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Abstract | Many early-generation antibiotics, previously deemed ineffective due to bacterial resistance. This
study aimed to reconsider the potential use of antibiotics to treat bacterial infections through their integration
with metal oxide nanoparticles (MONPs), which have shown promise in delaying the growing crisis of resistance
to the commonly used antibiotics. Magnetite nanoparticles (MagNPs)—antibiotic composites were prepared and
characterized using Fourier transform infrared spectroscopy (F'T-IR) to confirm proper conjugation and their
antibacterial effects were evaluated. The antibacterial activity of MagNP-antibiotic composites was evaluated
against both susceptible and resistant strains of Staphylococcus aureus and Escherichia coli via the microdilution
method to determine their minimal inhibitory concentration (MIC) after 21 h of incubation. Scanning electron
microscopy (SEM) analysis showed that the NPs had a spherical morphology, while X-ray diffraction (XRD)
analysis estimated the crystallite sizes that ranged from 13 to 21 nm. Fourier transform infrared (FT-IR)
spectroscopy revealed the existence of intermolecular interactions between the antibiotics and MagNPs. An
enhanced antibacterial effect was observed, as indicated by a remarkable reduction in the MIC values for all
the MagNP-antibiotic composites against §. aureus and susceptible E. co/i. In contrast, an activity against the
MDR E. coli BAA 2452 was observed with MagNPs—ampicillin (MagNPs—Amp), MagNPs—chloramphenicol
(MagNPs—Chl), and MagNPs—ciprofloxacin (MagNPs—Cip) composites. The MagNP-antibiotic composites
demonstrated enhanced antibacterial activity, particularly against multi-drug resistant (MDR) strains. The MIC
values for the MRSA strain were reduced by 8-fold (MagNPs-Amp and MagNPs-Chl) and nearly 12-fold
(MagNP-Cip). Most remarkably, the MagNPs-Cip composite achieved up to a 60-fold MIC reduction against
MDR E. coli BAA 2452, while the MagNPs-Amp composite critically restored susceptibility in a previously
unaffected MDR E. co/i strain. These findings strongly suggest that this MagNPs—antibiotic composite effectively
evades the existing resistance mechanisms, suggesting additional optimization for wider antibacterial potentials.
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Introduction

ntibiotic resistance has emerged as a significant

health concern, undermining the effectiveness of
traditional treatments. They impede bacterial growth
or reproduction through various mechanisms (Uddin
etal.,2021; Theodorakis ez al.,2024),such as disrupting
the cell wall or interfering with the synthesis of
critical enzymes, proteins, or nucleic acids (RNA
and DNA) (Uddin ez a/., 2021). Despite their use for
treating infections (Wang ez a/., 2022), their overuse
and misuse have led to the development of multi-
drug-resistant (MDR) bacterial strains. These strains
can acquire and disseminate resistance genes (Walsh
et al., 2023), rendering many existing antibiotics
ineffective and complicating the treatment of bacterial
infections (Uddin ez a/., 2021; Cook and Wright,
2022; Wang e¢ al., 2022; Corona et al., 2023; Walsh
et al., 2023; Grooters ez al., 2024; Theodorakis ez al.,
2024). Making matters worse is the limited progress
in introducing new antibiotic therapies (Uddin ez
al., 2021). Staphylococcus aureus and Escerichia coli, in
particular, are major pathogens that cause nosocomial
infections, with their rising resistance to traditional
antibiotics, representing a major health threat (Uddin
et al., 2021). Consequently, alternative strategies are
urgently needed to mitigate the limitations of the
current antibiotics and limit the spread of resistance
genes (Mouton, 1999; Worthington and Melander,
2013; Khezerlou et al.,2018; Zhu et al., 2021; Ahmed
et al.,2023).

On the other hand, nanoparticles (NPs) have
emerged as promising materials for developing novel
antibacterial agents (Ezealigo e al, 2021). Due to
their advantageous properties such as small size (<
100 nm), large surface area, and inherent antibacterial
activity, NPs can disrupt bacterial cell wall synthesis,
inhibit biofilm formation, and weaken bacterial cells,
making them more susceptible to antibiotics (Xu ez
al., 2019; Abo-Zeid and Williams, 2020). Moreover,
many NPs can generate reactive oxygen species
(ROS), which may damage bacterial membranes,
proteins, and genetic material, ultimately resulting in
cell death (Xu ez al., 2019; Abo-Zeid and Williams,
2020; Ezealigo et al., 2021).

For instance, silver NPs (AgNPs) can inhibit the
growth of E. coli and yeast (Kim e a/.,2007). However,
their use is constrained due to their iz vivo toxic
effects on cultured human cells (Soto ez a/., 2007) and

several environmental concerns, particularly their risk
of impairing the nitrifying bacteria in soil, thereby
affecting nitrogen availability for plant growth (Zheng
et al.,2017). Similarly, titanium dioxide NPs (TiO,NPs)
exhibit notable antibacterial and antitumor activity, due
to their photosensitizing and photodynamic properties
(Dizaj et al., 2014; Joseph, 2023), and are already
employed in bone and dental implants (Nikolova and
Chavali, 2020). However, prolonged exposure raises
toxicity concerns (Shi ez a/., 2013).

In this context, magnetic iron oxide NPs (IMagNPs)
offer a strategic and safer option for combating
bacterial infections and other medical applications
due to their unique physicochemical properties
(Ezealigo ez al., 2021; Zhang and Miao, 2024). These
include their nanoscale dimensions, which give
them a high surface area-to-volume ratio that allows
them to obstruct pathogens and superparamagnetic
behavior, facilitating their orientation wia external
magnets for tumor therapy, drug delivery, and
magnetic hyperthermia (Xu ez a/., 2019; Ezealigo ez
al., 2021). Their biocompatibility and biodistribution
in the body make them safe as a MRI contrast
agent (Zhang and Miao, 2024). In addition, they are
harmless, exhibiting low toxicity and side effects in
the human body (Ezealigo ez al.,2021; Shoudho ez al.,
2024; Zhang and Miao, 2024; Hosseinzadeh, 2025).
These NPs can be used alone or in combination with
other materials to suppress the resistant pathogens.
Their magnetic properties enable targeted delivery
systems to infected organs or tissues and assist in
infection imaging, detection, and separation (Xu ez a/.,
2019). This therapeutic approach may help overcome
resistance, reduce antibiotic dosage requirements, and
limit the development and spread of further antibiotic

resistance (Abo-Zeid and Williams, 2020).

