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Plain English Summary

Urinary tract infections caused by Klebsiella pneumoniae are increasingly difficult to treat because the
bacteria form protective biofilms and resist many antibiotics. In this study, scientists used a cold plasma
device to create tiny particles made of silver and selenium (called Ag@Se nanoparticles). These
particles were tested together with the antibiotic meropenem against bacteria from patients with
catheter-related infections. The combination stopped up to 70 % of bacterial growth and was relatively
safe for normal cells. This approach could lead to new treatments for stubborn urinary tract infections.

Introduction hospitalised patients and those with indwelling
Urinary tract infections (UTIs) remain a major urinary catheters (1). Klebsiella pneumoniae, a
clinical challenge worldwide, particularly in Gram-negative encapsulated bacterium, is a
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leading cause of catheter-associated UTls. Its
ability to form robust biofilms on catheter
surfaces and to acquire multidrug resistance
(MDR) has rendered many first-line antibiotics
ineffective (2, 3). The emergence of
extended-spectrum B-lactamases (ESBLs) and
carbapenemases further complicates treatment,
limiting therapeutic options to a handful of often
toxic or costly agents (4).

Biofilms not only protect bacteria from host
immune responses but also reduce antibiotic
penetration, leading to persistent and relapsing
infections  (5). Hypervirulent strains  with
hypermucoviscous capsules (notably serotypes
K1 and K2) exacerbate the problem by resisting
phagocytosis and complement-mediated killing
(6). In response to this crisis, nanomedicine has
emerged as a promising frontier. Metal
nanoparticles, particularly silver (Ag) and
selenium  (Se), exhibit multi-mechanistic
antibacterial actions, including disruption of
bacterial membranes, generation of reactive
oxygen species (ROS), and interference with
metabolic pathways (7, 8).

Green synthesis methods, such as cold
atmospheric plasma (CAP), offer advantages
over chemical reduction by eliminating toxic
stabilisers and enabling precise control over
particle size and morphology (9). Previous
studies have shown that plasma-synthesised
nanoparticles can be engineered with core—shell
architectures to combine the properties of
different metals (10). However, the synergistic
potential of Ag@Se core—shell nanoparticles
combined with meropenem against

biofilm-forming, MDR K. pneumoniae has not
been fully explored. Therefore, this study aimed
to synthesise Ag@Se nanoparticles using a CAP
system, characterise their physicochemical
properties, assess their cytotoxicity, and evaluate
their individual and synergistic antibacterial and
antibiofilm activities against clinical isolates of K.
pneumoniae from catheter-related UTls.

Materials and Methods

Plasma jet system and nanopatrticle synthesis

A cold atmospheric plasma jet system was
constructed using a stainless steel capillary
electrode (inner diameter 1 mm, length ~1cm)
powered by a DC high-voltage supply (10-20 kV,
25kHz). Argon gas was flowed at 2.5L/min
through the capillary. The counter-electrode was
a liquid precursor solution in a glass beaker
placed 1 mm below the nozzle. This system
reduced metal ions without chemical stabilisers.
Silver nanoparticles (AgNPs) were synthesised
by exposing 1mM silver nitrate (AgNOs3) in
deionised water to the plasma for 4 minutes,
producing a colour change from colourless to
yellow. Selenium nanoparticles (SeNPs) were
prepared from 0.5mM selenium nitrate
(Se(NO3)3) in deionised water with plasma
exposure for 10 minutes. For Ag@Se core—shell
nanoparticles, 5 mL of preformed AgNP colloid
was mixed with 5 mL of 0.5 mM selenium nitrate
solution and subjected to plasma for another
10 minutes, allowing selenium to deposit onto the
silver cores.

Figure (1): synthesis of Ag@Se NPs (A) plasma jet system (B) Ag NPs as a core (C) Ag@Se

Characterisation of nanoparticles

UV-Vis absorption spectra were recorded (200—
800 nm) to detect surface plasmon resonance
(SPR) peaks. X-ray diffraction (XRD) patterns
were obtained using Cu-Ka radiation
(A=1.5406 A) to identify crystalline phases.
Transmission electron microscopy (TEM) was
used to visualise particle size, morphology, and
core—shell structure.

Cytotoxicity assay

Rat embryo fibroblast (REF) cells were cultured
in RPMI 1640 medium with 10 % fetal bovine
serum, 100U/mL penicillin, and 100 pg/mL
streptomycin at 37 °C in 5% CO,. Cells (10,000
per well) were seeded in 96-well plates and
exposed to Ag@Se nanoparticles at 12.5, 25, 50,
and 100 pg/mL for 24 and 48 hours. Viability was
assessed by crystal violet staining, and growth
inhibition (Gl %) was calculated as:
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GI% = ODcontrol - ODtreated % 100

ODcontrol

All experiments were performed in triplicate.

