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Antimicrobial resistance (AMR) is a global health issue, and multidrug-resistant
bacteria are causing diseases both in humans and animals. Nanoparticles can be
considered as a great substitute to cater this evolving concern. In this study, the
antibacterial potential of Fe-doped zinc oxide (Fe-ZnO) nanoparticles was determined
which was successfully prepared by the sol gel method against Staphylococcus aureus
and Escherichia coli. After synthesizing the nanoparticles, several characterization
techniques such as X-ray diffraction, scanning electron microscopy, Fourier transform
infrared spectroscopy (FTIR), and zeta potential were used. The structural morphology
of the nanoparticles including size, shape, and structure was described in these
characterization tests. Staphylococcus aureus is a multi-drug-resistant pathogen and
was cultured from bovine mastitis milk. Similarly, Escherichia coli was isolated from
poultry birds with colibacillosis. The antibacterial susceptibility tests were used to
determine the antibacterial effect of antibiotics selected to perform this test.
Afterwards, the Fe-doped ZnO nanoparticles were tested for their antibacterial activity
by agar well diffusion method and minimum inhibitory concentration. The results
indicated that the sol gel derived Fe-ZnO nanoparticles have great antibacterial effect
against Staphylococcus aureus and Escherichia coli. Statistical analysis showed
significant difference in antibacterial results of nanoparticles against the bacteria.
According to this study, Fe-doped ZnO nanoparticles can be considered a potential
antibiotic replacement for combating AMR.
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INTRODUCTION

reservoirs and through the food chain, and are already a
major One Health issue (Ahmad et al. 2023)

Antimicrobial resistance (AMR) is ranked as the biggest
threat by the worldwide medical community of all the
challenges that influence human health, food markets and
social development. According to the World Health
Organization (WHO) (2020), antimicrobial resistance is
included in the top ten human public health threats at the
global level. These diseases can be found to have an
economic impact on the magnitude of the financial crisis of
2008-2009 (O'Neill et al. 2016). AMR affects all types of
industry, including the frequent practices of administering
antibiotics to productive animal farms, such as poultry
farms and the milk-producing industry (Van Boeckel et al.
2015). These approaches have contributed to the evolution
of resistant bacteria in both animals that subsequently
infect humans through close contact, environmental
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The misuse of antibiotics is a point of great concern in the
third world countries, where there is no proper control
measures over medicine distribution. There is also very
little diagnostic and poor education of the population
regarding the use of antibiotics (Brower et al. 2017). The
continuous spread of AMR in the agricultural animal
industry needs some unique and novel approaches to
overcome such problems. Nanoparticles have shown great
success in overcoming AMR (Moo et al. 2020).

It is difficult to combat bacterial diseases caused by
multidrug-resistant (MDR) bacteria, such as Escherichia
coli and Staphylococcus aureus, in both human and
veterinary practice (Walther ef al. 2017). There are many
symptoms including skin infections, gut issues, and
mastitis in cattle, goats, and sheep that is caused by
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Staphylococcus aureus (Anwaar et al. 2023). The
resistance of these bacteria reduces the efficacy of
conventional antibiotics. The current sector of medicine
needs new treatments that can be utilized to replace or
improve existing treatments (Ventola, 2015).

Generally, most individuals tolerate E. coli in the intestines
without any complications, but it can transform into a
pathogen and cause infections such as urinary tract
infections, meningitis, and other infections (Smith et al.
2017). The current picture includes one of the issues that
many antibiotics are ineffective due to the increasing
prevalence of ESBL-producing strains of E. coli (Naiel et
al. 2024).

The recent literature on managing the growing pathogen
resistance that is increasing and devoted to using natural
compounds and developing materials as alternatives to
combat resistant pathogens is extensive. The latest
technique is a sinister one that pursues nanoparticles and
metal-doped nanoparticles (Sharma et al. 2016). The
nanoparticles exhibited an outstanding capacity to
withstand bacterial growth. Nanoparticle technology is
based on exceptional characteristics, such as a significant
surface area, small size, and molecular binding capacity,
which can remove microbial hazards. The introduction of
Fe-NPs as an innovative material has proven to be a better
antimicrobial material since the addition of iron ions not
only displays antimicrobial effects but also increases both
the stability of the nanoparticle and its biological behavior
(Slavin et al. 2017).

It has been scientifically proven that the efficiency of ZnO
nanoparticles increases when these structures are iron-
doped, as this method leads to increased ROS production
and increased cell membrane disruption in bacteria. ZnO
nanoparticles with added iron decreased the viability of S.
aureus and E. coli at a minimum inhibitory concentration
of 10 mg/mL (Zhang et al. 2021).

