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ABSTRACT: Nb/starch-doped ZnO quantum dots (QDs) were prepared by a coprecipitation 2
route. A fixed quantity of starch (st) and different concentrations (2 and 4%) of niobium (Nb) .
were doped in a ZnO lattice. To gain a better understanding of synthesized nanostructures, a iﬁfﬁ;’fﬁ;‘;ﬁdm
systematic study was carried out utilizing several characterization methods. The goal of this % |
research was to undertake methylene blue (MB) dye degradation with a synthetic material and &
also study its antibacterial properties. The phase structure, morphology, functional groups, ;
optical properties, and elemental compositions of synthesized samples were investigated. Our l
study showed that ZnO QDs enhanced photocatalytic activity (PCA), resulting in effective MB
degradation, in addition to showing good antimicrobial activity against Gram-negative relative ¢
to Gram-positive bacteria. Molecular docking study findings were in good agreement with the :.
observed in vitro bactericidal potential and suggested ZnO, st-ZnO, and Nb/st-ZnO as possible
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inhibitors against dihydrofolate reductase (DHFRg, ;) and DNA gyraseg ;.

1. INTRODUCTION

Due to massive growth in chemical industry, increasingly large
amounts of resistant dye effluent are being released in water
resources, causing signiﬁcant ecological issues. Dye-contami-
nated wastewater not only changes the marine environment
and wipes out aquatic life, but it also has a negative impact on
people’s well-being and health. Therefore, figuring out how to
efficiently degrade dye-polluted wastewater is a huge challenge
that draws a lot of interest from researchers worldwide." The
importance of clean water to mankind cannot be overstated.
All industrial, domestic, and commercial operations require
water as a basic requirement. Traditional wastewater manage-
ment (chlorination, filtration, reverse osmosis desalination,
etc.) has serious constraints such as inadequate decontamina-
tion or high associated expenses.” Depending on the process,
wastewater produced from different processes contains a broad
range of pollutants. These effluents are sometimes highly
colored and polluted with suspended organic compounds and
dissolved salts, in addition to various other recalcitrant
compounds.” Among advanced oxidation processes (AOPs),
heterogeneous photocatalysis is a promising method that can
degrade various organic contaminants in water/wastewater.
Various inorganic semiconductors such as ZnO, TiO,, and
WO,, were investigated as photocatalysts.” Because of its
unique features, ZnO recently emerged as a dominant,
effective, and promising contender in clean environmental
management systems using photocatalysis. It constitutes large
free-exciton binding energy (60 meV), powerful oxidizing
ability, direct/wider band gap (E,) 3.37 eV in near-UV spectra
region, and excellent photocatalytic activity. ZnO is utilized in
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ceramic bodies, catalysis, polymer and paint factories,
pesticides, and beauty products as an essential semiconductor
material due to faster response times, lower detection limits,
and more stable sensing signals.” As ZnO and TiO, have
similar band-gap energies, their photocatalytic capacity should
be comparable. Furthermore, TiO, is more expensive than
ZnO, which makes TiO, unsuitable for large-scale water
treatment processes.6 ZnO nanostructures are promising
antimicrobial candidates due to their stability and low toxicity,
as well as their potent antimicrobial properties.” To
demonstrate good antibacterial activity, dielectric properties,
and UV absorbance, ZnO nanostructures have been combined
with starch, methylcellulose (MC), acrylic binder, chitosan,
alginate, and polyimide.” Many scientists have focused on
starches, which are the most abundant, inexpensive, and easily
accessible of these natural materials. Corn, wheat, and rice are
the most common sources of starch, which are available in the
forms of amylose and amylopectin.” Amylose is available at
levels up to 25% contingent on the source with a low molecular
weight that varies between 10,000 and 60,000 g mol™".
Amylopectin is present at levels up to 95% and it has a high
molecular weight somewhere in the range of 50,000 and 107 g/
mol.'? Since starches are incompatible with many applications,
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they are adjusted to improve their properties and minimize
their flaws."’ Due to its renewability, biodegradability, and low
cost, starch has attracted interest in wastewater treatment.'”
For doping, elements like aluminum,"® indium,"* copper,15
cobalt,'® and nickel'”™"? have been used. It is stated that such
doping can boost the properties of ZnO for photocatalytic
applications (i.e., band gap, light absorption range, and
resistivity). It is worth noting that Nb doping in ZnO has
not been studied commonly. Doping of Nb is an appealing
choice since the valance difference between Nb** and Zn?" is 3,
allowing every Nb atom to donate several electrons to change
electrical conductivity.”’ Previously, Nb-doped TiO, nano-
structures were reported for their potential to degrade harmful
organic molecules in a few papers.”' Only Kruefu et al. claimed
that adding Nb increased the photodegradation of phenol by
Nb/ZnO powders produced by flame spray pyrolysis.”*

