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ARTICLE INFO ABSTRACT

Keywords: This study synthesized NiCdFe,O, for medical applications using a co-precipitate method. The nanoparticles were

Antibacterial examined by high-resolution transmission electron microscopy (HR-TEM), X-ray diffraction (XRD), stability via

g";PIeCI_P,‘ttate zeta potential, UV, and Fourier transform infrared (FTIR) analysis. Polycrystalline and elemental identification
ytotoxicity

and optical characteristics were used to investigate the geometry and architecture phase of the nanocomposite.
The NiCdFe,0, nanocomposite was found to be spherical with a crystallite size of less than 2 nm. The structural
and magnetic properties were examined using FTIR and X-ray Diffraction. The nanoparticles demonstrated
strong quantum confinement effects and superparamagnetic behavior at room temperature. The study tested
NiCdFe,O, nanoparticles against six multidrug-resistant and two american type culture collection (ATCC)
bacterial strains, with K. pneumoniae being the most resistant. The nanoparticles effectively trapped bacterial
infections by binding to areas on the K. pneumoniae surface, damaging the membrane's structural integrity. The

Magnetic nanoparticles
Spinel ferrite

efficiency of capture increased dramatically when the infection duration was increased from 40 to 120 min.

1. Introduction

Bacterial infections continue to pose a severe threat to global health,
with antibiotic resistance making treatment increasingly difficult. The
World Health Organization [1] reports that drug-resistant bacteria
cause over 1.27 million deaths each year, a number that could rise
without new treatment strategies. Traditional antibiotics, once highly
effective, are now struggling against resistant strains like multidrug-
resistant Staphylococcus aureus (MRSA) and Klebsiella pneumoniae
[2]. One promising solution lies in magnetic nanoparticles (MNPs),
particularly spinel ferrites such as NiCdFe,O, and Fe,O,, which can
deliver drugs more precisely, generate reactive oxygen species (ROS),
and physically damage bacterial cell walls [3].

In recent years, nanocomposite materials have revolutionized
medicine due to their high efficiency, targeted delivery, and ability to
bypass bacterial resistance mechanisms [4]. Among these, magnetic
spinel ferrites (MFe,O,) stand out because of their stability, strong
magnetic properties, and proven antibacterial effects [5]. These
nanoparticles can be synthesized using various methods, including the
sol-gel, hydrothermal, and co-precipitation methods. The activity of
this catalyst in organic transformations comes from its combination of
Bronsted and Lewis acid sites, engineered through a co-precipitation
method. By carrying out the precipitation under hydrothermal
conditions, we can carefully manage the reaction to produce a nano-
catalyst with a small, uniform particle size and controlled morphology,
a key reason for its current appeal in research. The co-precipitation
method is particularly suitable for producing NiCdFe,O, nanoparticles
due to its simplicity, cost-effectiveness, and low-temperature operation

[6].

However, it has some drawbacks, such as particle agglomeration
and inconsistent crystallinity, which can be improved by adjusting
reaction conditions [7].

Studies comparing Fe,O, nanoparticles to conventional antibiotics
have shown that nanoparticles often outperform traditional drugs,
particularly against bacteria that are resistant to antibiotics. For
example, Fe;O, nanoparticles have demonstrated strong antibacterial
activity against E. coli and S. aureus by disrupting cell membranes and
inducing oxidative stress [8]. In contrast, many antibiotics fail against
resistant strains because bacteria can break them down enzymatically
[9]. Additionally, nanoparticles can be coated with antibiotics or natural
antimicrobials (like chitosan), further enhancing their effectiveness
[10].

As antibiotic resistance continues to grow, magnetic nanoparticles
and nanocomposites offer a promising alternative, combining precision,
reduced side effects, and the ability to overcome resistance [11]. Moving
forward, these advanced materials could play a crucial role in ensuring
that we stay ahead in the ongoing battle against bacterial infections.

While spinel ferrite nanoparticles have shown promising
antibacterial properties, there remains a significant gap in research
regarding NiCdFe,O, nanocomposites synthesized via co-precipitation
and their effects on bacterial pathogens. Our study addresses this by
first developing this novel nanocomposite through co-precipitation,
then thoroughly characterizing its structural and chemical properties
using high-resolution-transmission electron microscopy (HR-TEM),
X-ray diffraction (XRD), Fourier transform infrared (FTIR), energy-
dispersive X-ray (EDX), UV-Vis spectroscopy, and zeta potential
analysis. Building on this foundation, we then evaluate the material's
antibacterial efficacy against standard ATCC bacterial strains, with
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particular focus on understanding its mechanism of action, whether
through reactive oxygen species generation, physical disruption of
cell membranes, or other inhibitory pathways. This two-pronged
approach not only introduces a new antibacterial nanomaterial to the
scientific community but also provides crucial insights into its potential
biomedical applications.

