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agents to ensure the safety of public health. Therefore, the present — i
investigations were used to achieve the synthesis of iron oxide
nanoparticles (IONPs) via a simple coprecipitation method using >
ferric nitrates Fe (NO,); as the precursor and hydrazine solution as ~ Fe®0)silt05M)
the precipitator and to explore the antibacterial activity against
eradicating Uropathogenic Escherichia coli (E. coli). The synthesized
IONPs were further studied using a UV—vis spectrophotometer,
Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), and scanning electron microscopic (SEM) analysis. The
maximum surface plasmon resonance peak was observed as
absorption at 320 nm in a colloidal solution to validate the synthesis of IONPs. The FT-IR analysis was used to identify
different photoactive functional groups that were responsible for the reduction of Fe (NO;); to IONPs. The crystalline nature of
synthesized IONPs was revealed by XRD patterns with an average particle size ranging as 29 nm. The SEM image was employed to
recognize the irregular morphology of synthesized nanoparticles. Moreover, significant antibacterial activity was observed at 1 mg/
mL stock solution but after (125, 250, and S00 pg/mL) dilution, the synthesized IONPs showed moderate activity and became
inactive at lower concentrations. The morphological and biochemical tests were used to confirm the presence of E. coli in the
samples. Furthermore, the minimum inhibitory concentration (MIC) and minimum bacterial concentration (MBC) were carried out
to determine the inhibitory concentrations for the isolated bacteria. The isolated E. coli were also subjected to antibiotic sensitivity
testing that showed high resistance to antibiotics such as penicillin and amoxicillin. Thus, the findings of this study were to use
IONPs against antibiotic resistance that has been developed in an inappropriate way.

70°C/8-10 pH

Precipitaty
recipitate Different concentrations 1 mg/mL

Autibacterial 4125 250, 500 gL was used

Activity to analyze the activity

After
Calcination

- Antibiotic Susceptibility against E. coli

1. INTRODUCTION were used in industrial processes has ignited a significant
interest in using nanoparticles to address environmental issues
such as contamination identification, removal, and prevention.9
The Z-scheme iron oxide nanoparticles (IONPs) have
heterostructure, derived from Fe—MOFs, which are applied
to the photodegradation of tetracycline and methylene blue
pollutants in wastewater.'”"" The magnetic properties of
IONPs are of great interest in different fields, including
biotechnology and medicine,® where different chemical
compounds serve as ligands for IONPs. It has been observed
that the three-dimensional nanoparticle are longer than the

In the 2Ist century, nanotechnology has flourished and
become a major industrial field." The particles with a size
range between 1 and 100 nm in two or three dimensions were
assist. The differences between the chemical and physical
properties of nanoparticles are from their bulk microscopic
forms.” In the 1980s, C60-Fullerene was recognized as an
important nanoparticle.” Another important type of carbon-
based nanoparticles was carbo-nanotubes regarded as crucial
due to their significance in neurobiology applications.”> In
addition, many different types of nanoparticles including metal
oxides or metal nanoparticles are available that consist of a

metal oxide core surrounded by a ligand shell which shows a Received: May 4, 2023
wide range of properties, both in solution and when isolated Revised:  July 21, 2023
from the metal or bulk substance. Nanoparticles are considered Accepted:  November 13, 2023

for various applications, including as a catalyst,” in cosmetics,” Published: December 26, 2023

and as an antibacterial agent” due to their extensive properties.
The development of environmentally friendly products that
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nanorods or nanowires, both of which have a size of less than
100 nm in the two dimensions.'” When it comes to measuring
the size and shape of nanoparticles, electron microscopy is one
of the most reliable techniques. The morphology of nano-
particles is calculated using SEM, and the Scherrer equation is
used to examine the particle size.'” Dynamic light scanning
(DLS) or photon correlation spectroscopy is used to calculate
the hydrodynamic diameters of NPs in suspension.'* Magnet-
ite (Fe;0,), hematite (Fe,O;), maghemite (Fe,O;), and
Waustite (Fe,O;) are the most common types of IONPs.
Different methods like coprecipitation,> pulse laser decom-
position,16 electrochemical,’” microemulsion,'® surfactant-
mediated/template synthesis,'” forced hydrolysis,”” and sol—
gel”' are used to synthesize IONPs. The coprecipitation
procedures are highly efficient and straightforward chemical
processes that can be used to synthesize IONPs in substantial
amounts.”

IONPs have gained a great deal of interest in various fields
such as food preservation,23 ferrofluids, antibacterial activity,24
biosensor,> magnetic refrigeration for MRL*® cell sorting,27
targeted drug delivery,”® and hyperthermic cancer treat-
ments,”” because of their specific properties. Recently, resistant
bacterial strains have emerged, making it imperative to develop
new antibacterial agents from a wide range of areas. Therefore,
the need of attractive methods for the replacement
antibacterial agents and lowering biofilm formation has
emerged because of advancements in nanotechnology.”® It is
not well understood how nanoparticles are used to treat human
cells, but their toxicity to bacteria has been well-documented
for decades. The term UTI is used to describe a wide variety of
medical conditions, from a life-threatening kidney infection to
the presence of bacteria in the urine without any symptoms.
Besides Escherichia coli, Klebsiella spp. Pseudomonas, Staph-
ylococcus saprophyticus, Enterococci, and Proteus mirabilis have
been linked to UTL*' Virulent E. coli strains cause urinary tract
infections, food poisoning, and neonatal meningitis. Some of
the cases have been reported for pneumonia, mastitis,
septicemia, peritonitis, and hemolytic uremic syndrome.*”
Therefore, antibiotic resistance has been a critical issue in
biomedical fields. So, the aim of the current investigation was
to introduce new antibiotic resistance by using IONPs and
testing them against Uropathogenic bacteria that cause UTL
There is no specific literature available on the eradicating
Uropathogenic E. coli patients that cause UTI in district Kohat,
KPK, Pakistan. Herein, in this article, we are reporting the
synthesis of IONPs using the coprecipitation method and to
explore their antibacterial activity in eradicating Uropathogenic
E. coli for the first time. Further, the MIC and MBC were used
to examine the inhibitory concentration of the isolated
samples, and different biochemical tests were used to confirm
the presence of E. coli. In this study, the effectiveness of
commonly used antibiotics with that of IONPs was also used
to determine the sensitivity of antibiotics against isolated
bacteria. Accordingly, different antibiotics are available in local
pharmacies without a prescription from a physician or doctor.
The people with low literacy rates frequently overuse and
misuse antibiotic. Therefore, it is essential to synthesize new
antibacterial agents for antibiotic resistance. So, this work was
carried out to synthesize IONPs using coprecipitation methods
and then to explore the antibacterial applications of the
synthesized IONPs.
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2. MATERIAL AND METHODS

