusted to 8, and the cultures were incubated for 48
hours at 37 °C with shaking at 160 rpm. During this
time, the solution color gradually changed from yellow
to red, and this was indicative of the formation of
SeNPs. SeNPs were separated and purified by
centrifugation at 10,000 rpm for 10 minutes. The pellets
were washed twice with 0.9% NaCl and resuspended in
Tris-HCl buffer (pH 8.2). Ultra sonication was
performed at 100 W for 10 minutes, and then filtered
through 0.22 pum syringe filters. The precipitate of
SeNPs was then washed with ethanol and deionized
water, and then dried at 45-50 °C in a hot air oven.

Characterization of SeNPs

The synthesized SeNPs were characterized by
various analytical methods to assess their structure and
functional properties:

UV-visible (UV-vis) spectroscopy

The surface plasmon resonance (SPR) and
absorption spectra of biologically synthesized SeNPs
were resolved using a UV-vis spectrophotometer in the
200-1000 nm band.

Fourier transform infrared spectroscopy (FTIR)

FTIR analysis was performed to investigate the
interaction of the structure of biomolecules (proteins
mainly) and SeNPs and to identify the functional groups
to be used for the synthesis of the nanoparticles between
4000 and 400 cm™.

X-ray diffraction (XRD)

The crystalline structure of SeNPs and the
crystallite size were assessed by XRD analysis. The
average crystallite size (D) was determined using the
Debye—Scherrer formula and this provided insight into
the scale of the synthesized particles at the nanoscale.

Molecular effect of SeNPs on phoP and bapA genes
Sample preparation

Nanomaterial dilutions for molecular analysis were
prepared with a solution of brain heart infusion (BHI)
broth with sucrose (2 g/100 mL) as a diluent. Serial 2-
fold dilutions were prepared with final concentrations
0f 100, 50,25, and 12.5 pg/mL. The treatment mixtures,
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Table 1. Complementary DNA synthesis reaction components and thermal conditions.

Reaction component

Thermal profile

Component Volume (nL) Component Volume (nL) Temperature (°C) Duration
2x ES Reaction Mix 10 Random primer (N9) 1 25 10 min
gDNA Remover 1 RNase-free water 3 42 15 min
Anchored oligo(dT) 1 EasyScript RT/RI enzyme mix 1 35 5 sec
Total RNA 5pL

*ES: EasyScript ®

totaling 5 mL each, included 2 mL sucrose-enriched
BHI medium, 0.5 mL bacterial suspension, and 2.5 mL
of the same nanomaterial dilution using overnight
bacterial cultures grown in BHI broth. The mixtures
were incubated overnight under standard conditions,
and then the bacterial cells were harvested by
centrifugation. The pellets were placed in sterile
Eppendorf tubes; resuspended in 1 mL of TRIzol
reagent, and stored at — 20 °C until RNA extraction.

RNA extraction

Total RNA was generated and extracted with the
TransZol Up Plus RNA Kit (ER501-01, TransGen
Biotech, Beijing, China) as per the protocol and
procedures described previously provided by the
manufacturer [16]. In short, bacterial pellets were lysed
with TransZol reagent, together with phase separation
with chloroform and precipitation with ethanol. The
RNA-rich phase was purified by washing in spin
columns, eluted in RNase-free water, and determined
using a Nanodrop spectrophotometer One C (Thermo
Fisher Scientific, Waltham, MA, USA) [17]. The
purified RNA samples were stored at — 80 °C until use.
[Grab your reader’s attention with a great quote from
the document or use this space to emphasize a key point.
To place this text box anywhere on the page, just drag
it.]

Complementary DNA synthesis

The EasyScript® One-Step gDNA Removal and
cDNA Synthesis SuperMix (Cat. No AE311-02,
TransGen Biotech, Beijing, China), which is
engineered to eliminate genomic DNA and introduce
complementary DNA (cDNA) simultaneously [18],
effectively reducing RNA contaminants, was used. The
reaction components and thermal profile are indicated
in Table 1.

Table 2. Details of the primers.