Mastitis is an inflammatory disease of the udder evidenced
by biochemical, microbiological, and physical variations in
milk, as well as pathological processes in the glandular parts of
udder.”¥** Mastitis is associated with bacterial, viral, and fungal
microorganisms, and among these, bacteria are the most
significant. These are classified as primary and secondary
etiologies. Primary etiologies include Streptococci, Staph-
ylococcus aureus, Corynebacterium pyogenes, and Escherichia
coli, while secondary pathogens include Corynebacterium bovis
and coagulase negative Staphylococci.”® Due to its role as a
precursor in the production of nucleic acids and proteins, the
DHEFR enzyme targets various anticancer and antimicrobial
medicines and is of significant interest in medicinal
chemistry.”**” DHFR acts by inhibiting the synthesis of
DNA, RNA, and amino acids, hence arresting cell prolifer-
ation.”®?’ Additionally, DNA gyrase is a class II topoisomerase
that facilitates changes in the DNA helix.” It also contains two
chains, GyrA and GyrB, which are required for transiently
splitting two DNA strands and introducing a negative
superhelical into DNA during replication. Substances that
target DNA gyrase exert their antimicrobial action in two ways:
by poisoning the gyrase, as Ciprofloxacin does, or by halting
the ATP binding site, as Novobiocin does, and due to its
previously significant function, it has become a potential target
for antimicrobial drug discovery.”’ Thus, DHFR and DNA
topoisomerases have a track record of demonstrating their use
in the treatment of microbial illnesses and cancer.’”*
Additionally, since the microbial DHFR is distinct from the
human enzyme, it has been identified as a therapeutic target for
blocking DNA synthesis in bacteria specifically.**

Consequently, investigating the effectiveness and tuning of
photocatalytic capabilities of ZnO by doping with Nb and
determining the optimum quantity for maximum photo-
degradation efficiency appear to be advantageous. In this
study, a coprecipitation technique was employed to create Nb/
st-doped ZnO nanostructures with photocatalytic activity. The
effects of Nb concentrations on sample surface morphology
and photocatalytic response were investigated. To rationalize
the mechanism behind the bactericidal potential of synthesized
nanocomposites, we performed molecular docking studies
against dihydrofolate reductase and DNA gyrase enzyme from
E. coli.

2. MATERIALS AND METHODS

2.1. Materials. Zn(NO,),-6H,0, 98%; NaOH, 98%; and
starch (99.6%) were procured from Sigma-Aldrich. Alfa Aesar

supplied niobium (V) chloride (NbCls, 99%). Analytical-grade
chemicals were used in the experiment.

2.2. Synthesis of Nb/st-Doped ZnO. ZnO and Nb/st-
ZnO QDs were prepared by Zn(NO;),-6H,0, starch, NaOH,
and NbCl;. To start, 100 mL of distilled water was taken to
dissolve Zn(NO;),-6H,0. In the colloidal solution, a precise
concentration of prepared starch was poured. Furthermore,
various concentrations of Nb (2 and 4%) were added to the
above-mixed solution while it was vigorously stirred. To
maintain the pH, 0.5 M NaOH was added drop by drop to the
aqueous solution while being stirred continuously at 80 °C for
30 min. The mixture was centrifuged (7000 rpm, 6min) to
remove residuals. To obtain fine powder, precipitates were
dried at 300 °C for 2 h (Figure S1). Without doping materials
(Nb, St), a similar method was used to fabricate pure ZnO
nanostructures. Further, a fixed amount of starch and distilled
water was poured into a beaker and stirred for 4 h at 300 °C on
a hot plate; the internal temperature of the beaker was ~180
°C as a control sample. Finally, the powdered product was
stored in airtight desiccators after drying.

2.3. Evaluation of Photocatalytic Properties. MB was
utilized as an organic contaminant in this research. The
photocatalytic properties of all synthesized materials were
determined in visible light irradiation.”> Under visible light
(mercury vapor lamp, 400 W, typically 4 = 400—700 nm),
photocatalytic potential of ZnO particles was determined by
calculating the photocatalytic degradation of MB in water.”® At
various visible exposure periods or intervals, the MB solution
was aliquoted, and variations in concentration were assessed
using UV—visible spectrometry to measure the strength of the
MB absorbance peak toward 664 nm.”” To ensure that our
data were reliable, we repeated all tests three to five times. The
degrading efficiency (% D)'” was computed using the formula
below, where C, represents the starting MB concentration and
C, represents the dye concentration (in a given time interval)
after irradiation

%D = (C,— C,)/Cy X 100 (1)

