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ABSTRACT: In this study, various concentrations of strontium (Sr)
into a fixed amount of starch (St) and Fe,O; nanostructures (NSs)
were synthesized with the co-precipitation approach to evaluate the
antibacterial and photocatalytic properties of the concerned NSs. The
study aimed to synthesize nanorods of Fe,O; with co-precipitation to
enhance the bactericidal behavior with dopant-dependent Fe,O;.
Advanced techniques were utilized to investigate the structural
characteristics, morphological properties, optical absorption and
emission, and elemental composition properties of synthesized
samples. Measurements via X-ray diffraction confirmed the
rhombohedral structure for Fe,O;. Fourier-transform infrared
analysis explored the vibrational and rotational modes of the O—H
functional group and the C=C and Fe—O functional groups. The
energy band gap of the synthesized samples was observed in the range of 2.78—3.15 eV, which indicates that the blue shift in the
absorption spectra of Fe,O; and Sr/St-Fe,O; was identified with UV—vis spectroscopy. The emission spectra were obtained through
photoluminescence spectroscopy, and the elements in the materials were determined using energy-dispersive X-ray spectroscopy
analysis. High-resolution transmission electron microscopy micrographs showed NSs that exhibit nanorods (NRs), and upon doping,
agglomeration of NRs and nanoparticles was observed. Efficient degradations of methylene blue increased the photocatalytic activity
in the implantation of Sr/St on Fe,O; NRs. The antibacterial potential for Escherichia coli and Staphylococcus aureus was measured
against ciprofloxacin. E. coli bacteria exhibit inhibition zones of 3.55 and 4.60 mm at low and high doses, respectively. S. aureus shows
the measurement of inhibition zones for low and high doses of prepared samples at 0.47 and 2.40 mm, respectively. The prepared
nanocatalyst showed remarkable antibacterial action against E. coli bacteria rather than S. aureus at high and low doses compared to
ciprofloxacin. The best-docked conformation of the dihydrofolate reductase enzyme against E. coli for Sr/St-Fe,O; showed H-
bonding interactions with Ile-94, Tyr-100, Tyr-111, Trp-30, ASP-27, Thr-113, and Ala-6.
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1. INTRODUCTION or directly released into the environment.” The environment is
A critical component of all living things is clean water. seriously threatened by the more persistent, non-biodegrad-
However, rapid industrialization and enormous population able, and aromatic molecular structures of particularly basic
growth led to increased contamination of the world’s water dyes like methylene blue (MB)‘S Many scientists and
resources. The ultimatum and clean water consumption have researchers have started a quest to look for multiple-level
grown significantly in agriculture. About 70, 22, and 8%, remedies to alleviate this terrible circumstance. In this context,
respectively, of clean water with a high pollutant range is promising technological advancements have taken place, such

consumed in industries, the home sector, and other forms of
cons.umption.1 Upon producing various goods, contaminated
water from factories leaked into the shipping canal. This
contaminated effluent contains several chemical components
that could harm the environment. The most harmful pollutant
discharged from the textile sector, agricultural resources, and
urban areas is contained in chemical components. These
chemical components can be either organic or synthetic dyes
that damage the environment the most.”’ According to
research, 20% of dyes produced globally were either indirectly

as bio-based contaminant utilization and development in
various functionalized filtrations such as bio-filtration, ultra-
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Figure 1. Schematic diagram for the structure and preparation of Sr/St-Fe,O;