Gene Direction Sequence (5' ---- 3")

PphoP F TACGGTTACTGCCATCACCA
R ATGTCCGTATCCTGCCGTAG

bapA F TGCGCGTACTGGTTGTAGAG
R TCATCCGGCAGACCTAAATC

gap A F TACTGTTCACGCGACTACCG
R GGAACGCCATACCAGTCAGT

Product size (bp)

Primers

The primers used in this study were obtained from
Macrogen Company, Seoul, South Korea (Table 2). The
primers were first provided in lyophilized form and
were further dissolved in deionized water to obtain a
working concentration of 10 pmol/mL [19]. This
preparation of primers allowed for future utilization for
downstream molecular purposes.

Gene expression

Gene expression analysis was performed with
Quantitative  Reverse  Transcription Real-Time
polymerase chain reaction (RT-qPCR) on TransStart®
Top Green qPCR SuperMix (AQI131-01, TransGen
Biotech, Beijing, China) following the manufacturer’s
guidelines. All subsequent steps were performed in a
final volume of 20 pL, including 2 uLL cDNA template,
1 pL of both forward and reverse primers, 6 pL
nuclease-free water, and 10 pL reaction mix. The
amplification cycle included initial denaturation at 94
°C for 60 s; and 40 cycles of 94 °C for 10 s, annealing
at 56 °C for 15 s, and extension at 72 °C for 20 s.
Melting curve analysis was performed from 65 °C to 95
°C with 1 °C/second increments for validation of
specificity. All reactions were performed in duplicate to
guarantee the reproducibility and reliability of the data.

Statistical analysis

Data analysis was conducted with GraphPad Prism
(version 8.0; GraphPad Software, San Diego, CA,
USA) and SPSS software (version 26.0; IBM Corp,
Armonk, NY, USA). Mean + standard deviation (Mean
+ SD) was calculated for numeric variables.
Percentages and numbers were calculated for
qualitative variables. PhoP and bapA gene expression
were quantified as a dependent variable using the
comparative threshold cycle (AACt), with gapA4 serving
as an endogenous reference gene for normality, whereas

Primer length GC% Tm (°C) Ta (°C)
TR T
v mmoown
173 2 00 s %

1136



Kadhem et al. — SeNPs modulate phoP and bapA in Salmonella

the gapA gene became the endogenous reference gene
when normalized. Expression of fold mutations in gene
expression was estimated as 2%, One-way analysis
of wvariance (ANOVA) was conducted for group
comparisons, with Duncan’s multiple range test used to
find significant differences between means. A p < 0.05
was considered statistically significant.

Results
Demographic characteristics

Patients with bacterial isolates in blood ranged in
age from 5 to 59 years, with a mean of 21.4 years and a
median of 14 years. The 95% confidence intervals for
both mean (15.889 to 26.911) and median (11.242 to
22.000) further reflect the statistical precision of the age
distribution, with the majority of patients falling within
the 9-29 years range. The male-female ratio was 15
(42.9%) males to 20 (57.1%) females; there was no
significant difference between the two groups. Thus,
the distribution of males and females was balanced,
with no statistically significant predominance of either
gender.

Antimicrobial susceptibility tests

Antimicrobial susceptibility of the Salmonella
isolates tested were analyzed based on the SIR
classification system in which an isolate was described
as susceptible (S) if it was inhibited by the
antimicrobials at standard dose, intermediate (I) if there
was risk of low susceptibility to the antimicrobials or
treatment was possible only at high dose, and resistant
(R) if the isolate was not inhibited and the antibiotic was
likely to be ineffective. The results indicated that all
isolates (100%) were resistant (R) to ampicillin and
ceftriaxone, showing significant p-lactam resistance.
Nevertheless, the MDR criteria were satisfied only by
the 25.71% of the isolates exhibiting resistance to
ciprofloxacin as well. Complete susceptibility (S) to the
selected  antibiotics  (meropenem,  ertapenem,
trimethoprim—sulfamethoxazole, chloramphenicol, and
tetracycline) was detected for all tested strains,
indicating that these compounds represented effective
therapeutics. Ciprofloxacin was the exception, with 9
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isolates (25.71%) being susceptible, 18 isolates
(51.43%) with intermediate susceptibility, and 9
isolates (25.71%) with resistance; suggesting that
fluoroquinolone sensitivity sharply decreased. This
antimicrobial profile emphasizes the existence of MDR,
especially against P-lactams, and emphasizes the
emergence of diminished ciprofloxacin efficacy in
Salmonella isolates (Table 3).