2. Materials and Methods

2.1. Nano preparation

Ni,.oCd,.,Fe, 0, was prepared by using a modified citrate-gel co-
precipitation technique, individual aqueous solutions. The first solution
was prepared by dissolving metal nitrate precursors in distilled water.
To synthesize the Ni,.,Cd,.,Fe,O, nanocomposite, precise stoichiometric
amounts of 2.6165 g of Ni(NO,), 6H,0, 0.3084 g of Cd(NO,),"4H,0, and
8.0800 g of Fe(NO,);-9H,0 were used. The second solution contained
9.4614 g of citric acid (C4HgO,) as the complexing agent, dissolved in
distilled water.

The metal nitrate and citric acid solutions were then combined
in a 1:3 molar ratio and continuously stirred at 80°C (550 rpm) to
form a homogeneous mixture. By carefully adding sodium hydroxide
as a precipitating agent, the pH was adjusted to approximately
9, maintaining these conditions for 3 h until a characteristic dark
brown precipitate formed. The product was filtered through multiple
washing cycles with deionized water and acetone before oven-drying at
100°C. Finally, the samples were annealed at a temperature of 600°C
for 3 h in a muffle furnace to optimize the crystalline structure. The
resulting powder was collected and subjected to a final calcination
process at 600°C for 3 h in a muffle furnace to obtain the crystalline
Ni,.oCd,.,Fe,0, nanocomposite to obtain fine and controlled narrow
particle size distribution (Figure 1).

2.2. Antibacterial activity

Antimicrobial activity is assessed using a disc diffusion test [12].
100 pg-mL~" of the tested pathogens' fresh overnight cultures were put
onto nutrient-rich agar and allowed them harden for 15 to 20 min.
The sterile discs measuring 7-8 mm were used. Various concentrations
of NiCdFe,O, nanocomposites (50, 100, and 150 pg-mL-') were
applied to each disc. To encourage microbial development, the plates
were incubated at 37°C for 24 h after letting the nanoparticles sink
into the discs for 30 min at room temperature [13]. Triplicates of
each experiment were conducted. To compare potential inhibition,
Cefoxitin (1 mg'mL?) was examined. The results were expressed as the
widths of the inhibitory zones around the discs filled with NiCdFe,O,
nanocomposites.

2.2.1. Reactive oxygen species (ROS) assay

The ROS generation assay was measured by using
2,7-dichlorofluorescein diacetate (DCFH-DA) dye to compare the
extracellular ROS of the bacterial cells before and after treatment
with the synthesized nanoparticles [14]. In which 5 mL of cell pellet
was incubated for 30 min at 37°C in the dark with 100 uM DCFH-
DA. A spectrofluorometer with excitation and emission wavelengths
of 485 and 530 nm, respectively, was used to measure the resulting
fluorescence.

2.2.2. Capturing of bacteria by the prepared magnetic nanoparticles

The most resistant organism was used to test the bacterial pathogen-
capturing capabilities of NiCdFe,O, nanocomposites. The infectious
agent was allowed to defrost on ice for fifteen minutes before being
placed on agar. Following a 16-h incubation period in a conventional
cell culture setting (5% CO,, 37°C), the plate was allowed to dry.
Centrifuge tubes were filled with 5 mL of Luria Broth (LB), and a single
colony was inoculated into them. For the next 12 h, the bacteria in the
centrifuge tubes were placed in a cell culture medium and mixed with
agitation at 250 rpm. To achieve an optical density of 0.1 at 600 nm
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(OD600) as determined by UV-vis spectroscopy, the bacterial solution
was then diluted with Lysogeny broth (LB).

