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ped iron oxide nanostructures
synthesized via a chemical co-precipitation route
for efficient dye degradation and antimicrobial
performance: in silico molecular docking studies†

Tahira Shujah,a Anum Shahzadi,b Ali Haider, c Muhammad Mustajab, a

Afsah Mobeen Haider,a Anwar Ul-Hamid, de Junaid Haider,f Walid Nabgan *g
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In this research, various concentrations of molybdenum (2, 4 and 6 wt%) doped Fe3O4 nanostructures (Mo-

Fe3O4 NSs) were prepared via a co-precipitation technique. Various techniques were then used to

investigate the optical, morphological and structural properties of the NSs in the presence of the dopant

materials. X-ray diffraction (XRD) was used to investigate the crystalline nature of the prepared NSs and

confirm the orthorhombic and tetragonal structure of Fe3O4, with a decrease in crystallinity and

crystallite sizes of 36.11, 38.45, 25.74 and 24.38 nm with increasing concentration of Mo (2, 4 and 6%).

Fourier-transform infrared (FTIR) spectroscopy analysis was carried out to examine the functional groups

in the NSs. Structure, surface morphology and topography were examined via field emission scanning

electron microscopy (FE-SEM) and transmission electron microscopy (TEM), which confirmed the

fabrication of nanoparticles and nanorods and a floccule-like morphology with a higher doping

concentration and the interlayer d-spacing was calculated using high-resolution (HR)TEM, the results of

which were a good match to the XRD data. The presence of Mo, Fe and O in a lattice of Mo (2, 4 and

6%) doped Fe3O4 was confirmed by energy dispersive X-ray spectroscopy (EDS) analysis. The energy

band gap (Eg) was measured via the optical analysis of pure and doped samples, showing a decrease

from 2.76 to 2.64 eV. The photoluminescence (PL) spectra exhibit a higher charge combination rate of

electron–hole pairs with a higher concentration of doping. The NSs exhibited excellent catalytic activity

(CA) in degrading methylene blue (MB) dye in a basic medium by around 86.25%. Additionally, the

antimicrobial activity was tested against Escherichia coli (E. coli) bacteria. Pairs of electrons and holes are

the fundamental basis for generating reactive oxygen species that kill bacteria. The significant inhibition

zones were calculated against E. coli bacteria at around 3.45 mm compared to ciprofloxacin. In silico

docking investigations of the Mo-Fe3O4 NSs for dihydropteroate synthase (DHPS, binding score:

6.16 kcal mol−1), dihydrofolate reductase (DHFR, binding score: 6.01 kcal mol−1), and b-ketoacyl-acyl

carrier protein synthase III (FabH, binding score: 5.75 kcal mol−1) of E. coli show the suppression of the

aforementioned enzymes as a potential mechanism besides their microbicidal assay.
1 Introduction

Environmental pollution, caused by rapid urbanization and
industrialization, has a signicantly impact on human lives. On
a regular basis, an enormous amount of non-biodegradable as
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well as carcinogenic colored dyes are discarded in freshwater
resources from the textile, rubber, food, plastic, leather, paper
and cosmetics industries, where these toxic organic dyes are the
waste materials of industrial processes.1–3 Heavy metals ions
and inorganic compounds such as mineral acids, trace
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elements, inorganic salts, sulphates and metal complexes etc.,
as well as organic constituents, have been found in industrial
wastewater in the form of pesticides, polyaromatic hydrocar-
bons, dyes and phenols, etc., as hazardous pollutants.4,5

Different types of dyes used in industries and found in waste-
water, such as methylene blue (MB), phenothiazine, methylene
orange, rhodamine B, azo, and triphenylmethane dyes, pose
a serious environmental threat to living human beings due to
their potential carcinogenicity and toxicity.6 MB is a cationic
(positively charged) organic dye that contributes to many health
issues and water contamination,7 but has widespread applica-
tion across various industries, including the textile, veterinary
and pharmaceuticals industries.8,9 MB has several negative
effects on human health, such as nausea, vomiting, breathing
difficulties and gastritis problems.10 Water must therefore be
cleaned in order to sustain life on Earth, which is a major
research bottleneck. In this regard, multiple techniques have
manifested for water purication, including catalysis and pho-
tocatalysis activities, ultraltration, co-precipitation, desalina-
tion and reverse osmosis for dye degradation.11–13

Environmental waste is released from industries, which needs
to be converted into an acceptable form before its disposal into
freshwater resources.14 Waste recovery processes have been
utilized to treat water cost-effectively and sustainably.15 A con-
structed wetland for sewage treatment method has found
widespread use worldwide. The designed wetland system for
domestic sewage treatment risks polluting groundwater and
surface water to evaluate its long-term effectiveness.16,17 Catal-
ysis, ion exchange, photocatalysis, electrolysis, chemical
precipitation, carbon ltering, reverse osmosis, microbial
control adsorption and nanoltration are a few of the most
commonly used techniques for removing pollutants from
industrial wastewater.3,18–20 Among the discussed methods,
catalysis is the most attractive method because of its cost,
ecological, and energy-efficient benets.21