Nanoparticle technology has emerged to be a great
technique in the search for novel approaches against drug-
resistant pathogens (Sharma et al. 2016). Nanoparticles are
characterized by the combination of physicochemical
properties, such as a significantly high surface-volume
ratio and/or low particle size (1-100 nm) that enables them
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to permeabilize and destabilize bacterial cell surfaces.
Nanoparticles containing defects of iron are even more
virulent against bacteria (Slavin et al. 2017). Furthermore,
studies have demonstrated that doping of ZnO with an iron
ion (Fe*') result in higher stability and biological
performance (Slavin et al. 2017). Laboratory testing has
shown that a central mode of action for these nanoparticles
is ROS generation (including hydroxyl radicals (OH) and
superoxide anions (O2)) upon excitation with light, or on
interaction with bacterial cells (Slavin ef al. 2017). The
reactive oxygen species have a destructive impact on
bacterial cell membranes, proteins, and DNA, leading to
bacterial cell death (Slavin et al. 2017).

Moreover, iron doping gives the nanoparticles the
necessary magnetic characteristics to enable targeted
delivery to the location of infection through the application
of external magnetic fields, allowing localized treatment
with a minimum number of side effects on healthy tissues
(Sun et al. 2019). Doping enables the volume and
morphological flexibility of nanoparticles, which is a
potent tailored approach for designing next-generation
antimicrobial agents (Chen ef al. 2018).

Fe-doped ZnO nanoparticle was prepared by the sol-gel
process, and further the structural, morphological, and
surface properties of the nanoparticles were characterized
by X-ray diffraction (XRD), Scanning electron microscope
SEM, Fourier-infrared spectroscopy FTIR and Zeta
potential analysis (Sardar ef al. 2024). For photocatalytic
breakdown of methylene blue dyestuff, UV light
experiments were carried out within the control space of 60
min (Smith et al. 2017). It was found that the photocatalytic
activity of ZnO nanoparticles was greatly enhanced after
the addition of iron. High antimicrobial activity was
reported because of Fe doping during antibacterial tests
using Gram-negative Escherichia coli and Gram-positive
Staphylococcus aureus using the disc diffusion method
(Musat et al. 2017). In the present study, iron doped ZnO
nanoparticles were prepared by sol-gel method. Main
objective of this study was to identify the antibacterial
activity of Fe-ZnO nanoparticles against S. aureus and E.
coli by agar well diffusion and minimum inhibitory
concentration (MIC) technique.
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Fig. 1: Schematic Diagram of Mechanism of Action of Iron-doped Zinc Oxide Nanoparticles against bacteria.
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Fig. 2: Schematic Diagram of the workflow of the whole study.
MATERIAL AND METHODS

Ethical Approval

Ethical approval for data collection from animals was
obtained from the Institutional Biosafety Committee of the
University of Agriculture, Faisalabad. All procedures were
performed following institutional bioethical standards and
with the prior permission of the participating dairy farms.
Various measures were adopted to safeguard the rights,
dignity, and privacy of stakeholders and ensure the validity,
reliability, and integrity of the data.

Isolation of Staphylococcus aureus

Sample Collection

A total of 40 bovine milk samples was collected from cows
and buffaloes with clinical and subclinical mastitis. The
samples were obtained from clinical cases at the University
of Agriculture, Faisalabad, and from different farm
animals. Sterile and aseptic collection was performed
carefully to avoid contamination. The end of the teat was
wetted with 70 percent alcohol, and initial drops of milk
were discarded. Then, the samples were collected into
transportable Falcon tubes.

Pre-enrichment and Isolation

Milk samples were initially inoculated in sterile nutrient
broth and incubated at 37°C for 18-24 h to resuscitate
bacteria, especially Staphylococcus aureus, as well as to
enhance recovery (Glassmoyer et al. 2001). Isolated
colonies were obtained by enrichment, followed by
streaking on nutrient agar and incubating the agar at 37°C
for 24 h. Further analysis was performed on colonies with
typical morphology, such as round, opaque, golden, or
cream-colored (Min et al. 2022).

Selective Isolation on Mannitol Salt Agar

To selectively differentiate, the samples were kept on
Mannitol Salt Agar (MSA), which included 7.5 percent
NaCl to select against non-halotolerant bacteria (Kumurya,
2017). Mannitol and phenol red were also used as pH
indicators in the medium. The presence of S. aureus in
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mannitol fermentation results in a yellow hue of the
medium, indicating the presence of a living organism and
separating it among the staphylococci (Kumurya, 2017).

Fig. 3: Milk sample from a cow suffering from mastitis.