2.4. Mechanism of Photocatalysis. When solar radiation
with photon energy (hv) same or larger than excited energy
photo-induces ZnO, electrons in the valence band are moved
to an unoccupied conduction band. Electron—hole pairs (e”/
h*) are formed by this mechanism. e”/h* pairs have the ability
to move to the surface of ZnO and then participate in redox
processes where H combines with hydroxide ions and water
to form hydroxyl radicals, and e interacts with oxygen (O) to
form a superoxide radical anion and ultimately hydrogen
peroxide. Hydroxyl radicals are formed when hydrogen
peroxide reacts with superoxide radicals. The contaminants
absorbed on the surface of ZnO are attacked next by these
hydroxyl radicals (powerful oxidizing agents), producing
intermediary chemicals quickly. The photocatalytic activity
was found to be reduced when the concentration of st was
introduced. This may be because the st functions as a
recombination center, which could induce a decrease in
degradation efficiency by delaying the cycle of other reactions;
the addition of Nb in st-ZnO again increases the photo-
degradation efliciency of MB dye by segregating charge carriers
(Figure 1). Green molecules like mineral acids, CO,, and H,0
will eventually be produced from intermediates. When
compared to TiO,, ZnO has been proven to have a higher
absorbing rate across a greater portion of solar spectra. A
catalyst’s photo activity is determined by its capability to
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Figure 1. Photocatalysis mechanism of Nb/st-ZnO nanostructures.

produce photogenerated electron—hole pairs. The fast
electron—hole recombining rate of photogenerated e”/h+
pairs, which perturbs photodegradation activity, is the
fundamental restriction of ZnO as a photocatalyst. It has also
been highlighted that the optical absorption capability of ZnO,
which was linked to its wide ener%y band gap, affects its solar
energy conversion performance.”®””

2.5. Radical Scavenging Assay (DPPH). To assess the
free radical active species and antioxidant activity of the
products, the standard DPPH scavenging experiment was
adopted with certain modifications. Pristine ZnO nanoparticles

and Nb/st-doped ZnO nanoparticles (0—500 g/mL) were
combined with an equivalent amount of (0.1 mM) DPPH
solution. It was vortexed and incubated for 30 min at room
temperature in the dark after being prepared. A standard
ascorbic acid solution was used as the reference sample since it
is a strong antioxidant. The degradation in 4,, of the DPPH
solution (4 = 517 nm) was employed to calculate the
scavenging rate (%) of each sample, eq 2

Scavenging rate (%) = A, — A;/A, X 100 (2)

where A, and A, = control absorbance and standard
absorbance, respectively.

2.6. Isolation and Identification of Bacteria. Milk
(ovine) specimens were collected from several farms and
tested with surf field mastitis. Gram-negative (E. coli) and
Gram-positive (S. aureus) incubated samples were patterned
with MacConkey agar (MA) and Mannitol salt agar (MSA),
respectively (pH = 7). Catalase, coagulase tests, and Gram
staining analysis were used to identify the characteristic
colonies.

2.7. Antibacterial Activity. Employing an agar well
diffusion approach, the bactericidal activity of synthesized
QDs was tested by wiping (1.5 X 10° CFU/mL) Gram +ve (S.
aureus, MSA) and Gram —ve (E. coli MA) bacteria. On
swabbed (MSA, MA) Petri dishes, wells (6 mm) were formed
by a sterile borer. Different quantities of Nb/st-ZnO QDs
(~0.5 mg/0.05 mL), (~1.0 mg/0.05 mL) were employed as

Figure 2. (a) 3D-structural representation of synthesized nanocomposites, ciprofloxacin, and native ligand binding inside active pocket of
DHFR; ;. (b) 3D-structural representation of synthesized nanocomposites, ciprofloxacin, and native ligand binding inside active pocket of DNA

gYTaSeg, coli-
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Figure 3. (a) XRD; (b) Fourier transform infrared (FTIR) spectra; and (c—e) SAED profiles of (c) ZnO, (d) st-ZnO, and (e) (4%) Nb/st-ZnO.

least and maximum concentrations in contrast to —ve
(deionized (DI) water) 0.0S mL and +ve (ciprofloxacin)
0.005 mg/0.05 mL control, respectively. Furthermore,
prepared dosage-contained dishes were invaded for almost
24 h (37 °C), and antibacterial performance of QDs was
assessed using a Vernier caliper to measure the inhibitory zone
diameter (Figure S2).

2.8. Statistical Analysis. Through SPSS 23, one-way
variance analysis (ANOVA-1) was employed to estimate
antibacterial efficiency as measured by the diameter of the
inhibitory zone (mm).

