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In this study, nickel selenide (NiSe), Ag/C3sN4—NiSe, and CzN4/Ag—NiSe nanowires (NWs) were synthesized
via coprecipitation. The prepared NWs were employed for the degradation of the rhodamine B (RhB) dye in
the absence of light using sodium borohydride (NaBH,4), bactericidal activity against pathogenic
Staphylococcus aureus (S. aureus) and in silico docking study to investigate the p-alanine ligase (DD
and deoxyribonucleic acid (DNA) gyrase of S. aureus. NWs demonstrate a catalytic degradation efficiency
of 69.58% toward RhB in a basic medium. The percentage efficacy of the synthesized materials was
evaluated as 19.12-42.62% at low and 36.61-49.72% at high concentrations against pathogenic S.
aureus. Molecular docking results suggest that both C3zN4/Ag-doped NiSe and Ag/CsN4-doped NiSe
possess inhibitory activities toward DDl and DNA gyrase of S. aureus, which coincides with the in vitro
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1 Introduction

Organic and inorganic pollutants affect freshwater reservoirs
and pathogenic microorganisms contaminate foodstuffs,
posing significant challenges to maintaining a healthy envi-
ronment. Microbial contamination is spread by microbes,
including bacteria (S. aureus and E. coli) and viruses (hepatitis A
and E viruses)."” S. aureus releases a wide range of toxins,
including staphylococcal enterotoxins, that cause food
poisoning and subclinical mastitis.®> Mastitis is an infection
characterized by the inflammation of the udder tissue in the
mammary gland. The inflammation originates from microbial
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effective agent for water purification and resistance to microbial contaminants.

infection, contributing to an economic loss in dairy sectors and
causing detrimental effects on milk quality and composition.*
This is the primary factor leading to a decrease in milk
production caused by the damage to mammary tissues and is
responsible for 70% of the total cost reductions.> Microbial
contamination was reduced by numerous materials that
emerged as exceptionally effective antibacterial agents, attract-
ing significant attention owing to their extraordinary stability,
remarkable physical features, and perceived safety for humans
and animals.® The antibacterial properties of NiSe NPs have
been investigated to control the growth of S. aureus and E. coli
bacteria. NiSe as a catalyst compared to the standard medicine
gentamycin shows an inhibition zone of 18 mm against E. coli
and S. aureus. The synthesized materials (5 mL) were used as an
antimicrobial agent against E. coli and S. aureus and exhibit
inhibition zones of 10 mm and 15 mm, respectively.”

Organic and inorganic pollutants, including dyes (methylene
orange, methylene blue (MB), and rhodamine B (RhB)) and
heavy metals (Cd, Pb, As, Hg, and Cr), are primary contaminants
causing water pollution.® Cationic synthetic dyes are regarded
as exceptionally hazardous color dyes released into water
reservoirs and pose significant hazards to environmental
stability.” RhB is a synthetic organic and non-biodegradable dye
frequently employed in the food, textile, and paper industries.
RhB has the potential to pollute the environment, causing
several detrimental infections in both humans and animals,
including eye irritation, skin irritation, and respiratory
diseases.' To address these issues, several methods have been

© 2024 The Author(s). Published by the Royal Society of Chemistry
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employed, including chlorination, electrochemical degrada-
tion, ion exchange, adsorption, photocatalysis, and catalysis, for
the degradation of organic and inorganic dyes. Most of these
methods are expensive, require complicated equipment, and
produce non-reusable products.'*> Among these methods,
catalytic degradation is highly efficient in terms of energy
consumption, ecological friendliness, economic viability, and
ability to eliminate or break down harmful pollutants.™