Microscopic and Biochemical Identification
The isotope colonies were isolated, and a sequence of tests
was performed to determine the isolated colonies.

Gram Staining

A smear of bacterial culture was placed on a glass slide, a
sample was heat-fixed and covered with the Gram stain
technique as follows: crystal violet of Gram, both iodine of
Gram and acid alcohol, and safranin of Gram. Microscopic
observation under an oil immersion objective allowed the
identification of atypical gram-positive and purple-staining
cocci-shaped cells in clusters, which is a typical feature of
Staphylococcus aureus (Becerra et al. 2016).
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Biochemical Tests

Two or a mix of biochemical tests were performed to
confirm the identity of the isolates. The catalase test was
used to distinguish between Staphylococcus (positive) and
Streptococcus (negative). A coagulase test was conducted
to determine the presence of the enzyme coagulase, which
clots plasma and is one of the main distinguishing
hallmarks of S. aureus (Sperber et al. 1975). A Voges-
Proskauer (VP) reaction was performed to probe the
fermentation of glucose to acetoin in the Voges-Proskauer
(VP) reaction; a positive reaction confirmed the presence
of S. aureus. Finally, the citrate test was conducted to
determine whether the organism could utilize citrate as the
only carbon source (Van Hofwegen et al. 2016).

Isolation of Escherichia coli

Sample Collection

Forty liver samples of poultry (broilers and layers)
suspected of having colibacillosis were collected for the
isolation of Escherichia coli. These small samples were
collected from a few poultry farms and the Diagnostic
Pathology Laboratory of the University of Agriculture,
Faisalabad. Strict adherence to aseptic procedures was
considered during dissection and sample collection to
prevent cross-contamination. Liver tissue was preserved
neatly in ice-cooled sterile vessels and taken to the
laboratory to undergo analysis. All samples were carefully
marked with their origin and identification number so that
they could be traced carefully.

Fig. 4: Taking E. coli samples from poultry liver.

Pre-enrichment and isolation

Samples were pre-enriched in Brain Heart Infusion (BHI)
at 37°C for 24 h. After inoculation, the broth became
viscous, which affected the results as a sign of bacterial
growth and the presence of viable chambers. The cultures
were then aseptically streaked onto MacConkey Agar, a
selective and differential culture medium that supports
gram-negative bacteria and distinguishes between lactose
fermenters and non-fermenters. E. coli was confirmed on
the chicken liver because of pink colonies that resulted
when lactose was fermented. Microscopic and Chemical
Identification. Isolates were Gram-stained, which
confirmed Gram-negative populations consisting of pink
rod-shaped bacilli, suggesting the initial identification of E.
coli (Becerra et al. 2016). For unambiguous confirmation,
conventional IMViC biochemical tests were performed. E.
coli was positive for Indole (tryptophan metabolism) and
positive for Methyl Red (MR) (acid produced by glucose
fermentation and stable). Non-acidic metabolites were not

detected in the Voges—Proskauer (VP) procedure, and the
inability to utilize citrate as the sole source of carbon was
detected in the citrate test. The classical IMViC profile
(synergistic- (++) characteristic ~with antagonistic
(mandelic acid- (formolic acid)) confirmed the identities of
the isolates as E. coli (Van Hofwegen et al. 2016).

Antimicrobial Susceptibility Testing (AST)

The antibiotic susceptibility of the identified bacterial
isolates was measured using the Kirby-Bauer disk diffusion
method according to Clinical and Laboratory Standards
Institute (CLSI) (Graham et al. 1985). The growth medium
used was Mueller-Hinton agar (MHA) due to the non-
selective and non-differentiating characteristics which can
ensure maximum growth of bacteria along with diffusion
of the antibiotics (Zakir et al. 2021; Kollerup et al. 2022).
A suspension of this bacterium was made and diluted to 0.5
McFarland standard (~1-2 x 108 CFU/ml). The MHA plates
that were inoculated with the bacteria were then inserted
with sterile antibiotic disks and incubated at 37°C for 24 h.
Susceptibility or resistance of the bacteria strains to the
antibiotics was measured using the diameter of zone of
inhibition around each disk in millimeters.