While keeping the volume of the solution at 6 mL, the following
concentrations of NiCdFe,O, nanocomposites dispersed in Phosphate
buffer saline (PBS) were added to the tube holding the bacterial
solution: 0.05, 0.5, 1.0, and 2.0 mg:mL'. The control group received
a bacterial culture without nanocomposites. As a particle control,
tubes containing just LB were additionally supplemented with the
nanoadsorbent suspensions at the same concentration as described
above. The solutions were incubated in a rotary shaker set at 250
rpm for 18 h, and then magnetic separation was performed using an
external magnet. The optical density (OD600) was measured using
the supernatant. The remaining bacterial concentration at a maximum
wavelength of A= 260 nm was used to determine the effectiveness
of bacterial capture by nanoadsorbents. According to Darabdhara et al.
[15], the concentration of residual bacteria after adsorption by using
the bacterium's standard calibration curve was calculated.

Intracellular leakage was evaluated by monitoring the impact
of NiCdFe,O, on total sugars and proteins as markers of bacterial
membrane damage over time intervals from O to 48 hrs. Bacterial cells
were exposed to twice the MIC of the synthesized NiCdFe,O,, and at
chosen time points, the cultures were centrifuged at 15,000 rpm. The
supernatant was then assayed for total sugars and proteins using the
methods of Dubois et al. [16] and Bradford [17], respectively.

2.3. Cytotoxic effect

A cell line called Vero was obtained from the American Type Culture
Collection (ATCC, Rockville, MD), which is derived from the African
Green Monkey Kidney cell line. Moreover, the Human lung fibroblast
(WI-38 cells) normal cell line (ATCC® number: CCL-75™) was obtained
from the American Type Culture Collection (ATCC, Rockville, MD) and
tested for the possible cytotoxic effect. Sigma (St. Louis, MO, USA) is
the supplier for the chemicals used, which include dimethyl sulfoxide
(DMSO), MTT, and trypan blue dye. Lonza (Belgium) was consulted for
the acquisition of fetal bovine serum, DMEM, HEPES buffer solution,
L-glutamine, gentamicin, and 0.25% Trypsin-EDTA.

2.3.1. Propagation of cell lines

Cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
with 10% heat-inactivated fetal bovine serum, 1% L-glutamine, HEPES
buffer, and 50 ng/mL gentamycin. Cells were maintained at 37°C in a
humidified atmosphere containing 5% CO, and subcultured biweekly.

2.3.2. Assessment of cytotoxicity through viability assay

For the cytotoxicity test, 1x10* cells/well in 100 pL of growth
media were planted onto a 96-well plate. A fresh medium containing
NiCdFe,0, nanoparticles of varied concentrations was added after 24 h
of seeding. A 96-well plate was used to apply serial two-fold dilutions
of the chemical component under test to confluent cell monolayers. For
24 h, the microtiter plates were placed in an incubator with 5% CO,
and a humidifier set to 37°C. We used three wells to test the different
concentrations of NiCdFe,O,. After incubation, a colorimetric assay was
used to determine the cell viability yield. After incubating for 24 h,
the MTT test was used to determine the number of viable cells. After
removing the media from the 96-well plates, 100 pL of new medium
was added. Then, all the wells, including the ones without treatment,
were supplemented with 10 uL of the 12 mM MTT stock solution, which
consisted of 5 mg of MTT in 1 mL of PBS. For 4 h, the 96-well plates
were placed in an incubator set at 37°C with 5% CO,. After removing
85 uL of the medium from the wells, 50 pL of DMSO was added to every
well. A pipette was used to mix the ingredients, and then they were
incubated at 37°C for 10 min. For determining the quantity of viable
cells, a microplate reader (SunRise, TECAN, Inc., USA) was used to
measure the optical density at 590 nm. The percentage of viability was
then computed as [(ODt/ODc)] ~100%. According to Abdel Ghany et
al. [18] and Beal et al. [19], the mean optical density of untreated cells
is denoted as ODc, whereas the mean optical density of wells that were
exposed to the tested sample is denoted as ODt. Following treatment
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Figure 1. Sketch of the co-precipitation method.

with the specified chemical, the survival curve for each tumor cell
line is obtained by illustrating the link between surviving cells and
NiCdFe,0,. Graphpad Prism software (San Diego, CA, USA) was used to
generate dose-response curves for each concentration. From these, the
cytotoxic concentration (CC, ), which is defined as the dosage required
to elicit toxic effects in 50% of intact cells, was computed.
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2.4. Statistical analysis

The values’ means + standard deviations (SD) were used to depict
all data points. The statistical analysis was conducted using Origin 8.0
software. The data were subjected to analysis using one-way analysis
of variance (ANOVA) in conjunction with Tukey’s test to ascertain any
disparities. The degrees of statistical significance were expressed as *p
< 0.05 and **p < 0.01.

