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Background: Klebsiella pneumoniae is a significant nosocomial pathogen that has
developed resistance to multiple antibiotics, often forming biofilms that enhance
its virulence. This study investigated the efficacy of a novel nanoformulation,
AgNPs@chitosan-NaF, in combating K. pneumoniae biofilms.

Methods: Antimicrobial susceptibility testing was performed to assess the antibiotic
resistance profile of K. pneumoniae isolates. The antibiofilm activity of AgNPs@
chitosan-NaF was evaluated using crystal violet staining and scanning electron
microscopy. The underlying mechanisms of action were investigated through
gene expression analysis.

Results: The majority of K. pneumoniae isolates exhibited high levels of multidrug
resistance. AgNPs@chitosan-NaF demonstrated superior biofilm inhibition compared
to AgNPs@chitosan, significantly reducing biofilm biomass and disrupting biofilm
architecture at MICs ranging from 0.125 to 1 pg/mL. Mechanistic studies revealed
that the nanoformulation downregulated the expression of key biofilm-associated
genes, including treC, fimA, mrkA, and ecpA. While AgNPs@chitosan-NaF exhibited
a concentration-dependent cytotoxic effect on both normal and cancer cell
lines, minimal cytotoxicity was observed at concentrations below 31.25 pg/mL.

Conclusion: This study highlights the synergistic effect of silver nanoparticles, chitosan,
and sodium fluoride in combating K. pneumoniae biofilms. The nanoformulation,
AgNPs@chitosan-NaF, emerges as a promising therapeutic strategy to address
the challenge of multidrug-resistant bacterial infections.

KEYWORDS

antibiofilm potential, chitosan, cytotoxicity, Klebsiella pneumoniae, silver
nanoparticles, sodium fluoride

Introduction

Klebsiella pneumoniae, a significant pathogen, poses a serious threat to global health due
to its ability to form robust biofilms and develop multidrug resistance (Al Bshabshe et al.,
2020). Biofilms, communities of bacteria embedded in a protective matrix, shield
K. pneumoniae from antibiotics and other stressors, making infections difficult to treat. The
emergence of multidrug-resistant K. pneumoniae strains has further complicated treatment
options, contributing to high mortality rates, especially in vulnerable populations
(El-Demerdash et al., 2018, 2023a; Guerra et al., 2022). Additionally, the biofilm-forming
nature of K. pneumoniae can lead to persistent infections, requiring prolonged treatment and
increasing the risk of complications (Abbas et al., 2024).
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The development of innovative antimicrobial methods is essential
to combat biofilm-forming bacteria, which often exhibit resistance to
conventional antibiotics (Sharaf et al., 2022; El-Demerdash et al.,
2023d; Ibrahim, 2023).

Nanoparticles, with their large surface area and tunable surface
chemistry, offer a promising alternative to traditional antibiotics for
combating multidrug-resistant (MDR) pathogens (Rudramurthy et al.,
2016). Silver nanoparticles, in particular, have demonstrated potent
antimicrobial activity and the ability to disrupt biofilm formation, a
critical challenge in treating bacterial infections (Mba and Nweze, 2021;
Saad et al., 2024). This has fueled increased research into nanoparticles
as a potential solution to overcome antibiotic resistance (Franci et al.,
2015; Abd El-Emam et al., 2024; Hashem et al., 2024).

Chitosan, a natural biopolymer, exhibits antimicrobial properties
and biocompatibility, making it a promising candidate for biomedical
applications. Chitosan nanoparticles, combining the advantages of
chitosan with the unique properties of nanomaterials, have demonstrated
potent antimicrobial activity against a wide range of microorganisms,
including bacteria and fungi. Additionally, these nanoparticles have
shown promise in combating biofilm formation, a critical challenge in
treating infections caused by multidrug-resistant pathogens (El-Naggar
et al,, 2022; Ali et al., 2023; Desai et al., 2023).

This study aims to investigate the antibiofilm efficacy of silver
nanoparticles encapsulated in chitosan (AgNPs@chitosan) and further
enhanced with sodium fluoride (AgNPs@chitosan-NaF) against
Klebsiella pneumoniae biofilms. We characterized the physicochemical
properties of the nanocomposites, evaluate their antibiofilm activity
using quantitative assays, and explored their mechanisms of action by
examining biofilm architecture and gene expression. Additionally,
we assessed the cytotoxicity of the nanocomposites against normal and
cancer cell lines to evaluate their biocompatibility.

Materials and methods
Nano-materials

Silver nitrate (AgNO3), sodium borohydride (NaBH,), chitosan
(medium molecular weight, 50-190 kDa, deacetylation degree 90.2%),
and sodium fluoride (NaF) were purchased from Merck, Germany,
and Fluka, Germany. Glacial acetic acid was obtained from ADWIC,
Egypt. Double-distilled water was used to prepare all solutions. All
chemicals of analytical and used without

were grade

further purification.