filtration, electro-dialysis, aerobic treatment, adsorptions,6 and
photocatalytic (PC) techniques to degrade the dyes from
contaminated industrial wastewater.” ~ Because it uses
materials that contain carbon, adsorption technology is
effective. In addition, it can be used as a framework to
incorporate inorganic materials. The composite was created by
breeding metal nanoparticles (NPs) into an organic structure
and then employed for antibacterial and wastewater treatment
applications.”'’ The frontline of nanotechnology’s explosive
development is NPs. Hence, these constituents are superior
and indispensable in many social activities owing to their
distinct size-dependent properties.'’ Iron (Fe) is a recent
transition metal that may be found in the crust of the Earth; it
serves as the basis for modern infrastructure.'” In comparison
to other metal group components such as cobalt (Cu), nickel
(Ni), gold (Au), and platinum (Pt), iron oxide has a relatively
broad range of applications.'” There are about 16 recognized
iron oxides, which are created chemically when iron and
oxygen interact. Rust is a type of iron(IIl) oxide found in
nature.'” Iron oxides are commonly and frequently used
because they are cheap and essential in many biological
processes. Hematite (—Fe,0;) is utilized frequently as
catalysts, w1s supports, o1 or sensors'”*° owing to inex-
pensive cost, strong corrosion resistance, and eco-friendly
attributes. Additionally, Fe,O; has the potential to include
significant oxygen concentrations, which most likely corre-
spond to oxygen supply through oxidation reactions. Iron
oxide is a precursor for the molten iron catalyst, and it comes
in three different forms: Fe,O5, Fe;O,, and FeO. Due to their
inexpensive cost, high adsorption capacity, simple separation,
and improved stability, iron oxide nanomaterials (NMs) are
promising catalysts for industrial wastewater treatment. Iron
oxide NMs are currently used in two different types of
technologies for the treatment of contaminated water: (a)
adsorptive/immobilization technology, which may use Fe,O;
NMs as a nano-sorbent type or immobilization carrier to
increase removal efficiency, and (b) photocatalysts, which can
use Fe,0; to degrade or change toxins into a less harmful form.
Nevertheless, it should now be emphasized that many
technologies may use both methods.”"** A natural, renewable
polymer derived from plants is starch (St). St is the secondary
most prevalent biomass material and a renewable energy
source.”> ™ St is composed in its pure form of a mixture of
two polymers of an anhydroglucose unit, amylase, and
amylopectin.” Sts are difficult to understand for many uses,
including drug delivery, tissue engineering, and other
biomedical ones. Excellent biological characteristics of St
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include biodegradability, biocompatibility, and nontoxicity.26
Because it is renewable, biodegradable, and inexpensive, the St
biopolymer may also gain 1nterest for industrialized applica-
tions in wastewater treatment.”> Due to their distinct physical
and chemical properties, metallic NPs have attracted the most
attention among all NPs in recent years. The periodic table’s
group II metallic elements include strontium (Sr). Sr-
conjugated NPs are also effective at removing harmful
pollutants from industrial wastewater and have antibacterial
properties. The positive charge and capacity to absorb a small
number of anionic analytes make Sr (Sr) a suitable material for
water treatment.”’

NMs have been shown to have antibacterial effects against
many different types of bacteria. This includes Gram-positive
Staphylococcus aureus (S. aureus) and Gram-negative Escher-
ichia coli (E. coli). Among these, methicillin-resistant S. aureus
(MRSA) is the most alarming because of how many people
died worldwide. Approximately, 1.3 million children under the
age of S die yearly from complications related to diarrhea
caused by the bacterium E. coli, which is mainly spread by
contaminated water. Bacterial attachment is ensured by NMs
that are tiny, mobile, and conductive.”

In this article, we propose a low-cost synthesis of Fe,O; and
Sr/St-doped Fe,O; (Sr/St-Fe,O;) with various concentrations
(2 and 4%) of Sr for antimicrobial and photocatalytic activity
(PCA) applications. Additionally, Sr and St dopant effects in
structural, morphological, and optical properties of Fe,0; are
discussed. Using computational methods, scientists can probe
the hidden mechanisms underlying a wide range of biological
processes. The best-docked conformation of the dihydrofolate
reductase (DHFR) enzyme against E. coli for Sr/St-Fe,O,
showed H-bonding interactions with Ile-94, Tyr-100, Tyr-111,
Trp-30, ASP-27, Thr-113, and Ala-6, and molecular docking
predictions were carried out to learn about the nano-
composites’ binding propensity.

2. EXPERIMENTAL SECTION

2.1. Materials. All the chemicals and reagents, including
iron(IlI) nitrate nonahydrate [Fe(NO;);9H,0. 98%], St
(CgH,¢Os. 97.5%), Sr(II) nitrate [Sr(NO;),. 99.07%], sodium
hydroxide (NaOH. 98.5%), and MB, were procured from
Sigma-Aldrich (Germany) and Analar, respectively. The above-
mentioned chemicals were of analytical grade, and all
compounds were utilized with no additional purification.

2.2. Preparation of Fe,0; and Sr/St-Doped Fe,O;
Nanostructures. Un-doped and Sr/St-doped Fe,O; nano-
structures (NSs) were prepared through the co-precipitation
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Figure 2. (a) XRD patterns of Fe,05, St-Fe,0;, and (2, 4%) Sr/St-Fe,0; NSs; (b) FTIR spectra of Fe,05, St-Fe,0;, and (2, 4%) Sr/St-Fe,O; NSs;
and (c,d) SAED patterns of pristine Fe,0;, St-Fe,O5, and (4%) Sr/St-Fe,O;.

route, as shown in Figure 1. An appropriate amount of 0.5 M
Fe(NO;),-9H,0 was first dissolved in 50 mL of distilled water
under vigorous stirring at 85 °C for 45 min (min). A fixed
amount (0.5 g) of C4H,;(Os was added to the above-stirred
solution. Various concentrations (2 and 4%) of Sr [using
source Sr(NOj;),] were added to the St-doped Fe,O; solution.
The salts were precipitated at 85 °C after incorporating 0.5 M
solutions of NaOH to sustain a pH value of ~12 and finally
kept at 100 °C for 1.5 h (h). The resulting precipitates were
cooled, separated with centrifugation (75000 rpm, 10 min),
and washed with ethanol and deionized water (DIW) to
remove salts. The obtained compounds were dried by stirring
at ~400 °C for ~4 h; the red brick-colored powders were
collected after grinding to get pristine Fe,O; and Sr/St-Fe,0;
powders.””