2.1. Synthesis of IONPs. The coprecipitation method was
used to synthesize IONPs which is effective with a negligible
effect on the environment. The solution was prepared in which
water was mixed with a mixture of ferrous and ferric nitrates Fe
(NO,); at a concentration of 0.05S M. After that, S0 mL of
aqueous solution of (0.04 M) hydrazine was used as the
precipitating agent that was mixed into the reaction mixture in
a dropwise manner. The mixture was stirred at a ratio of 1:2 in
a 250 mL conical flask using a magnetic stirrer for 30 min.
Thereafter, the pH of the reaction rises after introduction of
the hydrazine solution. The dark brown color change in the
reaction mixture was observed. The UV—vis spectrophotom-
eter was used to examine the reaction mixture. After 10 min of
reaction, the maximum UV—vis peak was attained. Then, the
aqueous solution was heated at 700 °C, using a hot plate
stirrer, to obtain a precipitate of IONPs. The synthesized
IONPs were collected after being drying in a furnace at 850 °C
and were used for further characterization and biological
evaluations.™

2.2. Characterization. The properties of IONPs were
examined under different techniques that help to understand
accurate, rapid, and reliable synthesis. The optical, structural,
and morphological properties of synthesized IONPs were
exposed to different characterization techniques including
UV—vis, FT-IR, SEM, and XRD analysis. The UV—vis
spectrum was obtained using a UV-—vis spectrometer
(U3900, Hitachi) at room temperature, and a quartz cuvette
containing distilled water was used as a solvent at a scan rate of
300—800 nm/min. The crystallinity of the synthesized IONPs
was measured using an X-ray diffractometer (Ultima IV model,
Rigaku cooperation, Japan) operating with nickel-filtered Cu
Ka (k51.54 A), and the diffracted intensities were recorded
from 20 to 70° at 20 with a scan rate of 1 min~! at 40 kV/40
mA current with dried IONPs on an XRD grid. While the FT-
IR spectra were recorded using a spectrophotometer (Bruker
Tensor-37 spectrometer, Germany) using KBr pellets in the
4000—400 cm™' range at 4 cm™' resolutions. The morphology
of synthesized IONPs was done by SEM Version 1.0 (JSM-
6510), at an accelerating voltage of 15 kV. In this analysis, the
IONPs sample was shifted to a carbon grid, and the leftover
sample was cleaned with blotting paper. Then, the newly
created IONPs were captured after drying for 15 min under a
mercury lamp. A high-pressure mercury lamp excited the
retained molecule or proteins that showed autofluorescence.

2.3. Antibacterial Activity against Uropathogenic
Escherichia coli. 2.3.1. Preparation of Stock Solution.
Stock solutions (1 mg/mL) of IONPs were prepared in
dimethyl sulfoxide (DMSO) and subsequently diluted to 125,
250, and 500 pg/mL of concentrations, respectively.g’4

2.3.2. Collection of Bacterial Pathogens. Uropathogenic E.
coli was sampled from patients at the Combine Military
Hospital (CMH) in Kohat, KPK, Pakistan. These isolates were
dispersed to the KUST Department of Microbiology in Kohat,
Pakistan, and underwent standard testing protocols.”

2.3.3. Culture Media Preparation. In this analysis, 50 urine
samples of E. coli were collected from patients in a CMH,
Kohat. The Cystine-lactose-electrolyte-deficient agar (CLED)
was used to inoculate the urine samples. The CLED media was
used for the detection of urinary bacterial pathogens that help
and develop the growth of microorganisms, specifically Gram-
positive and Gram-negative bacteria. It was also used for the

https://doi.org/10.1021/acsomega.3c03078
ACS Omega 2024, 9, 166—177


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

isolation of urinary pathogens that provide different colonial
morphology. After that, IONPs were subjected to standard
microbiological identification procedures, including colony
morphology, cellular morphology, and biochemical testing, to
confirm their authenticity.36 The Petri dishes, flasks, and test
tubes were washed prior to being placed in a laminar flow
hood, used to mix the CLED media, and then autoclaved for
15—20 min at 15 psi of pressure and 121 °C temperature. After
being sterilized, the media flasks were transferred to the
Laminar Flow hood to preserve them from contamination. In
each Petri dish, 36 g of premix media was added and allowed
to settle down. Aluminum foil was employed for covering the
Petri plates to prevent contamination and then incubated at 37
°C for 24 h to check whether the medium was sterile under
aerobic conditions. The samples were plated on CLED agar
Petri plates in a biosafety cabinet and incubated for 24 h at 37
°C temperature. Incubation on CLED agar results in the
detection of colonial growth. A method of subculturing was
utilized to obtain genetically identical colonies. Standard
biochemical tests were performed for identification of the
isolated colonies of the pure culture including oxidase, catalase,
Triple Sugar Iron (TSI) test, motility, indole, methyl red
(MR), Vogues-Proskauer (VP), citrate utilization, and urease.

2.3.4. Purification by Different Media. The plates of
MacConkey and Blood agar were further used to filter
colonies. Colonies of nonlactose fermenters were a light
brown color on MacConkey agar and a nonhemolytic white
cream color on blood agar plates. The media was prepared by
mixing 50 g of agar with 1 L of distilled water and subsequently
heating the mixture until the agar was completely dissolved.
The media was autoclaved at 121 °C and 15 ibs for 15 min,
cooled to 50 °C, and then poured into sterile plates. The
separation of Gram-negative bacteria was done by using
MacConkey agar. It was used in the distinction of fermenting
lactose from nonfermenting lactose Gram-negative bacteria.
The isolation of pathogens from biological samples, water, and
dairy products was accomplished. Additional bacterial cultures,
such as UTI patients, were typically grown on a MacConkey
agar medium.