Figure 1. UV-vis absorption spectrum of biosynthesized
selenium nanoparticles (SeNPs).
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Figure 2. SEM micrograph of amorphous biogenic selenium
nanoparticles (SeNPs) synthesized by E. coli.
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Table 3. Susceptibility of the studied isolates to commonly used antimicrobials.

Antibiotic (code) S (n, %) I(n, %) R (n, %)
Meropenem (MEM) 35 (100%) 0 (0%) 0 (0%)
Ciprofloxacin (CIP) 9 (25.71%) 18 (51.43%) 9 (25.71%)
Ertapenem (ERT) 35 (100%) 0 (0%) 0 (0%)
Trimethoprim—Sulfamethoxazole (SXT) 35 (100%) 0 (0%) 0 (0%)
Ampicillin (AM) 0 (0%) 0 (0%) 35 (100%)
Ceftriaxone (CRO) 0 (0%) 0 (0%) 35 (100%)
Chloramphenicol (C) 35 (100%) 0 (0%) 0 (0%)
Tetracycline (TE) 35 (100%) 0 (0%) 0 (0%)

S: susceptible; I: intermediate; R: resistant; n: number; %: percentage.
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Biofilm formation

Most of the Salmonella isolates showed that very
clear biofilm formation was possible. Out of these
examined isolates, 20 (57.1%) were classified as strong
biofilm producers, accounting for the majority of tested
strains. Moderate biofilm production was observed in
14 isolates (40%) and only 1 isolate (2.9%) showed
weak to minimal biofilm formation. None of the
isolates were non-biofilm producers. These findings
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show that the majority of isolates were biofilm
producers, which may assist in environmental
persistence and resilience against the impact of adverse
conditions, such as an antimicrobial agent. The high
preponderance of moderate and strong biofilm
producers highlights the potential clinical relevance of
the strains with respect to chronic or recurrent infection
and the propagation of antimicrobial resistance.

Figure 3. Quantitative real-time PCR results of phoP and bapA genes; the pictures were taken directly from the device.

Fluorescence

0 2 4 6 8 10 12 14 16 18 20 22 24 2 28 30 32 34 36 38 40 <

Cycle

7000

Fluorescence
==

Fluorescence

o 2 4 6 8 0 12 4 16 18 20 22 24 26 28 30 32 34 36 38 40 <

Cycle

Derivatives

54 56 58 60 62 64 66 68 70 72 74 76 78 80 8 84 8 88 9% R 94 9%
Temperature

Derivatives
8

54 56 58 60 62 64 66 68 70 72 74 76 78 80 82 84 86 88 9 92 94 96
Temperature

Derivatives

54 56 58 60 62 64 66 68 70 72 74 76 78 80 8 B84 8 8 9 92 9 9%
Temperature

A: Amplification curve of the phoP gene with Ct range (14.14-20.22). B: Disassociation curve of the phoP gene. C: Amplification curve
of the bapA gene with Ct range (18.49-22.66). D: Disassociation curve of the bapA gene. E: Amplification curve of the HKG gapA gene

with Ct range (14.46-16.95). F: Melting curve of the HKG gapA gene.
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Characterization of SeNPs

Analysis of the absorption spectrum of SeNPs
synthesized by E. coli using UV—vis spectrometer
showed that the absorption band range was around 200—
300 nm. This is the spectrum commonly observed in
amorphous elemental Se® nanoparticles. The absence of
any distinct surface plasmon resonance peak confirms
the semiconductor nature of selenium and differentiates
it from metallic nanoparticles such as gold or silver. The
spectra exhibited a gradual degradation in absorbance
toward the visible part, and a long absorption tail up to
1000 nm, due to the light scattering of polydisperse
particles and due to bacterial biomolecules serving as
stabilizing/containing agents of the spectrum. This
spectral profile was in line with biological SeNP
synthesis of  amorphous-sized semi-particle
components that are generally at least around 20-200
nm in size with aggregation. The UV—vis absorption
spectrum of biosynthesized SeNPs is shown in Figure 1
and the scanning electron microscopy (SEM)
micrographs of amorphous biogenic SeNPs derived
from E. coli are shown in Figure 2.