Synthesis of AgNPs@chitosan and AgNPs@
chitosan-NaF

o Chitosan solution preparation: 0.075 g of chitosan was dissolved
in 200 mL of 2% acetic acid solution and stirred overnight at
600 rpm at room temperature.

o AgNPs@chitosan synthesis: 60 mL of the cooled chitosan solution
was mixed with 4.0 mL of 0.012 M AgNO; solution for 15 min.
Then, 0.3 mL of 0.8 M NaBH, was added dropwise to the mixture
under constant stirring for 15 min, resulting in the formation of
AgNPs@chitosan.
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o AgNPs@chitosan-NaF synthesis: 0.1 g of NaF was added to the
AgNPs@chitosan solution after the complete addition of NaBH.,.

Nanoparticles characterization

Morphology and size: Transmission electron microscopy (TEM)
was used to examine the morphology and size distribution of the
synthesized nanoparticles.

Zeta potential: Zeta potential measurements were conducted to
assess the surface charge of the nanoparticles.

Optical properties: UV-Vis spectroscopy was employed to analyze
the optical properties of the nanoparticles.

groups: (FTIR)
spectroscopy was used to identify the functional groups present

Functional Fourier-transform  infrared

in the nanoparticles.

Crystalline structure: X-ray diffraction (XRD) was used to
determine the crystalline structure and phase purity of
the nanoparticles.

Determination of chitosan@AgNPs and
chitosan@AgNPs-F nanoparticles
cytotoxicity on normal and cancer lung
cells

The MTT assay

A cell viability assay was performed using the MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
method. To enhance cell adhesion, cells were seeded at a density of
1x10° cells/mL in 96-well plates and then incubated for 24 h at 37°C
with 5% CO2. After removing the culture medium, AgNPs@chitosan
and AgNPs@chitosan-NaF nanoparticles were serially diluted in fresh

bromide)

medium and added to the cells. Control wells only received the culture
medium. The plates were then incubated at 37°C for another 24 h.

Next, 20 uL of MTT solution (5 mg/mL in PBS) was added to each
well followed by a 4-h incubation at 37°C. After dissolving the
formazan crystals in 100 uL of DMSO, the absorbance was measured
at 560 nm using a microplate reader Cell viability was calculated
relative to the control group (Hao et al., 2013).

Cellular morphology assessment

Cells were observed under an inverted microscope after 48 h of
exposure to different concentrations of AgNPs@chitosan and AgNPs@
chitosan-NaF or the control. The morphology of normal WI-38 and
A549 ATCC-185 cancer cell lines was examined for any changes, and
images were captured.

Sample collection

A total of 57 clinical specimens (19 blood, 19 urine, and 19
sputum samples) were collected from patients at Benha Fever Hospital
in Beha City, Egypt. Additionally, 32 mastitic milk samples from
various farms and 31 minced meat samples from supermarkets in
Sharkia governorate were obtained. All samples were collected under
strict hygienic conditions.
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Isolation, identification, and molecular
confirmation of Klebsiella pneumoniae

Klebsiella species were isolated from clinical and environmental
samples using selective MacConkey agar. Pink, mucoid colonies were
further purified and subjected to Gram staining and biochemical tests,
including TSI, oxidase, indole, urease, and motility tests, for
presumptive identification (Garcia, 2010).

Klebsiella pneumoniae was confirmed through PCR amplification
of the 16S rRNA gene. Genomic DNA was extracted from bacterial
isolates using the QIAamp DNA Mini Kit. PCR amplification was
performed using specific primers targeting the 16S rRNA gene
(Table 1). A positive control strain (Klebsiella pneumoniae ATCC 13883)
and a negative control (no template) were included in each PCR run.

Quantification of biofilm formation

Biofilm formation was quantified using the crystal violet staining
method (Stepanovic et al., 2000). Bacterial suspensions were cultured
in 96-well microtiter plates for 24 h. After removing the planktonic cells,
adherent biofilms were stained with crystal violet and the bound dye
was solubilized with ethanol-acetone. The absorbance of the solubilized
dye at 595 nm was measured to determine biofilm biomass. Isolates
were classified as strong, moderate, weak, or non-biofilm producers
based on their absorbance values relative to a positive control strain.

Antimicrobial susceptibility test

Disk diffusion method

In accordance with the Clinical and Laboratory Standards
Institute (CLSI) recommendations, antimicrobial susceptibility testing
was conducted using the Kirby-Bauer disk diffusion method (Bauer
et al, 1966). Muller-Hinton agar (MHA) served as the growth
medium. Antimicrobial disks were placed on MHA plates after
standardized bacterial suspensions were inoculated. The following
antibiotic disks were used: ampicillin (AM, 10 pg), amoxicillin (AX,
25 pg), amoxicillin-clavulanic acid (AMC, 30 pg), amikacin (AK,
30 pg), azithromycin (AZM, 15 pg), aztreonam (ATM, 10 pg),

TABLE 1 Primers sequences and target genes of Klebsiella biofilm genes
for Syper green RT-PCR.