Clinical sample collection and bacterial
identification

From November 2025 to April 2026, urine
samples were collected from catheterised
patients at Al-Karama Hospital, Baghdad.
Samples were cultured on MacConkey agar at
37°C for 24h. K. pneumoniae isolates were
identified by colony morphology, Gram staining,
biochemical tests, and the Vitek-2 system
(BioMérieux, France). Antimicrobial susceptibility
was determined by Vitek-2, and isolates resistant
to =3 antibiotic classes were defined as
multidrug-resistant (MDR). A subset of five highly
resistant isolates (designated isolates 1-5) was
selected for further synergy testing.

Biofilm formation assay

Biofilm formation was quantified using the crystal
violet microtiter plate method as described by
Stepanovi¢ et al. (11). Briefly, each isolate was
cultured in brain heart infusion (BHI) broth
overnight, adjusted to 0.5 McFarland standard,
and 20 pyL was added to 180 yL of BHI with 1%
glucose in 96-well plates. After 24 h static
incubation at 37 °C, wells were washed, fixed
with methanol, stained with 0.1 % crystal violet,
and destained with ethanol-acetic acid. Optical
density (OD) was read at 630 nm. The cut-off
(ODc) was defined as the mean OD of negative
controls plus three standard deviations. Isolates
were classified as non-biofilm producers
(OD =0Dc), weak (ODc < OD =2x0Dc),
moderate (2xODc <OD<4x0ODc), or strong
(OD >4x0Dc). The five isolates with the highest
OD values (strong biofilm formers) were selected
for synergy testing.

Antibacterial and synergy testing

The five selected isolates were exposed to:
Ag@Se nanoparticles at 25, 50, and 75 pug/mL
Meropenem at 2 and 4 uyg/mL

Combinations of Ag@Se and meropenem (all
nine combinations)

Negative control (no treatment)

Each condition was tested in triplicate. Growth
inhibition was measured after 24h by OD at

600 nm. The fractional inhibitory concentration
(FIC) index was calculated as:

comb Ccomb
FIC = Ag@Se MEM
MICyg@se  MICypm

Synergy was defined as FIC <0.5, additivity as
0.5<FIC<1, indifference as 1<FIC<4, and
antagonism as FIC>4. Isobolograms were
constructed, and combination indices were
calculated using CalcuSyn software.

Statistical analysis

Data were expressed as meanz*standard
deviation (SD) from three independent
experiments. Comparisons between groups were
performed using two-way analysis of variance
(ANOVA) followed by Tukey’s post-hoc test for
multiple comparisons. A P-value <0.05 was
considered statistically significant. GraphPad
Prism version 8.4 (GraphPad Software, USA)
was used for all analyses.

Results
Physicochemical
nanoparticles
The UV-Vis spectrum of Ag nanoparticles
showed a broad surface plasmon resonance
(SPR) peak between 400 and 430 nm, indicating
successful reduction of Ag* ions (Figure 1A). The
peak broadening suggested a wide particle size
distribution and some aggregation, consistent
with plasma synthesis without stabilisers. For
Ag@Se nanoparticles, the SPR peak exhibited a
significant redshift (to longer wavelengths) and
further broadening (Figure 1B), reflecting
changes in the local dielectric environment due
to selenium shell deposition.

XRD analysis of Ag nanoparticles revealed
diffraction peaks at 20 values corresponding to
the (111), (200), (220), and (311) planes of a
face-centred cubic (FCC) silver structure
(JCPDS No. 04-0783). The dominant (111) peak
indicated preferential orientation (Figure 2A). For
Ag@Se nanoparticles (Figure 2B), the silver
peaks remained prominent, confirming that the
crystalline core was preserved after selenium
deposition. Selenium-related peaks were weak
and broad, suggesting an amorphous or poorly
crystalline shell.

characterisation of
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Figure 2A: XRD pattern of plasma-
synthesized Ag nanoparticles, verifying a
face-centered cubic (FCC) crystalline
structure

TEM micrographs (Figure 3) confirmed the
formation of core—shell structures with an
average diameter of approximately 100 nm. The
silver core appeared as a dark, electron-dense
region, while the selenium shell was lighter and
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Figure 2B: XRD pattern of Ag@Se
nanostructures, indicating that the Ag core
crystalline structure remains intact following
Se deposition

somewhat irregular, indicating an island-type
(Volmer—Weber) growth mode. Network-like

aggregation was also observed, typical of
diffusion-limited aggregation during plasma
synthesis.