2.3. PC Activity. The current study involved the
degradation of MB in the presence of Fe,Os St/Fe,0;, and
the (2, 4%) Sr/St-Fe,O; NS under sunlight. The relevant
samples’ PCA was monitored using UV/vis spectrophotometry
at room temperature. A freshly prepared solution of MB (30
mL) and synthesized samples (10 mg) were mixed before
irradiation; these materials were reserved in the dark (30 min)
to establish robust adsorption/desorption equilibrium between
the photocatalyst and MB solution. After stirring, the
combined solution was poured into a photoreactor, and a
mercury (Hg) vapor lamp (400 W, 15 cm) was used as the
light source. After this, 3 mL of the solution was taken out and
put through a UV—vis test at different time intervals (0, 30, 60,
90, and 120 min). The 4, (maximum absorption) for MB
was noticed at ~665 nm for concerned NSs. Using eq 1, the
degradation (%) could be calculated®”*!

0

C,— C
% degradation = =0 %100
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where C, and C, are initial and final MB concentrations,
respectively.

2.4. Antimicrobial Activity. Antibacterial activity for bare
Fe,0;, St-Fe,05, and Sr/St-Fe,O; with a Sr content of 2 and
4% was analyzed via the agar well diffusion method in
comparison to E. coli (Gram—negative bacterium) and S. aureus
(Gram-positive bacterium). The growths of both bacteria were
tested on a nutrient agar medium. Utilizing a sterile cork borer,
a well having a diameter of 6 mm was punched into agar plates.
Petri plates were swabbed at 1.6 X 10° CFUmL™" (0.5 Mc-
Farland standard) for S. aureus and E. coli on mannitol salt agar
(MSA) and macconkey agar (MA), respectively. The swabbed
Petri plates were then incubated at 37 °C for 24 h, and the
inhibition zones surrounding the wells were observed.
Correspondingly, the antibacterial potential was determined
around the well by measuring the inhibition zone diameter
(mm). Meanwhile, pristine and St-Fe,O5 and Sr/St-Fe,0; 0.5
mg/50 pL at a low and at a high 1.0 mg/50 uL concentration
have been prepared in one. All wells with ciprofloxacin (CF) §
ug/S0 uL carried as the positive control, and DIW (50 uL)
was used as a negative control in the comparison. Finally, the
inoculation dishes were incubated aerobically at 37 °C
overnight, and the inhibition zone was measured using a
Vernier caliper to evaluate the bactericidal efficiency.*>**

2.5. Molecular Docking Analysis. DHFR converts
dihydrofolate to tetrahydrofolate, is involved in the biosyn-
thesis of purines and thymidylate, and is, hence, considered
vital for the survival of bacteria.” In order to determine the
inhibitory capability of St-Fe,O; and Sr/St-Fe,O;, we
evaluated them against DHFR from E. coli and S. aureus.
The crystal structures of E. coli-DHFR (PDB code: 2ANQ,
Resolution: 2.13)° were obtained from the RCSB PDB (www.
rcsb.org). Similarly, DHFR from S. aureus has a PDB ID: 3FY8
(Resolution: 2.20).*® To conduct the docking analysis, SYBYL-
X 2.0 software was utilized. Similar to our earlier work,®>” we
used SYBYL-X 2.0 to build 3-D structures of the compounds of
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Figure 3. (a) UV—vis absorption spectra; (b) calculated energy band gap; and (c) PL emission spectra for Fe,Os, St-Fe,O;, and (2, 4%) Sr/St-

Fe,O; NSs.

interest and to examine NP binding interactions with the active
site residues of the specified proteins.

2.6. Material Characterizations. To determine the
structure of the crystal and phase of Fe,O; and doped Fe,O;
in the 20 range (10—70°), the Analytical XPert PRO X-ray
diffraction system was employed. This system used CuKa
radiation with a wavelength of 0.0154 nm. A spectroscope
manufactured by PerkinElmer was utilized to determine the
functional groups present in the Fourier-transform infrared
(FTIR) spectra. To investigate the optical and PC measure-
ment within the wavelength range of 350—800 nm, a UV—vis
spectrophotometer, model LABDEX, was used. The morphol-
ogies and microstructures of the samples were measured by
employing a JSM-6460LV field-emission scanning electron
microscopy system that was linked with an energy-dispersive
X-ray spectrometer. On a JASCO FP-8300 system, PL spectra
were obtained for the pure and the doped Fe,O; For
measuring the inter-planner d-spacing of prepared samples, the
high-resolution transmission electron microscopy (HR-TEM)
equipment JEOL JEM 2100F was used.