Mouton et al. suggested that using two or more
antibiotics can help prevent bacteria from developing
resistance (Mouton, 1999). This approach works by
targeting bacteria with multiple agents simultaneously,
making it harder for them to evade treatment
and disrupt their ability to maintain resistance
mechanisms (Mouton, 1999). As a result, this
combination approach has sparked extensive research
into a variety of alternatives to combat antibiotic-
resistant bacteria (Wang ez al., 2022). These include
using multiple antibiotics as well as combining them
with natural products, plant extracts, or nanomaterials

(Wang ez al., 2022).
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To develop these combinations, several techniques
have been employed, such as checkerboard assays
(Yap ez al., 2013), conjugation (Armijo ez al., 2020),
various synthesis procedures (Murei ez al., 2020),
direct mixing (Current ez al, 2017), and other
innovative methods (Rashid ez a/.,2021; Wehbe e# al.,
2024). For example, Yap ez al. studied combinations of
commercial plant essential oils and different f-lactam
antibiotics against various strains of E. co/i using the
checkerboard assay (Yap ez a/., 2013). On the other
hand, other combinations have been developed
for elimination of the antibiotic pollutants in the
environment (Han ez a/, 2025). A photocatalyst
was synthesized from nanodiamond/TiO, (Oueslati
et al., 2024) and two-dimensional transition metal
carbide/nitride (MXene) to boost the degradation of
tetracycline in water. Thus, the combined materials
achieve synergistic benefits at both the medical and
environmental levels (Oueslati ez al., 2024; Han ez
al., 2025). Similarly, Bhattacharya and Neogi (2017)
successfully conjugated gentamicin with FeONDPs,
demonstrating bactericidal activity against S. awureus,
E. coli, Pseudomonas aeruginosa, and Bacillus subtilis
(Bhattacharya and Neogi (2017). Murei e a/. (2020)
also reported the antibacterial efficacy of combining
antibiotics (vancomycin, ampicillin, and penicillin)
with Pyrenacantha grandiflora extracts and AgNPs
tor use against Klebsiella pneumonia, E. coli, and S.
aureus (Murei ez al., 2020). These results highlight the
potential of repurposing the antibiotics to combat the
resistant strains more effectively.

'The present study aimed to enhance the bactericidal
efficacy of older-generation antibiotics to combat
resistance and restore their clinical efficacy. This study
introduced a novel composite achieved by preparing
MagNPs—antibiotic composites through a 21-h
mixing process conducted at room temperature with
continuous shaking. The MagNPs were selected due
to their unique and advantageous characteristics,
including cytotoxicity — and  excellent
biocompatibility. They also exhibit ferrimagnetic
properties at room temperature and demonstrate high
colloidal stability. Additionally, they are cost-effective
and their antibacterial potential is well documented

(Saqib ef al., 2018).

low

Materials and Methods

Reagents
All chemicals and solvents were of analytical grade and

used as received from the suppliers. FeCl,.6H,O and
FeCl,.4H,O were purchased from Riedel-de Haén
AG (Sleeze, Germany). We also utilized ammonium
hydroxide 25% (Thermo Fisher Scientific, Hampton,
NH, USA), absolute ethanol (AR grade, VWR
chemicals, Randor, PA, USA), absolute methanol
(Iso Lab Chemicals, Wertheim, Germany), Muller
Hinton Agar (MHA) and broth (Oxoid Limited,
Basingstoke, UK, Thermo Fisher Scientific USA),
iodonitrotetrazolium chloride (INT) 98% (Acros
Organics, Thermo Fisher Scientific, Hampton, NH,
USA), normal saline (NS, 0.9 % w/v sodium chloride,
pharmaceutical solutions industry, Jaddah, Saudi
Arabia), Ciprofloxacin > 98% (Sigma-Aldrich, Co.,
Spruce Street, St. Louis, USA), Chloramphenicol
(> 97%) (Bio Basic, Canada, Inc.), Ampicillin 95%
(Combi-Blocks, San Diego, USA), and Cefoxitin
98% (CAYMAN Chemical company, Ann Arbor,
Michigan, USA).

Magnetite nanoparticles synthesis

Magnetic iron oxide NPs (magnetite, Fe,O,, and
NPs) were synthesized wia a precipitation method
using 1:2 molar ratio of ferrous chloride tetrahydrate
(FeCl.4H,O) and ferric chloride hexahydrate
(FeCl,.6H,O) and dissolved in 100 ml deionized
water under basic conditions, by adding 8 ml
ammonia solution (25%) (Karaagac ez al, 2011,
Alomari ef al., 2015; Al-Shabib ef al., 2018) with
sonication. The resulting mixture was filtered using a
sterile Whatman qualitative filter paper (grade 1, no.
1001-150), washed thoroughly with sterile deionized
distilled water, followed by absolute ethanol (3-5
times), and left overnight. The samples were dried in
an oven at 80 °C for 2 d to yield dry black magnetic
Fe,O, NPs (Bataineh ez al., 2024).

Physicochemical characterization

'The physicochemical and topographical characteristics
of MagNPs were assessed by various analytical
techniques. Scanning electron microscopy (SEM)
was utilized to examine the size, shape, surface
morphology, and distribution of the NPs (Alomari ez
al.,2015; Bataineh e al.,2024). The SEM images were
obtained using a Field Emission Scanning Electron
Microscope Quanta FEG450, FEI Company, USA.
X-ray diffraction (XRD) was used to analyze the
crystal structure and calculate the average crystallite
size of the NPs using Bragg’s Law and the Scherrer
equation (Alomari ez al., 2015).
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Moreover, the NPs’ crystallite size (D) was estimated
from the peak broadening of the two most intense
diffraction peaks due to 311 and 440 planes using
the Scherrer Equation 1, where k, the shape factor
for cubic-shaped crystals was 0.95; A represent the
wavelength of the X-ray beam (Cu = 0.1548 nm); 8

= the full width at the half maximum (FWHM) in
radians; and 0 was the Bragg angle.

D= KA
B fcos @

(1)

The XRD analysis was performed using an X-ray
diffractometer from Rigaku (40 kV/40 mA X-ray
scanning continuously 3-degree/min, ranging from
15 to 90 degrees using K filter). Furthermore, the
DLS analysis of MagNs, including the hydrodynamic
diameter and zeta potential (ZP) were discussed in
our previous publication (Bataineh ez al, 2024).
Additionally, Fourier transform infrared spectroscopy
(FT-IR) was conducted to identify the functional
groups present on the surface of the synthesized
MagNPs, both in their native forms and after
combination with the selected antibiotics. The FT-
IR spectra of the powdered samples of the MagNPs,
along with the individual antibiotics, i.e., ampicillin,
cefoxitin, chloramphenicol, and ciprofloxacin were
measured (Sahoo ez a/., 2011; Ahire and Dicks, 2016;
Sterren ef al., 2017; Chavan ez al., 2020). The FT-IR
spectra were recorded in the range of 4000-400 cm™ at
room temperature using Bruker Vertex 70. XRD and
FT-IR were plotted using OriginPro 2025b software
(OriginLab Corporation, Northampton, MA, USA).
The composites were prepared by co-mixing the
synthesized MagNPs with the four antibiotics (Amp,
Chl, Cip, and Cef) for 24 h at room temperature.