2.4. Morphological Identification of E. coli Species.
Gram staining was used to identify the E. coli species. The
smear was made by placing a drop of normal saline on the slide
of the microscope and mixing it into the bacterial colony. It
was heated once the mixture was dried and treated with 0.5%
crystal violet, which was then washed off with tap water after
being left on for a minute. The slide was mordanted with 1%
Lugol’s iodine for 1 min and again washed with water for
excess staining. The reaction was removed from the 95%
alcohol after 30 s by washing it off with water, until color
ceases to run out of the smear. It was dried at room
temperature and observed under microscopic analysis. Pairs of
Gram-negative reddish-pink rods were revealed.

2.5. Biochemical Identification of E. coli. Many other
biochemical tests were used to positively identify E. coli, such
as those for oxidase, catalase, TSI test, motility, indole, MR,
VP, citrate utilization, and urease. Identification was made with
the help of Bergey’s Handbook of Systemic Bacteriology.”’

2.5.1. Oxidase Test. The organism with a positive oxidase
test has cytochrome oxidase. Enzymes like these are crucial for
cellular respiration because they mediate the transport of
electrons from the electron donor nicotinamide adenine
dinucleotide hydrogen (NADH) to the electron acceptor
ubiquinone (oxygen). An oxidizing agent created a compound
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with an indophenol blue color. The enzyme cytochrome
oxidase can be identified by this biological method. The
presence of cytochrome oxidase gives this product its
distinctive purple color. On a tiny piece of filter paper, 1%
oxidase reagent was dropped. A bacterial colony was mixed
with the oxidase reagent on filter paper using a toothpick taken
from a fresh bacterial culture plate left out overnight. Within
15—20 s, the color shift was observed. If the color changes to a
deep purple in less than 10—20 s, the organism is classified as
oxidase-positive. Negative results from the oxidase test were
reported if the color did not change or if the reaction time
exceeded 2 min.

2.5.2. Catalase Test. Microorganisms that may be tested for
their production of the catalase enzyme can be categorized
using this assay. With its ability to convert 3% hydrogen
peroxide into harmless water and oxygen gas, this enzyme is a
powerful tool in decontamination. For this experiment, we
used a sterile toothpick to collect a bacterial colony that had
been growing for 24 h and then cultured it on a microscope
slide. The organism on the microscope slide was treated with
one drop of 3% H,0, from a dropper. Rapid bubble generation
was seen after the Petri dish was covered to prevent the aerosol
escape. If bubbles form, the catalase test was successful;
otherwise, the result was likely negative.

2.5.3. Motility Test. Motility was examined by checking the
flagella for movement. All of the organisms that are not able to
move around on their own lack flagella. Differential medium
brain heart infusion agar (BHI) with 0.5% agar was used for
the semisolid Agar method of determining an organism’s
motility. Motile bacteria, when cultured on semisolid agar
plates, grow in a swarming and dispersed pattern that can be
seen by the naked eye. The unclear growth was widespread in
the media. Contrary to the surrounding environment, growth is
also observed along the stab line. On the contrary, when the
bacteria are not motile, there is no evidence of diffusion, and
the medium retains its transparency. There was a little tube of
BHI agar, which is a semisolid medium for cultivating bacteria.
The top of the test tube was used to avoid the release of any
potentially harmful substances into the atmosphere. While
collecting organisms from a single colony on plates cultivated
for 18 to 24 h, a sterile inoculating loop or wooden toothpick
was utilized. The medium was inoculated with a loop of a
sterile inoculating loop (or a wooden toothpick). Bacterial
growth was observed after incubating the test tube at 37 °C for
24 h following inoculation.

2.5.4. TSI Test. Differentiating bacteria in the gut is done
with TSI media. Ingredients in the medium included phenol
red, nutritional agar, 1% lactose, 0.02% ferrous sulfate, and
0.1% glucose. In this analysis, we used phenol red, a pH
indicator. If the medium is acidic, the red phenol will change to
a yellow color. The color of phenol red changes to violet when
exposed to alkaline media. The medium will turn yellow if
certain organisms absorb glucose in it. Because there is a finite
amount of glucose in the medium, bacteria can oxidize amino
acids to produce ammonia byproducts of their metabolism.
The surface of the slope took on a purplish tint after ammonia
was used to increase the pH. A crimson slant and a yellow dot
indicate that glucose has been digested by the bacteria.
Bacterial fermentation of sucrose and lactose resulted in a
yellow solution. The formation of gas bubbles in the agar
medium shows that the slant of the TSI successfully produces
gas. H,S reacts with ferrous sulfate to produce ferrous sulfide, a
dark black precipitate. The inoculum from one culture was

https://doi.org/10.1021/acsomega.3c03078
ACS Omega 2024, 9, 166—177


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

placed on a fresh slant of TSI. The infected tube was incubated
at 36 °C for 24 h, and the outcomes were evaluated.

2.5.5. Urease Test. With a urease test, we can identify the
many types of bacteria that catalyze the conversion of urea into
ammonia and carbon dioxide. Contaminating bacteria colonies
were smeared onto urea agar plates by using a sterile loop. A
change in color from yellow to pink on urea agar after
overnight incubation is evidence that the organism produces
urease.

2.5.6. Citrate Test. The ability to use citrate as a carbon and
energy source is tested by subjecting isolated organisms to a
citrate utilization test. A positive result indicates that citrate
metabolism generates alkaline byproducts. The pH base’s
color-changing indicator shows that the medium has an acidic
pH. Gram-negative bacteria and environmental isolates can be
identified with the help of the citrate utilization test battery. To
conduct the citrate test, a test tube containing potential
pathogens was pierced with a straight sterile loop containing
citrate agar. Overnight, the tubes were placed in an incubator
for 30 h; a positive citrate test is indicated by a color change
from blue to green in the citrate media, whereas a negative
result shows no such change.

2.5.7. Indole Test. The ability of bacteria to catalyze
tryptophan via the enzyme tryptophanase and generate indole
is measured by this assay. There are three possible byproducts,
and indole is one of them. Pyruvate and ammonium are the
other two. To detect indole production, a reagent called
Kovac’s or Ehrlich’s reagent is utilized. This reagent contains 4
(p)-dimethylaminobenzaldehyde, which reacts with indole to
produce the red chemical quanidol. If the top of the test tube is
circled in red, then the result is positive. The colony was
transferred from the plates to the peptone water broth in the
test tube using a sterile loop. When 2—3 drops of Kovac’s or
Ehrlich’s reagent were added to the peptone water broth and
allowed to incubate for 24 h, the results were visible.