3. RESULTS AND DISCUSSION

The prepared material’s crystal structure, crystallite size, phase
composition, and phase purity were analyzed through X-ray
diffraction (XRD) analysis. XRD analysis was utilized for
dopant-free Fe,0; and Sr/St-Fe,O; in the 20° range of 10—
70° as represented in Figure 2a. Peaks were stationed at the
following positions: 23.98, 33.15, 35.61, 40.21, 47.48, 52.87,
54.60, 56.22, and 64.36° that are allocated to (012), (104),
(110), (113), (024), (214), (116), (018), and (300) planes of
the rhombohedral structure of Fe,O;, respectively (JCPDS:
89-2810).>%*" Significant variation (peak intensity increased)
in St-Fe,O5 composite spectra was detected, which may be a
confirmation of St loading into the Fe,O; composite.
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Furthermore, peak shifting (higher angle) was noticed after 2
and 4% doping of Sr into fixed St-Fe,O;. The broadness in the
intensities of the peaks was interpreted as good coupling of the
prepared samples, which resulted in increased crystallinity and
structural quality. The crystalline sizes of undoped Fe,0;, St-
Fe,03, 2% Sr/St-Fe,0;, and 4% Sr/St-Fe,0; composites were
measured as ~48.41, ~42.83, ~39.51, and ~35.72 nm,
respectively, using intense peaks (012), (104), and (110) by
applying the Debye—Scherrer formula.

To identify functional groups, chemical bonds in com-
pounds, chemical structures, and hybrid molecular vibrations
such as bending and stretching in a specific infrared area, the
synthesized Fe,0;, St-Fe,Os, and (2, 4%) Sr/St-Fe,O; were
assessed in the spectral ranges of the 4000—S00 cm™'
wavenumber as represented in Figure 2b. Furthermore, the
transmittance spectrum of pristine Fe,O; unveiled a functional
group at ~3437 cm™" referred to as O—H stretching vibrations
due to the presence of moisture in the air and C=C owing to
CO, absorption. Furthermore, the Fe—O stretching mode has
a characteristic peak at ~621 cm™,** which confirms the
Fe,0; successful formation.*” Meanwhile, the band found at
~883 cm™' may be assigned to C=H stretching vibration."'
The absorption peaks around 1552 and 1647 cm™' correspond
to symmetric and asymmetric C=O bending vibrations,
respectively.”’ The small absorption peaks at ~1784 and
~1051 cm™" were associated with C=0 and C—O stretching
vibrations, respectively.*>** In addition, the slight shifting of
the peaks is associated with incorporation of St and Sr into
Fe,0; (Figure 2b).

A selected area electron diffraction (SAED) analysis of
Fe,0; and St-Fe,O; and (2 and 4%) Sr/St-Fe,O; NSs was
performed on a small section within the sphere, as shown in
Figure 2c—e. This study was conducted on a limited region
within the sphere. The result shows a pattern of concentric
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rings, suggesting that the NSs are polycrystalline in the nature
of the prepared specimen. Diffraction rings inside SAED
analysis were ascribed to (012), (018), (024), (104), and
(110) planes which were indexed as rhombohedral structures
and were found to be consistent with XRD analysis.

The absorption properties of prepared Fe,O;, St-Fe,03, and
(2, 4%) Sr/St-Fe,0O; NSs were examined using a UV—vis
spectrometer ranging from 250 to 800 nm, as revealed in
Figure 3a. Un-doped Fe,O; exhibited two characteristic
absorption peaks at 435 and 493 nm, corresponding to charge
transfer between ligands and metals."* The electronic
transition from the shell of 2% orbitals to Fe3" ions may be
the reason that Fe,O; NSs exhibited absorption bands from
UV to near-vis wavelengths.” First, magnetically coupled Fe>*
cations appeared in adjacent sites. Second, Fe®" ligand field
transition occurred and consequently transferred the charge
ligand to the metal. This twofold excitation operation may be a
reason for the absorption band appearing within the visible
region.46