In the dairy sector, mastitis is one of the most common
diseases, leading to nancial damage and a reduction in milk
production worldwide. Mastitis is associated with physical
alterations in the chemistry of milk and pathological variations
in the mammary gland system. Microorganisms, including
fungi, viruses and bacteria, cause several diseases, one of which
is mastitis. The most common multidrug resistance (MDR)
bacteria are Escherichia coli (E. coli) and Staphylococcus aureus
(S. aureus).22,23 S. aureus is the most common Gram-positive
bacterium that causes nosocomial infections in hospitals and
other healthcare facilities worldwide.24,25 E. coli bacteria are
Gram-negative and a well-established bioindicator of contami-
nated food and water, and its presence can lead to diarrhea and
in some cases, generate hemolytic uremic syndrome.26,27 In
recent decades, new species of numerous drug-resistant
bacteria, such as Gram-positive (S. aureus) and Gram-negative
(E. coli) bacteria, have been discovered and developed, which
pose a signicant risk to human health.28

Metal oxides (MOs) have been used in large quantities for
degrading organic impurities and killing pathogenic hazardous
bacteria in industrial wastewater. Nanosized metallic oxides
have a wide variety of applications in industry and technology,
35178 | RSC Adv., 2022, 12, 35177–35191
some of which include optical and mechanical components, as
well as environmental and optical components.29 Transition
and rare metal oxides, such as CeO2, MnO2, TiO2, SnO2, Fe3O4

and CaO2, have been considered to be promising for water
purication, hydrogen generation and sterilization.30,31 Among
these, Fe3O4, with a narrow band gap and high surface area, is
one of the most common n-type semiconductor materials that
has important optoelectrical and chemical applications due to
its numerous characteristics such as efficiency and economy,
environmental friendliness, inertness to chemical changes, and
great biocompatibility.32 The combination of metal and MOs
improves the recombination of photogenerated electrons and
holes and also limits the utilization of MOs in photocatalytic
applications.33–35 Mo-Fe2O3 acts as an electron mediator,
capturing produced electrons and assisting in the proper utili-
zation of electron conductivity.

The aim of this research work was to examine the efficient
dye degradation and antimicrobial performance of Mo-Fe3O4

NSs synthesized via a co-precipitation method, with the
prepared samples used to remove organic and inorganic
pollutants from wastewater through catalytic reduction. More-
over, the optical, morphological and structural properties of
Fe3O4 and Mo-doped Fe3O4 were analyzed using X-ray diffrac-
tometry (XRD), Fourier-transform infrared (FTIR) spectroscopy,
selected area electron diffraction (SAED), scanning electron
microscopy (SEM), transmission electron microscopy (TEM),
energy-dispersive X-ray spectroscopy (EDS), mapping,
ultraviolet-visible (UV-vis) and photoluminescence (PL) spec-
troscopies, and anti-microbial experiments against E. coli
(Gram-negative) bacteria. Using computational methods, the
hidden mechanisms underlying a wide range of biological
processes can be examined. Here, we assessed the affinity of
Mo-Fe3O4 NSs for the E. coli DHFR, DHPS, and FabH enzymes,
and molecular docking predictions were carried out to learn
about the binding propensity of the nanocomposite.
2 Experimental section
2.1 Materials

Iron nitrate nonahydrate (Fe (NO3)3$9H2O, 98%), sodium
hydroxide (NaOH, 98%), and ammonium molybdate ((NH4)6-
$Mo7O24, 99%) were acquired from Sigma-Aldrich, Germany. In
this investigation, only chemicals of an analytical grade were
utilized; therefore, there was no need for additional purication
in any form.
2.2 Synthesis of Fe3O4 and Mo-doped iron oxide
nanostructures

A solution of 0.5 M of Fe(NO3)3$9H2O was used to synthesize
Fe3O4 nanostructures via a chemical co-precipitation route with
continuous stirring and heating at 100 °C for 1 h. 0.5 M of NaOH
solution was added dropwise to maintain the pH at around 12
and to form a precipitate under constant stirring and heating at
90 °C for 2 h. The precipitate was scrubbedmultiple times using
deionized water (DIW) by centrifugation at 7000 rpm to remove
impurities. The precipitate was dried for 12 h at 120 °C and then
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic representation and description of the synthesized Fe3O4 and Mo-Fe3O4 nanostructures.
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ground into a powder. In order to synthesize Mo-doped Fe3O4

samples with varying concentrations of Mo (2, 4 and 6%), the
above-described method was chosen as the fabrication method.
A schematic representation of the preparation method and
reaction mechanism are shown in Fig. 1.
2.3 Catalytic activity (CA)

MB acts as an oxidizing agent and was used to evaluate the
catalytic potential of bare and Mo-doped Fe3O4 NSs in the
presence of the reducing agent sodium borohydride (NaBH4),
with the synthesized NSs acting as a catalyst. All reagents,
includingMB and NaBH4, were prepared freshly to make ensure
the validity of the results. First, 3 ml of an aqueous solution of
MB was combined with 400 ml of freshly prepared NaBH4

solution and combined with 400 ml of pure and Mo (2, 4 and
6%) doped Fe3O4 NSs. A catalyst is used to reduce the surface
energy of reaction activation, improving the stability and reac-
tion rate. Adsorption occurs in the presence of NaBH4 when the
catalyst is added to MB solution. Calculating the reaction rates
was achieved by monitoring the decolorization of the solution
as well as changes in the absorption maximum of the dye over
time. Even though particles of smaller size have a higher ratio of
surface area to total volume, which leads to increased CA, the
dimensions of the nanoparticles affect the CA of the MB dye.
Themost common type of redox indicator MB used as reductant
© 2022 The Author(s). Published by the Royal Society of Chemistry
in analytical chemistry, and blue during oxidation and decol-
orized in reduced form as revealed in Fig. S1.†
2.4 Isolation and identication of MDR E. coli