2.5.8. Methyl Red Test. The goal of the experiment was to
see whether the suspected microorganism under study could
perform mixed acid fermentation in the presence of glucose.
Lactic acid, succinic acid, and acetic acid are the three types of
acids that result from this fermentation. The medium’s pH is
below 4.4 because of the high concentration of acid. Methyl
red (p-dimethylaminoaeobenzene-O-carboxylic acid), a pH
indicator, becomes yellow above pH 5.1 and red above pH 4.4,
indicating that the pH level is quite low. Blue to red within a
few minutes indicates a positive reaction. A wire loop was
sterilized and then used to transfer a culture inoculum to a
sterile tube of the Massachusetts Rental Voucher Program
(MRVP) soup. After 37 °C incubation for 24 h, three-five
drops of MR indicator solution were added to the tube.

2.5.9. Voges Proskauer Test. The VP test revealed that the
bacterium produces acetoin via a butylene glycol metabolic
pathway. Fermentation of glucose requires pyruvic acid. The
test microorganisms were introduced into VP broth in screw-
capped test tubes and then cultivated at 37 °C for 24—48 h.
After a brief incubation period, 10 drops of Barrit reagent A
(alpha-naphthol) and S drops of Barrit reagent B (40% KOH)
were added. The acetoin byproduct is converted to diacetyl
when exposed to potassium hydroxide (KOH). Creatine, a
catalyst, is included in the reagent as well. The ensuing reaction
gave off a reddish color. Assume the best when you see red. A
single pure E. coli culture inoculum was transferred to a sterile
tube of MRVP broth through a sterile wire loop. The infected
tube was kept in a 36 °C incubator for 48 h. Three mL of
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Barrett reagent A and 1 mL of Barritt reagent B were added
after 48 h. After 10—15 min of undisturbed shaking with
oxygen in the medium-to-air pressure range, the outcomes
were observed.

2.6. Preparation of Turbidity Standard (McFarland
Standard). To keep a range of bacteria available for antibiotic
susceptibility testing and identification, the turbidity of
bacterial suspensions is checked using 0.5 McFarland
equivalent standards as a quality control measure (Table 1).

Table 1. Chemicals Used in McFarland’s Preparation

ingredients concentration quantity (mL)
sulfuric acid 0.18 99.5
barium chloride 0.048 0.5

Before use, the McFarland equivalence standard tube is
inverted multiple times to ensure suspension homogeneity. By
comparing the turbidity of the bacterial sample and McFarland
Standard tubes against the black and white bars printed on the
attached card, the turbidity was measured.

2.7. Bacterial Susceptibility Testing. 2.7.1. Agar Well
Diffusion Method. IONPs were tested for their antibacterial
activity against pathogenic microbes using the same methods
recommended by the National Council for Clinical Laboratory
Standards (NCCLS, 2003). Bacterial cultures were diluted to a
turbidity of 0.5 McFarland.

2.7.2. Antibacterial Activity. To study the isolated E. coli,
we grew bacterial growth on Mueller Hinton Agar (MHA)
media using sterile cotton swabs. Each Petri dish had a well
drilled into it after the media had been set using a sterile cork
borer. The antibacterial activity of 1 mg/mL nanoparticles was
initially determined by cultivating bacterial growth on an MHA
medium with cotton swabs. Then, a cork borer was used to
drill four separate wells. Dimethyl sulfoxide (DMSO) was
utilized as a negative control, and discs containing cipro-
floxacin antibiotics were used as a positive control. The
dilution of different concentrations of IONPs such as 125, 250,
and 500 ug/mL was followed in DMSO that was tested for
their ability to kill germs. Several concentrations of nano-
particles were present in each well. Next, we placed all of the
MHA-medium-filled Petri dishes into a 35 °C oven for 30 h.*’
As the incubation period ended, the limiting volumes were
calculated.

2.7.2.1. Minimum Inhibitory Concentrations. The concen-
tration at which further bacterial growth is inhibited is known
as the minimum inhibitory concentration (MIC). All samples
underwent this procedure. MIC was performed using a range
of dilutions. The dilution was made with the nourishing broth.
To pinpoint the specific concentration at which the IONPs
exert their effects, several dilutions were made, starting with a 1
mg/mL stock solution and proceeding down through 50, 100,
and 200 pg/mL. After 24 h, the E. coli broth cultures were put
through the McFarland test and transferred to autoclaved
tubes. For 30 h at 36 °C, we incubated tubes with both
negative and positive controls.”® Tubes with MICs have an
extremely low concentration, thereby suffocating any potential
for expansion inside their confines.

2.7.2.2. Minimum Bactericidal Concentrations. Minimum
bacterial concentration (MBC) is the minimum effective
concentration for killing bacteria. The identical methods
employed in MIC were also used in MBC. If there was no
visible growth, the concentration would be referred to as MBC.

https://doi.org/10.1021/acsomega.3c03078
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Figure 1. UV—vis spectroscopy of IONPs with 0.05S M concentrations of Fe (NO;); at 700 °C temperature for 30 min (A), FT-IR spectra of
synthesized IONPs using KBr pellets in the 4000—400 cm™ ranges at 4 cm™" resolutions (B), XRD of IONPs from 20 to 70° at 20 degree with a
scan rate of 1 min~' at 40 kV/40 mA (C), and SEM image of IONPs under 10 ym at an accelerating voltage of 15 kV (D).

The plates were kept in an incubator at 35 °C for 24 h. MBC is
the concentration needed to prevent the spread of bacteria
during the growth phase of a microorganism.

2.8. Ethical Statement. The ethical committee of Kohat
University of Science & Technology, Kohat, Pakistan,
approved the current work under Reference no. KUST/EC/
00597 dated 14/10/2021.