Figure 4. Difference in fold expression of the phoP gene among
different selenium nanoparticle (SeNP) concentrations.
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Molecular study

A clear and gradual change in the levels of phoP
and bapA gene expression was observed following
addition of the SeNPs. The expression levels for both
the genes showed a significant decrease with increasing
concentration of the nanomaterials, compared to the
control. Control samples demonstrated the most
elevated expression of the genes, gradually decreasing
at 12.5, 25, 50, and 100 ug/mL concentrations, which
suggested an inverse association between higher
concentrations of nanomaterial and higher expression
levels of the gene.

The relative expression levels of the target genes
(phoP and bapA) and house-keeping gene were
evaluated using RT-qPCR. The amplification profiles
and melting curve analyses confirmed the specificity
and efficiency of the primers used in this study (Figure
3). The fold expression values were determined
utilizing AACt, and gapA was used as a housekeeping
gene for accurate measurement. As shown in Table 4,
the differences in the expression levels of the phoP and
bapA genes between the control group and groups
treated with different concentrations of the
nanomaterial were significant. The changes in the

Figure 5. Difference in fold expression of the bapA gene among
different selenium nanoparticle (SeNP) concentrations.
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Table 4. Fold expression difference of phoP and bapA genes in different concentrations of selenium nanoparticles (SeNPs).

Gene Group Mean + SD*
C 1.276 £ 0.246 (C)
12.5 0.534+0.223 (B)
pho P 25 0.492 +0.239 (B)
50 0.402 £ 0.192 (AB)
100 0.105 £ 0.045 (A)
C 1.009 £ 0.172 (D)
12.5 0.639+0.093 (C)
bap A 25 0.489 +0.158 (BC)
50 0.347£0.170 (AB)
100 0.198 £0.116 (A)

95% CI (lower—upper)
0.66-1.89
-0.02-1.09
-0.10-1.08
-0.07-0.88
-0.01-0.22
0.58-1.44
0.41-0.87
0.10-0.88
-0.07-0.77
- 0.09-0.49

p value

0.0001**

0.0001**

*A, B, C, D: different letters within a column for each gene denote statistically significant differences (p < 0.05) based on Duncan’s post-hoc test.
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expression of PhoP and bapA genes varied with the
different concentrations of SeNPs (Figures 4 and 5).
One-way ANOVA was used to analyze the data to find
an overall difference between groups and Duncan’s
post-hoc test was used to investigate the specific
contributors to the variation. The letters accompanying
the mean + SD values represent the Duncan grouping,
where groups sharing the same letter are considered
statistically non-significant, while those labeled with
different letters indicate a statistically significant
difference. This classification has been confirmed.
Expression levels of the control group were the highest
for both phoP and bapA, while a dramatic and
progressive suppression of expression of the genes
occurred with increasing concentrations of the
nanomaterial (12.5, 25, 50, and 100 pg/mL). The 95%
confidence intervals were in agreement with this
decline, and the highly significant p value (0.0001)
indicated a very high dose-dependent inhibition of the
expression of both genes. This shows that the
concentration of the nanomaterial was inversely
correlated with gene expression.