Preparation and Characterization of Iron-Doped Zinc
Oxide Nanoparticles

Synthesis

Fe-ZnO nanoparticles with iron doping were prepared
using a normal sol-gel procedure (Musat et al. 2017). The
synthesis process was carried out by mixing zinc sulfate
(ZnSO.4) and iron sulfate (FeSO4) cautiously as the
materials. A 1 M solution of ZnSOs was prepared by
dissolving ZnSO4-7H20 in distilled water independently,
and a 1 M solution of FeSO4 was prepared separately using
FeSO4:7H-0. The precipitating agent used was a 1| M
sodium hydroxide solution. Zinc sulfate solution (95 mL)
was first stirred, as shown in Figure 3, which shows that the
doping percentage decreased during the addition of further
titrants into the mixture and peaked at 9000 rpm, thus
illustrating that 2.5 mol of doping was reached. Sodium
hydroxide was added dropwise until the pH was brought to
the 10-11 range, which resulted in light precipitate
formation. The mixture was then stirred. To achieve full
gelation, the mixture was maintained for 1-2 h and then left
for 12-24 h to age. The resulting precipitate was washed
with distilled water and ethanol several times to remove
impurities, dried in a hot air oven at 80-100°C for 12 h, and
ground into a fine powder. The resultant product was
heated at 400-500°C for 2-3hours in a muffle furnace to
obtain the required particle structure.

Table 1: Composition of Fe-ZnO Nanoparticles (for 100 mL total
metal ion solution)

Component Concentration Volume Purpose
Used
Zinc 1M 95 mL Zinc precursor
Iron 1M SmL Iron dopant (5
mol%)
Sodium 1M ~100 mL  Precipitating agent
hydroxide
Distilled water — Asneeded Dilution and
washing
Ethanol — As needed Washing agent
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Characterization

A variety of techniques were used to identify the structure
and morphology of the synthesized nanoparticles (Sardar et
al. 2024).

X-Ray Diffraction (XRD): XRD technique was used to
identify the crystalline structure of the nanoparticles. This
was done to ensure that the crystal structure is of the
hexagonal type of wurtzite and that the iron is in the lattice
of the zinc oxide phase (Rao et al. 2023).

Scanning Electron Microscope (SEM): The morphology
and size of the synthesized nanoparticles were examined by
Scanning Electron Microscope (SEM) (Sardar, et al. 2024).
The method gave a clear image of the shape of the particles
and how they aggregated.

Fourier Transform Infrared Spectroscopy (FTIR):
Fourier Transform Infrared Spectroscopy was performed
for the determination of the functional groups and chemical
bonds, that are present on the surface of the nanoparticles
(Pasieczna-Patkowska et al. 2025). It refuted the presence
of other typical bonds, like ZnO, and gave evidence of the
other sample's purity.

Zeta Potential Analysis: Zeta potential of the
nanoparticles was performed to find out the surface charge
present on the nanoparticles. This parameter is very
important as it ensures the proper measurement of the
particle’s stability and bacterial cell interactions.

Antibacterial Efficacy Testing

Agar Well Diffusion Method

The antibacterial potential of Fe-ZnO nanoparticles were
measured using the Agar Well Diffusion method. S. aureus
and E. coli were inoculated or streaked on the plate
containing the Mueller-Hinton agar (Murray et al. 1983).
Wells were made that has diameter of almost 6-7 mm.
These wells were scraped on the agar using a sterile
instrument. After that, 50-100 mL of a nanoparticle
suspension of 1 mg/mL was added in each well. The plates
were then incubated for 18 to 24 h after to the inoculation
of the nanoparticle’s suspension. A zone of inhibition in
millimetres (mm), was measured around each well, as a
measure of the antibacterial effect (Holder et al. 1994).

Minimum Inhibitory Concentration (MIC)

The Minimum Inhibitory Concentration (MIC) assay was
performed to identify the lowest concentration of the
nanoparticles which is sufficient to prevent the growth of
bacteria. It was done through serial dilution in two-steps
(Vassallo et al. 2018). Known dilutions of the nanoparticle
suspensions were made in sterile broth to generate a
concentration gradient of nanoparticle suspensions. A
typical bacterial inoculum is in the order of 10° to 10°
CFU/mL (Montville et al. 2003).

Then each well was inoculated with 10 CFU/mL. After
incubation the wells spanned 18-24 hours at 37°C
(approx.). After incubation, all wells were examined
visually for turbid versus non-turbid, representing mucoid
versus non-mucoid bacterial growth (culture). From this
calculation, the total concentration of the suspension of
nanoparticles without detectable bacterial growth was

defined as the MIC. In addition to this, the optical density
(OD) of each well were defined at 620 nm by
spectrophotometer; the lower the OD, the lower the
bacterial growth and the deeper the antibacterial response
(Parvekar et al. 2020).

RESULTS

Isolation of Bacterial Strains

Isolation of Staphylococcus aureus

In Faisalabad, 40 milk samples were taken for bovine
mastitis throughout different dairy farms and at the
University of Agriculture, Faisalabad. The identification
and confirmation of Staphylococcus aureus using a set of
enrichment, isolation, and biochemical assays were
automated on the samples processed and cultured.