3. RESULTS

The synthesis of IONPs was achieved by the coprecipitation
method using ferrous and ferric nitrate as a precursor. The
synthesis of IONPs was validated by UV—vis spectroscopic
analysis by scanning the absorbance versus wavelength (1),
which is observed in Figure 1A. The characteristic peaks of
IONPs were observed at 320 nm, which was due to charge
transfer spectra. The electronic transition and optical band gap
of the nanoparticles may be better comprehended through the
use of UV—vis absorption analysis. As a result, the electronic
transitions within the IONPs cause absorption near visible
wavelength. Figure 1A shows the UV—vis absorption spectra of
synthesized IONPs. The small bandgap energy of 3.87 eV was
observed at a wavelength near 320 nm for synthesized IONPs
samples.*” Similarly, FT-IR analysis is an important technique
used to investigate the different functional groups present in
IONPs. In order to determine the functional groups and
chemical bonding in the IONPs, the FT-IR analysis of the
synthesized IONPs was examined in the regions of 400—4000
cm™'. The FT-IR spectra of IONPs are shown in Figure 1B, as
synthesized by the salt precursor (Fe(NO,); and hydrazine
that act as a precipitating agent. The most characteristic
functional group in FT-IR spectra was the O—H stretching
vibration of the hydroxyl group of water molecules that can be

170

observed in the broad absorption band at 3185 cm™.*

Whereas, the strong and obvious absorption band that was
obtained in the region of 825 and 575 cm™' indicates the
stretching vibration of Fe—O functional group of IONPs. The
different bands in the FT-IR spectra of IONPs demonstrate
that the presence of main functional groups, Fe—O and O—H,
were observed in the respective region of the FT-IR spectra of
IONPs after reduction indicated by the interaction among the
iron salt precursor. The reduction and stabilization of IONPs
are aided by this type of interaction.”’ Whereas, the average
crystallite size and crystalline phases were accomplished using
an X-ray diffraction pattern that was generated by using a
wavelength of Cu—Ka radiation (4 = 0.15406 nm) over 20
range of 20—70°, proceeding with a scanning rate of 2°/min.
All the patterns exhibit the characteristic XRD pattern of
hematite that was very similar to the (ICDD card no. 33-0664)
standard diffraction pattern. All of the observed peaks were
measured in accordance with the expected rhombohedral
(hexagonal) structure of IONPs.*” Figure 1C showed different
diffraction peaks, confirming the crystalline nature of IONPs.
The observed peaks correspond to the (012), (104), (110),
(113), (024), (116), (018), and (214) at 260 degrees of 24.6,
33.6, 35.0, 40.6, 49.6, 54.3, 57.3, and 64.4°. The high
diffraction pattern resembles the formation of IONPs which
has been confirmed by indicating the characterization peak
occurring at 20 = 33.6° with (104) plane which validates the
crystalline nature of IONPs. The fwhm (full width at half-
maximum) was used to calculate the mean particle size of the
IONPs by using the Debye—Scherrer formula

D = K1/(fcos 6) (1)
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where D represents the average particle size of nanoparticles,
identifies the value of the fwhm in the lines of X-ray diffraction,
A signifies X-ray radiation source wavelength of 0.15405 nm, 6
is the half angle of diffraction (Bragg angle), and the Scherrer
constant with a value from 0.9 to 1 is denoted by K. The above
Debye—Scherrer equation was used to measure the average
particle size of synthesized IONPs that was 29 nm.*
Furthermore, SEM analysis was used to examine the surface
morphology of the synthesized IONPs. Figure 1D shows the
SEM images of the nanoparticles prepared by the coprecipi-
tation method. In this figure, the synthesized nanoparticles
showed the interaction between surface particulates that leads
to the aggregate of the IONPs to some extent, whereas the
particle size was measured in the range of 30—90 nm. The
microscopic analysis show that high crystallinity emerged in
the sample surface. Therefore, irregular morphology IONPs
was obtained which was due to increase in the ratio of particle
agglomeration that was noticed due to the electrostatic
interaction between the layers of nanoparticles.”* The chemical
composition of the salt precursors such as nitrates or chlorides
in a solvent (water) and in the presence of precipitating
medium determines how the metal nanoparticle exits using
coprecipitation methods. The present investigation can suggest
a general mechanism for the synthesis of IONPs using the
previously mentioned findings.” In this process, the reducing
agent hydrazine reduces iron precursors into IONPs. Typically,
the reaction is given by the following eq 2

Fe’*+2Fe’*+80H—Fe,0,+4H,0 )

A number of iron precursors have been used to study the
mechanisms of IONPs synthesis.”® The concentration of the
precursors, the reducing agents, and the addition rate of the
reducing agents all have a significant effect on the reaction
pathway for the synthesis of IONPs from precursor molecules
through spontaneous nucleation and growth. The nature of the
alkali may have an impact on the rate of the chemical reaction,
the paramagnetic characteristics, and the degree of agglomer-
ation of the synthesized IONPs. The ionic strength, temper-
ature, and pH can also influence and change the particle sizes
of nanoparticles. The development of different methods has
also received a great deal of attention for the synthesis IONPs
using chemical coprecipitation that yield stable, homogeneous,
smaller-sized, and crystalline particles.”’

3.1. Morphological and Biochemical Identification.
The urine samples were collected from patients having urinary
tract infections and were originally cultured on cysteine-,
lactose-, and electrolyte-deficient (CLED) agar at the CMH in
Kohat, KPK, Pakistan. In 20 out of 50 samples, E. coli was
considered to be the source due to the presence of opaque
yellow colonies with a darker yellow center. The samples were
subcultures that showed pink to crimson colonies encircled by
a bile salt precipitate on MacConkey Agar. The samples were
then analyzed morphologically and biochemically to confirm
the existence of E. coli. The Gram staining was used to
determine that an organism was certainly E. coli based on its
morphology. To confirm whether they contained E. coli, a
biochemical test on urine samples was analyzed. The isolated
bacteria were identified using the methods outlined in Bergey’s
manual of systemic bacteriology, including the use of oxidase,
catalase, TSI, motility, indole, MR, VP, citrate utilization test,
and urease. These biochemical tests were used to confirm the
presence of E. coli in the samples. The results revealed that the
isolates were found to be oxidase negative and catalase positive.
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The suspected Gram-negative bacteria were subjected to a
series of biochemical tests that were particularly designed to
detect E. coli. All of the isolates turned sugars, producing gas
and acid through fermentation. According to Table 2, all

Table 2. Standard Biochemical Tests Result for
Uropathogenic E. coli, Collected From the Urine Sample of
UTI Patients”

S. no biochemical test results

1 oxidase test negative

2 catalase test positive

3 motility test positive

4 triple sugar iron slant acid A
butt acid A
gas positive
H,S negative

S citrate test negative

6 indole test positive

7 urease test negative

8 methyl red positive

9 Vogues Proskauer negative

“The experiment was performed on CLED Agar in a biosafety cabinet
and incubated for 24 h at 37 °C temperature.

isolates screened positive for the indole test were MR positive,
citrate negative, urease negative, and VP negative. Further-
more, the positive mobility test was observed, and the TSI test
showed positive for gas and negative for H,S (Table 2).