2.9. Molecular Docking Studies. The synthesized
nanocomposites alongside pristine ZnO nanoparticles were
evaluated for their binding tendency against selected enzyme
targets. The binding capacity of pristine ZnO, st-ZnO NPs, and
Nb/st-ZnO NPs were compared with ciprofloxacin (standard
antibiotic). Owing to the better bactericidal activity of
synthesized NPs against E. coli, here, we selected dihydrofolate
reductase (DHFR) and DNA gyrase from E. coli and evaluated
the binding potential inside their active pocket. The structural
coordinates of selected enzyme targets were obtained from
protein data bank having accession codes 2ANQ_(Res: 2.13
A)* and 6KZX (Res: 2.1 A)*' for DHFR; .; and DNA
gyraseg .o respectively.

Molecular docking studies were performed using ICM
version 3.8—7d (Molsoft L.L.C., La Jolla, CA) ,* where protein
structures were prepared using standard protocol, ie., (i)
energy minimization (using the default force field), (ii)
addition of H-atoms and gastegier charges, and (iii) removal
of the native ligand and H,O molecules. The three-dimen-
sional (3D) structures of nanocomposites were modeled by
modifying the structure retrieved from PubChem using the
ligedit tool of ICM and later optimized. The docking position
was specified using a grid box with 5 A vicinity of the native
ligand and synthesized nanocomposites were docked into an
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active pocket. Overall, 10 best-docked conformations were
generated in each case (Figure 2a,b).

ICM was used to visualize the docking data and analyze their
surface, while Pymol was utilized to compute the 3D view of
ligand—enzyme interactions.

3. RESULTS AND DISCUSSION

X-ray diffraction (XRD) was employed to examine the
structural characteristics and phase composition of pristine
ZnO, st-ZnO, 2% Nb/st-ZnO, and 4% Nb/st-ZnO QDs
(Figure 3a). There were seven broad peaks detected at 26° of
~31.7, 34.4, 36.2, 47.5, 56.5, 62.8, and 68.0° corresponding to
(100), (002), (101), (102), (110), (103), and (112) that
harmonized to the wurtzite hexagonal ZnO pattern (JCPDS
card no. 361451).” Impurities in zinc—carboxyl compounds
are shown by two peaks (symbol). These zinc—carboxyl traces
may arise due to the Zn precursors reacting with other
compounds during the synthesis process.”* XRD spectra of
native starch revealed clear diffraction peaks at 26° of 10, 12,
18, and 22°, indicating a characteristic pattern of starch.**¢
Due to the chemical composition of starch, no major changes
were found in st-ZnO, but there was a slight variation in peak
intensity*” and no peaks that corresponded to Nb were found
in (2 and 4%) Nb/st-ZnO, implying that ZnO is formed in the
pure wurtzite phase.*® The intensity of ZnO peaks decreased
with increasing Nb doping, implying that a higher ratio of Nb
in samples makes ZnO least crystalline.”® Crystallite size was
calculated using Scherer’s equation, which ranged from 11 to
22 nm.*’Figure 3c—e presents selected-area electron diffraction
(SAED) patterns for ZnO and Nb/st-ZnO. The hexagonal
structure of ZnO QDs is confirmed by SAED images with
distinct rings of bright spots indexed as (002), (100), (101),
(102), and (110) planes, respectively, in agreement with XRD
results.
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Figure 4. (a) Absorption spectra, (b) calculated E, and (c) photoluminescence (PL) spectra of pure and doped ZnO.

The presence of functional groups, modes of vibration for
chemical bonding, and surface chemistry in the concerned
samples were investigated with FTIR analysis (Figure 3b). A
high peak at ~3355 cm™" was associated with hydroxyl groups’
O—H stretching mode because zinc hydroxide preserves some
adsorbed water on its surface. Bands appearing between 1000
and 1700 cm™ were assigned to organic traces (residue). The
Zn—O stretching mode represents the characteristic peak
ranging from 400 to 900 cm™"'.*° The appearance and the shift
of peaks in st-ZnO QDs indicate the formation of a bond
between starch and ZnO molecules; meanwhile, no covalent
bond in ZnO and the st molecule was formed, as validated by
earlier research.”’ The IR bands detected at 835 and 624 cm™"
were attributed to vibrational modes of the Nb—ZnO
structure, demonstrating the integration of Nb into the ZnO
lattice.>”