Microbiological assays

Strain metadata: The bacterial strains selected as
representatives for Gram-positive and Gram-negative
bacteria were as follows: Staphylococcus aureus ATCC
29213 [Methicillin-Sensitive (MSSA)], Staph. aureus
ATCC 43300 [Methicillin-Resistant (IMRSA)],
Escherichia coli ATCC 25922 (wild type), and E. coli
BAA 2452 [multi-drug-resistant, (MDR). All strains
were provided by the Department of Basic Veterinary
Medical Sciences, Faculty of Veterinary Medicine,
Jordan University of Science and Technology (JUST),
Jordan. The strains were preserved in 10% glycerol in
Mueller—Hinton broth (MHB) at -80 °C and revived
by culturing on Mueller—Hinton Agar (MHA) at 37

°C for 24 h before conducting the various assays.

Inoculum preperation

Fresh bacterial strains were cultivated on MHA
and incubated overnight at 37°C. Single colony was
transferred into 2 ml of MHB and incubated for 2 h
(37). The turbidity of the inoculum was measured at
600 nm using a BioMate 3 UV-Vis spectrophotometer
(Thermo Spectronic, USA), adjusted with sterile
MHB to achieve an optical density of 0.08-0.13
(equivalent to 0.5 McFarland standards). The
suspension was diluted ten-fold immediately before

being loaded into the 96-well plate.

Conjugation of MagINP and antibiotics

Ampicillin  (Amp), ciprofloxacin (Cip), cefoxitin
(Cef),and chloramphenicol (Chl) were each prepared
as stock solutions according to the manufacturers’
instructions, in addition to the Clinical Laboratory
Standards Institute guidelines (CLSI, 2020). Each
antibiotic was dissolved in an appropriate solution:
Amp was dissolved in 0.1 M phosphate bufter, pH
8, and diluted in 0.1 M phosphate buffer, pH 6;
Cip dissolved and diluted in sterile distilled water;
Cefoxitin (Cef) dissolved and diluted in sterile
distilled water; and Chloramphenicol (Chl) dissolved
in 95% ethanol and diluted in sterile distilled water.
The prepared concentration was determined as
the manufacturer’s purity (ESCMID, 2003) and
filtered using a 0.22-pum-pore filter. Aliquots of each
antibiotic were stored at -20 °C until use (CLSI,
2020). The bactericidal activity of the combined
MagNP-antibiotic ~ formulations assessed
using the minimal inhibitory concentration (MIC)
and minimal bactericidal concentration (IMBC).
Antibacterial assays were conducted individually for
each antibiotic, MagNP alone, and their combination.
Starting concentrations of 256 mg/ml for the NPs and
256 pg/ml for all antibiotics were used to obtain the
MIC values for each agent against each tested strain
according to CLSI protocols. For the combination
assay, antibiotics at 2 xMIC were mixed with MagNP
at a concentration of 128 mg/ml and incubated for 21
h (Current ef al., 2017; Murei et al., 2020; Bataineh
et al., 2024). The MagNP concentration used in the
composites was fixed in all assays to ensure a consistent
dose; however, the antibiotic concentrations were
variable.

was

Determination of minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC)
The MIC and MBC were used to assess the
antibacterial activity of the MagNPs—antibiotic
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composites against the tested bacterial strains. The
microdilution method was used to determine the
MIC, as described in CLSI guidelines (Bataineh ez
al., 2024). Briefly, 100 pl of MHB was first dispensed
into each well of a 96-well plate; 100 pl of the tested
composites were added into the first well, followed by
two-fold serial dilutions across 10 wells, and the final
100 pl were discarded.

Each well thus contained 100 pl of the test mixture
strain (Bataineh ez a/., 2024; Murei et al., 2020), to
which a standardized bacterial inoculum of 5x107
CFU/ml was added. Growth control wells contained
MHB with bacterial inoculum only, while the negative
control wells contained MHB only. The plates were
incubated for 19 h at 37 °C. Afterward, 40 pl of
0.2% INT were added to each well and incubated for
another hour. The MIC value was defined visually as
the lowest concentration that completely inhibited
the bacterial growth, indicated by the absence of a
red/pink color change in the well (Bataineh ez a/.,
2024).The MBC test was conducted according to the
established protocols (Bataineh ez a/., 2024). Aliquots
(10 pl) from the MIC, 2MIC, and 4MIC wells in
addition to the growth control and negative control
were subcultured into 90 pl fresh MHB in a new 96-
well plate, followed by 10-fold serial dilutions. From
each dilution, 10 pl were plated onto MHA plates and
incubated for 19 h at 37 °C. The MBC was defined
as the lowest concentration of the antibacterial
agent that resulted in the development of less than
5 colonies on the subcultured MHA plates (Abu-
Dalo ez al., 2019). All experiments were performed
in triplicate in the same day. Additionally, a parallel
set of experiments were conducted in triplicate using
the same composites with only one hour of mixing

incubation to compare the effectiveness of the
different exposure times (Bataineh ez al., 2024).

Statistical analysis

Minimum inhibitory concentration values are
presented as means (+ SD) based on nine replicate.
The JMP program version 17.0 from SAS Institute
Inc. (Cary, NC, USA, 2022) was utilized to analyze
the data. A Q-Q_plot test showed that the data were
not normally distributed. Therefore, the nonparametric
Kruskal-Wallis test and the Wilcoxon rank test were
employed to compare the MIC values of each antibiotic
individually and in combination with MagNPs.
Additionally, the Wilcoxon rank test was employed to
compare the MIC values of the MagNP alone versus
those combined with the antibiotics against the Szaph.
aureus strains. However, these tests were not performed
for the E. coli strains that didn’t display susceptibility
to MagINPs alone, as their baseline MIC values were
beyond the quantifiable limits of the assay. A p-value

of < 0.05 was considered significant.
Results

Magnetite NPs physicochemical characterization

The synthesized MagNPs were characterized using
three physical techniques: SEM, XRD, and FT-
IR. SEM was performed using a Quanta FEG
microscope to assess the shape and size of the
synthesized MagNPs under different magnifications
ranging from 100 pm to 100 nm. The SEM images
revealed that the MagNPs were uniformly spherical
in shape with an estimated size below 60 nm and an
average diameter of approximately 20 nm, as shown
in Figure 1.