3. Results and Discussion

3.1. Characterization

HR-TEM was performed on nano-prepared samples to examine
the morphology and confirm the nano-spherical shape of the sample
with a range not exceeding 25 nm for magnetic nanoparticles. Fe dark
spherical particle connected with a light hexagonal nickel and a light
spherical particle, as appears in Figures 2(a, b). The size distribution
was made using ImageJ software to determine the average particle
diameter.

Figure 2(c) shows the XRD patterns of the NiCdFe,0, powder
synthesized using Co-precipitate. The XRD peaks corresponding to
the cubic spinel ferrite phase structure are visible in the (220), (311),
(222), (400), (422), (51 1), and (440) reﬂectlon planes corresponds to
26 = 30.8° (d = 2. 88 A), 35.72° (d = 2. 548 A), 43.58° (d = 2 389 A),
53.42° (d=1.823 A), 57.62° (d =1.756 A), 62.96° (d =1.523 A). These
observed peaks closely match the expected diffraction pattern based on
the reference file JCPDS 790416. The well-matched diffraction pattern,
characterized by the high intensity of the reflected planes, serves as
an indication of the high crystallinity of the synthesized powders. The
XRD analysis confirms the successful formation of a single-phase spinel
structure with the Fd3m space group. No additional phases originating
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Figure 2. (a) TEM, (b) HR-TEM at 5 nm scale, (c) XRD, (d) FTIR analyses of NiCdFe,O, nanocomposites.
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from the starting materials or other contaminants were detected in
the synthesized NiCdFe,O, powders. This indicates that the synthesis
process yielded a highly pure and phase-pure product [20]. The Debye-
Scherrer equation [21] was used to compute the average crystallite size
D =15 nm as follows (Eq. 1):

al

D= ®

B P cos

In Figure 2(d), the FTIR spectrum was studied from 500 to 4000 cm!,
exhibiting significant vibrational peaks that indicate the composition of
the Magnetic nanoparticles NiCdFe,O, NPs. According to the literature,
the peaks recorded in 3425-3450 cm™ are due to O-H stretching [22],
the appearance of characteristic peaks at 1400 cm™ of Cd-O bond
confirmed by previous literature [23], and the two absorption bands
in the 600-400 cm! wavenumber range. Two prominent absorption
bands are found in the IR spectra. The absorption band observed at
586 cm™ and the band observed at 423 cm™ show the stretching of
tetrahedral Fe-O and octahedral Ni-O, respectively [24], which ensures
the formation of Cd-substituted NiFe,O, NPs.

3.2. Antibacterial activity

The prepared nanoparticles were tested against six multidrug-
resistant strains and two ATCC bacterial strains representing the most
commonly isolated nosocomial strains. Data in Table 1 revealed that the
inhibition zone (IZ) diameter and minimum inhibitory concentration
(MIC) ranged from 15.0-23.0 mm and 50.0-100.0 pgmL?, while the
most resistant strain was K. pneumoniae; hence, it was chosen for further
studies. Different concentrations of NiCdFe,O, nanocomposites were
prepared and tested for the potential antibacterial activity against the K.
pneumoniae strain. Data showed that the ROS activity is concentration-
dependent (Figure 3). When the concentration of nanoparticles was

Table 1. Antimicrobial activity of the prepared nanoparticles against
multidrug-resistant strains.

Bacterial strains Cefoxitin NiCdFe,0, nanocomposites
1Z diameter MIC 1Z diameter MIC
(mm) (ug'mL?) (mm) (ug'mL™)