The UV—vis spectroscopy technique is wide’lgr employed to
analyze the optical properties of nanomaterials.”” The obtained
absorption spectra of ZnO, st-ZnO, and Nb/st-ZnO are
depicted in Figure 4a. The absorbance peak for ZnO is seen at
374 nm,>* while the absorbance of Nb/st-integrated ZnO
samples was not significantly different (only minor fluctuations
(1-4 nm) in absorption spectra of doped ZnO were
observed). Additionally, codoped ZnO samples showed a
blue shift when compared to pure ZnO QDs.”***° The
quantum confinement effect (QCE) is said to cause a blue shift
in the band gap when the size of the particle is decreased in the
metal oxide process. However, QCE is not the only reason;
doping can disrupt symmetry and result in defects of lattice
centers, which changes band architecture and cause major
variations in optical characteristics.”” The Tauc equation was
plotted to compute the optical band gap (E,) based on
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absorbance; here, @ = absorption coeflicient, hv = photon
energy (ahv)?* vs (hv) for ZnO, st, st-ZnO, and Nb/st-ZnO, as
shown in Figure 4b. The calculated band-gap energy was found
as 3.31 (ZnO), 3.38 (st-ZnO), 3.51 (2% Nb), 3.58 eV (4%
Nb), and 4.1 eV (starch). E, analysis clearly reveals that as Nb
concentration increases, E, increases from 3.31 to 3.58 eV;
gradually, the Burstein—Moss effect could also explain the blue
shift in optical E,. As per this concept, doping filled the bottom
levels of the conduction band with excess free electrons,
leading to an increase in the Fermi level, or in other words, the
carrier concentration was proportional to the E, trend.*>>’
By analyzing emission spectra, photoluminescence (PL)
analysis is a useful method for learning more about transitions,
impurities, and dopants (Figure 4¢).%° The emission spectra of
ZnO, st-ZnO, and Nb/st-ZnO QDs were studied using PL
spectroscopy. Peaks at around 408, 442, 467, and 488 nm for
undoped ZnO correspond to blue and violet emissions and are
attributed to Zn interstitials. Donor—acceptor pair recombi-
nation, which includes various levels of defects in the materials,
is responsible for weak emissions at 442, 467, and 488 nm.
Electrons (e”) in singly ionized O, vacancies with holes in the
valence band emit at 488 nm.”” We noticed an intriguing
broader blue emission spectrum ranging from violet to green at
392—440 nm in st-ZnO QDs, which we ascribed to
recombination electrons trapped in random surface vacancies.
Because smaller sizes of ZnO QDs are generated at the inner
side of the starch matrix, surface passivation quenches near-
band-edge and oxygen vacancy-related emission characteristics,
resulting in increased blue emission.”> We can see that when
Nb is doped into st-ZnO composites, the relative intensity of
visible emission fluctuates. When compared to other samples,
the intensity of the sample containing Nb (2%) increases
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Figure 6. EDS investigation of pure (a) ZnO, (b) st-ZnO, and (c, d) Nb/st-ZnO with Nb (2 and 4%), respectively.

drastically. Intensity decreases as the Nb content in the
samples increases; such a change of intensities in nanostruc-
tures implies the presence of natural defects. As Nb ions are
integrated into the ZnO lattice at lower concentrations,
vacancies in QDs, particularly oxygen vacancies, increase
significantly. Higher Nb incorporation, on the other hand,
appears to reduce oxygen vacancies (VO) concentration in the
ZnO lattice. For a nominal Nb concentration, VO-related
defect concentrations in ZnO lattices can be decreased even
further in pristine ZnO. While the fluctuation in intensity due
to Nb content present in samples distinctly reveals that Nb
inclusion in the ZnO lattice significantly impacts the defect
structure, the mechanism appears to be complex, especially in
QDs.*¢!

A field emission scanning electron microscope (FE-SEM)
was used to carry out the morphological characterization of the
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synthesized samples, as displayed in Figure Sa—d. ZnO QDs
were formed in a highly uniform manner in the form of QDs
(Figure Sa). A little aggregation was observed upon doping of
st into ZnO (Figure Sb st-ZnO). This aggregation was
increased when Nb concentration (2 and 4%) was introduced
into the sample (Figure Sc,d Nb/st-ZnO). To validate the
presence of zinc and oxygen in ZnO nanopowders, energy-
dispersive spectrometry (EDS) was deployed to perform
elemental analysis (Figure 6a—d). The dopant’s formation was
quantitatively confirmed by the average atomic ratio. Au (gold)
peaks in spectra turn out because of the coating of gold
sprayed on the material to decrease charging effects. The Na
peak could have resulted from NaOH used during synthesis to
sustain a basic pH. The presence of Na in the sample cannot
be ascertained since its peak overlaps with Zn. Furthermore,
while there is no carbon in the sample, the occurrence of the
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Figure 8. d-Spacing of (a’) ZnO, (b’) st-ZnO, (c’) 2% Nb/st-ZnO, and (d') 4% Nb/st-ZnO.

only carbon (C) peak at keV is attributable to the tab of
carbon employed to retain samples.