Figure 1: Scanning electron microscopy (SEM) images at a) 500 nm, b) 300 nm, and c) 200 nm for the synthesized
MagNPs.
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Figure 2: X-ray diffraction (XRD) pattern for the synthesized MagINPs.

The XRD analysis was conducted to confirm the
crystalline structure of the synthesized MagNPs.
The XRD pattern shown in Figure 2 exhibited six
diffraction peaks at 26 0£ 30.02°,35.52°,43.18°,53.32°,
57.14°, and 62.76°, attributed to Bragg’s Planes of
220,311,400, 422,511, and 440, respectively, with an
Fd-3m space group of inverse cubic spinel structures
of Fe304. A close inspection of the diffraction peaks
revealed that they were slightly broad, indicating an
amorphous nature lacking a periodic structure, which
resulted in a broad diffraction pattern with a limited
transparency in the X-ray beam. Here, it should be
noted that the contribution of the instrumental effects
and crystallite shape was essential for size estimation.
The diffraction peak widths were extracted from
the instrument’s profile fitting software, where the
broadening due to the instrument was subtracted
from the observed peak widths. The calculated NP

sizes were found to be in the range of 13-21 nm.

Fourier transform infrared (FT-IR) spectroscopy
is a key technique used for elucidating the type of
interactions between the MagNPs and the antibiotics
in these composites. This technique revealed whether
the antibiotic had interacted with the MagNPs
surface through physical adsorption or chemical
attachment processes. In the first case, the electrostatic
/physical adsorption process can be tracked through

monitoring the position and shape of the characteristic
Fe-O stretching band in the 500-600 cm™ and the
stretching and bending of the surface hydroxyl groups
at 3400 cm™, and~1600 cm™ regions, respectively.
To confirm the formation of new intermolecular
interactions between the individual antibiotics and
the synthesized MagNPs in the composite mixtures,
FT-IR spectroscopy was employed. Composites
were incubated for 21 h, this process was expected to
result in their immobilization onto the surface of the
MagNPs through polar interactions. To evaluate these
intermolecular interactions, FT-IR spectroscopy
was used to monitor changes in the position and
shape of the Fe-O stretching frequency (v, ) and
the fingerprint region of the individual antibiotics.
The FT-IR spectra of the pure MagNPs, individual
antibiotics, and their corresponding composites are
summarized in Table 1 and displayed in Figure 3a-d.

A characteristic sharp peak corresponding to v
in the MagNPs spectrum was observed at 540 cm-
!, accompanied by a less intense side peak at 624
cm™, which is typical for the surface structure of
the MagNPs. Additionally, a broad, low-intensity
peak at 3464-3192 cm was attributed to stretching
vibrations of the hydroxyl groups (v, ;) associated
with the weak bending mode (3, ,) observed at
1681-1610 cm™ (Table 1).
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Table 1: Fourier transform infrared spectroscopy (FT-IR) spectral data for the MagINPs and their composites with
Ampicillin, Chloramphenicol, Ciprofloxacin, and Cefoxitin antibiotics.

Composite Vo Uy Yoy Ve o
(em™) (em™)* (em™) (em™)

MagNPs 3464-3192 ---- - -
Amp. 3244 3038 2904 1785-1615
Amp-MagNP 3300 2900  2250-1950 1643
Cip 3400 3035 2852 1621
Cip-MagNP 3500 2950  2400-1950 1643
Chl 3214 3071 2928 1714
Chl-MagNP 3400 2950  2300-1900 1643
Cef 3393 3071 2893 1809
Cef-MagNP 3400 2950  2250-1950 1643

Aoy Vg Vg0 Avgeo
(ecm™)* (cm)¢ (cm™) (cm™)e
624-540 -
=71 - 570-552 12
—— 1286,C-F -
+22 -——- 610-590 50
Y e e R—
1490, N=O

-71 -—— 695-555 15
—— 686,C-S
-166 -——- 650-550 10

Where: MagNPs: Magnetite nanoparticles, Amp-MagNP: Ampicillin-MagNE  Cip-MagNP: Ciprofloxacin-MagINE  Chl~-MagNP:
Chloramphenicol-MagINE and Cef-MagNP: Cefoxitin-MagINE v: stretching vibration frequency, cm™! wavenumber unit, °: Owerlapping

broad band due to v,

and v, ,, stretching mode. *: Sharp multiple peaks within the fingerprint region due to vC=0 /v, stretching

and bending modes of O-H/N-H. : A0C=0 (Shift) = (v, of composite—v,,_, of antibiotic). * vfun gp: Frequencies associated with the
characteristic functional groups. < AoFe-0: (Shift) = (v, of the composite—v ,_, of the MagINP).

The FT-IR images of the individual antibiotics
exhibited distinctive bands representing the stretching
trequencies of O-H, N-H in the high-frequency
region, C=C, C=0 within the fingerprint region, and
other functional groups, depending on the specific
antibiotics, as shown in Figure 3a-d. The key FT-IR
teatures of Amp included the stretching frequencies
of O-H and N-H in the range of 3244-3038 cm ™. The
C=0 frequencies due to lactam and amide appeared
at 1850 and 1615 cm™, overlapping with the bending
modes of the hydroxyl (5, ,,) and the amino (3 ,,)
groups. However, the F'T-IR spectra of Cip exhibited
unresolved stretching frequencies due to O-H and
N-H in the range of 3400-3035 cm™, the carbonyl
(C=0) group due to carboxylic acid and the quinolone
ring, which appeared at about 1621 cm™, whereas the
C-F functional group appeared at 1286 cm™ . The
FT-IR spectra of Chl stretching frequencies due to
O-H and N-H were observed in the range of 3214-
3071cm™. The v, of the acylamino group appeared
at 1700 cm™, whereas the v_, and v . functional
groups appeared at 1490 and 642 cm™, respectively.
The FT-IR spectrum of Cef showed stretching
trequencies for its functional groups, including N-H
and O-H stretching at around 3393-3071 cm-' and
an intense C=0 stretch from the amide group at
about 1750 cm™. The C=S stretching frequency for
Cef was located at 686 cm ™, which typically occurred
in the 800-600 range. However, these bands were
masked in the spectra of the corresponding MagNPs—

antibiotic composites, indicating the formation of

intermolecular associations.