2.4.1 Isolation of E. coli
2.4.1.1 Sample collection. Immediate milking into sterile

glass containers was employed to accumulate unpasteurized
milk specimens from lactating dairy cows from various
markets, veterinarian clinics, and farmlands in Punjab, Paki-
stan. Raw milk samples were delivered to the lab at 4 °C
instantaneously aer being collected. MacConkey agar was used
to enumerate the coliform bacteria in the unpasteurized milk.
Each plate was incubated for 48 h at 37 °C.

2.4.2 Identication and characterization of bacterial
isolates. The preliminary identication of E. coli was predicated
on Gram stain colonial morphology and numerous biochemical
tests compared to Bergey's Manual of Determinative
Bacteriology.36

2.4.2.1 Antibiotic susceptibility. The disc diffusion technique
was used to test antibiotic susceptibility37 on Mueller Hinton
agar (MHA). Experiments were carried out to determine the
extent to which E. coli had developed resistance to 5 mg of the
antibiotic ciprooxacin (Cip).38 A turbidity level of 0.5, accord-
ing to the MacFarland standard, was achieved through the
cultivation of puried cultures of E. coli. Aer that, the bacteria
were dispersed on Muller Hinton Agar (MHA) (Oxoid Limited,
RSC Adv., 2022, 12, 35177–35191 | 35179
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Basingstoke, UK), and antibiotic discs were positioned at
a distance on the inoculated plate surface. This was carried out
to avoid the interruption of zones of inhibition. The plates were
cultured for 48 h at 37 °C, and the data were analyzed in
a manner consistent with the suggestions made available by the
Diagnostic, Therapeutic, and Laboratory Standard Institute.39

MDR bacteria were found to be resistant to at least three
antibiotics.40

2.4.2.2 Antimicrobial activity. To measure the in vitro anti-
microbial action potential, the agar well diffusion method was
applied to assess the antimicrobial properties of Fe3O4 and Mo
(2, 4 and 6%) doped Fe3O4 by measuring the inhibition zones
against MDR E. coli. Agar plates were inoculated with MDR E.
coli at a concentration of 1.5 × 108 CFU per ml (0.5 McFarland
standard) on MacConkey agar. E. coli pathogens were recovered
efficaciously from ovine mastitis uid to assess the bactericidal
functionality of pristine and doped nanostructures. The path-
ogenic bacteria remedies were scrubbed on agar plates and
6 mm boreholes in diameter were generated with a sterile cork
borer. Ciprooxacin is a conventional drug (5 mg/50 ml) used as
a positive control and 50 ml of DIW served as negative control,
and the boreholes were lled with host and the doped nano-
structure at high and low concentrations (1.0 mg/50 ml) and (0.5
mg/50 ml), respectively. Aerwards, the plates were incubated at
room temperature overnight and inhibited zones around the
wells were measured using a Vernier caliper. The antimicrobial
action of the synthesized samples was determined by
measuring the diameters (mm) of the inhibition zones that
surrounded the wells.41
Fig. 2 (a) XRD diffraction patterns, (b) FTIR spectra, and (c–f) SAED patt

35180 | RSC Adv., 2022, 12, 35177–35191
2.4.2.3 Statistical analysis. The anti-microbial efficiency was
measured by the zones of inhibition measurement size (mm),
and the diameters of the inhibition zones were subjected to
statistical examination using one-way analysis of variance
(ANOVA) in SPSS 20.22
2.5 Molecular docking studies

In silico docking, a promising approach for identifying the dis-
tinguishing structural features underlyingmicrobicidal efficacy,
was employed to anticipate the putative mechanism for the Mo-
Fe3O4 NSs. The pivotal enzymes for folate biogenesis, dihy-
drofolate reductase (DHFR) and dihydropteroate synthase
(DHPS), as well as the -ketoacyl-acyl carrier protein synthase III
(FabH) of fatty acid synthesis, have been identied as intriguing
targets for antibiotic discovery. The 3D structural features of the
specied enzymes were acquired from the Protein Data Bank
and generated via a protein production tool for docking of Mo-
Fe3O4 NSs into the active region. Annexation codes for the
preferred targets were set as: 2ANQ (DHFRE. coli),42 5U0V (DHPSE.
coli)43 and 4Z8D (FabHE. coli).44 The docking inquiry was con-
ducted using the SYBYL-X 2.0 soware. Similar to our earlier
study, SYBYL-X 2.0 was employed to create 3D structures of the
compounds and analyze nanoparticle binding affinities using
active site residues of the chosen proteins.45,46
3 Results and discussion