Furthermore, after doping with St, a clear blue shift was
noted; meanwhile, upon Sr doping, similar behavior was
observed. The new absorption and emission peaks (i.e., blue-
shifted peak) may be the characteristic features of the formed
metal—ligand complex. The binding of metal ions to the ligand
caused a blue shift.** To calculate band gap energies (Eg) of
concerned samples, the Tauc equation was used, and
corresponding graphs have been plotted for (ahv)® versus
(hv) as depicted in Figure 3b; direct E, for Fe,0; was found to
be 2.78 eV which is consistent with the published literature.*’
For St-Fe,0;- and (2, 4%) Sr/St-doped samples, increase in E,
(2.78 to 3.15 V) was observed, as visualized in Figure 3b.
Wide-band gap semiconductors absorb high-energy wave-
lengths due to blue shift in the absorption edge, thus
enhancing solar conversion efficiency. The reduction of a
semiconductor crystal size is associated with band gap
broadening. Because of this, higher absorbance of quantum
energy supplied by photons with higher eV is anticipated for
valence band (VB)-to-conduction band (CB) excitations and,
consequently, shifting of the absorption edge."” The E, of the
doping concentration increased as the crystallite sizes grew;
this may have been driven by diminished orientation alignment
and poor crystallinity of the materials being considered.**

Photoluminescence (PL) spectra were used to acquire
information on quantum confinement, optical properties, and
energy levels of pristine and Sr/St-Fe,O; samples. The
quantum confinement effect is observed when the size of the
particle is too small to be comparable to the wavelength of the
electron. Quantum confinement effects describe electrons in
terms of energy levels, potential wells, and VBs.>° Moreover,
the analyzed PL spectra for Fe,Oy and (2, 4 wt %) Sr/St-Fe,0,
materials have wavelengths between 400 and 600 nm, as
demonstrated in Figure 3c. In addition, emissions could be
attributed to unresolved states because pumping encourages
excitations to achieve two or more than two e—h+ hole pairs
due to Coulomb interaction and increased photoemissions.
This happens because of the interaction between Coulombs
and electrons.*’

Similarly, lower emissions resulted in a less intense band,
indicating lower carrier recombination. The PL emission
intensity spectrum directly correlates with the photoinduced
charge carrier’s (electron and holes) recombination rate. The
PL spectrum with high intensity indicates a high rate
recombination of electron—hole pairs, and low intensity
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represents high charge carrier efficiency and a low recombi-
nation rate of photoinduced charge carriers.’® PL spectra
indicate the electron—hole recombination rate that decreases
the PCA. The more intense spectra for un-doped Fe,O;
appeared at ~443 nm, corresponding to the blue emission.
They ascribed the structural defect, such as oxygen vacancies,
that frequently acts as defect donors for n-type semiconductor
oxides. This would lead to new energy levels in the space
between band levels.”"**

HRTEM micrographs predicted the morphology of the as-
synthesized samples along with corresponding d-spacing
images, as shown in Figure 4a—d. Pure Fe,O; exhibits the
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Figure 4. HR-TEM images of (a—d) Fe,Os, St-Fe,O;, and Sr/St-
Fe,0;. (a'—d’) Interlayer d-spacing images with a scale bar of 100 and
10 nm.

formation of nanorods, represented in Figure 4a. The
incorporation of a fixed amount of St into Fe,O; showed
that the agglomerated rod overlapped with St (Figure 4b). The
addition of various concentrations of Sr (2 and 4%) into the
binary system (starch+Fe,0,). showed partial interaction of
nanorods and NPs. Furthermore, high order of agglomeration
was observed upon doping of Sr (Figure 4c,d). Utilizing the
Gatan Digital Micrograph technology, it is necessary to
compute the interplanar d-spacing values of the samples. The
d-spacing values for Fe,O;, St-Fe,O; and various concen-
trations of Sr/St-Fe,05 are 0.337, 0.297, 0.262, and 0.229 nm,
respectively (Figure 4 a’—d’). These results for the interlayer
d-spacing correspond very closely with the XRD data (JCPDS:
89-2810).

X-ray photoelectron spectroscopy (XPS) examination was
recorded to look into how the dopant affected the chemical
composition and electrical structure of the Fe,O; NSs (Figure
Sa,b). Spectra of O 1s after fitting are shown in Figure Sa. The
oxygen linked to metal Fe (Fe—O) or lattice oxygen and the
—OH surface hydroxyl species or deposited oxygen was
responsible for the two primary peaks seen in the fitted O 1s
spectra of samples, positioned at 529.4 and 531.1 eV.>* Figure
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7b shows that the Fe 2p;,, (711.3 eV) and Fe 2p, ,, (723.6 €V)
peaks of Fe,O; samples are closely matched with the published
literature.”* ™" These peaks are positioned at 709.4—711.6 and
723.6—726.8 €V, respectively. For this reason, the presence of
the binding energy (BE) peak at 712.6 €V, which was assigned
to Fe** coupled with the —OH hydroxyl group, was taken as
evidence for the occurrence of Fe** (Fe,0;).”