Target = Primers sequences Reference

gene

16S rRNA ATT TGA AGA GGT TGC AAACGA T Turton et al.
TTC ACT CTG AAG TTT TCT TGT GTT C (2010)

treC CCGACAGCGGGCAGTATT Wu etal. (2011)
CGCCGGATTCTCCCAGTT

fimA CGGACGGTACGCTGTATTTT Alcantar-Curiel
GCTTCGGCGTTGTCTTTATC etal. (2013)

mrkA CGGTAAAGTTACCGACGTATCTTGTACTG  Alcéntar Curiel
GCTGTTAACCACACCGGTGGTAAC etal. (2013)

ecpA GCAACAGCCAAAAAAGACACC Alcéantar-Curiel
CCAGGTCGCGTCGAACTG etal. (2013)
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clindamycin (DA, 2 pg), cefodroxil (CFR, 30 pg), chloramphenicol (C,
30 pg), ceftriaxone (CRO, 30 pg), cefoxitin (FOX, 30 pg), ciprofloxacin
(CIP, 5pg), cefaclor (CEC, 30 pg), ceftazidime (CAZ, 30 pg),
doxycycline (DO, 30 pg), erythromycin (E, 15 pg), gatifloxacin (GAT,
5 pg), gentamicin (CN, 10 pg), levofloxacin (LEV, 5 pg), nalidixic acid
(NA, 30 pg), nitrofurantoin (F, 300 pg), norfloxacin (NOR, 10 pg),
ofloxacin (OFX, 5 pg), penicillin (P, 10 pg), sulbactam/ampicillin
(SAM, 20png), tetracycline (TE, 30pg), trimethoprim/
sulfamethoxazole (SXT, 25 pig), and tobramycin (TOB, 10 pg) obtained
from Bioclone (Turkey) and Oxoid (England). Plates were incubated
at 37°C for 18-24 h, and inhibition zone diameters were measured to
determine antimicrobial susceptibility (CLSI, 2020). Multidrug-
resistant isolates were defined as those exhibiting resistance to three
or more distinct classes of antibiotics (MDR) and categorized with the
recommendation of Tambekar et al. (2006).

Agar well diffusion method

To evaluate the antibacterial effectiveness of the synthetic nano
particles. We utilized the agar well diffusion method (Venkataraju et al.,
2014). A consistent suspension of Klebsiella pneumoniae was evenly
spread on nutrient agar plates. Wells were created in the agar using
aseptic techniques, and a predetermined volume of the nanoparticle
suspension was added to each well. Control wells containing only the
solvent were also included. The plates were incubated aerobically at 37°C
for 24 h. The antibacterial potency of the nanoparticles was determined
by measuring the diameter of the inhibition zones surrounding the wells.

Determination of minimum inhibitory
concentration

Using the broth microdilution method, we determined the MIC
values for both the synthesized nanoparticles and antibiotics according
to the criteria outlined by (CLSI, 2020). We created a series of two-fold
dilutions of the test compounds in a 96-well microtiter plate, with the
highest concentration being 1,024 pg/mL. An overnight culture of
Klebsiella pneumoniae was adjusted to a final concentration of
approximately 5 x 10° colony-forming units (CFU)/mL. A volume of
100 pL of the bacterial suspension was added to each well containing
the test compounds. The plates were incubated at 37°C for 24 h. The
MIC was defined as the lowest concentration of the test compound
that inhibited visible bacterial growth.

Transmission electron microscopy

Analysis to visualize the morphological changes in Klebsiella
pneumoniae biofilms induced by antibiotic treatment and nanoparticle
exposure, transmission electron microscopy (TEM) was employed.
Biofilm samples were collected and processed for TEM analysis
according to standard protocols. Briefly, biofilms were fixed with
glutaraldehyde, dehydrated, embedded in resin, and sectioned for
imaging. TEM analysis was performed using a JEOL-JSM-5500LV
microscope operated at an acceleration voltage of 80 kV.

Biofilm genes expression analysis

Total RNA was extracted from bacterial cultures using the
QIAamp RNeasy Mini Kit and quantified using a NanoDrop
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spectrophotometer. RNA purity was assessed by calculating the
A260/A280 and A260/A230 ratios, where values of 1.8-2.0 and
2.0-2.2, respectively, indicate high-quality RNA. qPCR analysis was
performed using SYBR Green chemistry on a StepOnePlus Real-
Time PCR System utilizing primers listed in Table 1. A 20 pL reaction
mixture containing 10 pL of 2x HERA SYBR® Green RT-qPCR
Master Mix (Willowfort, United Kingdom), 1 pL of RT Enzyme Mix
(20X), 1 pL of each primer (20 pmol), 3 pL of nuclease-free water,
and 5 pL of RNA template was prepared. The program included an
initial denaturation step at 94°C for 15 min, followed by 40 cycles of
denaturation (94°C for15s), annealing (55°C for 30s), and extension
(72°C for 30s). A final extension step at 72°C for 10 min concluded
the reaction. Relative gene expression levels were calculated using the
242% method, with the 16S rRNA gene serving as a reference gene
(Yuan et al., 2006).