The crystallographic structures, phase purities, chemical
compositions and complex interplanar characteristics of the
erns of Fe3O4 and Fe3O4 doped with various amounts of Mo.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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samples were identied by XRD in the range of 2q= 20–65 ° and
the corresponding results are presented in Fig. 2a. Sharp
diffraction peaks with relevant planes for pristine and Mo (2%)
doped Fe3O4 at 2q angles were observed at 20.7° (220), 26.6°
(223), 27.7° (231), 29.2° (322), 30.6° (041), 36.33° (216), 39.4°
(306), 40.2° (424), 42.3° (522), 45.7 (620), 50.1° (412), 54.7° (550)
and 59.8° (546), revealing that the orthorhombic and tetragonal
structures matched well with the standard JCPDS 01-076-0958
and 01-076-0956, and 03-065-0390 cards with space group
Pmc21, Pmca and P41212, respectively. The 2%Mo doped sample
showed a peak oriented at 26.6° with decreased intensity, cor-
responding to the (223) plane, with its orthorhombic structure
matching JCPDS 01-076-0958. The 4% Mo-doped Fe3O4 sample
showed additional peaks at 28.3, 32.4°, 47° and 55.8°, ascribed
to (031), (111), (027) and (0210) planes, exhibiting that the
hexagonal and monoclinic structures of Fe2O3 matched with
JCPDS card numbers 01-076-1821 and 00-016-0653. The 6%Mo-
doped Fe3O4 showed peaks at 31.9 (535), 34.4 (082), 36.2 (517),
47.5 (2111), 56.4 (211), and 62.7 (306), revealing the ortho-
rhombic and rhombohedral structure of FeO and Fe2O3 could
be well matched to the JCPDS card numbers 01-071-0161 and
01-084-0308 in the space groups Abm2 and R�3C, respectively.
Upon doping, slight peak shis with a signicant decrease in
peak intensity were manifested due to the enhanced structural
disorder and amorphous nature of the high concentration of
occules on the Mo-doped samples.47

The crystallite size (D) of the prepared materials was
measured using the Debye–Scherrer equation. The measured
values of the crystallite sizes were 36.11, 38.45, 25.74, and
24.38 nm, with peak positions at 2q angles of 26.6, 26.6, 28.3
and 36.26 °corresponding to the (223), (223), (031) and (517)
planes of pure and Mo (2, 4 and 6%) doped Fe3O4, respectively.
The difference in crystalline size basically depends on the
angles of diffraction and the effect of peak broadening. The
measured results indicate that the crystalline size rst increases
with the incorporation of the dopant and then decreases with
increasing concentration. The dislocation density (d) was
measured using the equation d= 1/D2, where D is the crystalline
size. The increase in dislocation density with decreasing crys-
talline size was measured as 0.000767, 0.000676, 0.001509 and
0.001682 for pristine and Mo (2, 4 and 6%), respectively. The
micro-strains (3) of the prepared samples were calculated using
the Williamson and Smallman equation 3 = b/4tan q. The
micro-strains were calculated and found to be 0.002061,
0.001909, 0.002695 and 0.002131 for Fe3O4 and Mo-Fe3O4 at
various concentrations (2, 4 and 6%), respectively.

FTIR spectroscopy was employed to determine the nature of
the functional groups on the surface of NSs in the range of
4000–400 cm−1, with the results shown in Fig. 2b. Trans-
mittance peaks were detected at wavenumbers of 590, 837, 1044,
1348, 1780, and 3454 cm−1. The transmittance bands are gov-
erned by the crystalline structure and chemical composition of
the material. The spectra of Fe3O4 and Mo-doped Fe3O4 coexist
and display strong bands at 590 and 837 cm−1, ascribed to Fe–O
vibrations.48,49 The absorption band observed at 1348 cm−1 has
been reported for ferrihydrite.49,50 The peak observed at
1780 cm−1 is associated with the carbonyl group C]O.51 The
© 2022 The Author(s). Published by the Royal Society of Chemistry
band at 1044 cm−1 has been associated with the C–O group.52

The band at 3454 cm−1 was attributed to the stretching vibra-
tion of the hydroxyl group, which originated from exposure of
the sample to the moist atmospheric environment.53 SAED
analysis was used to indicate the crystalline structure of the host
and Mo doped at various concentrations (2, 4 and 6%) in the
NSs, as indicated in Fig. 2c–f. The pristine and 2% Mo-doped
Fe3O4 sample are single-crystalline in nature (Fig. 2d), while
the 4% Mo-doped sample is polycrystalline in nature, as can be
seen from the concentric ring and the 6% doped sample is
semicrystalline in nature, as shown in Fig. 2e and f. These
discussed planes of NSs can be matched to the XRD results and
satisfy the Bragg diffraction conditions.

The surface morphologies of pristine Fe3O4 and the (2, 4 and
6%) Mo-doped Fe3O4 were analyzed by FE-SEM, as shown in
Fig. S2(a–d)†, where the black spot shows the absence of the
sample. The FE-SEM results exhibit the evolution of the nano-
particles of Fe3O4, while at the same time, the morphologies of
the (2, 4 and 6%) Mo-doped Fe3O4 nanorods are shown in
Fig. S2(b and c)†. The bare Fe3O4 particles have a heterogeneous
surface and are quasi-spherical in shape. Furthermore, the
images reveal that the particles exhibit slight aggregation due to
themagnetic dipole moment between the particles.54 Increasing
the concentration of Mo (2, 4 and 6%), the agglomeration
increased and surface occules of Mo on the surface of Fe3O4

formed and increased in number, as shown in Fig. S2(d).†
TEM analysis was used to reveal the detailed morphological

information about the synthesized Fe3O4 and (2, 4 and 6%) Mo-
doped Fe3O4 NSs, as shown in Fig. 3a–d. Pristine Fe3O4 exhibits
the formation of uniformly distributed spherical-shaped nano-
particles. The addition of Mo showed that the morphology
changed into an agglomerated form, with the self-aggregation
of nanorods and nanoparticles. Increasing the concentration
of Mo (2, 4 and 6%) gradually led to a decrease in the crystalline
nature and formation of the nanorods, as presented in Fig. 3b
and c. Subsequently, the 6% Mo-doped Fe3O4 sample exhibited
a completely different morphology, where the nanorods dis-
appeared and an excess of surface occules of Mo emerged on
the surface of the nanoparticles,47 as presented in Fig. 3d.