Surface elemental composition of fabricated Fe,O;, St-
Fe,0;, and (2, 4%) Sr/St-Fe,0; NSs is determined using
energy-dispersive spectroscopic analysis, as shown in Figure
Sla—d, respectively. The occurrence of composites of Fe,0;
was verified by the appearance of strong peaks of both Fe and
O. The peak of carbon and Sr assured that St and Sr would be
successfully incorporated into the structure of Fe,O;, as shown
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in Figure Slc,d. Consequently, the gold (Au) peak perceived in
all concerned samples is ascribed to a coating composed of
sputtered Au that covers the sample and helps the charge
dissipate.”">* Additionally, a small quantity of Na was noticed,
possibly due to the use of NaOH solution to keep pH levels
stable throughout the synthesis process.’”””

The impact of pH on the PC degradation was evaluated by
studying the PCA of pure and St-Fe,O; and Sr/St-Fe,O; NSs
in the presence of Hg lamp light for the degradation of MB
dye. From literature, the pH effects on PC properties are
challenging to its multifaceted influence.”® Adsorption plays a
crucial role in the process because dye decomposition occurs
on PC surfaces.” The performance of PCA is improved as pH
rises because an excess of hydroxyl ions reacts with holes to

https://doi.org/10.1021/acsomega.2c07980
ACS Omega 2023, 8, 8066—8077


https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07980/suppl_file/ao2c07980_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07980/suppl_file/ao2c07980_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.2c07980/suppl_file/ao2c07980_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c07980?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c07980?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

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

k=0min!

k = 0.00662 min~1
St/Fez03 k = 0.0019 min-1

v Sr(2%) k=0.00245 min"!

SrE%) ) - 0.00421 min'

= MB-B
¢ FeyO3

In (Cy/Cyp)

()

L 3
[
[
[

In (Cy/Cyp)

k= 0 min-1

k= 0.00466 min-1 .

St/Fez03 k= 0.00215 min-1

v SrQ%)  k=0,00185 min-1

* Sr(4%) 3
k= 0.00243 min~

= MB-N
¢ FeyO3

T . T . Ll . Ll * Ll L) - T L L] L] L) L) 1 L}
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)
= MB-A k=0min! (C)
* Fe03  k=0.00255 min-!
SUFe203 = 0,00197 min!
v Sr2%)  k=0.00193 min’!
= ¢ STE% 000201 min'
L4
=}
S
|

T T

1 1
60 80 100 120

Time (min)

Figure 7. PCA for nanorods and plot of concentration of In(Cy/C,) vs time of Fe,05, St-Fe,0;, (2%) Sr/St-Fe,04, and (4%) Sr/St-Fe,0; in basic

(a), neutral (b), and acidic media (c).

create hydroxyl free radicals.”” The performance of degrada-
tion is determined by adsorption with a radical hydroxyl
concentration where a CB electron reacts with an oxygen
molecule and converts it to an oxygen-free radical, and a hole
in the VB reacts with a water molecule and splits it into a
hydroxyl ion, and a hydrogen ion and hole react with hydroxyl
ions to synthesize a hydroxyl-free radical.

The PCA of Fe,O; NSs begins with photoexcitation of e
from the VB to the CB, generating h* in the VB.

Fe,0; + hv (photon) — h" (hole) + e (excited electron)

The photogenerated e~ reacts with dissolved molecular
oxygen (O,) that adsorbed on the surface, forming superoxide
radical anions (*0,")

e” + 0, > °0;

These *O,~ radicals react with water molecules (H,0) and
generate oxidizing agents such as hydroperoxyl (*"HO,) and
*OH radicals, acting as reactive agents to degrade organic
pollutants.

*0; + H,0 — *HO, + *OH

The photogenerated h™ in the VB reacts with H,O and
hydroxide anions (OH™) to form a highly reactive *OH
radical.

h" + H,0 - OH™ + H*
h" 4+ OH™ — *OH

The hydroxyl- and oxygen-free radicals react with MB,
converting MB into leucomethylene blue (LMB).°" Two
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byproducts are obtained that are carbon dioxide and water and
can be represented in Figure S2.