Various metal selenides such as CdSe, ZnSe, PbSe, CuSe,
HgSe, and NiSe; have been commonly used for the degradation
of the dye.”** Among these, nickel selenide (NiSe) has garnered
considerable attention owing to its distinctive and remarkable
magnetic and electrical properties for a wide range of applica-
tions, such as supercapacitors," optics,'® solar cells, sensors,
electrocatalysis,'® and photocatalysis.'* NiSe exhibits notable
capabilities, including an appropriate band gap energy, cost-
effectiveness, chemical stability, nontoxicity, and outstanding
catalytic performance.”” The catalyst performance can be
improved by doping via various chemical substances such as
noble metals (e.g., Ag, Au, Pd, and Pt) and carbon-based mate-
rials (carbon nanotubes, carbon nitride (C;N,), and graphene
oxide).'®" The noble metals and carbon-based catalysts have
a large specific surface area and effectively separate photo-
generated charge carriers, leading to the degradation of the
organic dye.” Silver (Ag) was extensively used in the synthesis of
hybrid semiconductor materials to enhance the efficiency of
carrier separation and promote ecological sustainability for dye
degradation.*

Two-dimensional carbon-based materials are composed of
carbon atoms and have numerous nitrogen-rich functional
groups. C;N,; exhibits various noteworthy characteristics
including electronic delocalization properties, sustainable
nature, uncomplicated preparation technique, non-toxicity,
excellent thermal and chemical durability, and convenient
accessibility.”»** The metal-semiconductor interactions capture
electrons and enhances the separation of electron-hole pairs,
thereby improving the degradation of the dye. A hydrothermal
technique was used to synthesize NiSe and silver phosphate
composite, which demonstrated a degradation efficiency of
more than 80% in just 20-30 minutes.*

In this research, cost-effective coprecipitation approach has
been used to synthesize NiSe, Ag/C;N, and C;N,/Ag-doped NiSe
nanowires (NWs). These NWs were used to investigate the
catalytic efficiency for the degradation of RhB dye and anti-
bacterial efficacy against pathogenic bacteria S. aureus. The
study's findings establish the superiority of carbon-based
materials and metal-doped materials over single-component
materials.

2 Experimental part

2.1. Materials

Hydrazine hydrate (N,H,, 50-60%), silver nitrate (AgNO3, 99.8—
100%), selenium powder (Se, 99.5%), and urea (CH,N,O) were
procured from Sigma-Aldrich. Nickel nitrate hexahydrate
(Ni(NO3), - 6H,0) was procured from VWR Chemicals.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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2.2. Preparation of reagents

2.2.1. Synthesis of carbon nitride. Carbon nitride was
synthesized through the pyrolysis of urea at 550 °C for 120
minutes. A dirty yellow-color material was produced, which
confirmed the synthesis of C;N, (Fig. 1(a)).

2.2.2. Preparation of selenium solution. 0.6 M of selenium
(1.2 g) solution was prepared using deionized water (DI water)
under ultra-sonication for 10 minutes.

2.3. Synthesis of ternary system

2.3.1. Synthesis of NiSe. 0.6 M of Ni(NO3),-6H,0 (4.47 g)
was prepared using DI water (25 mL) with continuous stirring
and heating at 120 °C for 10 minutes. The prepared solutions of
selenium and Ni(NO;),-6H,0 were mixed to prepare NiSe with
continuous stirring and heating at 120 °C for 10 minutes, and
the pH of the solution was maintained up to 10 using the
required concentration of hydrazine hydrate. The colloidal
solution was stirred and heated constantly at 120 °C for 60
minutes to prepare a homogeneous solution. The stirred solu-
tion was washed to remove the impurity with DI water using
centrifugation at 7000 rpm for 8 minutes. The obtained solution
was heated overnight at 150 °C to sustain the fine powder
(Fig. 1(b)).