Statistical analysis

Data were edited in MS Excel (Microsoft Corporation,
Redmond, WA, United States). The Levene and Shapiro-Wilk
tests were conducted in order to check for normality and
homogeneity of variance (Razali and Wah, 2011). One way- Anova
of statistical analysis system (SAS, 2012) was used for assessing
gene transcription of treC, fimA, mrkA, and espA. Multiple
comparisons among means were carried out by the Duncan’s
Multiple Range Test (Steel and Torrie, 1980). Results of
antimicrobial resistant were examined by fisher exact test. Results
were expressed as means + SE. A logistic regression model (PROC
LOGISTIC;) was run with the level of significance set at & = 0.05
to examine the effects of potential risk factors, including clinical
samples, sex, age, sample sources, and sample type on the
prevalence of Klebsiella. Statistical significance was accepted at
probability less than 0.05.

Results
UV-vis spectroscopy

UV-Vis absorption spectra of AgNPs@chitosan and AgNPs@
chitosan-NaF exhibited characteristic surface plasmon resonance
(SPR) peaks centered at approximately 413 nm and 415 nm,
respectively (Figure 1). The appearance of these SPR peaks confirmed
the formation of AgNPs within the chitosan matrix. TEM images of
the two synthesized AgNPs samples clearly show the formation of
uniform, well-defined particles, confirming their characteristic
SPR peaks.

High-resolution transmission electron
microscope imaging

The morphological characteristics of the two synthesized
nanocomposites were investigated using HR-TEM. Figure 2A
demonstrates a representative TEM image of AgNPs@chitosan that
appeared as agglomerated small particles. These agglomerates look
like flowers in the range of 100 nm. Additionally, the TEM images of
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FIGURE 1
UV-Vis absorption spectra of AgNPs@chitosan and AgNPs@
chitosan-NaF, and the inset is their photo images.

AgNPs@chitosan-NaF signify the formation of small spherical AgNPs
dispersed over a chitosan matrix (Figure 2B).

Energy-dispersive X-ray spectroscopy
analysis

The elemental composition of AgNPs@chitosan and AgNPs@
chitosan-NaF was determined using EDX analysis. The EDX spectrum
of AgNPs@chitosan revealed the presence of carbon (25%), oxygen
(49.5%), nitrogen (16.42%), and silver (8.75%) (Figure 3A). For
AgNPs@chitosan-NaF, the EDX
corresponding to carbon (29.96%), oxygen (49.35%), nitrogen
(1.09%), silver (2.1%), and fluorine (0.79%) (Figure 3B).

spectrum showed peaks

FTIR spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was employed to
investigate the chemical interactions between chitosan and AgNPs in
the synthesized nanocomposites. The FTIR spectra of chitosan,
AgNPs@chitosan,
Figures 4A-C. Compared to pure chitosan, the spectra of the

and AgNPs@chitosan-NaF are shown in

nanocomposites exhibited shifts in the characteristic peaks
corresponding to the O-H, N-H, and C-O-C stretching vibrations. A
new peak at approximately 661 cm™ emerged in the spectra of the
nanocomposites (Table 2).

X-ray diffractions analysis

The crystalline structure of AgNPs@chitosan and AgNPs@
chitosan-NaF was investigated using XRD analysis. The XRD patterns
exhibited characteristic diffraction peaks at approximately 38°, 44°,
64°, and 77° 20, corresponding to the (111), (200), (220), and (311)
planes of face-centered cubic (fcc) silver, respectively (Figures 5A,B).
Broad diffraction peaks in the range of 10-25° 20 were attributed to
the amorphous nature of chitosan.

frontiersin.org


https://doi.org/10.3389/fmicb.2024.1507274
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Elashkar et al.

10.3389/fmicb.2024.1507274

FIGURE 2

(A) The TEM image of the synthesized AgNPs@ chitosan and (B) AgNPs@ chitosan-NaF.
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The EDX pattern of (A) the synthesized AgNPs@chitosan and (B) AgNPs@chitosan-NaF.
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Cell viability and cytotoxicity

The cytotoxicity of AgNPs@chitosan and AgNPs@chitosan-NaF
was calculated based on the growth inhibition compared to the
control group. AgNPs@chitosan and AgNPs@chitosan-NaF were
tested against WI-38 were isolated from human fetal normal lung
fibroblast cells, (Figures 6A,B), and A549 ATCC-185 were isolated
from lung carcinoma epithelial cells (Figures 6C,D), at concentrations
of 7.81 to 1,000 pg mL™" to determine their ability to inhibit normal
and cancer cell growth. The test was conducted for 24 h at 37°C. For
each concentration, there were three duplicates in addition to the
untreated control sample. The rate of growth inhibition for AgNPs@
chitosan and AgNPs@chitosan-NaF relative to the control group,
which grew at 100%, was used to calculate the severity of the
toxicological impact.