(*03, *OH) + Organic dye (MB) —» CO, + H,0

The degrading efficiency of the basic medium reduced from
63.4 to 53.5%, as represented in Figure 6a. An Fe,O; catalyst
was shown to have effective degrading performance in a basic
medium with a maximum rate constant of 0.00662 min™~". This
may be explained by an increase in the amount of radical OH
ions that have adsorbed on the surface of the catalyst, creating
a negative net charge. Increased degradation efficiency after
doping of Sr was the end product of the reaction between the
anionic catalyst’s surface and the cationic dye. Furthermore, at
neutral pH (7), it can be seen that samples in a neutral
medium degraded from 54.5 to 41.2% of MB in 120 min, as
indicated in Figure 6b. The reduced PC performance may be
due to a low electron—hole pair formation rate. At acidic pH
(~4), we obtained 38.2 to 31.2% of MB degradation efficiency
in 120 min, which is the minimum degradation of the as-
prepared nanocatalyst compared to the efficiency mentioned
above, as depicted in Figure 6¢c. A literature comparison of
degradation with the current study can be represented in Table
1. By plotting linear curves of In(C,/C,) against exposition
time t, we obtained the pseudo-first-order kinetics-based value
for k (the rate constant). This allowed us to calculate the rate
constant represented in Figure 6a—c. It illustrates the kinetics
of the degradation of specimens generated as a function of time
with varying pH media.

The degree of mineralization was estimated by measuring
total organic carbon (TOC) in treated water. The investigation
was conducted on St-Fe,O; and Sr/St-Fe,O; (2 and 4%) at
various time intervals up to 180 min. This investigation (Figure
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Table 1. Literature Comparison of Degradation with the
Current Study

samples dye degradation performance (%) reference
Fe,0, MB 57 62
Fe;0, MB 85.33 63
Mo—Fe,0,  MB 86.25 63
Cu—Fe,0, MB 58.57 64
Fe,0, MB 63 present work

8) indicated that the TOC of produced compounds under
visible light irradiation decreased steadily with reaction time,

—o—Fe,0,
——St-Fe O,
0.3 4 =v—2% Sr/St-Fe,O,

—a—14% Sr/St-Fe,0,
0'2 ) ] ) ) L) )
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Figure 8. Variation of TOC for synthesized NSs.

and a considerable quantity of mineralization of dye was
noticed after 180 min in Sr/St-Fe,O; (4%). Moreover, results
suggest that the dye may undergo a series of intermediate
transformations before its deterioration ultimately leads to its
complete mineralization.’>*°

The bactericidal effectiveness of bare Fe,0;, St/Fe,0;, and
(2, 4 wt %) Sr/St-doped Fe,O; NSs was obtained from
inhibition zone measurements via an agar-well diffusion assay
for S. aureus (G +ve) and E. coli (G —ve) as mentioned in
Table 2. Specific concentrations (1.0 mg/S0 L and 0.5 mg/S0
uL) of bare and Sr/St-Fe,O; NSs were filled in concerning
wells, and CF (0.05 mg/50 uL) was utilized as a positive
control for the comparison; meanwhile, DI water (50 L) was
used as the negative control.””*’ Results showed a significant
association between the inhibition zones and NS concen-
tration. Significant inhibition zones (P < 0.05) were captured
for each of the samples listed in ranges of 0—0.47 mm and 0—
2.40 mm for lower and higher concentrations against S. aureus
and subsequently 0—3.55 mm and 1.05—-4.60 mm against E.

coli, respectively. The results showed improved effectiveness (P
0.05) against both bacteria. CF has an inhibition zone toward
S. aureus (9.20 mm) and for E. coli (5.35 mm) as opposed to
DI water (0 mm). 4% Sr/St-Fe,O; revealed promising
bactericidal effectiveness against G +ve relative to G —ve at
lower and higher concentrations, primarily due to changes in
the bacterial membrane structure. Reactive oxygen species
(ROS) generation can be represented in reaction mechanism
eqs 2—7

Fe, O, + hv (photon) — L™ (hole) + e~ (excited electron)

2)

e +0, > *O; (3)

h" + H,0 > OH™ + H* (4)

*0; + HY - *HO, (s)

*HO, + ¢~ + H - "H,0, (6)
k k~N— * -

H,0, + *0; - *OH + O, + OH (7)

Pure and Sr/St—St co-doped Fe,O; are exposed to light with
the energy of the photon equal to the energy band gap of the
semiconductor, and electrons from the VB are transferred to
the CB, leaving holes in the VB. These excited electrons (™)
in the CB can be trapped by the oxygen molecules (O,)
present on the surface, producing superoxide anion radicals.
Similarly, the holes in the VB react with the water molecules
(H,O), emitting hydroxyl and hydrogen ions. The superoxide
anion radicals (O*7) interact with H* ions to produce the
hydroperoxyl radical (*HO,). The hydroperoxyl radical
(*HO,) combines with e~ and H*, resulting in the hydrogen
peroxide radical (*H,0,). The mechanism reaction of
antimicrobial activity can be represented in the reaction,’’
where ROS play an influential role in the death of infectious
bacteria, as represented in Figure S3. The direct attack of the
prepared material damages the cell wall and cell membrane of
bacteria owing to the microorganism death. The antimicrobial
activity is divulged when NSs produce intracellular ROS and
communicate with the nucleic acid of a bacterial cell that
promotes single- and dual-wrecked breaks within the nitro-
genous base and sugar—phosphate bond of nucleic acid.*® This
is accomplished by promoting the oxidation of leftover amino
acids and unplugging essential proteins, disrupting various
metabolic activities.”””" As a result, ROS may harm nucleic
acid, and ROS is likely to blame for DNA breaks in bacterial
cells, ultimately leading to the death of bacteria.”’ Lysis and the
collapse of bacterial cells result from an interaction between
such a strong electrostatic charge (Fe’*) and a bacterial