2.3.2. Synthesis of Ag/C;N; and C;N,/Ag-doped NiSe. To
synthesize Ag/C;N,-doped NiSe, the above prepared homoge-
neous colloidal solution of NiSe was doped with a fixed amount
of Ag and C;N, (0.17 g) under constant stirring and heating at
120 °C for 60 minutes, and the pH of the Ag/C;N,-doped NiSe
solution was maintained up to 10. The stirred solution was
washed with DI water using centrifugation for 8 minutes. The
washed solution was heated overnight at 150 °C to sustain the

( a) . Carbon
550 °C @ Nitrogen
‘ > ) @ Oxygen

€ Hydrogen

Urea i~ Carbon nitride (C;N,)

Selenium Powder

<‘_,I
&

e 1 a%gg%

Ni(NO,),"6H,O

(b)|

Hydrazine Hydrate

( V¥ ¢

n

o
5555

=

—Silver Nitrate___
=) T

Ag*

Heating and stirring | )
Maintain pH~10

@) Centrifugation Ag/C;N,and
. C;N/Ag
@ Grinding ~ doped NiSe

Fig. 1 Schematic of the synthesis of (a) C3Ny4, (b) NiSe, Ag/CsN4 and
C3N4/Ag-doped NiSe.
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fine powder. To synthesize C;N,/Ag-doped NiSe, the route
mentioned above was adopted, in which a fixed concentration
of Ag and C3;N, was used to incorporate in NiSe (Fig. 1(b)).

2.4. Catalytic activity (CA)

The catalytic efficiency of NiSe, Ag/C;N, and C;N,/Ag-doped
NiSe was evaluated for the degradation of RhB dye. The chem-
ical reagents RhB and sodium borohydride (NaBH,) were
freshly synthesized to guarantee the purity of the outcomes.
RhB solution (10 mg L") was prepared and separated into three
equal parts to achieve different pH levels corresponding to basic
(pH ~ 12), neutral (pH ~ 7), and acidic (pH ~ 4) media. A
combined solution of 3 mL of RhB and 400 pL of NaBH, was
prepared. In addition, 400 pL of the synthesized NWs were
added to the above mentioned solution to investigate the
degradation of the dye. NWs (as a catalyst) were used to
decrease the activation energy and improve the efficiency of
catalysis. Spectrophotometric techniques were used to deter-
mine the absorption variation spectra with a UV-Vis spectro-
photometer conducted at regular intervals of time. The RhB
molecule exhibits an absorption peak at a precise wavelength of
554 nm. The RhB molecule experienced a reduction reaction in
which the color changed from pink to nearly colorless. The
degradation was measured utilizing eqn (1).*

% degradation = (C, — C)/C, x 100 (1)

2.5. Isolation and identification of S. aureus

2.5.1. Sample collection and isolation. Bovine milk was
collected from veterinary hospitals and farms in the public
sectors in Punjab, Pakistan. The milk samples were cultivated
on 5% sheep blood agar and incubated at room temperature (37
°C) for 24-48 hours. The typical isolate of S. aureus was purified,
and colonies of S. aureus were collected and streaked in triplets
on mannitol salt agar (TM Media, Titan Biotech Ltd, India) for
the growth of bacteria.

2.5.2. Identification of MDR S. aureus. In Bergey's manual
of determinative bacteriology, the identification of bacterial
colonies was accomplished by biochemical techniques such as
Gram staining test (catalase and coagulase test). The disc
diffusion test is based on the standards established by the
National Committee for Clinical Laboratory Standards (NCCLS)
for the separation of multidrug-resistant Staphylococcus aureus
to assess the antibiotic susceptibility of typical colonies. The
antibiotic discs including gentamicin (10 pg), tylosin (30 pg),
oxytetracycline (30 pg), trimethoprim + sulphamethoxazole
(1.25 pg + 23.75 pg), and ciprofloxacin (5 pg) were prepared
using Mueller-Hinton agar (MHA) (TM Media, Titan Biotech
Ltd, India). The discs were incubated at 37 °C for 24 hours.>
Bacteria were discovered to be resistant to different antibiotics
that were classified as MDR.”