HRTEM was used to measure the interlayer d-spacing using
Gatan soware of the synthesized Fe3O4 and various concen-
trations of 2, 4 and 6% Mo-doped NSs as indicated in Fig. S3(a–
d)†. The calculated interlayer d-spacings were determined as
0.33, 0.41, 0.17 and 0.27 nm, corresponding to the (223), (220),
(412) and (535) planes of Fe3O4, consistent with the XRD results.

Chemical compositional analysis of the elements was per-
formed using electron diffraction spectroscopy (EDS) to conrm
the presence of iron and oxygen in the Fe3O4 nanopowders. EDS
analysis of Fe3O4 and Mo (2, 4 and 6%) doped Fe3O4 was con-
ducted to assess the actual ratios of the elemental composi-
tions, as indicated in Fig. S4(a–d)†. The peaks conrm the
existence of iron (Fe), oxygen (O), and molybdenum (Mo) in the
host and doped samples. Moreover, the appearance of carbon
(C), gold (Au) and silicon (Si) peaks can be ascribed to the
experimental setup and sample preparation methods.55 The
samples were coated with gold to decrease charge effects,
causing Au peaks to appear in the spectra. Cu peaks were
RSC Adv., 2022, 12, 35177–35191 | 35181
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Fig. 3 TEM analysis of the (a) Fe3O4, (b) 2% Mo-Fe3O4, (c) 4% Mo-Fe3O4, and (d) 6% Mo-Fe3O4 samples.

Fig. 4 The elemental mapping of the synthesized sample (a) Fe3O4, (b) 2% Mo, (c) 4% Mo, and (d) 6% Mo-Fe3O4.

35182 | RSC Adv., 2022, 12, 35177–35191 © 2022 The Author(s). Published by the Royal Society of Chemistry
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a result of the Cu tape used in the sample holder. The Na peak
can be attributed to NaOH used to preserve the precipitate and
pH of the samples during their preparation. The elemental
mapping images of pristine Fe3O4 and Mo-Fe3O4 at various
concentrations of Mo are shown in Fig. 4a–d, indicating the
clear appearance of Fe, O and Mo uniformly dispersed in the
sample with a high amount of doped Mo.

UV-vis spectroscopy was performed to examine the optical
characteristics of the synthesized samples in the range of 200–
800 nm, with the results shown in Fig. 5a. The pronounced
absorption peaks at 448 nm observed for the host sample
correspond to a direct band-gap energy of around 2.7 eV.29 The
incorporation of Mo (various concentrations) in the host sample
manifests in different energy levels that induce a red-shiing of
the UV-vis bands. The energy band gap (Eg) of pristine and
doped samples decreased from 2.76–2.64 eV upon increasing
the concentration (2, 4 and 6%) of doping, as represented in
Fig. 5b. The Eg of the Mo-doped Fe3O4 samples decreased as
they absorb more photons than pristine Fe3O4, resulting in the
generation of more electron–hole pairs.56

PL spectroscopy was executed to examine the photo-
generated carrier trapping, charge transfer efficiency and
recombination rate of the electron–hole pairs of the
Fig. 5 (a) UV-vis spectra, (b) Tauc plot of Eg, and (c) PL spectra of the F

© 2022 The Author(s). Published by the Royal Society of Chemistry
semiconductor material. PL spectra of Fe3O4 and Mo-Fe3O4

were recorded with a wide emission signal in the range of 360–
410 nm, as revealed in Fig. 5c. The electron was excited to the
conduction band (CB) at a wavelength of 250 nm, which resul-
ted in the formation of a gaping hole in the material.57 The
recombination of charge carriers (e− and h+) in the excited state
led to an emission at 390 nm. The valence band (VB) of Fe3O4 is
composed of states of iron (3d) and oxygen (2p) that are both
present in the compound and CB is made up of the Fe (4s) state.
The graph shows a single high-intensity peak for the 2% Mo-
Fe3O4 at 392 nm caused by the high charge recombination rate
of electron–hole pairs, and with a higher concentration of
doping this peak lowered in intensity, which in turn signi-
cantly boost the CA.58 The higher intensity of the PL spectra
manifested in a lower amount of surface oxygen vacancies and
lower peak intensity, indicating higher catalytic activity, as
suggested by previous studies.59

The catalytic degradation of dye was performed using the
synthesized NSs via the electron transfer of BH4

− ions. The
catalytic reduction of MB in the presence of the reducing agent
NaBH4 by the pristine Fe3O4 and Mo-Fe3O4 NSs samples was
monitored using UV-vis spectroscopy, with the results shown in
Fig. 6a–c.
e3O4 and Mo-Fe3O4 samples.