Growth of S. aureus

Samples were inoculated in nutrient broth (NB) and
streaked on Nutrient agar, and colonies of S. aureus
morphology (iconic, opacity, round, golden/cream color)
were selected. These were purified on Mannitol Salt Agar,
where mannitol-fermenting isolates turned the phenol red
indicator to yellow and presumptively identified as S.
aureus.

e

a)

Fig. 5: Growth of Staphylococcus aureus on different media: a)
Growth of Staphylococcus aureus on nutrient broth, b) Growth of
Staphylococcus aureus on Nutrient Agar, c¢) Growth of
Staphylococcus aureus on Mannitol Salt Agar.

Gram Staining

The presumptive isolates were followed by Gram staining
to conclusively identify them. Gram staining was used to
confirm the existence of Gram-positive cocci in grape-like
clusters, one of the main morphological features of S.
aureus.

Fig. 6: Gram staining of S. aureus.
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Biochemical tests of S. aureus
Catalase Test: Thirty-five of the isolates tested positive
with respect to catalase enzyme, and 5 were negative.

Coagulase Test: Thirty-five of the isolates were positive
regarding the production of coagulase, with five of them
giving a negative result.

Voges-Proskauer Test: A total of thirty-four were positive
concerning the production of acetoin, and six were negative.

Citrate Utilization Test: Thirty-six of them were positive,
demonstrating that they could utilize citrate as their only
carbon source; four of them were negative.

Through the overall outcome of all these biochemical tests,
each of the 40 samples was finally determined.
Staphylococcus aureus was positive in 21 samples and
negative in 19 samples.

Through the overall outcome of all these biochemical tests,
each of the 40 samples was finally determined.
Staphylococcus aureus was positive in 21 samples and
negative in 19 samples.

Isolation of Escherichia coli

Isolation and Growth

Forty samples were sampled and pre-cultured in the brain
heart infusion (BHI) broth, and the turbidity in the broth was
an indicator of bacterial growth. Following pre-enrichment,
MacConkey agar plates, which are developed to take care of
Gram-negative bacteria that ferment lactose, were isolated
with the samples. E. coli colonies grew pink with lactose
fermentation because the same acid generated that reacts
with the neutral red pH test reagent in the medium. This was
to test the presence of the bacteria in the sample.

Gram Staining Identification

Isolated E. coli was prepared by measuring Gram staining
and thereafter subjected to a range of biochemical tests. It
was revealed that Gram-negative, pink-stained, rod-shaped
bacilli were found either individually or in small groups
with Gram-stained reagents.

The following were the biochemical test results:

Indole Test

28 isolates detected a positive antigen as they produced a
red or pink zone, as shown by the formation of the red/pink
color following the addition of the reagent (Kovac).

Methyl Red Test
26 isolates were positive regarding the production of acetyl
carbinol.

Voges-Proskauer Test
26 isolates were negative in terms of the absence of
metabolite production of non-acidic ones.

Test of the Citrate

29 isolates had a negative result in terms of citrate use since
E. coli does not usually produce the required enzyme.
Using the combined outcomes of these tests, 25
Escherichia coli positive isolates were determined, and 15
Escherichia coli negative isolates were determined.

Antimicrobial Susceptibility Testing

AST on S. aureus

Antimicrobial susceptibility testing was done on S. aureus
with different antibiotics using the disk diffusion method.
The results showed that this bacterium was resistant to
antibiotics, including ceftazidime and amoxicillin.
However, doxycycline, erythromycin, and lincomycin have
shown great antibacterial potential against these bacteria.
The one-way ANOVA showed that the mean zone of
inhibition and standard deviation among different
antibiotics against S. aureus shows extreme low p value
which is P < 0.0001. It indicates that at least one of the
antibiotics shows significantly different results which
reject the null hypothesis.

AST on E. coli

AST was also done on E. coli with a similar disk diffusion
method. The results showed great resistance of E. coli
against commonly used antibiotics like amoxicillin,
doxycycline, and erythromycin. However, norfloxacin,
colistin, and ceftazidime showed good results. The one-
way ANOVA showed that the mean zone of inhibition and
standard deviation among different antibiotics against E.
coli shows extreme low p value which is P < 0.0001. It
indicates that at least one of the antibiotics shows
significantly different results which reject the null
hypothesis.

Characterization of Fe-ZnO Nanoparticles

X-Ray Diffraction XRD Results

ZnO was identified to contain a crystal structure of
hexagonal wurtzite. The analysis by X-ray diffraction
showed that the (100), (002), and (101) planes had the same
diffraction peaks as the known ZnO (JCPDS 36-1451). The
peaks of homogenized doped ZnO in the same planes (100)
(002) are shorter than those found in zinc acetate/sodium
hydroxide ZnO. In the case of (101), the peak has become
narrower and sharper, is taller and reflects smaller, more

a) b

i
c) ' ' d)

{!