3.2. Antibacterial Activity of IONPs by Agar Well
Diffusion Method. Initially, 1 mg/mL IONPs was used to
test the in vitro efficacy of antibacterial activity against E. coli
cultures; DMSO was used as a negative control, and Ampicillin
was used as a positive control. The antibacterial activity of the
1 mg/mL stock solution and the three more concentrations
125, 250, and 500 pg/mL were also analyzed. After performing
concentration tests, an inhibition zone was determined. The
more effective zone of inhibition was observed at a
concentration of 1 mg/mL of IONPs against E. coli, in
contrast to others, only four of 20 samples (at a 1 mg/mL
concentration) showed moderate activity against E. coli. The
samples (02, 09, 017, and 019) were completely inactive at 1
mg/mL concentration. Although samples (06 and 010) had
the most active nanoparticles, the activity of samples (04, 0S,
08, 011, 013, 014, 016, and 018) was also quite high. There
was little to no difference in results between the samples when
a 500 pg/mL concentration of IONPs was used, but there was
a noticeable change in activity with 1 mg/mL concentration.
The sample (019) was the least active of all of the samples
tested, whereas several other samples tested at the highest
levels of activity for iron oxide nanoparticles.

The activity was lowest in samples (02 and 019) at 250 ug/
mL and second-lowest in samples (09 and 017). The most
activity was found in sample (03), which ranked third out of 20
total samples. All samples had negligible activity at a
concentration of 125 ug/mL of IONPs. There were certain
samples (02, 09, 017, and 019) where the activity was not
observed. Very low levels of activity were found in these
samples with the highest levels found in the sample (014).
Nanoparticle activity was observed in all but four samples (a
surprising finding at this dosage). Both sample (06) and
sample (010) were equally effective against all of the
concentrations tested. Samples (04, 05, 08, 011, 013, 014,
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Table 3. Antibacterial Activities of IONPs against Uropathogenic E. coli (1—20), Collected from the Urine Samples of UTI
Patients”
samples concentrations positive control negative control
1 mg/mL (mm) 500 pg/mL (mm) 250 pg/mL (mm) 12S pg/mL (mm) ciprofloxacin® (mm) DMSO? (mm)
1 16 £2 13+2 9+2 7+2 12+2 0
2 13+1 10+ 2 6+1 8+1 S+2 0
3 17+ 1 16 £1 14+1 9+1 13£1 0
4 18 +£1 16 +1 12+1 8+1 14 +1 0
S 18+1 14+1 11+1 8+1 12+1 0
6 19+1 16 +1 13+1 9+2 12+2 0
7 17 +2 15+2 13£1 9+1 13£1 0
8 18 +2 16 £1 12+2 8+1 12+2 0
9 14 +£2 9+1 7+1 6+1 S+1 0
10 19+1 16 £1 13+1 9+1 14+1 0
11 18 £1 16 +1 13+1 9+1 13+2 0
12 17+ 1 14 +1 11+1 8+1 12+1 0
13 18 £2 16 +1 13+1 9+1 14 +1 0
14 18 +1 15+1 13+1 10+1 12 +2 0
15 17+ 1 15+1 12+1 9+1 13+2 0
16 18 +1 14 +1 12 +1 8+1 12 +1 0
17 13x+2 10+ 2 7+2 6+1 S+2 0
18 18 +£1 15+2 12+1 8+1 13+1 0
19 12+1 8+1 6+1 9+1 S+1 0
20 17+ 1 15+1 13+1 7+1 12+2 0

“The experiment was performed on MHA medium at 35 °C temperature in an oven for 30 h. “DMSO was used as a negative control.

“Ciprofloxacin was used as a positive control.

Figure 2. Antibiotic susceptibility pattern against E. coli samples. The experiment was performed on MHA medium at 35 °C temperature in an

oven for 30 h.

016, and 018) were present with activity in comparison to all
other concentrations. The stock solution was diluted three
times because of the potent antibacterial activity of iron oxide
nanoparticles at a 1 mg/mL concentration. The usage of
antibiotics served as the positive control, while DMSO served
as the negative. In comparison to DMSO, antibiotics were
quite active. Although antibiotics were effective as nano-
particles against all samples, their efficacy was reduced when
applied to samples (02, 09, 017, and 019) (Table 3) See
(Figure 2).

3.3. Antibiotic Susceptibility against E. coli. In this
analysis, the antibiotic resistance of isolated Uropathogenic E.
coli was examined. The goals of this study were to compare the
performance of commonly used antibiotics with that of
synthesized IONDPs, to identify the antibiotic’s sensitivity, and
the resistance pattern against selected microorganisms. The
antibiotics ciprofloxacin (CIP), levofloxacin (LEV), norflox-
acin (NOR), imipenem (IPM), augmentin (AMC), tetracy-
cline (TE), amoxicillin (AMC), penicillin (P), ceftazidime
(CAZ), and ceftriaxone (CEF) were used to test the antibiotic
susceptibility of Uropathogenic E. coli.