2.5.3. Antimicrobial activity. The agar well diffusion
method was employed to conduct the in vitro antimicrobial
potential of NWs on 10 typical isolates of MDR S. aureus that
were recovered from mastitis milk samples. 0.5 McFarland
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standard (1.5 x 10® colony-forming units per mm) of MDR 8.
aureus was swabbed onto Petri dishes. A sterile cork borer was
used to drill the wells with a diameter of 6 mm. The low (0.5 mg/
50 L) and high (1.0 mg/50 pL) concentrations of NWs were
utilized to conduct the antimicrobial test for measuring the
inhibition zones. Ciprofloxacin concentration (0.005 mg/50 pL)
was employed as a positive control, and DI water (50 L) served
as a negative control.

2.5.4. Statistical analysis. The efficacy of the antimicrobial
activity was evaluated by measuring the diameter of the inhi-
bition zone in mm. A statistical evaluation of the inhibition
zone measurements was investigated using Statistical Package
for Social Sciences (SPSS) Version 20.0, specifically employing
one-way analysis of variance (ANOVA).

2.6. Molecular docking analysis

The enhanced antibacterial capabilities of the synthesized
compounds, namely, C;N,/Ag-doped NiSe and Ag/C;N,-doped
NiSe, prompted an investigation into the enzyme-binding
affinity of these compounds to DDl and DNA gyrase from S.
aureus along with their binding potential inside their respective
active pockets. DNA gyrase is particularly notable among type II
topoisomerases because it has the ability to generate negative
supercoils in closed circular DNA. Antibiotics have been devel-
oped to inhibit DNA gyrase, a crucial enzyme exclusive to
prokaryotes.”® DDI, an additional enzyme involved in the
production route of the cell wall, has become a promising target
for the development of novel antibiotics. The reaction facili-
tated by the DDI enzyme generates the precursor of the cell wall
peptidoglycan, known as p-alanine:p-alanine dipeptide. This
reaction consists of two half-reactions: the first one utilizes an
ATP molecule and a p-alanine substrate, while the second one
requires an additional p-alanine substrate to finalize the
process.”® The protein data bank was used to acquire the
structural coordinates of specific enzyme targets with accession
codes 218C** and 5CPH? for DDIg, 4yre,s and DNA gyrases qureus
respectively. The molecular docking experiment was carried out
using SYBYL-X 2.0.***' The 3D structures were built using the
Sybyl-X 2.0 program's SKETCH module, and the energy was
minimized using the Tripos force field with Gasteiger-Hiickel
atomic charges.*” The Surflex-Dock module was used to inves-
tigate the interactions between NWs and active site residues of
certain proteins. In addition, any missing hydrogens were
introduced. The AMBER 7 FF99 force field was utilized to
enhance atomic charges. Using the Powell approach with
a convergence gradient of 0.5 kcal (mol A)™* over 1000 cycles
successfully reduces the energy and prevents steric conflicts.
The ligand-receptor complexes were assessed using consensus
scoring (C-score), an empirical consensus scoring approach
based on hammerhead's scoring system. The system used many
scores, including the chem-score, crash score, dock-score (D-
score), gold score (G-score), polar score, and potential mean
force (PMF) score. The evaluation process involved using
a molecular similarity method, specifically morphological
similarity, to generate and rank potential positions of ligand
fragments. The docking was performed with the SYBYL-X 2.0

© 2024 The Author(s). Published by the Royal Society of Chemistry
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software. In line with a previous investigation, the SYBYL-X 2.0
software was used to generate three-dimensional conforma-
tions of compounds and evaluate the binding affinities of NWs
with the amino acid residues located in the binding sites of
specific proteins.

2.7. Characterization techniques

The phase information and crystal structure of the synthesized
NWs in the 26 range of 20-65° were investigated using a PAN-
alytical X'Pert PRO X-ray diffraction (XRD) instrument with Cu
Ko radiation (A = 1.540 A). The presence of functional groups
in the FTIR spectra was detected using a PerkinElmer spec-
trometer. A UV-Vis spectrophotometer (LabDex) was used to
determine the optical characteristics in the range of 250-
450 nm. The surface morphology and elemental composition
of the prepared NWs were investigated using a JSM-6460LV FE-
SEM system. The morphology of the internal structure of the
prepared NRs was examined using a JEOL JEM 2100F TEM
equipment from KFUPM, Saudi Arabia.