Fig. 7: Biochemical test results of S. aureus, (a) Catalase test results, bubble formation show a positive result, (b) Coagulase test, in
which clothing shows a positive result, (c) Voges-Proskauer result shows a positive result by production of acetoin, (d) Citrate utilization

test, which shows how citrate can be used as a carbon source.
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uniform crystallites. Although ZnO has been doped with
ferric ions, the major peak observed under 36.275° (20) is
changed slightly, and no other ferric oxide peak is
observed, which proves that ZnO still belongs to the
crystalline structure. Due to the variation in FWHM, the
crystallite size was calculated as 20. 37 nm, and the
structure of doped ZnO did not correspond to what was
assumed undoped ZnO was supposed to look like.

|b)

Fig. 8: Growth of E. coli on different media, (a) growth of E. coli
on Brain Heart Infusion Broth, (b) Growth of E. coli on
MacConkey Agar showing pink color colonies.

a)
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Scanning Electron Microscope

Nano-flake Iron-doped ZnO was prepared as opposed to a
nanospherical shape in the micrograph at 20 KX. In the
micrograph, you can more easily visualize the shape and
the sizes of the flakes in the nanoflakes. The flakes were
attracted out of the agglomerate due to their polar and
highly charged flat surfaces. The particles composing each
flake are 100x70 nm in radius, and the thickness of the
flake is average in the range of 20 to 25nm. Post-doping
ZnO with ferric ions provided nanostructures of thin
thickness and morphologies compared to those before.

Fourier Transform Infrared Spectroscopy FTIR Results

FTIR-based analysis provided information about the
surface existence of -OH groups on the composite. The
spectra obtained in Fe-ZnO samples are shown in (Fig.
4.17). The FTIR established the presence of the species,
iron, and zinc, as well as confirmed the locality of the
functional groups and structures of the functional groups in
2.51% of iron in iron-zinc oxide. Recombination of the OH
groups was the cause of reducing this band. In addition to
the foregoing, there appears to be a cracked peak in
3860.67 cm—1, indicating that a certain amount of water
had been incorporated into the folds of the polysaccharide,
and the low peak in the range of 1096.55 cm—1, indicating
the presence of the C-O bond stretch belonging to the
carbonoxyl group of glucose in the fibres. No appearance
of carbon-based functional groups in the sample was
observed by the absence of any peaks at the positions of
1500-1650 cm—1 and 2150-2350 cm—1. And it implies that
Fe-ZnO is highly pure according to the norms. The action
of Fe influenced the structural characteristics of ZnO,
where there was a small peak at 510.45 cm—1. No band was
observed below 500 cm—1 corresponding to the Zn-O band
of undoped ZnO, but was rather shifted and found not at a
lower frequency, but at a higher frequency, 535 cm—1in the

\

c)’ '.

Fe-doped ZnO.
| d)

Fig. 10: Biochemical test results of E. coli, (a) Indole test results, red color ring shows positive result, (b) Methyl Red test in which
production of acetyl carbinol shows positive result, (c) Voges Proskauer result show positive result by production of acetoin but it is
negative in this case, (d) Citrate utilization test which shows how citrate can use citrate as carbon source, it is negative in this case.

Fig. 11: AST results on S. aureus using the Disk Diffusion
method
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Fig. 12: AST results Graph on S. aureus using the Disk Diffusion
method
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Fig. 13: AST on E. coli.
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Fig. 15: XRD Results of Fe Doped ZnO Nanoparticles.
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Fig. 17: FTIR Results of Fe-ZnO NPs.

Zeta Potential Results

A tremendous jump in the positive zeta potential of Fe ZnO
at a specific value is recorded, which is 17.4 mV. The results
of the Zeta potential indicated that the surface of every
observed Fe ZnO molecule was positively charged. Since
this peak moved toward the higher end, they could establish
that doping I to Fe ZnO caused its zeta potential to be not
equal to that of ZnO. Based on its Conductivity (1.65mS/cm)
value of Fe ZnO, the photocatalyst would perform well.

Antibacterial effects of Iron Doped Zinc Oxide
Nanoparticles

The Agar Well Diffusion method was used.

The use of the agar well diffusion method was also applied
in this study to determine the antibacterial effects that were
caused by the nanoparticles. The basic outcome of Fe-ZnO
nanoparticles in the agar well diffusion method was
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Fig. 14: Graph of AST of E. coli.