Figure 7a—d shows high-resolution transmission electron
microscopy (HRTEM) images of doped and undoped ZnO
QDs. The ZnO QDs exhibited spherical-shaped stretched
particles with minor aggregation, which might be due to the
specimens implanted on the Cu-coated grid (Figure 7a). The
surface morphology of st-doped QDs was investigated in terms
of a cluster-like structure. ZnO QDs are embedded into a
polymer-like starch matrix (Figure 7b). Small-scale agglomer-
ation was observed as we added Nb in st-ZnO (Figure 7c), and
this agglomeration increased significantly with increasing
concentrations of Nb ions in the sample (Figure 7d). Due to
its clustered morphology, the calculation of particle size was

difficult. To calculate the interlayer spacing, 10 nm images
were employed to display lattice fringes for the crystallographic
plane identification (Figure 8a’—d’). The computed d-spacings
for bare and binary doped ZnO were ~0.19, 0.16, 0.14, and
0.23 nm, which is comparable with the XRD results of the
specimens.

As shown in Figure 9a—c, X-ray photoelectron spectroscopy
(XPS) was employed to interpret the chemical composition of
Nb/st-ZnO nanostructures to confirm Nb doping. Figure 9a—c
depicts high-resolution XPS spectra of O 1s, Zn 2p, and Nb 3d
orbitals for Nb/st-ZnO nanostructures. The asymmetric O 1s
orbital analysis reveals two signals at 530.7 and 532.3 eV,
corresponding to Zn—0 bonds®* and surface —OH units of
specimens,” respectively. As shown in Figure 9b, the XPS
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spectra for Zn 2p reveal two symmetric high peaks centered at
1021.1 and 1044.0 eV, which are attributed toward Zn 2p;,
and Zn 2p, ,, respectively. The Zn 2p spin modes reveal that
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Zn in Nb/st-ZnO nanostructures resides exclusively in the
divalent oxidation phase.”* The Nb 3d spectra for doped ZnO
nanostructures exhibit two high peaks at 206.6 and 209.5 eV,
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which correspond to 3ds,, and 3d;/, constituents, respectively
(Figure 9c). The Nb 3d;,, peak suggests that the oxidation
state of Nb is pentavalent.””

Photocatalytic assays were performed on bare and doped
samples, with photocatalytic degradation of MB. ZnO showed
a high comparable degrading performance against the dye
(MB) of up to 97% at neutral pH (7) because of its strong
surface reactivity resulting from a large number of active
surface defect states. Degradation reduced to 76% when st was
doped into the reference sample. However, degradation was 88
and 89% when Nb was doped as (2 and 4%) Nb/st-ZnO. As
shown in Figure 10a, degradation was observed at 98, 82, 91,
and 94% in basic pH 12 and 61, 43, 45, and 51% in acidic pH 4
for pristine and incorporated samples, respectively, as shown in
Figure 10b,c. Because pure starch’s ability to remove dyestuffs
is not satisfactory due to its inability to absorb heavy metals
and most dyes, it cannot be utilized directly as an adsorbent;
degradation decreased when st was doped into the reference
sample.””®” Upon increasing doping of Nb as 2 and 4%, Nb/
st-ZnO resulted in an increase in degradation. From Figure 10,
Nb/st-ZnO samples exhibited high photocatalytic performance
relative to st-ZnO, and the higher the Nb ratio, the higher the
photocatalytic activity. The reason seems to be that Nb/st-
ZnO is expected to display lower electron—hole pair
recombination and an increase in carrier electronics.”’ The
surface area of ZnO was determined to be 30.83 m?/g.°* The
obtained results were compared with Degussa (Evonik) P25, a
biphasic titanium dioxide having very strong photocatalytic
activity attributed to its unique biphasic interfacial hetero-
junction structure.’”’° It has a composition of more than 80%
anatase, a trace amount of rutile (15%), and a small quantity of
an amogphous phase with a particle size of around 20 nm or
smaller.”"”* To increase the photocatalytic activity, interfaces
between the rutile and anatase phases allow charge carrier
separation and slow down the charge recombination between
electron trapping sites within the mixed phase.”*”"® P25 was
used by Xu et al. to photocatalytically degrade the Rhodamine
B (RhB) dye.”” Within 90 min, a concentration decrease of
around 30% over P25 was observed. Additionally, a
comparison between previous and present study results of
photocatalytic activity is shown in Table 1.