K. pneumoniae ATCC 25.0+ 0.0 50.0 20.0 0.3 50.0

S. aureus ATCC 20.0 1.0 50.0 23.0 £ 0.2 50.0

K. pneumoniae 17.0+0.5 75.0 15.0+ 0.2 100.0

P. mirabilis 20.0 0.0 50.0 16.0 + 0.5 100.0

S. aureus 23.0+1.8 50.0 21.0 £0.7 50.0

MRSA 19.0 £ 0.0 75.0 16.0 +0.2 100.0

E. coli 16.0+0.2 75.0 15.0+0.8 100.0

E. feacalis 21.0+0.0 50.0 19.0+0.1 75.0

100

90

Relative ROS %
O O O O o

o

Arabian Journal of Chemistry 2026 19 (5) 10192025

raised from 0.25 mg'mL"! to 1.5 mg-mL?, it was noticed that the quantity
of reactive oxygen species rose by about 20% (Figure 3). Nanoparticles
were found to have been adsorbed or incorporated onto the membrane
of the treated bacterial cells of MNP-treated K. pneumoniae (Figure 4).
Further TEM investigation of K. pneumoniae (control) (Figure 4a) and
MNP-treated K. pneumoniae showed that NiCdFe,O, nanocomposites
effectively trap bacterial infections (particles bind to areas on the K.
pneumoniae surface rather than the whole surface), as seen in Figure
4(b). The control bacteria, which were not exposed to magnetic
nanoparticles, had unharmed cell walls, in contrast to the bacteria that
were trapped by them. In addition, NiCdFe,O, nanocomposites damage
the structural integrity of the membrane by penetrating the lipid bilayer
component, either partly or entirely. It seems that when NiCdFe,O,
nanocomposites come into contact with bacteria, they depolarize the
membrane, which ultimately results in cell death. This interaction may
involve the polar heads of membrane lipids and proteins (Figures 5a-d).
Leeetal. [25] showed that zero-valent iron nanoparticles, with diameters
varying from 10 to 80 nm, were able to penetrate E. coli membranes
and render the bacteria inactive. Because of their strong interaction
with bacterial membranes, metallic cobalt-based nanoparticles and
poly(hexamethylene biguanide) modified magnetite kill Escherichia coli
(Gram-negative) bacteria upon contact, as demonstrated by Bromberg
et al. [26]. Gu et al. [27] found that Gram-negative bacteria may bind
to vancomycin functionalized magnetic (FePt) nanoparticles due to
flaws in their outer membrane. Reducing separation time was the
primary benefit of employing additional MNPs for capture. It should
be noted that after collecting harmful bacterial pathogens, wastewater
in all samples did not include any remaining adsorbents (Fe,0,). This
is yet another crucial feature of methods that use magnetic separation
[13]. In the present work, Figure 5(a) displays the effectiveness of the
prepared NiCdFe,O, nanocomposites in capturing K. pneumoniae after
an 18-h inoculation. Researchers have shown that the concentration
of surface-designed magnetic nanoparticles has a significant impact
on the efficacy of bacterial pathogen capture. In addition, as shown
in Figure 5(b), the efficiency of capture rises dramatically when the
inoculation duration is increased from 40 to 120 min. These findings
are consistent with previous publications on the concentration- and
time-dependent suppression of bacteria by nanoparticles [28] and show
that NiCdFe,O, had outstanding capture capability for K. pneumoniae.
At 60 min, the bacteria had reached an adsorption equilibrium onto
the Fe,O, NPs. At pH 5, the adsorption efficiency was 93.67%, while
at 25°G, it was 98.65% for Fe,O,B. The results show that the Fe,O, NPs
produced by the chemical co-precipitation method are more effective in
adsorbing bacteria than those produced by the ball milling method. It is
observed that at the chosen pH, the surface charge of Fe,O B is greater
than that of Fe,O,A. Therefore, it is projected that the electrostatic
contact between the bacterial surface and the NP surface is greater in
Fe,O,B than in Fe,O A. Different concentrations of 0.1 g17, 0.2 gL',
0.3 g'L!, and 0.4 gL' of E. coli were taken into consideration. With an

Concentration (mg/mL)

Figure 3. ROS activity of the prepared nanocomposite.
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(b)

Figure 4. TEM micrographs of (a) K. pneumoniae control untreated cells and (b) K. pneumoniae after 18 h of incubation (blue arrows

show the deformations in the bacterial cell wall).
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adsorbent concentration of 0.1 g'L?, the greatest adsorption efficiency
was seen. The adsorption effectiveness of the adsorbent reduced as
the concentration of E. coli increased (more examples are presented in
Table 3) [29-35]. Therefore, we thought that 0.1 g-L'! was the optimal
adsorbate concentration for future experiments.

3.3. Cytotoxic effect

The Cytotoxic activities against mammalian cells from African Green
Monkey Kidney (Vero) and Human lung fibroblast (WI-38) cells were
detected using MTT assay under these experimental conditions, with
50% cell cytotoxic concentration (CC, ) equal to 246.88 + 4.94 and 260

HH

0 e

10 60 160

Time (min)

®1.5mg/mL ®2mg/mL
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16 20 24

«=@=Control ==@==Total sugars

(a) Capture efficiency percentage, (b) Adsorption percentage, (c) Leakage of proteins, (d) and total sugars against K. pneumoniae-treated cells.