Fig. 16: SEM Results of Fe-ZnO NPs.

immense intermediate. These NPs demonstrated relatively
greater performance compared to Staphylococcus aureus
when compared to Escherichia coli. The average diameter
of inhibitory areas created by these nanoparticles siblings
against the Staphylococcus aureus was 18.22 mm
compared to the average diameter of inhibitory areas
against the Escherichia coli at 12.33 mm.

Zeta Potential Distribution

100000t - - -
800001

Total Counts

600001
400001 " - -
200001

o+

Apparent Zeta Potential (mV)

Fig. 18: Zeta Potential Results.

a) ‘ b)

Fig. 19: Agar well diffusion method results of Fe-ZnO
nanoparticles ZOI, a) Antibacterial result against S. aureus b)
Antibacterial result against E. coli
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Table 4: Fe-ZnO against S. aureus and E. coli

Bacteria Mean + Standard Deviation Results (mm)
Staphylococcus aureus 18221

Escherichia coli 12.33 £0.58

Fe-ZnO NPs (1000 pg/mL) against S.aureus and E. coli
using Agar Well Diffusion Method

18.6

Zone of inhibtion in mm

Staphylococcus aureus (mm)

E. coli (mm)

1000pg/mL Iron Doped ZnO Nanoparticles

Fig. 20: Graph displaying the antibacterial effect of Nanoparticles
against the bacteria.

A one-way ANOVA test was done to check the
significance and the results shows that there is a significant
difference between the results so the p < 0.0001 which
means that there is a significant difference between the
antibacterial results of these nanoparticles against these
two bacteria.

Minimum inhibitory concentration

The minimum inhibitory concentration was also performed
in this study to test the minimum dose of nanoparticles to
inhibit the growth of nanoparticles and that of such
bacteria.

The MIC value was also at the 2nd well, S. aureus. It
indicates that the nanoparticles' MIC value was 500 pg/ml,
and it was 250 pg/ml in E. coli.

Mean + Standard Deviation
Bacteria Results (mm)

Staphylococcus aureus 18.22 + 1
Escherichia coli 12.33 £0.58

Fig. 21: Result of MIC of Fe-ZnO nanoparticles against both
bacteria.

Fig. 22: OD values of MIC of Fe-ZnO nanoparticles against both
bacteria in the spectrophotometer.

Nanoparticles were 500 pg/ml, whereas in E. coli the MIC
value was 250 pg/ml.

The value was measured in the spectrophotometer, which
reported the value of optical density.

The ANOVA results show that there is a significant
difference in the mean values of the MIC of these

nanoparticles against these bacteria. The P value obtained
is less than 0.001 which means (P<0.001). So, statistically
there is significance difference recorded.

DISCUSSION

The global rise of antimicrobial resistance (AMR)
highlights an important issue to the public health, that
enables the researchers to find out some novel
antimicrobial agents (WHO, 2020). This study reports the
successful synthesis and shows great antibacterial efficacy
of iron-doped zinc oxide (Fe-ZnO) nanoparticles against
multidrug-resistant (MDR) strains of Staphylococcus
aureus and Escherichia coli. The results are analyzed in the
context of already established literature, which also
highlights the mechanisms of action and shows the
potential of Fe-ZnO nanoparticles as a great substitute to
conventional antibiotics.

In this study, Fe-ZnO NPs were synthesized via the sol-gel
method. Broad and intense peaks were obtained from the
X-ray diffraction (XRD) which highlighted a fine
crystalline structure with low crystalline degree. This kind
of structure is more common for sol-gel process at a low
temperature (Musat et al. 2017). Fourier-transform infrared
(FTIR) spectroscopy was performed to verify that Fe was
embedded in the ZnO lattice by a change in vibrational
bands. In fact, the experiments have validated the iron
doping could enhance the antimicrobial and photocatalytic
activity of ZnO. In the current work, the localized surface
defect and band gap modulation has been achieved (Zhang
et al. 2021).

In terms of antibacterial activity of Fe-ZnO nanoparticles
against MDR strains of S. aureus and E. coli, our results
resemble to the already published studies. One of the most
important findings of this study is the differential
susceptibility of bacterial species, with differential
vulnerability of the Gram-positive S. aureus and less
vulnerability of the Gram-negative E. coli. This
observation is directly correlated with the work of Yin et
al. (2024), who likewise reported a superior effect of Fe-
doped ZnO against S. aureus than E. coli. It is illustrated
by the difference in the bacterial cell wall structure. Our
observations further resemble by the work of Zhang et al.
(2021), who found that iron doped ZnO nanoparticles are
remarkably effective, and the major cause of enhanced
activity is present in the generation of reactive oxygen
species (ROS). The values obtained from the MIC in this
study are similar to and even higher than those studies
(Zhang et al. 2021; Musat et al. 2017; Sardar et al. 2024).
Though our findings follow the most recent work, it is
important to acknowledge disagreements in the literature,
which highlight the complexity involved in nanoparticle-
based antimicrobials. In addition, although the work of
Zakir et al. (2021) is not directly comparable with ours,
since their results on emerging trends of drug-resistant
bacteria in clinical facilities strengthen the importance of
our research overall, as well as that of the novel agents such
as those we have developed.