Table 1. Comparison between Previous and Present Results
of Photocatalysis

duration degradation
sample dye (min) result (%) references
ZnO methylene 120 86 78
blue
ZnO methylene 120 37 79
blue
ZnO methylene 120 98 80
blue
2% Nb-doped  methylene 180 54 81
ZnO blue
ZnO methylene 120 98.1 present
blue study

Figure 11 depicts MB degradation absorption in a basic
medium, revealing that a significant decline in dye concen-
tration was seen under these conditions.

A total organic carbon (TOC) assessment of the treated
water was conducted to evaluate the degree of mineralization
of the dye (MB). At optimal circumstances, the study was

performed on st-ZnO and Nb/st-ZnO (2 and 4%) using
various time intervals up to 120 min. This analysis (Figure
12a) demonstrated that the TOC of the MB solution treated
with Nb/st-ZnO under visible light irradiation reduced
continuously with reaction time, and a significant amount of
mineralization of the dye was found after 120 min in 4% Nb/
st-ZnO. The study also indicates that the dye may be
converted into various intermediate forms and that degrada-
tion of the dye after 120 min may culminate in its total
mineralization. Experiment stability is a critical factor to be
considered while evaluating photocatalysts for wastewater
treatment. Photocatalyst stability was examined by leaving
completed activities uninterrupted for 3 days and obtaining
absorption spectra from each sample every 24 h to record any
variations in dye degradation. The degradation of the dye was
monitored spectrophotometrically every 24 h, and correspond-
ing results are depicted in Figure 12b.

3.1. Scavenging (DPPH) Assay. DPPH scavenging was
deployed to analyze active radical species contained in
photocatalysts and to measure their antioxidant properties
(Figure 13). Compounds’ antioxidant properties are linked to
their capability to transfer hydrogen or electrons atoms to
DPPH free radicals, resulting in stable diamagnetic com-
pounds. The ability of free radical reduction of this DPPH can
be evaluated spectrophotometrically by measuring the
degradation in absorbance (517 nm). The antioxidant activity
of all prepared samples exhibited a dose-dependent behavior.
After 120 min at a concentration of 700 g mL™} pristine ZnO
showed the highest scavenging performance of 50%. The
production of highly reactive *OH and °*O,~ radical species
with the ability to bond with the DPPH free radical can cause
its degradation. At the same concentration, the antioxidant
activity decreased to 38.15 % after the starch addition. When
the amount of Nb in the st-ZnO lattice was introduced, the
scavenging performance decreased even further. The anti-
oxidant potential of (2%) Nb samples was found to be 35.43%,
whereas (4%) Nb samples had a maximum performance of
30.14%. This reduction in photocatalyst antioxidant potential
after Nb addition might be associated with an increase in
turbidity in the test sample, which generated an antagonistic
interaction, resulting in a scavenging activity depletion.”

3.2. Antimicrobial Activity. Figure 14a,b and Table 2
show the in vitro bactericidal activity of dopant-free and Nb/st-
ZnO QDs against Gram-negative and positive bacteria. Results
describe higher bacterial synergism and action of doped ZnO
against E. coli in comparison to S. aureus. E. coli and S. aureus
inhibition zones were 2.40—6.25 and 6.55—8.30 mm, 1.45—
2.85 to 1.75—-3.45 mm, respectively, while at the least
concentration, ZnO showed minimal activity for E. coli in
contrast to S. aureus. In comparison to DI water (0 mm),
ciprofloxacin exhibited an inhibition zone of 9.20 and 4.25 mm
against E. coli and S. aureus, respectively. At both
concentrations, Nb/st-ZnO showed considerable antibacterial
action against Gram-negative compared to Gram-positive due
to variations in the bacterial membrane structure.* QDs can
connect to deoxyribonucleic acid molecules and form a
disordered helical framework after penetration into the cell.**
The type, size, mass-to-surface ratios, and phenotype of
synthesized QDs are all affected by oxidative stress.”>®
Bacterial death occurs when small particles quickly release
reactive oxygen species (ROS), which damage the cytoplasmic
contents of the bacterial membrane.*®
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Computational techniques, especially molecular docking
studies, enabled the in-depth study of mechanisms behind
various biological activities and have gained much attention
over the last few decades. The current study evaluated binding
capacity and inhibitory potential of synthesized nanocompo-
sites using a molecular docking study approach to suggest
possible inhibitors against selected enzyme targets. The
enzymes, i.e, DHFR and DNA gyrase, being essential and
vital for bacterial survival and growth have been reported as
key targets for antibiotic discovery.””*® We evaluated docking
scores for pristine ZnO, st-ZnO, and Nb/st-ZnO NPs and
compared their binding interactions and tendency with
ciprofloxacin, ie., a standard antibiotic used in antibacterial
activity assay.