3 Results and discussion

3.1. XRD analysis

XRD analysis was conducted to investigate the various phases
and crystallographic structures of the synthesized NiSe, Ag/C;N,
and C3;N,/Ag-doped NiSe (Fig. 2(a)). The characteristic diffrac-
tion peaks observed at 26 values of 31.9°, 38.1°, 43.8°, 45.2°,
55.8° and 61.9° ascribed to the (042), (133), (135), (028), (119)
and (172) planes of orthorhombic crystal structure of NiSe
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phase matched with JCPDS card # 00-029-0935. The diffraction
peaks observed at a 26 value of 22.3°, 25.2°, 27.0°, 33.4°, 41.3°,
50.9°, and 51.9° were indexed to (122), (132), (201), (114), (163),
(281) and (264), the planes of the orthorhombic crystal structure
of NigSes with the space group Pca2;, well matching with the
JCPDS # 00-029-0934. The prominent diffraction peaks that
occurred at 26 values if 23.4° and 29.9° are in agreement with
the diffraction planes (110) and (020) of an orthorhombic crystal
structure of NiSe,, respectively. The crystal structure is classi-
fied under the space group Pnnm and agrees with the JCPDS #
00-018-0886. The peak intensity increases as the concentration
of the dopants increases, attributed to the Ag plasmonic effects
and the effective dispersion of Ag@C;N,.** The sharp and
intense peaks of the product were revealed upon the addition of
Ag/C;N, and C3N,/Ag, evidenced by their crystalline nature.**

3.1.1. Crystallite size. The crystallite (grain) size of the
synthesized NWs was measured using the Debye-Scherrer
formula (2).*

kA

GS = B cos @

(2)

The grain size (GS) of NiSe, Ag/C3;N, and C;N,/Ag-doped NiSe
was calculated to be 20.35, 19.48, and 16.90 nm, respectively.

3.1.2. Surface area. Eqn (3) was utilized to determine the
surface area of the NWs.*®
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The surface area of NiSe, Ag/C;N, and C3;N,/Ag-doped NiSe
was measured to be 40.95, 44.00, and 50.72 m” g~ ', respectively.
The surface-to-volume ratio and specific surface area increased
as the crystallite size decreased and vice versa.*”

3.1.3. Porosity. The % porosity of undoped, Ag/C;N, and
C3N,/Ag-doped NiSe NWs was examined using the formula (4)*®

% porosity = { — &} x 100

X

(4)

where p, and py, are the X-ray density and bulk density of the
synthesized materials. The % age porosity of NiSe, Ag/C;N, and
C;N,/Ag-doped NiSe were measured as 4, 33.6, and 34.1%,
respectively.

3.2. FTIR analysis

FTIR analysis was used to examine the presence of various
chemical structures and functional groups for NiSe, Ag/C3;N,
and C;N,/Ag-doped NiSe in the frequency range of 4000-
500 cm ™', depicted in Fig. 2(b). The band observed at 1658 cm ™"
was attributed to the stretching vibration of the C=0 and weak
O-H band of water molecules. Additionally, the bending
vibration of the O-H recorded at 3381 cm ' is assigned to the
absorption of water molecules on the surface of individual
atoms of NiSe.* The band observed at 1460 cm™ " was assigned
to the vibration of -NH, of hydrazine hydrate.*® The stretching
vibration band observed at 1368 cm ' was attributed to the
presence of the carbonyl (C=O0) group absorbed from the
atmospheric carbon dioxide (CO,).** The spectral band
observed at 1217 em™" is associated with the stretching vibra-
tions of C-O." The bands observed in the range of 850 to
500 cm ! are associated with the vibrational modes of nickel
(Ni) and selenium (Se) in NiSe.” The incorporation of Ag/C3;N,
and C3N,/Ag to NiSe showed a band shift towards the lower
wavenumber corresponding to the vibrations of Ni-Se bonds.
SAED analysis was used to conduct the single and poly-
crystalline nature of the synthesized NiSe and Ag/C;N,-doped
NiSe NWs (Fig. 2(c) and (d)). Bright circular rings exhibit the
impression of the polycrystalline nature of NWs. The coherence
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of the indexed rings with the XRD crystalline plane is in
agreement with the XRD findings.