For cell viability, AgNPs@chitosan and AgNPs@chitosan-NaF
samples at 31.25 and 1,000 pg mL™" caused significant changes in
normal WI-38 cells in a concentration-dependent manner compared
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with the control. Where, Figures 6A,B show that the WI-38 cells treated
with AgNPs@chitosan-NaF exhibited clear cell destruction and were
more impacted than those treated with AgNPs@chitosan. AgNPs@
chitosan-NaF showed the morphological characteristics of apoptosis
in a concentration-dependent manner at 31.25 to 62.5 pg mL™". While,
the cells treated with AgNPs@chitosan showed less uniformity, with
membrane integrity loss, rounding, and shrinking, but remained intact
at AgNPs@chitosan concentrations of 500 and 1,000 pg mL™".

Overall, all the tested concentrations showed cytocompatibility at
concentrations of up to at least 500 pg mL-1 (>90.42%) of AgNPs@
chitosan, and 31.25 pg mL™" (>79.28%) of AgNPs@chitosan-NaF after
24 h of incubation onto WI-38 cells, additionally, up to at least
500 pgmL™" (>84.39%) of AgNPs@chitosan, and 7. 81 pgmL™
(>68.47%) of AgNPs@chitosan-NaF after 24 h of incubation onto
A549 ATCC-185 cells (Figures 6C,D).

For cytotoxicity of AgNPs@chitosan and AgNPs@chitosan-NaF
against of normal lung fibroblast WI-38 cells, and of lung carcinoma
epithelial A549 cells was dose-dependent at an inhibition concentration
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TABLE 2 The FTIR analysis of chitosan bulk, AgNPs@chitosan and AgNPs@chitosan-NaF.

Chitosan bulk

Functional group

AgNPs@chitosan AgNPs@chitosan-NaF

OH or NH-amine in amino groups 3,430 cm™! 3,375 cm™, sharp 3,361 cm, sharp
C-H and C-N stretching 2,924 cm™ 2,922 cm™ 2,929 cm™
N-H bending group of amides 1,660 cm™ Split into three peaks, 1,650 cm™ Sharp, 1,562 cm™
N-H angular deformation in CO NH, plane 1,600 cm™ 1,534 cm™ 1,562 cm™!
Protein stretch carbonyl C-O-C Stretching 1,095 cm™ 1,052 cm™, sharp 1,095 cm™, very sharp
Organic-metal bond 591 cm™ 661 cm™ 661 cm™
of 50% (ICs). The cytotoxicity values (ICs, values) were  were compared (Figures 7, 8). Absorbance values obtained after

902.32 + 12.59 pgmL~’, and 55.08 + 0.62 pg mL™" for the AgNPs@
chitosan and AgNPs@chitosan-NaF, respectively against WI-38 cells.
While, ICy, values were 912.26 + 3.14 pg mL™", and 12.43 + 0.06 pg mL™"
for the AgNPs@chitosan and AgNPs@chitosan-NaF, respectively, against
A549 ATCC-185 cells. Further evaluation of the AgNPs@chitosan and
AgNPs@chitosan-NaF showed the lowest level of cytotoxic activity
against WI-38 cells against WI-38 cells at a concentration of less than
1,000 pg mL™" (>59.25%),and at a concentration of less than 62.5 pg mL™"
(>59.10%), respectively (Figures 6A,B), and cytotoxic activity against
A549 ATCC-185 cells at a concentration of less than 1,000 pg mL™"
(>57.45%),and at a concentration of less than 15.62 pg mL™" (>73.67%),
respectively (Figures 6C,D).

Morphological features
The morphological characteristics of untreated cells, as well as

normal WI-38 and A549 ATCC-185 cancer cell lines treated with
different amounts of AgNPs@chitosan and AgNPs@chitosan-NaF
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capturing the red dye a long with the appropriate concentrations of
AgNPs@chitosan and AgNPs@chitosan-NaF used in the viability
studies, were analyzed using the 3 T3 Phototox program to assess
the concentrations of the produced samples in various cell lines.

Prevalence rate of Klebsiella spp

The prevalence of K. pneumoniae was determined to be 12.5%
(15/120) based on genotypic identification using 16S rRNA gene-
specific primer. Amplicon size analysis confirmed the identity of
K. pneumoniae isolates, with a characteristic 130 bp band observed.

Risk factors associated with Klebsiella
prevalence

Logistic regression analysis identified several factors associated with
the prevalence of Klebsiella. Clinical source was a significant predictor,
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with blood and sputum samples showing a lower risk compared tourine ~ Biofilm findi ngs

samples. Females were more likely to be colonized with Klebsiella than

males. Age group analysis revealed a decreased risk of Klebsiella Biofilm quantification analyses showed that 100% of the isolates
colonization in individuals aged 31-40 years and < 41 years compared ~ were biofilm producers. The obtained isolates of this study had the
to the 20-30 age group. Additionally, human-derived samples exhibited ~ following results for the categories of biofilm production: 25%
a higher risk of Klebsiella colonization compared to animal and food ~ weakly adherent, 37.5% moderately adherent, and 37.5%
samples, with minced meat samples showing the highest risk (Table 3). ~ strongly adherent.
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Antibiotics susceptibility patterns

The antimicrobial susceptibility profiles of Klebsiella isolates from
human and animal sources exhibited significant differences (p < 0.001).
Isolates from animal sources demonstrated higher overall resistance rates
compared to human isolates. Notably, all animal isolates were susceptible
to chloramphenicol, while a high resistance rate was observed for
doxycycline in mastitis milk samples. In contrast, human isolates
exhibited a wider range of antibiotic resistance, with the highest
resistance rates observed for chloramphenicol, gentamicin,
and ceftriaxone.