The mechanism of the bacterial antagonistic activity of the
Fe-ZnO nanoparticles is considered to predominantly be
due to the formation of reactive oxygen species (ROS),
especially the hydrogen peroxide radical. An increased
quantity of these highly active radicals is generated because
of the ensuing boosted photocatalytic activity of the Fe-
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doped ZnO (Giram et al. 2024). The ROS then can trigger
oxidative stress, leading to lipid peroxidation of the
bacterial cell membrane, disorganized cell membrane,
cytoplasmic leakage and eventually to cell death (Yang et
al. 2018). The higher susceptibility of S. aureus is
postulated to be due to the greater permeability of its cell
wall, which enables the accumulation of a higher
concentration of ROS at the cell membrane and extensive
damage.

The activity of synthesized nanoparticles against bacteria
was tested through the antibacterial efficacy study under
Agar Well diffusion, and MIC revealed the high
antimicrobial action of the developed nanoparticles
molecules. However, a closer look at the data reveals an
interesting phenomenon. Where the nanoparticles
exhibited a higher inhibition zone with S. aureus (18.22
mm) than E. coli (12.33 mm), the MIC value was lower
with E. coli (250 mg/mL) than that of S. aureus (500
mg/mL). This inner paradox is attributable to the
divergence between the diffusion of the antimicrobial agent
in the agar and its own potency at the cellular level
(Emami-Karvani and Chehrazi, 2011). A zone of inhibition
depends on both the agent's efficacy and diffusion of the
agent through the medium. The variation implies that a
lower nanoparticle concentration is required to prevent the
growth of E. coli (lower MIC), but the nanoparticles can
diffuse less into the agar than their lethality would indicate.
On the other hand, the bigger size of the inhibition zone in
S. aureus can be attributed to faster or effective local action
at the well, possibly associated with the specific wall
structure. The thick cell wall of Gram-positive bacteria may
be more vulnerable to physical disruption by the
nanoparticles, whereas the outer membrane of Gram-
negative, E. coli, may constitute an early diffusion barrier,
though its intracellular organisms may prove more
vulnerable at lower concentrations, once the barrier is
crossed (Zgurskaya et al. 2020).

The research demonstrates sound scientific and empirical
data on using iron-doped zinc oxide nanoparticles as a
potential and effective antimicrobial alternative (Moo et al.
2020). Their great relative effectiveness asking the so-
called drug-resistant pathogens, even when the sources
were extremely important in the agriculture industry,
testifies to their high ability as an efficient weapon in the
arsenal in combating the drug-resistant pathogens.
Conjunctive attention to veterinary isolates is especially
topical because it directly refers to one of the main carriers
of AMR transmission in the One Health approach
(Velazquez-Meza et al. 2022). The results indicate that
such nanoparticles could be optimized into a powerful
therapeutic tool in animal medicine as well as, possibly, in
human medicine. Further studies are needed on in vivo
studies that would determine the biocompatibility of their
materials in animal models. Optimization of synthesis
parameters further, or optimization of the induction of
homogenized nanoparticles of definite properties in
cultured cells, could subsequently be studied to refine
nanoparticle characteristics to a particular application and
enhance their stability and sustained effectiveness.

Conclusion
The study proves the fact of a widespread multidrug
resistance to Staphylococcus aureus and Escherichia coli

in the local agricultural context, and it is noteworthy that
the problem of antimicrobial resistance gained such
widespread spread widely. The paper has managed to
generate and characterize iron-doped =zinc oxide
nanoparticles, which showed strong antibacterial
effectivity against these pathogens that are very resistant.
The characterization data displayed a distinct nano-flake
morphology and a preferential positive charge on the
surface, and these play a part in determining the efficacy of
the nanoparticles by maximizing physical as well as
chemical interactions between the nanoparticles and the
bacterial cell membrane. Quantitative results obtained
during the Agar Well Diffusion and the MIC assays are
strong indicators that these nanoparticles make a useful
antimicrobial agent. This research confirms the enormous
potential of nanoparticles as a new treatment mode, giving
a new and promising opportunity to face antimicrobial
resistance and protect human health.
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