RSC Adv., 2022, 12, 35177–35191 | 35183
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Fig. 6 (a–c) UV-vis spectra of dye reduction in (a) acidic, (b) neutral, and (c) basic media.
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MB is a positively-charged dye that exhibits degradation
upon incorporating BH4

− ions that act as a reducing agent,
decreasing the intensity of the absorption of dye molecules. The
dye molecules accept the electrons contributed by the BH4

−

ions, resulting in the degradation of the MB dye. This promotes
the catalytic degradation of MB, and active catalysts Fe3O4 NSs
were selected as a framework to increase the efficiency of the
dye degradation due to the unique properties that they possess
such as easy magnetic separation, high specic surface area,
a reactive surface and small size. The positively-charged MB dye
forms hydrogen bonds with the hydroxyl groups (OH−) located
on the surface of the Fe3O4 NSs. This interaction is further
strengthened by electrostatic attraction, which helps to facili-
tate MB dye adsorption. The surface-to-volume ratio was
increased owing to the effect of the Fe3O4 NSs and the number
of dye molecules, and BH4

− ions could be effectively adsorbed.
The adsorbed BH4

− ions donate electrons to the surface of the
Fe3O4 NSs. The MB dye interacts with the excess surface elec-
trons of the electron-rich Fe3O4, leading to its degradation, as
shown in Fig. S1.†

It has been observed that advanced oxidation processes are
primarily affected by pH. As a result, it is critical to investigate
the efficiency of catalysts to degrade dye at various pH levels in
neutral acidic and basic media. The pH of a solution is an
important factor in CA as it affects the surface characteristics of
dye molecules and catalysts. The maximum degradation in each
medium was assessed by the catalytic degradation of MB dye
with the synthesized NSs catalysts. In neutral medium at pH =
35184 | RSC Adv., 2022, 12, 35177–35191
7.4, 76.9, 78.3 and 79% degradation of MB was observed, at pH
= 4 in acidic medium 73.26, 72, 68.7 and 77.63% degradation
was observed, and in basic medium at pH = 12 maximum
degradations of MB of 85.33, 81.48, 83.81, 86.25% were
observed, respectively, as indicated in Fig. 7a–c. Because of its
multiple roles, interpreting the inuence that pH has on the
catalytic degradation process is challenging. First, it is associ-
ated with the acid–base properties of the MO surface. The
attachment of individual water molecules (H2O) to surface
metal sites is accompanied by OH− charge group dissociation
due to interaction with the chemically equivalent metal
hydroxyl (M–OH) groups. As the pH of the solution continues to
increase, the catalyst surface acquires a negative charge as the
consequence of adsorbing OH− ions. The availability of high
amounts of OH− ions on the particle surface and in the reaction
system promotes the formation of cOH free radicals, which are
broadly supported as the primary oxidizing species responsible
for the degradation of organic compounds at neutral or high pH
levels, increasing the process efficiency. The experimental
analysis indicates that a higher level of degradation occurs in
basic rather than acidic medium.60 MB is a positively-charged
dye with modest degradation at low pH. As the pH increased,
maximum degradation was noted. The positively-charged
surface of the catalyst is strongly opposed to cationic species
adsorption in an acidic medium. Because of the increased
electrostatic attraction between both the positively-charge dye
and the negatively-charged catalyst in the basic medium, the
surface charges of the dye become negative. Dye adsorption
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Catalytic potential of the pristine and Mo-doped Fe3O4 in (a) acidic, (b) neutral, and (c) basic media.
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increases as a result, which is consistent with previous
ndings.61,62

Using an agar well diffusion method, the antimicrobial
performance of the host andMo-doped Fe3O4 NSs against E. coli
was assessed. The signicant inhibition regions were measured
at low and high concentrations (0–1.45 mm) and (1.65–3.45
mm), respectively, for E. coli and are presented in Table 1. In
a comparable pattern, the inhibition zone quantication for E.
coli was contrasted with a negative control, which consisted of
DIW (0 mm), and positive control, which constituted
Table 1 Antibacterial potential of Fe3O4 and Mo (2, 4 and 6%) doped
Fe3O4

Samples

E. coli inhibition zone measurements (mm)

Low conc. High conc. C +ve C −ve

0.5 mg per 50 mL
1.0 mg
per 50 mL Ciprooxacin DIW

Fe3O4 0 1.65 5 0
2% Mo-Fe3O4 0 2.05 5 0
4% Mo-Fe3O4 0.65 2.45 5 0
6% Mo-Fe3O4 1.45 3.45 5 0

© 2022 The Author(s). Published by the Royal Society of Chemistry
ciprooxacin, with an inhibition zone measurement of 5.0 mm.
Fe3O4 showed no inhibition zones during measurements when
it was present in low concentrations, but it showed maximum
inhibition zones when it was present in high concentrations.
Additionally, as the dopant concentration was increased, the
zone area also increased, as shown in Table 1. Because the cell
wall of E. coli is primarily made up of an outer membrane,
plasma membrane and a thin layer of peptidoglycan, the results
showed that Mo-doped Fe3O4 NSs had a greater bactericidal
efficiency against E. coli. Gram-negative microbes are distin-
guished from their Gram-positive counterparts by their cells'
thicker cell walls and more intricate structures. NSs generate
oxidative stress in proportion to their size, shape and concen-
tration. Antibacterial activity is affected by particle concentra-
tion and size. When particles are smaller in size, they generate
more reactive oxygen species, known as ROS. These species, in
turn, cause cytoplasmic components to extrude, which ulti-
mately results in the death of bacteria through microorganism
membrane penetration,63 as the mechanism of antimicrobial
activity indicates in Fig. 8.