To monitor the effect of MagNPs on these frequencies,
key spectral regions were examined, specifically those
corresponding to the stretching modes of v/
V. combined with the bending modes of &/
Oy and v, . It is clear from Figure 3a-d that the
characteristic bands of these functional groups
were merged in the spectra of the corresponding
composites, resulting in broad bands in the regions
of 3500-2900, 2400-1900, 1750-1625, and 695-550
cm™. The large broad band in the 3500-2900 cm™
region was attributed to the existence of H-bonding
between the v, and the v, in the structure,
as well as the presence of substantial amounts of
adsorbed water in the composites. Additionally,
sharp bands observed in the 1750-1625 cm™ region
and the disappearance of individual antibiotic peaks
suggested polar intermolecular interactions within
the composites. In the Amp-MagNPs composite,
broad and unresolved peaks appeared between 3358-
3250 ecm™ and 604-507 cm’, suggesting a strong
intermolecular interaction between the ampicillin
and the NPs surface. Furthermore, the v, , band
was shifted from 650-570 cm™ in the pure MagNPs
to 604-507 cm™ in the Amp-MagNPs composite,
confirming the existence of strong physicochemical
interactions, likely including remarkable H-bonding.
Similar shifts were observed in the FT-IR spectra
of the Chl-MagNPs, Cip-MagNPs, and Cet-
MagNPs, although the extent of the shifts varied.
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Figure 3: Fourier transform infrared spectroscopy (FT-IR) spectra of the prepared magnetite nanoparticles (MagINPs);
(a) Ampicillin (Amp) and the MagNPs-Amp composite; (b) Cefoxitin (Cef) and the MagINPs-Cef composite; (c)
Chloramphenicol (Chl) and the MagINPs-Chl composite; (d) Ciprofloxacin (Cip) and the MagINPs-Cip composite.
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Figure 4: Minimal inhibitory concentration (MIC) values for Ampicillin (Amp) without and with MagINPs against
(a) Staph. aureus and (b) E. coli. The results are represented as mean values of n= 9 replicate, the error bars indicate the
standard error of these replicates. (*) indicates p-value < 0.01 using the nonparametric Kruskal—Wallis and Wilcoxon

rank test.

The v,_, bands for these composites appeared in the
ranges of 677-585cm™, 660-562cm™, and 702-521
cm’!, respectively. Additionally, broad v, ,, stretching
bands were observed at 3500-3200 cm™ in all the
composites indicating the presence of H-bonding
and substantial amounts of adsorbed water. The
sharp bands at 1633 cm™ recorded in all the spectra
corresponded to the bending mode of OH groups,
which was often combined with the stretching
vibrations of C=C (v_.) and/or C=0 (v__,) from the

antibiotics.

The Av. ., showed that upon the composite
formation of the Amp, Chl, and Cef antibiotics with
the MagNPs, a considerable v _, shift of about 166
- 71 cm™ was observed in the lower frequency IR
region, as summarized in Table 1. On the contrary,
the observed change in the Cip-MgNPs compared
to that of the Cip occurred at a higher frequency of
about 22 cm™. Furthermore, the observed change in
the Fe-O stretching frequency (Av,_,) was indicative
of the interaction strength, as shown in Table 1. The
observed moderate shifts in Amp-MagNPs (Av,_, =
12 em™), Cef-MagNPs (Av,_, =10 cm™), and Chl-
MagNPs (Av,_, =15 cm™) inferred weak interaction
forces, unlike the change in Cip-MagNPs (Av, =
50 cm™), which indicated strong interactions. These
shifts suggested the existence of polar intermolecular
forces among the polar sites of the given antibiotic

molecules and the MagNPs.

'This conclusion was further supported by the merging
of vibrational modes associated with H-bonding
interactions, as indicated by the positions of the

O-H and the N-H stretching bands (v, / vy )-

However, in chemical conjugation, new IR bands
emerged, suggesting a strong interaction involving
specific groups. This effect can be monitored by a
close inspection of the broad features observed in
the composites but not in the components in the
2000-2400 cm™ region. The emerged broad bands
as depicted in Figure 3a-d and summarized in
Table 1 showed that the interaction was purely a
simple physical process and was combined with the
coexistence of specific interactions within the C=C/
C=0 conjugation system.

Determination of minimal inhibitory concentration
(MIC) and minimal bactericidal concentration (MBC)
'The antibacterial efficacy of the MagNPs—antibiotic
composites against four bacterial strains (Staph. aureus
and F. coli) was assessed by determining their MICs and
MBCs. The 21-hour incubation period was selected
to maximize the interaction between the antibiotics
and MagNPs. Compared to a 1-hour mixing period,
21 h period showed a greater antibacterial activity.
'The obtained results are illustrated in Figures 4-7 and
Table 2. The results showed a substantial antibacterial
effect of the Amp-MagNPs composite against all
the tested strains (p-value = 0.0087), as illustrated
in Figure 4. Notably, the MIC value for the MRSA
strain Staph. aureus (ATCC 43300) was dramatically
reduced from 4.22 pg/ml to 0.5 pg/ml, indicating
remarkably enhanced antibacterial activity of the
composite against this resistant strain. Although
the MDR strain of E. co/i (BAA 2452) was resistant
to ampicillin alone, its MagNPs-Amp composite
enhanced its antibacterial potential. This composite
considerably lowered the MIC values across all the
tested strains (p-value = 0.0095).
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Similarly, the MagNPs-Cef composite displayed an
improved antibacterial activity (Figure 5). The MIC
values were reduced by four-fold, eight-fold, and
two-fold for Staph. aureus ATCC 29213, MRSA
Staph. aureus ATCC 43300, and E. coli ATCC
25922, respectively, indicating that lower antibiotic
concentrations were required to inhibit the bacterial
growth when combined with the MagNPs. The
contribution of the MagNP to this enhancement was
statistically significant (p-value of 0.02), suggesting
that the incorporation of MagNPs increased the
antibacterial efficacy of the cefoxitin.

'The MagNPs-Chl composite demonstrated a strong
antibacterial activity against all the tested strains,
significantly lowering the MIC values (p-value <
0.0001). MIC values for both Staph. aureus strains were
reduced eight-fold, and the wild-type E. co/i strain
expressed a two-fold decrease. However, the MDR
E. coli strain remained resistant to the MagNPs-Chl
composite (Figure 6). Despite this, the addition of
MagNP still significantly enhanced the antibacterial
potential of the chloramphenicol (p-value = of 0.039).

Cefoxitin

16.00

2.00 50

Staph. aureus 29213 Staph. aureus 43300

I Cef Cef + MagNPs

Table 2: Minimal bactericidal concentration values
of MagNPs alone (mg/ml), antibiotics (ug/ml), and
MagNPs—antibiotic composites against wild-type and
multi-drug resistant (MDR) strains of Staphylococcus

aureus and Escherichia coli.