For ZnO nanoparticles, the best-docked conformation
revealed H-bonding interaction with Asp27 (2.8 A) with a
binding score of —2.349 kcal/mol. Among these different
nanocomposites, st-ZnO showed the highest binding score
(—7.836 kecal/mol) and better binding tendency, as shown in
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Figure 14. Comparative in vitro bactericidal performance of pristine, st-ZnO, and Nb/st-ZnO QDs against Gram-negative (a) and positive bacteria

(b).

Table 2. Antibacterial Activities of ZnO and Nb/st-ZnO QDs

samples “inhibition zone (mm) (E. coli) Yinhibition zone (mm) (S. aureus)
0.5 mg/0.05 mL 1.0 mg/0.05 mL 0.5 mg/0.05 mL 1.0 mg/0.0S mL

ZnO 240 + 0.12 6.55 + 0.325 1.45 + 0.072 1.7§ + 0.087
st-ZnO 425 + 0.212 7.15 £ 0.357 1.90 + 0.095 225 + 0.112
(2%)Nb/st-ZnO 535 + 0267 7.85 + 0.392 225 + 0.112 2.60 + 0.13
(4%)Nb/st-ZnO 625 + 0312 8.30 + 0.415 2.85 + 0.142 345 + 0172
ciprofloxacin 9.20 + 0.46 9.20 + 0.46 425 +£0.212 425 + 0212
DIW 0+ 0.0 0+ 0.0 0+ 0.0 0+ 0.0

“Measurements of inhibition zones against Gram-negative bacteria. bInhibition values (mm) for Gram-positive bacteria.

Figure 15. Binding interaction of ZnO, st-ZnO, Nb/st-ZnO, and ciprofloxacin inside the active pocket of DHFRg ;.

Figure 15, where H-bonding was observed with Ile94 (2.2 A), and Ala7 (2.5 A), having an overall binding score of —6.221
Asp27 (2.7 A), Ala7 (1.8 A), and Ilel4 (2.4 A). The binding kcal/mol.

score of st-ZnO NPs is comparable to ciprofloxacin (score: For the case of DNA gyrase, another attractive target for
—9.830 kcal/mol). On the other hand, Nb/st-ZnO nano- antibiotic discovery, both st-ZnO and Nb/st-ZnO nano-
composites showed H-bonding interaction with Ile94 (2.3 A) composites showed a good binding tendency with active site
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Figure 16. Binding interactions of ZnO, st-ZnO, Nb/st-ZnO, and ciprofloxacin inside the active pocket of DNA gyraseg ..

residues having binding scores of —8.593 and —7.774 kcal/
mol, respectively, where st-ZnO showed H-bonding with
Glus0 (2.3 A), Gly77 (1.8 A), and Asp73 (2.3 and 2.4 A) and
ZnO—starch—Nb with Gly77 (1.8 and 2.5 A), GluS0 (2.2 A),
and Thr165 (1.7 A). Furthermore, ZnO NPs showed H-
bonding interaction with Thr16S (1.6 and 3.4 A) and Asp73
(2.3 A), having a binding score of —4.587 kcal/mol, while the
binding score observed for ciprofloxacin was —10.882 kcal/
mol, and binding patterns are shown in Figure 16.

In silico findings are comparable to in vitro bactericidal
activities and suggest ZnO, st-ZnO, and Nb/st-ZnO as possible
inhibitors for DHFR and DNA gyrase from E. coli that needs to
be further explored at an advanced level.

4. CONCLUSIONS

Here, we report successfully synthesized dopant-free and Nb/
st-ZnO QDs using the coprecipitation method to evaluate the
photocatalytic activity of bare and Nb/st-ZnO. Elemental
composition, optical properties, morphology, and structure of
ZnO and Nb/st-ZnO were examined. The crystallite size (11
nm), hexagonal structure of ZnO, and implantation of Nb/St
in ZnO were all confirmed using XRD and SEM-EDS. The
XRD results verified the interplanar d-spacing and plane
orientation found in the HRTEM investigations. The
absorption spectra revealed a 3.31 eV peak at 374 nm
accompanied by a blue shift, which might be attributed to the
addition of Nb/st into ZnO. As a result of this blue shift, an
increase in the band gap was observed. Defects related to
oxygen vacancies were implicated in emission spectra peaks. In
addition, the effect of photocatalytic activity (PCA) was
assessed for the synthesized catalyst. Furthermore, it was
revealed that the QDs that were prepared were efficient against
Gram-negative and positive bacteria. Molecular docking
investigations revealed that st-ZnO and Nb/st-ZnO nano-

composites from E. coli might act as potential inhibitors of the
DHEFR and DNA gyrase enzymes. This research will contribute
to developing binary doped heterostructures for degrading
dyes and bacterial applications in ongoing studies.
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