+ 2.0 pg'mL!, respectively (Figure 6, Table 2). At higher concentrations
(1000, 500, 250 ug'mL™), there is substantial inhibition in VERO cells
(92.44%, 73.11%, 50.95%) but markedly lower inhibition in WI-38
cells (90.2%, 68.0%, 39.31%), suggesting a differential cytotoxicity
between the two cell lines. At moderate concentrations (125 pg-mL?!
and below), VERO cells show detectable inhibition (12.88% at 125
pgmL? and decreasing to near 0% as the concentration drops further),
while WI-38 cells show very low or zero inhibition across 125 pg-mL?!
and below, with 0% observed from 62.5 pg'mL"' downward.
NiCdFe,O, nanocomposites exhibit appreciable antibacterial
activity against multidrug-resistant strains (MICs 50-100 pgmlL?,
Table 1), consistent with a concentration-dependent effect suggested
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Figure 6. Cell viability graph of VERO and WI-38 cells after treatment with the

prepared nanoparticles.

Table 2. Cell inhibitory effect of the prepared nanoparticles.

Sample conc. (ug'mL?) VERO cells WI-38 cells
Inhibitory % + S.D. Inhibitory % + S.D.

1000 92.44 + 0.82 90.2+ 1.0
500 73.11+1.33 68.0 £ 0.9
250 50.95 = 1.59 39.31+1.5
125 12.88 +1.41 9.6+0.8
62.5 1.56 + 0.72 0.5+0.2
31.25 0 0
15.6 0 0
7.8 0 0
0 0 0

Table 3. Comparison of ferrite nanoparticles activity.
Nanoparticles | Activity Reference
Silver-doped Strongest antibacterial activity against both Gram- [29]

cobalt ferrite
nanoparticles

positive and Gram-negative strains, and can be
easily removed from water with a magnetic field,
reducing environmental contamination.

Zinc-coated
cobalt ferrite

The antimicrobial activity was tested against [30]
Salmonella typhi and Staphylococcus aureus for both

nanoparticles pure cobalt ferrite and zinc-doped cobalt ferrite

nanoparticles, with Gram-negative strains showing

a larger inhibition zone (22 mm) than pure cobalt

ferrite (16 mm).
CoFe,0, CoFe,0, nanoparticles combined with UV-A light [31]
nanoparticles dramatically suppressed the growth of multiple

bacteria in simulated wastewater within 30-60

min. While these NPs have inherent antimicrobial

activity, surface functionalization or metal doping

can greatly enhance their efficacy.
Ag-doped Silver-doped NPs showed markedly higher [32]
CoFe,0, NPs antimicrobial activity than plain CoFe204 NPs.
Cobalt—zinc Removal of Pb* from water and magnetic [33]
ferrites hyperthermal therapy
Cobalt ferrite— Adsorbent for the malachite green removal from [34]
silica water
CoFe,0,/TiO, Photocatalytic activity [35]
nanocomposite

by the ROS activity (Figure 3), where higher concentrations yield
greater antibacterial impact; however, cytotoxicity to mammalian
cells is substantial at comparable doses (VERO and WI-38: 92.4% and
90.2% inhibition at 1000 pg-mL?, decreasing to 12.9% and 9.6% at 125
ugmlL?, Table 2), indicating a very significant therapeutic window as
MICs didn’t overlap with concentrations that produce notable host cell
toxicity.
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4. Conclusions

The study synthesized NiCdFe,O, for medical applications using a co-
precipitate method. The nanoparticles were found to be spherical with a
crystallite size of less than 25 nm. The structural and magnetic properties
were examined using FTIR and XRD. The nanoparticles demonstrated
strong quantum confinement effects and superparamagnetic behavior at
room temperature. The study tested NiCdFe,O, nanoparticles against six
multidrug-resistant and two ATCC bacterial strains, with K. pneumoniae
being the most resistant. The nanoparticles effectively trapped bacterial
infections by binding to areas on the K. pneumoniae surface, damaging
the membrane's structural integrity. The efficiency of capture increased
dramatically when the infection duration increased from 40 to 120 min.
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