Table 4 lists the concentrations and acronyms of antibiotics
employed in contemporary scientific research. These are the
most widely used and accessible antibiotics. These antibiotics

were used to determine the resistance pattern and intermediate

Table 4. Antibiotics are Used along with Their Potency for
Antibiotic Susceptibility against Uropathogenic E. coli

S. No antibiotic abbreviation potency (ug)
1 norfloxacin NOR 10
2 ciprofloxacin CIp S
3 imipenem IPM 10
4 augmentin AMC 30
S ceftriaxone CRO 30
6 tetracycline TE 30
7 levofloxacin LEV S
8 amoxicillin AMC 20
9 penicillin P 10
10 ceftazidime CAZ 30

“The experiment was performed on MHA medium at 35 °C
temperature in an oven for 30 h.
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Table S. Table Pattern for Antibiotics Susceptibility against Uropathogenic E. coli Isolates”

S. No antibiotics abbreviation potency (ug) resistant intermediate sensitive
R (n = 20) I (n=20) S (n = 20)

N % N % N %
1 norfloxacin NOR 10 4 20 4 20 12 60
2 ciprofloxacin CIP S 13 65 2 10 S 25
3 imipenem IPM 10 11 SS S 25 4 20
4 augmentin AMC 30 14 70 1 S N 25
S ceftriaxone CRO 30 10 S0 2 10 8 40
6 tetracycline TE 30 14 70 2 10 4 20
7 levofloxacin LEV S 4 20 2 10 14 70
8 amoxicillin AMC 20 20 100 0 0 0 0
9 penicillin P 10 20 100 0 0 0 0
10 ceftazidime CAZ 30 14 70 2 10 4 20

“The experiment was performed on MHA medium at 35 °C temperature in an oven for 30 h.

sensitivity against Uropathogenic E. coli isolates. These
antibiotics are widely utilized in urban healthcare facilities.

In the current study, all the isolates were put through

antibiotic susceptibility testing to assess whether these are
resistant, intermediate, or sensitive to the antibiotics that were
commonly administered to treat similar infections. 20% or
more of the samples showed resistance against the antibiotics.
The antibiotics with the lowest resistance rates were
norfloxacin and levofloxacin, while the antibiotics penicillin
and amoxicillin showed maximum resistance against E. coli. All
the examined antibiotics showed that the samples (02, 09, 017,
and 019) showed more resistance (Table S) (Figure 2).
In this analysis, the MIC and MBC of IONPs were examined
under different concentrations. The finding showed that the
MIC describes the lowest concentration that was necessary to
inhibit bacterial growth, in contrast to MBC analysis. The
MBC and MIC for IONPs were examined using three different
concentrations (200, 100, and SO pg/mL) (Table 6).

These concentrations were used to examine the MBC and
MIC analyses of IONPs toward Uropathogenic E. coli. The
results revealed that not a single strain of E. coli destroyed
IONPs at a concentration of 50 pg/mL which was the
inhibitory concentration for all samples except 02, 09, 017, and
019. However, the MIC appeared to be 100 pug/mL for
samples (02, 09, 017, and 019), while the MBC was observed
to be 100 pug/mL for all other samples. MIC and MBC testing
revealed that the antibacterial activity of samples (02, 09, 017,
and 019) did not begin until a concentration of 250 ug/mlL,
which was different from their previous activities. The MBC
for these four samples was 200 yg/mL, while the MIC was 100
pug/mL, indicating bactericidal action at that concentration
(MIC).

4. DISCUSSION

IONPs have unique properties such as superparamagnetic
behavior, biocompatibility, and chemical amendment of their
surface morphology. Ascribed to its possessions, IONPs are
expediently applied in the different biomedical applications
including antimicrobial agents,48 magnetic storage media,
biosensing applications,” and targeted drug delivery.”® The
development of a simple and efficient process is required for
the synthesis of IONPs. Therefore, the current study was used
to synthesize IONPs by coprecipitation methods, which
required multiple reaction steps that are required to obtain
the final products. The coprecipitation method is particularly
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attractive because of its high purity, low cost, high
homogeneity, short preparation time, relatively low reaction
temperature, and well-crystallized product. The synthesis of
IONPs was characterized using different techniques. The
optical properties of the colloidal solution were examined
under UV—Vis spectra, which showed an intense absorption
peak due to surface plasmon excitation. The characteristic peak
was obtained for the synthesized IONPs by using UV—Vis
spectra at a wavelength of 320 nm. Similar findings have been
reported earlier where the UV—visible absorbance spectra of
synthesized IONPs were found at 298—301 nm.”' X-ray
diffraction analysis was used to determine the crystalline phases
of IONPs. The results confirmed that the particle size was 29
nm, which was in close agreement with those of previously
published data.”” The morphology of IONPs was confirmed by
SEM images, which showed that the particles are irregular in
shape and agglomerated nanoparticles may be due to the
magnetic characteristics of IONPs.”® The agglomeration of
IONPs also indicated a small surface-to-volume ratio of the
particles. Moreover, the nonspherical shape formation can be
explained by the shear produced during the stirring process.”*
Likewise, in accordance with these statements, the same results
for SEM analysis were previously obtained.”> Moreover, FT-IR
spectroscopy was carried out to identify different functional
groups present in IONPs. The result showed different peaks
that indicated the formation of IONPs, According to Aliahmad
and Nasiri Moghaddam et al., different peaks observed in FT-
IR spectra showed the formation of IONPs that were
responsible for the reducing agent.’® Moreover, the copreci-
pitation approach is increasing, owing to an economically
feasible way and an easy approach to scale up for nanoparticle
production. Therefore, nanosized IONPs were used because of
their surface chemistry, magnetic characteristics, and small size,
all of which made them ideal for the investigation.
Furthermore, the medical (neuro), biological fields, and
engineering can all benefit from IONPs (e.g., magnetic storage
medium or catalysis, their pigment function).””*" So, this
investigation was carried out to determine the antibiotic
resistance in patients of UTI caused by E. coli. One of the most
common infections that require medical care and even
hospitalization is UTI. Effective treatment and consideration
are necessary that was based on the identification of the actual
strain of UTI and drug with less resistance to that particular
strain. The purpose of this research was to test the
susceptibility of Uropathogenic E. coli isolated from patients

https://doi.org/10.1021/acsomega.3c03078
ACS Omega 2024, 9, 166—177


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c03078?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Table 6. MIC and MBC of Different Dilutions Used for
IONPs toward Uropathogenic E. coli”

samples activity concentrations
200 pg/mL 100 pg/mL 50 pug/mL

1 MiIC >
MBC b

2 MIC b
MBC 2

3 MIC >
MBC b

4 MIC >
MBC >

S MIC >
MBC >

6 MIC >
MBC 2

7 MIC b
MBC >

8 MiC e
MBC >

9 MIC >
MBC 2

10 MIC b
MBC >

11 MIC >
MBC 2

12 MIC >
MBC >

13 MIC >
MBC b

14 MiIC e
MBC b

15 MIC e
MBC b

16 MIC e
MBC >

17 MIC >
MBC 2

18 MIC >
MBC >

19 MIC >
MBC >

20 MiC >
MBC b

35 °C

“The experiment was performed on MHA medium at
temperature in an oven for 30 h.