Pearson’s correlation analysis (Figure 6) revealed a
strong positive correlation between phoP and bapA
gene expression (r = 0.899, n = 15, p < 0.001). The
correlation coefficient showed that higher levels of
phoP were reliably related to higher levels of
expression of bapA. Regarding the shared variance (12
= 0.807) that occurred, 81% of the variance in bapA
expression could be attributed to the phoP (consistent
with the regression estimation). Covariance analysis
(0.12), and test statistic (t = 7.38, df = 13, p < 0.001)
were also consistent with the direction dependence of
the two genes. Indeed, this strong linear correlation
lends support for the regulatory effect of phoP on bapA
by associating both environmental sensing and stress-
specific signaling by phoP with the transcriptional
action of bapA, another gene involved in adhesion or
biofilm-associated persistence in Sa/monella.

Linear regression analysis revealed a robust and

Figure 6. Pearson’s correlation analysis between phoP and
bapA.
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significant correlation between phoP and bapA gene
expression (Figure 7). Overall, the regression model
was significant, F(1,13) = 54.49, < 0.001, which
accounted for 81% of the variance in bapA expression
(R? = 0.81). The regression equation was defined as Y
=0.17 + 0.65X, suggesting a 0.65 unit increase in bapA
expression p for each unit increment in phoP. The slope
coefficient (= 0.65, p <0.001) and intercept (o =0.17,
p = 0.015) were statistically significant, indicating that
baseline bapA expression existed at low phoP
concentration and that phoP appeared as a robust
positive bapA induction predictor. In terms of
biochemistry, these results indicated that regulatory
factors derived from phoP were strongly responsible for
modulating bapA expression, which further supports
the role of this in linking stress-adaptive signaling with
adhesion-associated gene regulation in Sa/monella.

Discussion

The present investigation illustrates the
biosynthesis of SeNPs with E. coli and their
antibacterial potential against S. Typhi. The growing
worldwide problem of resistance to antibiotics,
especially among enteric pathogens, is highlighted by
the realization of these findings and also represents an
important first step for the discovery of alternative
therapeutic agents. Extensive studies show that
biosynthesized SeNPs have significant antibacterial
actions causing membrane disruption and subsequent
oxidative stress reactions. In these cases [20], similar to
the present study, plant-derived SeNPs exhibited mild
inhibitory levels against enteric bacteria as a result of
marked disruption of bacterial membrane integrity and
permeability. In vivo studies [20] have also shown the
ability of SeNPs to suppress the colonization of bacteria
in gut tissues while preserving intestinal architecture
and reducing inflammatory reactions mainly by
reducing pro-inflammatory cytokines like IL-6 and IL-
1B. Together, these surveys support the emerging view
that SeNPs constitute a suitable alternative pathogen

Figure 7. Linear regression analysis between phoP and bapA.
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approach, more so in the setting of increased antibiotic
resistance [20].

A previous study by Abd et al. examined the
antimicrobial activity of SeNPs against biofilm-related
genes in multidrug-resistant S. enferica serovars,
including S. Typhi [21]. The authors reported that
clinical isolates displayed high levels of B-lactamase
activity and widespread resistance to commonly used
antibiotics, particularly tetracycline and trimethoprim—
sulfamethoxazole. Most isolates were strong biofilm
producers on plastic surfaces, highlighting their
potential role in infection persistence and food safety
risks. Notably, the study showed that combining SeNPs
with conventional antibiotics produced a synergistic
effect, enhancing antimicrobial efficacy. Furthermore,
exposure to SeNPs downregulated key biofilm-
associated virulence genes such as adrd, gcpA, and
csgD.

Another study by Al-Khazraji et al. synthesized
chemogenic SeNPs using sodium selenite and ascorbic
acid, and confirmed that the particles were highly
crystalline, spherical, and about 20 nm in size [22]. The
SeNPs showed high purity, strong antioxidant activity,
and good biocompatibility with no hemolytic effects.
Importantly, they exhibited potent antimicrobial
activity against S. enterica (MIC 16 pg/mL) and strong
antibiofilm effects, especially when combined with
tetracycline, achieving over 80% inhibition,
highlighting that SeNPs are promising antimicrobial
and antioxidant agents capable of enhancing
conventional antibiotics and helping to overcome
bacterial resistance. Al-Roomi and Ajeel reported that
among human diarrheal cases Salmonella species were
the most common pathogens; the two predominant
species were S. Typhi (48.33%) and S. paratyphi
(21.67%) [23]. All S. Typhi isolates developed robust
biofilms, while antibiotic analysis disclosed complete
resistance to ticarcillin and strong resistance to
aztreonam (89.7%). The study demonstrated that SeNPs
synthesized using cinnamon extract showed greater
antibacterial activity against S. 7Typhi than the extract
alone, achieving a 14.33 mm inhibition zone at 100
pg/mL, compared to 10.66 mm for the extract. These
findings highlight the potential of SeNPs as an
alternative strategy against multidrug-resistant S. Typhi.