Pairs of electrons and holes are the fundamental basis for
generating ROS. Chemical techniques yield more ROS, such as
superoxide anion (cO2−), hydrogen peroxide (cH2O2) and
hydroxyl (cOH) radicals. Many oxides of transition metals are
RSC Adv., 2022, 12, 35177–35191 | 35185
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Fig. 8 Antimicrobial mechanism of the Mo-doped Fe3O4 NSs.
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active in the comparison of a wide variety of microorganisms.
This is because of the interaction between hydrophobic and
electrostatic inuences. The production of ROS can be
described as follows.64,65

Fe3O4 + hn (photon) / h+ (hole) + e− (excited electron)

e− + O2 / cO2
−

h+ + H2O / OH− + H+

cO2
− + H+ / cHO2

cHO2 + e− + H+ / cH2O2

cH2O2 + cO2
− / cOH + O2 + OH−

When Fe3O4 and Mo-doped Fe3O4 are subjected to light
irradiation with a photon energy equivalent to the Eg of the
semiconductor material, charged particles from the VB at the
lowest energy state are transferred to the CB, leaving holes in
the VB. Excited electrons in the CB have the potential to become
trapped by the molecular O2 found on the surface, which results
in the formation of superoxide anion radicals. As a result of this,
the holes in the VB interact with H2O, which results in the
release of hydroxyl and hydrogen ions. The reaction between
superoxide anion radicals and hydrogen ions then results in the
production of hydroperoxyl radicals. The generation of the
hydrogen peroxide radicals occurs as a result of hydroperoxyl
radicals combining with electrons and holes. At the same time,
hydroxyl radicals, hydroxyl ions, and singlet oxygen molecule
35186 | RSC Adv., 2022, 12, 35177–35191
are generated when the hydrogen peroxide radicals combines
with superoxide anion radicals. Positively-charged particles
incorporating hydrogen peroxide radicals are capable of rapidly
penetrating into bacterial cell (negatively charged) membranes,
causing the death of bacteria, in contrast to negatively-charged
radicals, which include hydroxyl radicals and superoxide
anions, which are unable to pass through the cell membranes of
microorganisms but still cause signicant damage to the
outermost surface of bacterial cells. Because of this, cH2O2 is
extremely dangerous as it ruptures the cell membranes of
bacteria, ultimately resulting in their death.66 The bactericidal
ability is related to the generation of ROS, which is inuenced
by a number of factors, including the ability to diffuse, crys-
tallinity, surface area, and surface oxygen vacancies.67

NSs attach themselves to the cell wall like a helical, disor-
ganized spring, and then they penetrate into the cell
membrane, where they form interlinks with the molecular
structure of deoxyribonucleic acid (DNA). Nanoparticles have
a positive charge, in contrast to the membrane of the microbial
species, which has a negative charge. The interaction between
bacteria and a strong cationic (Fe3+) charge increases micro-
bicidal potency with increasing concentrations of NSs, which
promotes lysis and bacterial cell collapse, ultimately leading to
the death of bacteria.63,68

There is an ongoing need for suitable antibiotics, as drug
resistance has been deemed a severe menace to mankind. The
antibacterial action of metal NSs is widely recognized in this
regard. The folate biosynthesis pathway enzymes dihydrofolate
reductase (DHFR) and dihydropteroate synthase (DHPS) are
well-known targets for trimethoprim and sulfonamide
drugs.69,70 Here, we assessed the affinity of Mo-Fe3O4 NSs for the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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E. coli DHFR, DHPS, and FabH enzymes. Docked complexes
indicated their binding pattern within active sites and asserted
them as potential enzyme inhibitors towards certain enzyme
targets. The optimally docked zone for DHFRE. coli displayed H-
bonding interactions with Ile94, Ala7, and Asp27, with
a binding score of −6.01 kcal mol−1, as represented in Fig. 9e
and f. In Fig. 9c and d, the docking complexes for DHPS E. coli

exhibit H-bonding with Asn115, Asp56, Thr62, and Asp96.
Fig. 9 Schematics of the binding pocket and interaction of Mo-doped
protein synthase III (FabH), (c, d) dihydropteroate synthase (DHPS), and (

© 2022 The Author(s). Published by the Royal Society of Chemistry
These Mo-doped Fe3O4 NSs impede the DHPS enzyme's active
site (binding energy: −6.17 kcal mol−1) and are proposed as
a potential antagonist. Docking of theMo-doped Fe3O4 NSs with
the b-ketoacyl-acyl carrier protein synthase III (FabH) enzyme of
the fatty acid biosynthesis pathway displayed H-bonding inter-
actions with Phe304, His244, and Asn274, with a binding score
of 5.75 kcal mol−1, as indicated in Fig. 9a and b. The inability of
the substrate to enter the active site as a result of ligand binding
Fe3O4 NSs inside (a, b) an active pocket of the b-ketoacyl-acyl carrier
e, f) dihydrofolate reductase (DHFR) in E. coli.