Analysis of antimicrobial resistance patterns based on clinical
source, gender, and age revealed significant variations. Urine and
blood samples exhibited higher resistance rates compared to sputum
samples. Females demonstrated higher resistance rates than males,
particularly for chloramphenicol. Older age groups showed higher
resistance rates compared to younger age groups (Figures 8-10;

Table 3).

Frontiers in Microbiology

Nanoparticles activity

The AgNPs@chitosan and AgNPs@chitosan-NaF nanocomposites
demonstrated potent antibacterial activity against Klebsiella
pneumoniae isolates. This was evidenced by the formation of
inhibition zones ranging from 20 to 35 mm in the agar diffusion assay
and MICs ranging from 0.125 to 1 pg/mL.

Isolated biofilm forming Klebsiella and the
effect of the two silver chitosan
nanoparticles on the biofilm using
transmission electron microscope

The provided electro-micrograph images depicted the
ultrastructural morphology of K. pneumoniae biofilm, both
untreated and treated with chitosan-silver nanoparticle composites.
The dark regions in the images represent the bacterial cells and
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extracellular matrix of the biofilm, while the lighter areas may
indicate voids or spaces within the biofilm structure (Figure 11).
The image of the untreated Klebsiella pneumoniae biofilm likely
shows a dense, interconnected network of bacterial cells embedded
in a matrix of extracellular polymeric substances (EPS). This matrix
provides protection for the bacteria and contributes to the biofilm’s
resistance to antibiotics and other stresses. The images of the
biofilm treated with Chitosan@AgNPs-F show the profound
disruptions in the biofilm structure, such as decreased bacterial
density, increased porosity, or detachment of bacterial cells. These
changes could be indicative of the antibiofilm activity of
the treatment.

Modulatory effect of AgNPs@chitosan and
AgNPs@chitosan-NaF on biofilm of
Klebsiella pneumoniae genotypically

The present results clearly indicated that the transcription of
treC, fimA, mrkA, and espA was significantly down regulated in
both two treated group compared to the control group,
minimized in the group received chitosan+AgNPs-F (p < 0.05;
Figure 12).

Frontiers in Microbiology

Discussion

The UV-Vis absorption spectra findings are consistent with previous
studies reporting the SPR band of AgNPs in the range of 400-420 nm. As
reported by Mehr et al. (2015) well-defined silver nanoparticles (AgNPs)
exhibit a surface plasmon resonance (SPR) peak at wavelengths less than
420 nm. The presence of a clear SPR peak in the UV-Vis spectra indicates
the successful synthesis of AgNPs within the chitosan matrix.

The change observed in the AgNPs shape in both samples is
tentatively attributed to the presence of NaF which acts as an
additional capping agent besides NaBH4. Consequently, the particle’s
shape changed from a flowered-like shape into well-dispersed small
spherical particles. This finding is consistent with previous reports by
Larm et al. (2019) who confirmed the instability of NaBH4-capped
AgNPs using TEM imaging.

The presence of fluorine in the AgNPs@chitosan-NaF
nanocomposite is particularly significant as it suggests that NaF has
been successfully incorporated into the chitosan matrix. This could
potentially enhance the properties of the nanocomposite, such as its
antimicrobial activity or biocompatibility.

The shifts in the characteristic peaks and the emergence of a new
peak at 661 cm™ in the FTIR spectra of the nanocomposites indicate
the formation of chemical interactions between chitosan functional
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TABLE 3 Logistic regression analysis of different risk factors associated with the prevalence of Klebsiella.

ltem? n Positive Negative p (0]
Clinical sources

Urine 8(5/3) 5 3 Ref.

Blood 8 (4/4) 4 4 —0.5108 0.6

Sputum 2(1/1) 1 1 —0.5108 0.6
Sex

Male 2(1/1) 4 4 Ref.

Female 10 (6/4) 6 4 0.4055 1.5
Age

20-30 4(3/1) 3 1 Ref.

31-40 7 (3/4) 3 4 -1.386 0.25%*

>41 7 (4/3) 4 3 —0.444 0.44°
Source

Animal 16 (5/11) 5 11 Ref.

Human 18 (10/8) 10 8 1.0115 2.93%
Type

Mastitis milk 9 (4/5) 4 5 Ref.

Minced meat 7 (6/1) 6 1 2.0148 7.5%%

'B, regression coefficient; OR, odds ratio; CI, confidence interval (95%); and Ref.: reference. *p < 0.05; **p < 0.01; **¥p < 0.001.

(A) Animal sources p-value <0.001
5
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8
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FIGURE 9
Resistant classifications to antibiotics were categorized by sample sources; animal sources (A) and human sources (B).
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and (C) K. pneumoniae cells treated with AgNPs@chitosan-NaF.