# Conc.(pg/ml)/  Staph. Staph. E.coli E.coli
Agents aureus  aureus 25922 2452
29213 43300
MBC MBC MBC MBC
1 MagNP ND ND NP NP
2 Amp 0.25 4.00 400 NP
3 Amp+MagNP ND 2.00 ND ND
4  Cef 4.00 32.00 4.00 64.00
5 Cef + MagNP ND 8.00 ND ND
6 Chl 4.00 4.00 4.00 4.00
7 Chl + MagNP 4.00 2.00 400 4.00
8 Cip 2.00 32.00 1.00 1.00
9 Cip + MagNP ND 4.00 ND ND
Where:  MagINPs:  Magnetite nanoparticles, Amp-MagINP:
Ampicillin-MagNB ~ Cef~-MagINP:  Cefoxitin-MagINB ~ Chl-
MagNP: Chloramphenicol-MagINP and Cip-MagNP:

Ciprofloxacin-MagNP; MBC: Minimal bactericidal concentration
values; ND: not determined; NP: not performed due to no minimal
inbibitory concentration value detected.

Cefoxitin
64.0064.00

_, 60.0 I
S
S 40.0
3
O .
= 20.0 4.00 2.00

E. coli 25922

E. coli 2452

Figure 5: Minimal inhibitory concentration (MIC) values for Cefoxitin (Cef) without and with MagNPs against
(a) Staph. aureus and (b) E. coli. The results are represented as mean values of n= 9 replicate, the error bars indicate the

standard error of these replicates.
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Figure 6: Minimal inhibitory concentration (MIC) values for Chloramphenicol (Chl) without and with MagINPs

against (a) Staph. aureus and (b) E. coli. The results are represented as mean values of n= 9 replicate, the error bars
indicate the standard error of these replicates. (*) indicates p-value < 0.01 using the nonparametric Kruskal—Wallis
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test and Wilcoxon rank test.
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Figure 7: Minimal inhibitory concentration (MIC) values for Ciprofloxacin (Cip) without and with MagNPs
against (a) Staph. aureus and (b) E. coli. The results are represented as mean values of n= 9 replicate, the error bars
indicate the standard error of these replicates. (*) indicates p-value < 0.01 using the nonparametric Kruskal—Wallis

test and Wilcoxon rank test.
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Figure 8: Minimal inhibitory concentration (MIC) values for the MagNPs and MagINPs combined with the different
antibiotics against Staph. aureus and E. coli strains. The results are represented as mean values of n= 9 replicate, the
error bars indicate the standard error of these replicates. (*) indicates p-values for the MagINPs MIC values (with Amp
< 0.01, with Chl < 0.05, and with Cef < 0.05 ) using the Wilcoxon rank test.

The MagNPs-Cip composite also exhibited a
significant antibacterial activity against all the
tested strains (p-value of 0.0022). The MIC for the
ciprofloxacin-sensitive Staph. aureus strain decreased
from 1.67pg/ml to 0.5ug/ml, while the MIC for the
MRSA strain decreased from 32pg/ml to 2.67pg/ml,
suggesting a substantial improvement in ciprofloxacin
activity against the tested strains. The MagNPs-Cip
composite displayed remarkable antibacterial effects,
achieving up to a 60-fold reduction in the MICs
against both E. co/i strains, compared to the Cip

antibiotic alone (Figure 7).

To evaluate their antibacterial efficacy, MIC values
for the MagNPs alone and when combined with
the different antibiotics are shown in Figure 8. The
illustration exhibited a significant reduction in MIC
values for MagNPs against both Staph. aureus strains
when they were combined with Amp, Cef, and Chl,
with p-values < 0.009 for Amp, < 0.0200 for Cef, and
< 0.0392 for Chl. Furthermore, the MRSA strain was
affected by the MagNPs-Cip composite. In contrast,
E. coli strains that were not affected by the MagNPs
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alone were affected by the composites with all the
antibiotics used.

'The MBCs were also evaluated against both the wild-
type and the antibiotic-resistant strains. As shown in
Table 2, all the tested antibiotics exhibited bactericidal
activity, except against the MDR E. co/i strain. Notably,
the MagNPs-Chl composite retained a bactericidal
potential across all the tested strains, even at lower
concentrations. In contrast, the other antibiotic
composites exhibited primarily bacteriostatic effects.
Interestingly, the MRSA strain displayed reduced
MBC values when treated with the antibiotics
combined with the MagNPs, unlike the other strains.
In the cases where the MICs were not obtained for
certain composites, the MBC was recorded (Table
2). These results suggested that while MagNPs—
antibiotic composites exhibited an inhibitory activity;
however, in some cases, the reduced concentrations
may be insufficient to achieve the bactericidal effects,
allowing for bacterial survival.

In summary, the results of this study highlighted the
potential of combining antibiotics with MagNPs
to considerably reduce the MIC values for the
wild-type Staph. aureus and E. coli strains, while
also enhancing their antibacterial efhicacy against
the resistant strains such as MRSA and MDR E.
coli. 'These findings support the use of MagNPs in
the form of a combination therapy as a promising
approach to improving their antibacterial efficacy
and addressing the growing challenge of antibiotic
resistance. However, the present findings are limited
to in wvitro observations, however, further toxicity,
biocompatibility, and iz vive studies are needed before
clinical relevance can be established.

Discussion

Given the global increase in bacterial resistance,
there is an urgent need for innovative solutions to
address this pressing issue. This study explored the
strategies used to reinstate the bactericidal efhicacy of
the older-generation antibiotics, including ampicillin,
cefoxitin, chloramphenicol, and ciprofloxacin, which
had diminished due to the development of resistance,
by combining them with MagNP and evaluating
their potential to enhance the antibacterial activity.
We envisaged that this approach would combat
resistance and restore therapeutic effectiveness
against both wild-type and MDR Szaph. aureus and
E. coli ATCC strains. This work is consistent with

the contemporary initiatives used to re-establish
the therapeutic value of the established antibiotics
through MagNP-antibiotic composite formulation
strategies (Mazraeh ez al., 2022; Sharma ez al., 2025).
It may serve as a practical intervention in resource-
constrained healthcare environments with restricted
availability of advanced antimicrobials. By improving
the performance of the current antimicrobial agents
instead of focusing only on creating new ones, the
current methodology delivered a cost-efficient and
broadly applicable means of addressing the escalating
issue of antimicrobial resistance. In addition, these
tactics may speed up the clinical use, since these
agents possess thoroughly documented safety and
pharmacological profiles as previously documented

(Venter, 2019; Parvin ez al., 2025).