Table 2. Antimicrobial Activity of Fe,0;, St/Fe,0;, and (2, 4%) Sr with Different Concentrations

S. aureus

E. coli

inhibition zone (mm)

inhibition zone (mm)

samples 0.5 mg/50 uL 1.0 mg/50 uL 0.5 mg/50 uL 1.0 mg/50 uL
Fe,0, 1.05
St-Fe,03 2.10 3.15
2% Sr/St—FeZO3 1.30 2.75 4.08
4% Sr/St-Fe203 0.47 2.40 3.55 4.60
CF 9.20 9.20 5.35 5.35
DIW 0 0 0 0
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membrane. This interaction ultimately ends in the death of the
bacteria that were involved. When there is a higher
concentration of the NSs, there is also an increase in their
potential to kill bacteria.””

Interest in molecular docking predictions has increased
dramatically over the last several decades due to its potential as
a powerful method for studying a wide range of biological
processes. It has been well documented”'~"* that DHFR (i.e.,
folate production) is crucial to discovering new antibiotics.
Although the antimicrobial activity of several NSs has been
apparent in recent years, further research into the mechanisms
behind these activities is required.”””> The best-docked
conformation of the DHFR enzyme against E. coli for St-
Fe,0; showed H-bonding interactions with Ile-5, Ala-6, Ala-7,
Asn-18, Ser-49, Ile-94, Gly-97, and Thr-146, leading to a
binding score of 6.70 as represented in Figure S4ab. In
contrast, the best-docked conformation for Sr/St-Fe,O;
showed metal contact interaction with Ala-7, Tyr-100, Ile-94,
and Leu-28 with an overall binding score of 7.76 as depicted in
Figure S4c.

St/Fe,0; NSs binding to the active pocket of the DHFR S.
aureus enzyme exhibited a similar pattern, with an overall
binding energy of 4.13. Figure SSc shows that the H-bond
interactions with Asn-18, Ser-49, Ala-7, Ile-14, and Gly-93 were
especially prominent. The molecular docking predictions of
Sr/St-Fe,O; NSs against S. aureus indicated H-bonds with
critical amino acid residues, including Asp-27, Ala-7, Phe-92,
and Trp-22, with a total binding score of 5.79 as shown in
Figure SSb. Molecular docking predictions agreed with in vitro
bactericidal activities against E. coli, indicating that inhibition
of the DHFR enzyme may be a mechanism controlling the
antibacterial activity of new Sr/St-Fe,O; NSs (Figure SSc).

4. CONCLUSIONS

In this study, the successful synthesis of pristine Fe,O;, St/
Fe,0s, and Sr with different concentration (2, 4 wt %) was
carried out using the co-precipitation route to evaluate PCA
using MB dye, and bactericidal activities against S. aureus and
E. coli bacteria and silico docking studies against DHFR
enzyme were also carried out. XRD analysis verified the
rhombohedral crystal structure, and the calculated crystalline
size was measured as 48.41, 42.83, 39.51, and 35.72 nm for
pure and doped samples, respectively, using intense peaks
(012), (104), and (110), respectively, by applying the Debye—
Scherrer formula. The SAED pattern also confirms the
polycrystalline nature of the synthesized sample. FTIR analysis
confirms the presence of the Fe—O functional group. Plane
orientation and d-spacing have been affirmed by XRD that
agreed with the HR-TEM findings. UV—vis divulged an E, of
2.78 eV for peak ~435 nm and displayed a blue shift that
might be attributable to the doping action of St and Sr. PL
spectra indicated the electron—hole recombination rate that
decreases the PCA. Compared with co-doped Fe,0;, pristine
samples degraded MB up to 63.40, 54.59, and 38.24% in basic,
neutral, and acidic media, respectively. The synthesized NSs
displayed high bactericidal effectiveness against S. aureus and E.
coli germs. The synthesized nanocatalyst showed remarkable
antibacterial action against E. coli bacteria rather than S. aureus
at high and low doses compared to CF. In silico studies
showed good agreement with in vitro bactericidal activities
against E. coli against the DHFR enzyme for Sr/St-Fe,0;
showing H-bonding interactions with Ala-7, Tyr-100, Ile-94,
and Leu-28.
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