Transmission electron micrographs of K. pneumoniae cells; (A) Untreated K. pneumoniae cells; (B) K. pneumoniae cells treated with AgNPs@chitosan

groups and AgNPs. This suggests that the AgNPs are successfully
incorporated within the chitosan matrix, which could enhance the
stability and properties of the nanocomposite. The presence of Ag-O
bonds, as indicated by the new peak at 661 cm™, further supports the
formation of AgNPs within the chitosan matrix (Pawar et al., 2016).

The XRD results confirmed the formation of crystalline silver
nanoparticles within the chitosan matrix, consistent with previous
findings by Kaur et al. (2013). The presence of both silver and chitosan
peaks in the XRD patterns indicated the successful formation of the
AgNPs@chitosan and AgNPs@chitosan-NaF nanocomposites. The
crystalline structure of the silver nanoparticles and their interaction
with the chitosan matrix may influence the overall physiochemical
properties of the nanocomposites (Govindan et al., 2012; Zhang et al.,
20165 Chicea et al., 2024). Further characterization studies are needed
to elucidate the precise relationship between the nanocomposite
structure and their biological activities.

Of interest, the AgNPs@chitosan-NaF nanocomposites exhibited
selective cytotoxicity toward cancer cells, with lower toxicity
observed against normal lung fibroblast WI-38 cells compared to
lung carcinoma epithelial A549 cells. These findings suggest that
AgNPs@chitosan-NaF may have potential as targeted anticancer
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agents. However, further in vivo studies are needed to validate their
efficacy and safety. In vitro cytotoxicity studies have limitations in
fully recapitulating the complex biological environment in vivo,
including the extracellular matrix and the immune system response.
Therefore, preclinical the
pharmacokinetics, biodistribution, and potential toxicity of AgNPs@

studies are essential to assess
chitosan-NaF in animal models. By addressing these limitations,
we can gain a more comprehensive understanding of the therapeutic
potential of these nanocomposites for cancer treatment beside
Klebsiella treatment.

It was observed that the high dosage of AgNPs@chitosan did
not exhibit any cytotoxic effect over a 24 h. This lack of
cytotoxicity may be attributed to the gradual release of silver ions
from the gel matrix. This discovery suggests that chitosan may
be used as a capping ingredient in nanoparticles due to its
biocompatibility (AshaRani et al, 2009). Our results are
comparable to the findings reported in previous studies (Freire
etal.,, 2016; Wongpreecha et al., 2018). The observed cytotoxicity
of AgNPs@chitosan coated with NaF at varying doses may
be attributed to the induction of reactive oxygen species by the
presence of AgNPs, which is well recognized as a significant
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contributor to DNA damage. The genotoxicity resulting from the
action of reactive oxygen species has been previously shown in the
case of metal oxide nanoparticles and AgNPs that are capped with
starch (AshaRani et al., 2009; Yang et al., 2009). The potential for
further harm arises from the interaction between silver ions and
DNA, resulting in alterations to the structure of DNA. Therefore,
the findings of this study suggest that AgNPs@chitosan do not
exhibit cytotoxic or genotoxic properties on normal cells.
However, it is seen that these nanoparticles induce toxic effects
when administered at concentrations beyond a certain threshold.
The microscopic examination of WI-38 and A549 ATCC-185 cells
treated with a bactericidal dosage of AgNPs@chitosan did not
reveal any discernible alterations in comparison to the control
cells. However, exposure to a high dose (up to 500 pg mL™")
resulted in anomalous cellular shape and a limited number of
cellular extensions. This phenomenon may be attributed to
disruptions in cytoskeletal functionality induced by the
administration of nanoparticles.

The prevalence of Klebsiella colonization has been reported to
vary widely across different populations, ranging from 5 to 87.7%
(Shu et al., 2009; Shon et al., 2013; Zheng et al., 2018). In the
present study, the prevalence of Klebsiella species among all
obtained samples was determined to be 12.5% (15/120), with all
isolates identified as K. pneumoniae through genotypic assay.

Frontiers in Microbiology

The Klebsiella prevalence finding is lower than that of Al
Bshabshe et al. (2020) who reported 39%, but higher than a previous
study at 9.9% (Ripabelli et al., 2018). The higher incidence of
K. pneumoniae in our study highlights the importance of ongoing
monitoring and implantation of infection control strategies to
address the spread of this pathogen. The increased prevalence of
K. pneumoniae in our study compared to earlier studies could
be attributed to various factors, such as differences in study
populations, healthcare facilities, or geographic locations.
Additionally, the higher percentage of Klebsiella infections found in
recent research may be due to the use of more sensitive diagnostic
techniques. Compared to other common pathogens in these infected
cases, K. pneumoniae is a significant concern due to its ability to form
biofilms and produce extended-spectrum beta-lactamases (ESBLs),
which confer resistance to many antibiotics (Vuotto et al., 2014;
Costa, 2019; Ebrahem et al., 2024). Therefore, the relatively high
prevalence of Klebsiella pneumoniae in our study underscores the
need for effective infection prevention and control strategies.