In addition, in Salmonella Typhimurium, acid
stress—induced multi-stress adaptation is orchestrated
by the PhoP/PhoQ pathway, and consequently, the
observed dose-dependent reduction in phoP following
nanomaterial treatment diminishes this adaptive
pathway. PhoQ detects low pH, low Mg**, and cationic
antimicrobial peptides; and then induces PhoP to

J Infect Dev Ctries 2026; 20(8):1133-1144.

modulate tolerance and virulence genes such as mgt4,
pmrD, and pagP. Low expression of phoP likely
mitigates Mg?* homeostasis, PmrA/PmrB-dependent
lipopolysaccharide (LPS) rearrangement, and RpoS
stabilization. Such mechanistic interlinkage is in line
with lower survival after acid pre-adaptation and loss of
temporary cross-protection under heat and osmotic
stress relying on PhoP/PhoQ signaling [24]. The
significant decrease of gene expression mediated by the
nanomaterial was not restricted to an inhibition in the
PhoP/Q pathway but also to its controlling pathway,
particularly, the PmrA/B system. While the PhoP/Q
system is known for its adverse effects on bacterial
motility, its inhibition could theoretically enhance
bacterial motility. More importantly, the inhibition of
this master regulator (phoP) will impair the bacterial
cell's ability to adapt its surface charge and resistance to
antimicrobial peptides; an important activity for host
survival. Thus, the SeNPs not only interfere with a
targeted resistance route; rather, they intervene in a
multifaceted regulatory network to render the bacteria
vulnerable to antimicrobials, thus accounting for the
observed reduction in viability in this study [25]. The
results show that the SeNPs used negatively regulated
gene expression of the master virulence regulator phoP
in Salmonella using a dose-dependent mechanism. This
effect is far beyond the typical antibacterial action with
the new potential strategy of chemical attenuation of
Salmonella.

The nanomaterial used in this study is designed to
dynamically modulate bacterial virulence, offering a
controllable alternative to permanent genetic deletion
for rendering bacteria safe for therapeutic applications.
This can provide a higher degree of control and safety
in the application range for Sa/monella-mediated cancer
treatment, such as in Salmonella-mediated cancer,
where the severity of attenuation can be increased and
decreased by modifying the content of the
nanomaterial. This is a promising development in
bacterial drug delivery systems [26]. The findings,
which prove the effect of the nanomaterial against
Salmonella on phoP gene expression inhibition, are
consistent with an international trend to utilize
nanoparticles against resistant bacteria. The recently
reported biogenic silver nanoparticles were able to kill
strains of multidrug-resistant S. enterica with a high
level of efficiency. Although earlier research had
pointed out the structural damage induced by SeNPs,
such as injury of the bacterial membrane, the current
study adds a complementary molecular contribution by
showing an intervention mechanism by the disturbance
of the virulence regulatory network. The integration of
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direct structural action and regulatory gene suppression
may explain the high potency of the SeNPs and may
provide new methods to design more selective and
effective medications to overcome resistance to
pathogens [27].

In addition to its effect on virulence regulators like
phoP, the results of this study reveal that the SeNPs
significantly downregulate the expression of bap4, a
key gene responsible for biofilm formation in
Salmonella, which agrees with a previous study [28]
that demonstrated that biofilms provide bacteria with a
protective shield against antibiotics and the host's
immune response. Therefore, the observed decrease in
bapA expression suggests that the nanomaterial impairs
Salmonella's  ability to form these resilient
communities, rendering them more susceptible to
clearance, by inhibiting virulence and preventing
biofilm formation; this highlights the promising
potential of the nanomaterial as an effective therapeutic
agent against persistent bacterial infections.