Figure 3: TEM micrograp of Ag@Se nanostructures, validatng the core—shell formation with
the dark Ag core and lighter Se shell

Cytotoxicity on normal REF cells

Ag@Se nanoparticles showed
concentration- and time-dependent growth
inhibition of REF cells (Table 1, Figure 4). At the
highest tested concentration (100 ug/mL), growth
inhibition was 17.7 % after 24 h and 23.3 % after

48 h. Even at 48h, inhibition remained below
25 %, indicating relatively low cytotoxicity. There
was no concentration at which inhibition
exceeded 25 %, suggesting an acceptable safety
profile for this normal cell line.

Table 1: Cytotoxicity of Ag@Se nanoparticles on REF cells (mean * SD, n=3)

Concentration (ug/mL)

Growth inhibition (%) —24 h

Growth inhibition (%) —48 h

12.5 6.7+1.5
25 10.0£1.0
50 13.3+£25
100 17.7+£1.5

9.0+2.0

15.0£1.0
17.7+2.1
23.3+4.2
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Figure 4: The cytotoxicity of Ag@Se nanoparticles after 24h and 48h on the REF cell line

Bacterial isolation and biofilm formation

Of 200 urine samples, 67 (33.5 %) were identified
as K. pneumoniae. Among these, 30 isolates
(44.8%) were MDR. Biofilm formation was
assessed for all 30 MDR isolates. The cut-off
ODc was calculated as 0.105, based on negative
control wells (mean =0.054, SD =0.017). Using

the classification criteria, five isolates (IDs 1-5)
showed strong biofilm formation
(OD >4x0ODc =0.420), with OD values of 0.639,
0.576, 0.569, 0.555, and 0.474, respectively
(Table 2). These five isolates were selected for
further synergy testing.

Table 2: Biofilm formation (ODg3,) of 30 MDR K. pneumoniae isolates (top ten shown)

Isolate ID ODg3¢

Biofilm classification

0.639
0.576
0.569
0.555
0.474
0.461
0.46
0.449
0.448
0 0.445

2 OoO~NOOODWN -

30 0.236

Strong
Strong
Strong
Strong
Strong
Moderate
Moderate
Moderate
Moderate
Moderate

Moderate

Antibacterial activity of Ag@Se nanoparticles
alone

Against the five strong biofilm-forming isolates,
Ag@Se nanoparticles exhibited
concentration-dependent  growth  inhibition
(Table 3). The highest inhibition for each isolate

at the maximum tested concentration (75 pg/mL)
was: isolate 1 — 62 %, isolate 2 — 58 %, isolate 3
— 61 %, isolate4 — 65 %, and isolate 5 — 50 %.
Moderate inhibition (40-55 %) was observed at
50 ug/mL, while 25 pug/mL yielded lower effects
(20-35 %).

Table 3: Growth inhibition (%) of Ag@Se nanoparticles alone against five K.
pneumoniae isolates

Isolate

25ug/mL 50 pg/mL 75 pg/mL

28
22
35
30

AWON -

48 62
52 58
61 61
65 58
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Synergistic effect of Ag@Se nanoparticles with

meropenem
Combining Ag@Se nanoparticles  with
meropenem substantially increased growth
inhibition compared to either agent alone
(Table 4). The highest inhibition for each isolate

was observed with 75 ug/mL Ag@Se + 4 ug/mL

meropenem for isolates1,2,3, and4 (70 %,
68 %, 70%, and 68 %, respectively), and
50 ug/mL Ag@Se +4 ug/mL meropenem for
isolate 5 (60 %). The FIC indices ranged from
0.38 to 0.48, indicating true synergy (FIC <0.5)
for all five isolates.

Table 4: Maximum growth inhibition (%) for combination treatments and FIC indices

Isolate Best combination (Ag@Se / meropenem) Inhibition (%) FIC index Interpretation
1 75 ug/mL / 4 ug/mL 70 0.42 Synergy
2 75 ug/mL / 4 pg/mL 68 0.48 Synergy
3 50 ug/mL / 4 pg/mL 70 0.38 Synergy
4 50 ug/mL / 4 pg/mL 68 0.44 Synergy
5 50 yg/mL /4 pg/mL 60 0.46 Synergy

Discussion

This study successfully synthesised Ag@Se
core—shell nanoparticles using a green cold
plasma method and demonstrated their
synergistic antibacterial and antibiofilm activity
with meropenem against MDR K. pneumoniae.
The findings address a critical need for new
strategies to combat catheter-associated UTls,
where biofilms and multidrug resistance severely
limit treatment options.

Characterisation and synthesis advantages

The plasma-assisted synthesis produced stable
Ag@Se nanoparticles without toxic reducing
agents, consistent with previous reports (9, 10).
The redshift in SPR peak upon selenium addition
confirmed successful shell formation, while XRD
indicated retention of the crystalline silver core.
TEM revealed core—shell morphology with
partial, irregular selenium coverage — a feature of
the Volmer—Weber growth mode often observed
in plasma-mediated synthesis due to rapid
nucleation and limited diffusion (12). Although full
characterisation (e.g., EDS, XPS) would further
confirm elemental distribution, the combination of
UV-Vis, XRD, and TEM provides strong evidence
for core—shell architecture.