These risk factors analysis that certain patient populations and
sample types are at an increased risk for Klebsiella colonization.
This highlights the need for targeted infection control measures,
such as catheter care, hand hygiene, antibiotic stewardship,
environmental disinfection, and surveillance, to reduce the
burden of Klebsiella infections.
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These findings of biofilm quantification suggest that different
strains or clones of Klebsiella pneumoniae may have distinct biofilm-
forming capacities (Zheng et al., 2018). Biofilm formation is often
associated with increased antibiotic resistance and can complicate
the treatment of infections. Furthermore, the ability of
K. pneumoniae to form biofilms can contribute to the persistence of
infections and the spread of the bacteria in healthcare settings
(Guerra et al., 2022). Effective infection prevention and control
measures, including proper hand hygiene, disinfection of surfaces,
and antibiotic stewardship, are essential to address the challenge of
Klebsiella pneumoniae biofilms.

The emergence of multidrug-resistant Klebsiella strains
highlights the urgent need for effective antimicrobial strategies. In
our study, a concerning 87% (n = 13) of isolates were classified as
extreme drug-resistant (XDR, resistant to all classes of antimicrobial
agents except 2 or fewer), and 13% were pan-resistant (resistant to
all antimicrobial agents). Infections caused by these MDR strains are
often difficult to treat, leading to prolonged illness, increased
mortality, and higher healthcare costs. The limited availability of
effective antibiotics can also contribute to the spread of MDR strains,
making it challenging to control outbreaks (El Damaty et al., 2023;
El-Demerdash et al., 2023¢; El-Demerdash et al., 2023b; Megahed
et al., 2023). Previous studies have reported similar or even higher
rates of MDR K. pneumoniae in various regions worldwide
(Moradigaravand et al., 2017; Huynh et al., 2020; Miftode et al.,
2021; El-Demerdash et al., 2024). These findings underscore the
global nature of this public health crisis. To address the challenge of
MDR K. prneumoniae, it is essential to implement comprehensive
infection prevention and control measures, promote the appropriate
use of antibiotics, and support the development of new
antimicrobial agents.

The agar well diffusion and microdilution results align with
previous studies on the antibacterial properties of silver nanoparticles
(Bruna et al, 2021; More et al, 2023) and suggest that the
incorporation of sodium fluoride may enhance their efficacy. The
antibacterial activity of AgNPs is likely due to the release of silver ions,
the generation of reactive oxygen species, and physical disruption of
bacterial cell components (Ahmad et al., 2017; Tripathi and Goshisht,
2022). The addition of chitosan and sodium fluoride may enhance the
antibacterial activity of AgNPs and the generation of ROS through
synergistic effects, improved stability, and enhanced penetration into
bacterial cells.

The expression of biofilm-associated genes, including treC,
fimA, mrkA, and ecpA, was investigated to elucidate the
mechanisms underlying biofilm formation by Klebsiella pneumoniae
isolates. The treC gene, involved in capsular polysaccharide
production, and the fimA gene, encoding the major subunit of type
1 fimbriae, are key factors in biofilm initiation and development (Li
and Ni, 2023). The mrkA gene has been implicated in the rapid
formation of biofilms in Klebsiella pneumoniae (Murphy and Clegg,
2012). While the ecpA gene is associated with virulence and biofilm
formation in other bacterial species (Alcantar-Curiel et al., 2013),
Klebsiella
further investigation.

its  role in biofilm development requires
The downregulation of these genes suggests that the
nanocomposites may interfere with the molecular mechanisms

underlying biofilm formation such as quorum sensing, extracellular
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matrix production, bacterial adhesion, and bacterial metabolism
(Afrasiabi and Partoazar, 2024). These findings align with previous
studies highlighting the importance of targeting biofilm-associated
genes for developing effective antibiofilm strategies (Nadar
etal., 2022).

Conclusion

This study investigated the prevalence, antimicrobial susceptibility
patterns, and biofilm formation of Klebsiella pneumoniae isolates,
highlighting a significant public health concern due to the emergence
of multidrug-resistant (MDR) and extensively drug-resistant (XDR)
strains. To address this pressing issue, we developed chitosan-based
silver nanoparticles (AgNPs) functionalized with sodium fluoride
(AgNPs@chitosan-NaF).

The synthesized nanocomposites demonstrated promising
antibacterial and antibiofilm activity against K. pneumoniae in vitro.
However, further in vivo studies are necessary to validate their efficacy
and safety in complex biological environments. Additionally, while the
nanocomposites exhibited minimal cytotoxicity at lower
concentrations, their potential toxicity at higher doses requires careful
consideration and optimization of dosing strategies for
clinical applications.

To gain a deeper understanding of the mechanisms of action,
a more comprehensive molecular analysis, beyond biofilm-
associated genes, is warranted. Nevertheless, these preliminary
findings suggest that AgNPs@chitosan-NaF hold promise as a
novel therapeutic approach for combating K. pneumoniae
infections. Future research should focus on addressing these

limitations and exploring the full potential of these nanocomposites.
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