The ability of clinical Sa/monella isolates to form
biofilms is a key virulence trait, strongly correlated with
the presence of specialized genes like hapA and csg.
Phenotyping and genotyping studies have demonstrated
that the majority of pathogenic strains possess this
capability. In this context, this study showed a dose-
dependent inhibition of hapA expression by the SeNPs.
Crucially, this downregulation occurred at sub-
minimum  inhibitory = concentrations (sub-MIC),
suggesting that the SeNPs specifically target the
molecular machinery of biofilm formation rather than
merely inhibiting overall bacterial growth. This implies
that the nanomaterial can potentially convert a strong
biofilm-producing strain into a weak or non-producing
one, thereby dismantling its protective fortress and
rendering it vulnerable to therapies and immunity. This
represents an effective strategy for combating persistent
infections [29].

The findings demonstrating that SeNPs inhibit
bapA expression are in strong agreement with other
studies that have explored the impact of nanoparticles
on biofilm regulatory networks. A recent investigation
demonstrated that modulation of biofilm-associated
gene expression is a common and effective
antimicrobial mechanism of SeNPs against resistant
bacteria [30]. SeNPs significantly downregulated csgD
and adrA, the central regulators of biofilm matrix
synthesis in Salmonella. Since csgD functions as a
master regulator and bapA encodes a major structural
biofilm component, these observations indicate that
SeNPs, irrespective of their specific formulation,
disrupt biofilm development on multiple fronts by
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targeting both upstream regulatory pathways and
crucial structural elements.

The dose-dependent suppression of phoP and bapA
by SeNPs suggests that this nanomaterial modulates S.
Typhi at the regulatory level rather than acting purely
through growth inhibition or killing. By simultaneously
targeting a central virulence regulator and a key biofilm
gene, SeNPs likely reduce the bacterium’s ability to
adapt to host stress, establish robust biofilms, and resist
standard antimicrobial agents. These results align with
evidence that nanoparticles can affect both free-living
and biofilm-associated bacteria and, together with the
preserved susceptibility to several non—-lactam drugs,
support the use of SeNPs as promising adjuncts in
combination regimens against MDR Salmonella.

Nevertheless, several limitations should be
considered. The study was restricted to a single center
and included only 35 isolates, which may constrain the
broader applicability of the findings. All assays were
performed under in vitro conditions, leaving the in vivo
pharmacodynamics, toxicity, and therapeutic potential
of SeNPs unresolved. Moreover, the analysis focused
exclusively on two virulence-associated genes, without
incorporating genome-wide expression or proteomic
profiling that could identify broader regulatory impacts
or compensatory pathways. Finally, the long-term
ecological and safety consequences of nanoparticle use,
including effects on host microbiota and environmental
systems, were not assessed and warrant further
investigation.

Conclusions

The current findings show that biosynthesized
SeNPs exhibit very active and dose-dependent
inhibiting effects on antibiotic-resistant S. Typhi
through downregulation of the virulence regulator phoP
and the biofilm-associated gene bapA, to attenuate
pathogenicity and biofilm flexibility in strains with
complete P-lactam resistance. The high and positive
correlation between the two genes (r = 0.899) serves to
demonstrate integrated regulatory pathways that are
targeted via SeNPs and render SeNPs an attractive
auxiliary element with the potential to improve the
activity of conventional antibiotics, such as
carbapenems and chloramphenicol. While promising,
the results should be treated carefully based on their
single-center design, limited isolate numbers, and in
vitro-based use in the study. Further studies should
involve validation in animal models, comprehensive
safety profiling, and use of combination therapy
routines (including more extensive transcriptomic or
proteomic analyses) to further clarify the regulatory
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influences of SeNPs and facilitate their translation to
clinical use in the treatment of long-lasting and drug-
resistant typhoid infections.
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