In the present work, MagNPs were synthesized using
a coprecipitation method with continuous sonication,
and the MagNP were characterized using SEM,
XRD, and FT-IR physical assays. The SEM images
revealed that the spherical NPs were well-formed
and of uniform size and shape (spherical). Using
Scherrer’s equation, the XRD analysis validated that
the obtained NPs were composed of well-defined
20 nm crystallites, with a peak structure consistent
with the XRD standard data card (JCPDS NO.
01-071-6336) in the previous studies (Zhang e al.,
2019; Petcharoen and Sirivat, 2012; Alomari ez al.,
2015; Saqib ez al., 2018), confirming the effectiveness
of the coprecipitation method at producing well-
defined MagNPs, despite variations in the specific
methodologies employed.

Fourier transform infrared (FT-IR) spectroscopy
analysis confirmed the structural integrity of the
synthesized MagNPs, by identifying a sharp,
characteristic stretching band at 540 cm™, along
with a less intense side peak at 624 cm™. These peaks
were typically consistent with the surface structure
of MagNPs, as previously reported by different
authors for the 650-570 cm™ range (Current ez
al., 2017; Chavan ez al., 2020). The FT-IR analysis
revealed strong interactions between the NPs and
antibiotics, mainly through hydrogen bonding. The
observed shifts in the FT-IR bands suggested the
existence of interactions between the antibiotics
and the MagNP surface, likely involving hydrogen
bonding and other polar intermolecular interactions.
These interactions are crucial since the resulting
NP-antibiotic composites are suggested to enhance
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stability, solubility, and bioavailability in the living
microorganisms (Sterren ez al., 2017, Chavan et
al., 2020). Given that the NP’ size, charge, and
morphology strongly influence biological behavior
and antimicrobial activity, the uniform particle
size and crystalline stability observed here likely
contributed to an enhanced antibiotic performance
(Venter, 2019; Sharaf et al., 2022). However, FT-IR
analysis alone does not allow definitive identification
of the binding mechanism or distinction between
simple adsorption and stronger surface interactions.
A limitation of the present study is that the exact
nature of the interaction between the antibiotics and
the MagNPs was not determined. Although the F'T-
IR data support the existence of physicochemical
interactions, further characterization techniques, such
as ZP measurements, thermogravimetric analysis,
or surface spectroscopy, would be required to better
elucidate the binding mechanism and distinguish
between adsorption and stronger surface interactions.

This study had also revealed that MagNPs alone
inhibited the growth of both strains of Staph. aureus,
with MIC value of 14 mg/ml, which is consistent
with several previous studies (Tran ez al, 2010;
Bataineh ef al., 2024). However, no effects were
observed in relation to the growth of both wild-type
and MDR strains of E. co/i. The absence of activity
against E. co/i was plausibly attributed to the robust
outer membrane of the Gram-negative bacteria,
which serves as a selective barrier, restricting NPs
penetration and thereby reducing the intracellular
targeting (Nikaido, 2003). This finding contrasts
with previous studies that highlighted the inhibitory
activity of MagNPs against different E. co/i strains
(Auffan et al., 2008; Al-Shabib ez al., 2018). It is
well known that MagNPs mechanism of action for
inhibiting the bacterial growth involves disrupting
the integrity of the cell wall, hindering DNA and
enzyme synthesis, and generating reactive oxygen
species (ROS) within the cell (Hosseinzadeh, 2025).
While these mechanisms may explain the enhanced
antibacterial activity observed, they were not directly
evaluated in the present study and therefore remain
speculative. Further studies are needed to clarify the
specific mechanisms of action through which these
MagNPs exert their effects on the various bacterial
strains.

When MagNPs were combined with antibiotics,
remarkable reductions in the MIC values for Amp,

Cef, Chl, and Cip were observed, indicating that
effective bacterial growth inhibition could be achieved
at lower antibiotic concentrations. Although marked
reductions in MIC values were observed following
combination with MagNPs, formal synergy testing
was not performed. Therefore, the results should be
interpreted as enhanced antibacterial activity rather
than definitive evidence of synergy. This suggests
that combining the MagNPs with the antibiotics is
a promising strategy for enhancing the efficacy of the
older-generation antibiotics, especially against the
MDR strains. To the best of our knowledge, this is
the first study to evaluate the antibacterial activity of
the present MagNPs—antibiotic composites against
MDR E. coli BAA 2425 and methicillin resistant
Staph. aureus (MRSA) ATCC 43300. Among the
tested composites, the MagNPs-Amp demonstrated
the most substantial effects, with statistically notable
reductions in MIC values across all the bacterial
strains assessed in this study. This indicated that
MagNPs may help restore the antibacterial activity
of the antibiotics that have become less effective
due to resistance. Indeed, a marked enhancement in
antibacterial activity was observed for the exposure of
MRSA Staph. aureus ATCC 43300 to this composite,
with an eight-fold decrease in the MIC, which
dramatically enhanced the potency of ampicillin
against this MDR strain. These findings suggest
that MagNPs improve intracellular drug delivery,
suppress eflux mechanisms, and possibly overcome
phenotypic resistance. The associated drop in MIC
values suggested that this combinations led to lower
effective antibiotic doses, which may help minimize
the adverse effects and slow the development of
antibiotic resistance (Venter, 2019).

The observations herein confirmed that Amp was
completely ineffective against MDR E. co/i BAA
2452, which is consistent with the established
profile of this strain, known to be resistant to both
carbapenem and f-lactam antibiotics (Nordmann
et al., 2009). However, the successful restoration of
Amp susceptibility by the MagNPs-Amp composite
indicated the crucial function of the NPs due to
their physicochemical properties, including their
possible influence as antibacterial agents, avoidance
of the active efflux system, and overwhelming of
the resistance machinery (Venter, 2019; Sharaf ez
al., 2022). These findings suggest that MagNPs may
influence the characteristics of the microbial cell walls
or the membrane structures, potentially enhancing
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their permeability to antibiotics (Gholami e al.,
2018; Abo-Zeid and Williams, 2020; Armijo ez al.,
2020). Moreover, the antibiotics’ modes of action on
the bacterial cells involved interfering with cell wall
synthesis, inhibiting protein building, and disrupting
DNA replication (Ahmed ez al, 2023). These
mechanisms were expected to act in concert with the
antibacterial activity of MagNPs, resulting in enhanced
inhibition of bacterial growth. These findings support
the enhanced antibacterial efficacy of the composite
through multiple mechanisms, in addition to the role
of MagNPs in boosting the existing antibiotics to
overcome the antibiotic resistance crisis.