Cytotoxicity profile

Ag@Se nanoparticles exhibited low toxicity
against REF cells, with maximum growth
inhibition of only 23.3 % after 48 h at 100 pg/mL.
This is comparable to or better than many
chemically synthesised silver nanoparticles,
which often show significant cytotoxicity at similar
concentrations (13). The relatively benign profile
may be attributed to the selenium shell, which
can modulate silver ion release and reduce direct
cell membrane damage (14). Nevertheless, the
study is limited to one normal cell line; further
testing on human cell lines and in vivo models
would strengthen safety claims.

Biofilm formation in clinical isolates

Among the 30 MDR isolates, nearly 17 % (5/30)
were strong biofilm producers, a proportion
similar to other reports from hospital settings
(15). The strong biofilm formers (OD >0.420)
were preferentially selected for synergy testing
because biofilms are a major therapeutic hurdle.
The microtiter plate method used here is widely
accepted, though it measures total biomass
rather than viable cells within biofilms (11).

Synergistic antibacterial activity

The combination of Ag@Se nanoparticles with
meropenem consistently outperformed either
agent alone across all five isolates. The synergy
(FIC indices 0.38-0.48) likely arises from
complementary mechanisms: silver
nanoparticles disrupt bacterial cell membranes
and generate ROS, while meropenem inhibits
cell wall synthesis; the disrupted membrane may
facilitate greater antibiotic penetration (16, 17).
Additionally, selenium nanoparticles themselves
have been reported to  downregulate
biofilm-associated genes and impair matrix
production (18). This triple action — membrane
disruption, ROS production, and antibiofilm effect
— may explain the enhanced activity against
MDR K. pneumoniae, which often overproduces
efflux pumps and carbapenemases.
Interestingly, isolate5 showed lower overall
susceptibility (max 60% with combination)
despite also being a strong biofilm former. This
suggests strain-specific differences in resistance
mechanisms, perhaps including carbapenemase
production or altered porin expression, which
future molecular studies could elucidate.

Comparison with previous studies

To our knowledge, this is the first report of
Ag@Se core-shell nanoparticles combined with
meropenem against K. pneumoniae. Prior work
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by Hasan and Al-Awady (8) showed that
berberine-loaded selenium nanoparticles
inhibited K. pneumoniae and Candida albicans,
but without antibiotic synergy. Another study
using plasma-synthesised gold and silver
nanoparticles demonstrated
caspase-independent apoptosis in cancer cells
(10, 19), highlighting the versatility of plasma
methods. Our synergy findings extend the
potential of plasma-synthesised nanoparticles to
infectious diseases, particularly those involving
biofilms.

Study limitations and future directions

Several limitations should be acknowledged.
First, we did not measure the minimum inhibitory
concentration (MIC) of meropenem alone for
each isolate, relying instead on fixed sub-MIC
concentrations (2 and 4 ug/mL). However, the
consistent synergy across isolates suggests the
effect is robust. Second, the study is entirely in
vitro; in vivo validation using animal models of
catheter-associated UTl is needed before clinical
translation. Third, the mechanism of synergy was
not directly investigated (e.g., ROS
quantification, gene expression of efflux pumps
or biofilm regulators). Future work should include
transcriptomic analysis to identify pathways
affected by the combination. Fourth, long-term
stability and shelf-life of the plasma-synthesised
nanoparticles were not assessed. Finally, while
REF cells are a standard normal cell model,
additional human cell lines (e.g., kidney epithelial
cells) would provide a more comprehensive
safety profile.

Future directions should focus on optimising the
core—shell ratio for maximal synergy, testing the
combination against a larger panel of
carbapenem-resistant K. pneumoniae strains,
and developing a catheter-coating formulation
that releases Ag@Se and meropenem locally to
prevent biofilm formation.

Conclusion

This study demonstrates that cold atmospheric
plasma synthesis is an effective, eco-friendly
method for producing Ag@Se core—shell
nanoparticles with an average size of 100 nm.
These nanoparticles exhibited low cytotoxicity
against normal REF cells and showed significant
antibacterial activity against MDR,
biofilm-forming Klebsiella pneumoniae isolated
from catheter-related UTls. When combined with
meropenem, Ag@Se nanoparticles produced
synergistic growth inhibition (up to 70 %) with FIC
indices indicating true synergy. The findings
support the potential of Ag@Se nanoparticles as
an adjunctive therapy to enhance the efficacy of
existing carbapenems against
biofilm-associated, drug-resistant infections.

Further in vivo studies are warranted to translate
these promising in vitro results into clinical
applications.
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