RSC Adv., 2022, 12, 35177–35191 | 35187
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led to cessation of the enzyme activity. Enhanced antibacterial
activity of Mo-doped Fe3O4 NSs versus E. coli in silico predictions
for specied targets indicated their potential binding modes in
the active pocket and showed them to be a prospective enzyme
inhibitor.
4 Conclusion

In this study, Fe3O4 and Mo-Fe3O4 (2, 4 and 6%) nanostructures
were synthesized via a co-precipitation approach to achieve
improved catalytic and bactericidal activity, with molecular
docking analysis also carried out. The XRD analysis revealed
that the orthorhombic and tetragonal structure phases of Fe3O4

and crystalline suppression upon doping. The measured crys-
tallite sizes for pure and doped Fe3O4 are 36.11, 38.45, 25.74,
and 24.38 nm, with the peaks at 2q of 26.6, 26.6, 28.3 and 36.26
corresponding to the (223), (223), (031) and (517) planes,
respectively. UV-vis spectra showed peaks at 448 nm with an
energy band gap at around 2.7 eV, showing a red-shi upon the
incorporation of Mo (2, 4 and 6%), which indicates a decrease in
the band gap energy to 2.64 eV for 6%Mo-doped Fe3O4 NSs. The
mapping analysis and EDS spectra demonstrated the elemental
composition and presence of Fe and O, and the doping of Mo.
Furthermore, TEM analysis showed agglomerated spherical-
shaped nanoparticles in the pure sample, where upon the
addition of a low concentration of Mo, agglomerated nanorods
and nanoparticles were observed and with 6% incorporation of
Mo surface occules emerged on the surface of the nano-
particles. HR-TEM analysis was used to measure the interlayer
d-spacing of the pure and doped samples, of 0.33, 0.41, 0.17 and
0.27 nm. Catalytic degradation of MB using NaBH4 as
a reducing agent was successful in acidic, neutral and basic
media, with results of 77.63, 79.3 and 86.25%, respectively. 6%
Mo-doped Fe3O4 was found to be the superior catalyst for the
degradation of MB as a redox reaction take place between MB
and NaBH4. Antimicrobial activity measurements were con-
ducted against E. coli bacteria and the results compared with
ciprooxacin. The signicant inhibition zone for pure and
doped samples was determined for high concentration as 1.65–
3.45 mm. In addition, molecular docking analysis suggested
that the Mo-doped Fe3O4 NSs might block the DHFR, DHPS,
and FabH enzymes. The inhibition of certain enzymes has been
proposed as a potential mechanism for the microbicidal effect
of the Mo-doped Fe3O4 NSs toward E. coli. The experimental
results indicate that the catalysts used in this study are efficient
at eliminating toxic industrial effluents and infectious disease
bacteria from wastewater, as well as being environmentally
conscious, less noxious, and cost-effective compared with other
systems, showing their future potential.
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24 M. Á. Argud́ın, M. C. Mendoza and M. R. Rodicio, Food
Poisoning and Staphylococcus aureus Enterotoxins, Toxins,
2010, 2, 1751–1773, DOI: 10.3390/toxins2071751.

25 H. F. Chambers and F. R. DeLeo, Waves of resistance:
Staphylococcus aureus in the antibiotic era, Nat. Rev.
Microbiol., 2009, 7, 629–641, DOI: 10.1038/nrmicro2200.

26 J. M. Spinale, R. L. Ruebner, L. Copelovitch and B. S. Kaplan,
Long-term outcomes of Shiga toxin hemolytic uremic
syndrome, Pediatr. Nephrol., 2013, 28, 2097–2105, DOI:
10.1007/s00467-012-2383-6.

27 T. Abuladze, M. Li, M. Y. Menetrez, T. Dean, A. Senecal and
A. Sulakvelidze, Bacteriophages reduce experimental
contamination of hard surfaces, tomato, spinach, broccoli,
and ground beef by Escherichia coli O157:H7, Appl. Environ.
Microbiol., 2008, 74, 6230–6238, DOI: 10.1128/AEM.01465-
08.

28 P. M. Hawkey, The growing burden of antimicrobial
resistance, J. Antimicrob. Chemother., 2008, 62, i1–i9, DOI:
10.1093/jac/dkn241.

29 C. Siriwong, N. Wetchakun, B. Inceesungvorn, D. Channei,
T. Samerjai and S. Phanichphant, Doped-metal oxide
nanoparticles for use as photocatalysts, Prog. Cryst. Growth
Charact. Mater., 2012, 58, 145–163, DOI: 10.1016/
j.pcrysgrow.2012.02.004.

30 H. Li, H. Shen, L. Duan, R. Liu, Q. Li, Q. Zhang and X. Zhao,
Enhanced photocatalytic activity and synthesis of ZnO
nanorods/MoS2 composites, Superlattices Microstruct., 2018,
117, 336–341, DOI: 10.1016/j.spmi.2018.03.028.

31 S. A. Ansari, M. M. Khan, M. O. Ansari, J. Lee and M. H. Cho,
Biogenic synthesis, photocatalytic, and
photoelectrochemical performance of Ag–ZnO
nanocomposite, J. Phys. Chem. C, 2013, 117, 27023–27030,
DOI: 10.1021/jp410063p.

32 R. Ben Ayed, M. Ajili, Y. Piñeiro, J. Rivas and N. T. Kamoun,
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