Composites of cefoxitin and MagNPs likewise
showed considerably greater antibacterial properties,
reducing the MIC values for Staph. aureus ATCC
29213, MRSA Staph. aureus ATCC 43300, and E.
coli ATCC 25922 by two-fold, three-fold, and one-
fold, respectively. Thus, MagNPs also augmented
the antibacterial efficacy of the cefoxitin, lowering
the therapeutic dose without compromising its
effectiveness.

A significant reduction in the MIC was also observed
with the MagNPs-Chl composite for both the wild-
type and MDR Staph. aureus strains, as well as the
wild-type E. coli strain (p-value < 0.0001). Specifically,
the MIC values for both Staph. aureus strains were
reduced by eight-fold, while the wild-type E. coli
strain exhibited a two-fold decrease. However, the
MDR E. coli strain remained relatively resistant
to the MagNPs-Chl composite, requiring further
investigation to elucidate whether this was due to
the additional outer membrane barrier in the E. co/i
envelope or possibly due to more robust systems
that actively pump the antimicrobials out of E. co/i
compared to Szaph. aureus. This observation likely
reflected the potent efflux machinery in MDR E.
coli (e.g., ActAB-TolC) that expelled the antibiotic—
MgaNPs complexes, suggesting the need for further
studies to explore the combination of NP’s therapy
with the eflux pump inhibitors (Alenazy, 2022). To
the best of our knowledge, this is the first work to
investigate the effects of mixing MagNPs—antibiotic
composites for 21 h, highlighting the novelty and
uniqueness of the present study. These results were
supported by the FT-IR analysis, which showed the
intermolecular interactions between the MagNPs
and the antibiotics in the prepared composites.

The observed disparity in the antibacterial efficacy
between the 21-h mixing protocol and both the 1-h
mixing and the checkerboard assay trials (results not
shown) confirmed the critical role of the incubation
duration for enhancing the antibacterial activity of
the MagNPs—antibiotic composites (Current ez al.,
2017; Gholami ez al., 2018). The greater antibacterial
activity observed after 21 h of mixing compared
with 1 h suggests that prolonged contact between
the antibiotics and the MagNPs may promote more
effective interactions between the two components.
The extended 21-h mixing period likely facilitated
a more effective immobilization of antibiotics on
the surface of MagNPs through non-covalent
interactions. These findings stressed that the method
of preparing the nano-antibiotic combinations was
critical, suggesting that pre-formed nano-therapeutic
complexes could be developed as stable, ready-to-
use clinical formulations rather than requiring fresh
preparation before each use. This extended interaction
promoted a stronger surface adhesion and an increased
stability, leading to a reduction in the MIC values
against the tested bacterial strains. On the contrary,
short-term mixing (1 h) and checkerboard methods
appeared insufficient for achieving such antibiotic
immobilization,resulting in markedlylower or absence
of enhancements in antibacterial activity. The FT-IR
analysis further supported this conclusion, revealing
that the antibiotics interact with the surface of the
MagNPs primarily through H-bonding via hydroxyl
groups. This binding mechanism agrees with several
previous reports (Current e# al., 2017; Gholami ez al.,
2018; Chavan e al., 2020), which involved FeNPs
and stabilizing agents Figure 3a-d. Collectively,
these results confirmed that prolonged incubation
enabled sufficient antibiotic immobilization onto
MagNP’s surface, which was crucial for optimizing
the antibacterial efficacy of the composites (Current
et al., 2017). These findings are promising for future
applications aiming at combating the MDR bacterial
strains. However, further studies are required to
understand the exact mechanisms underlying this
enhanced antibacterial activity.

The current findings agree with recent studies,
which supported the idea that metal oxide NPs
(MONPs) can increase the antimicrobial efficacy
of the antibiotics (Tyers and Wright, 2019; Wang
et al., 2022). The general antimicrobial activity of
the MONPs is reported to arise from multiple
mechanisms, including oxidative damage, disruption
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of microbial cell membranes, interference with metal
ion homeostasis, protein and enzyme dysfunction,
genotoxicity, and photo-killing, with the specific
mechanisms varying based on the nature and the
chemistry of the MONPs (Raghunath and Perumal,
2017; Hosseinzadeh, 2025).

The present study’s perspective emphasized the
importance of the combination therapy, a strategy
initially proposed by (Mouton, 1999), where the use
of two or more antibiotics together can help prevent
the bacteria from developing resistance. By targeting
the bacteria with multiple agents simultaneously,
the combination therapy makes it more difficult
for them to evade treatment (Mouton, 1999). In
this study, combining MagNPs with antibiotics
had increased the efficacy of the older-generation
antibiotics against the MIDR bacteria. A bonus eftect
is that a combination therapy may help prevent
the development of resistance to these composites
(Mouton, 1999). Moreover, this innovative approach
not only increased the therapeutic potential of the
existing antibiotics but also paved the way for more
effective treatment strategies in the fight against the
antibiotic-resistant pathogens.

Overall, these findings support the MagNPs-
augmented antibiotic composites as a viable
complementary approach to restore the activity of the
existing antimicrobials, preserve their clinical value,
and reinforce the global strategies to combat the
antimicrobial resistance.

Conclusions

Antibiotic resistance is emerging as a serious
challenge for researchers, intensifying the need to
find alternative solutions. Natural materials, either
nanoparticles or plant extracts, could produce some
inhibitory eftects on bacterial growth. However, when
antibiotics are combined with these materials, their
antibacterial activity can be enhanced, representing
a novel strategy for addressing the pressing issue
of antibiotic resistance. This revival of interest
is driven by the escalating need to develop new
treatment approaches that are effective against
multi drug-resistant pathogens, especially in clinical
environments where traditional antimicrobial agents
are losing effectiveness. Nanoparticles, characterized
by their unique structural, chemical, and antimicrobial
properties, are increasingly recognized as valuable

complementary agents, capable of enhancing
antibiotic  bioavailability, cellular uptake, and
overall antimicrobial eftectiveness. Exploring these
composites against different bacterial strains could
enhance antimicrobial therapy and provide a more
efficient approach. MagNPs—antibiotic composites
in addition to older-generation antibiotics have the
potential to improve antibiotics’ efficacy against
multi-drug-resistant strains. Further research is
needed to elucidate the in vifro and in vivo molecular
mechanisms underlying the enhanced antibacterial
activity of the MagNPs—antibiotic composites to
optimize their design and achieve better performance.
This strategy seeks to strengthen antibiotic potency
at reduced doses, shorten treatment durations, and
diminish the likelihood of further antimicrobial
resistance development. While calls for innovative
solutions to combat bacterial resistance are growing,
a practical approach may lie in combining antibiotics
with nanoparticles, particularly older-generation
antibiotics that remained effective for many years
before widespread bacterial resistance has emerged.
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