to commonly used antibiotics and to assess the effectiveness of
IONPs against these bacteria.’” In the aftermath of
antibacterial action, the concentration at which the anti-
bacterial and bacteriostatic effects take place was found. The
results showed the effectiveness of IONPs that inhibit or kill
the Uropathogenic E. coli as well as the levels of antibiotic
resistance that IONPs exhibit. Furthermore, different morpho-
logical and biochemical tests were carried out including
oxidase, catalase, TSI, motility, indole, MR, VP, citrate
utilization test, and urease for the confirmation of E. coli
bacteria. The results showed that each isolate tested positive
for the indole test and for MR and negative for citrate, urease,
and VP. Additionally, a positive mobility test was noted, and a
TSI test revealed positive results for gas but negative results for
H,S. This finding is highly correlated with the finding of Liu et

174

al.>” The antibacterial activity against the isolated samples was
also examined by the synthesized IONPs for utilizing 1 mg/mL
stock solution and analyzing the results.”* Although some
samples performed unexpectedly poorly against E. coli at a
dosage of 1 mg/mL, the majority showed good activity. The
mentioned samples (02, 09, 017, and 019) showed almost no
activity at 1 mg/mL, whereas other samples observed
exceptionally high levels of activity. IONPs showed maximum
activity in samples (06 and 010). The IONPs were
subsequently diluted to a concentration of 500 yg/mL and
then 1 mg/mL. The data followed the same results as the
higher concentrations. Nonetheless, some unexpected variation
was found in the data. The IONPs activity was highest in many
samples and lowest in the sample (09). The samples with the
least activity at 250 yg/mL were (02 and 019), followed by (09
and 017). The most activity was found in sample (03), which
ranked third out of 20 total samples. All samples had negligible
activity at a concentration of 125 ug/mL of IONPs. There
were certain samples (02, 09, 017, and 019) that did not show
any activity, or very low levels of activity were found in these
samples, and sample (014) showed maximum activity. IONPs
were good on all of the tested samples, but four samples
observed a surprising result at this dosage. So, the activity
patterns were consistent across almost all samples except for
those numbered (02, 09, 017, and 019). Similarly, Rawalpindi
armed forces at the department of microbiology reported 63%
of the incidence of E. coli related UTL A hospital-based study
conducted in Lahore, Pakistan, reported that 83% of UTI
patients were infected with E. coli. A study conducted in
Peshawar, Pakistan, report that 77% of the UTIs that were
presented to the hospital were due to E. coli. A study
conducted in 2018 revealed that while investigating for
uropathogenic infection, large number of female patients
were infected with UTI compared with male.® Moreover, the
antibiotic sensitivity test was performed on Uropathogenic E.
coli with a wide range of drugs, including ciprofloxacin (CIP),
levofloxacin (LEV), norfloxacin (NOR), imipenem (IPM),
augmentin (AMC), tetracycline (TE), amoxicillin (AMC),
penicillin (P), ceftazidime (CAZ), and ceftriaxone (CEF).
Antibiotics with the lowest resistance rates were norfloxacin
and levofloxacin. Penicillin and amoxicillin resistance was the
greatest. Resistance to penicillin and amoxicillin was found at
100%, whereas resistance to norfloxacin and levofloxacin was
only 20%. In the current study, all of the antibiotics were tested
and samples (02, 09, 017, and 019) proved resistant. Similar
conclusions were drawn from the literature about the
effectiveness of ciprofloxacin against the uropathogenic
bacteria that cause UTIs.> Additionally, a study found that
E. coli UTI among patients was resistant to fluoroquinolone,
coamoxiclav, and cotrimoxazole, and a less resistant and more
prescribed antibiotic was Fosfomycin® despite the fact that a
study similarly showed 58% ciprofloxacin resistance.”* In
contrast to the current investigation, ciprofloxacin showed 25%
susceptibility with 65% antibiotic resistance against UTI
caused by E. coli. After that, the stock solution was diluted
to get concentrations used for MBC and MIC. The
concentrations used were from 200, 100, and 50 pg/mL to
dilute the stock solution. The MBC was determined to be 100
pug/mL that was due to its antibacterial activity against E. coli,
while the minimum bacteriostatic concentration was deter-
mined to be 50 ug/mL due to its bacteriostatic effect on nearly
all isolates except four isolates that were resistant to all
antibiotics. In light of the ongoing investigation on antibiotic
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resistance, the findings highlight the importance and utility of
IONPs against UTI caused by E. coli. This antibiotic resistance
has been developed because of the inappropriate use of
antibiotics. Overuse and misuse of antibiotics contribute to
antibiotic resistance; people with poor literacy levels are often
ignorant of this problem. In the current era of increasing
antibiotic resistance, it is essential to find and use innovative
antibacterial drugs. IONPs are being studied as a potential
nanoweapon against drug-resistant bacteria.

5. CONCLUSIONS AND RECOMMENDATIONS

The aim of the current investigation was to achieve the
synthesis of IONPs using the coprecipitation method, owing to
their high convenience, productivity, and affordability. The
synthesized IONPs were successfully characterized by different
techniques such as UV—vis, FT-IR, XRD, and SEM analysis.
The small surface morphology of synthesized IONPs with size
ranges as short as 30—90 nm was obtained from SEM images.
Moreover, the synthesized IONPs were used to highlight the
antibiotic resistance against eradicating Uropathogenic E. coli.
The results revealed the effectiveness of IONPs against all of
the bacterial samples. Hence, the synthesized IONPs exhibited
maximum antibacterial activity against all of the tested samples
at a concentration of 100 yg/mL. Furthermore, the MIC and
MBC were used to analyze the inhibitory concentration of
bacteria that showed maximum inhibition at 50 pg/mL
concentrations for almost all of the samples. Moreover, we
suggest that future studies should continue to corroborate the
mechanism in which IONPs interact with that of Uropatho-
genic E. coli and demonstrate their potential by using electron
microscopy such as TEM and SEM analyses.
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