3.3. Raman analysis

To examine the vibrational, rotational, and structural charac-
teristics of NiSe, Ag/C;N, and C3;N,/Ag-doped NiSe, they were
investigated in the range of 90-500 cm ™' using Raman spec-
troscopy (Fig. 3(a)). The observed peaks in the lower wavelength
are attributed to the vibration of A, and T, modes of NiSe.** The
lower frequency band appears at 113 cm ' assigned to the
lattice translation of hydrazine hydrate.** The band observed at
238 cm™ ' is assigned to the out-of-plane A,,* vibration mode of
elemental selenium configuration and specifically describes the
tensile modes of the Se-Se bonds.*>*® Raman spectra reveal the
specific bands of T, at about 141 and 255 cm™ ', attributed to the
vibrational modes of Se-Se.*>*” A small shifting was observed in
the Raman spectra upon the incorporation of Ag/C;N, and
C;3N,4/Ag. The chemical structure and interaction observed in
the Raman spectra coincide with the functional group analysis
and chemical structure of NWs determined by FTIR.

3.4. UV-visible spectroscopy

The optical properties of NiSe, Ag/C;N, and C;N,/Ag-doped NiSe
were investigated through UV-Vis spectroscopy in the wave-
length range of 250-450 nm (Fig. 3(b)). The absorption spectra
of NiSe and Se exhibited strong absorption peaks at 298 and
390 nm, respectively.**° The reduction in the absorption peak
intensity at about 390 nm demonstrates a potential change in
the composition and properties of NWs. Doped NiSe showed
a peak shift that could be due to the quantum confinement
effect.*® The intrinsic absorption shift is attributed to a decrease
in energy, which indicates that the electrical conductivity of
NiSe is enhanced through doping.>* The band gap energy was
calculated from the maximum absorption spectra. The
measured optical band gap was 4.16, 4.06, and 4.09 eV for
undoped, Ag/C;N, and C;N,/Ag-doped NiSe NWs, respectively.
The energy band gap of the additionally observed optical
absorption edge at 390 nm was measured as 3.17 eV.
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(@) Raman spectra and (b) optical absorbance spectra of NiSe, Ag/CsN4 and CsN4/Ag-doped NiSe NWs.
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Fig. 4 Structure and surface morphology of NiSe, Ag/CsN,4 and C3N4/Ag-doped NiSe (a—c) SEM analysis and (d—f) TEM analysis.

3.5. SEM analysis

SEM micrographs were used to identify the surface morphology
of the synthesized NiSe, Ag/C;N, and C;N,4/Ag-doped NiSe, as
represented in Fig. 4(a)-(c). NiSe revealed the agglomerated
irregular sheet-like morphology arranged in layers. Ag/C;N, and
C;N,/Ag-doped NiSe NWs exhibit a decrease in agglomeration
and the formation of chunk-like cluster morphology. The
surface area and active sites of materials are enhanced,

resulting in a reduction of agglomeration. The larger surface
area and the presence of numerous active sites are attributed to
higher catalytic efficiency.*

3.6. TEM analysis

TEM analysis was used to investigate the topography and
structural morphology of the prepared materials, as presented
in Fig. 4(d)-(f). NiSe indicates the agglomeration resulting in

Fig. 5 The interlayer d-spacing of synthesized NWs (a) NiSe, (b) Ag/C3sN4-doped NiSe, and (c) CsN4/Ag-doped NiSe.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Elemental composition of (a) NiSe, (b) Ag/CsN4-doped NiSe, and (c) CsN4/Ag-doped NiSe.
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Fig. 7 Elemental mapping analysis of (a) CsN4/Ag-doped NiSe (b) Ni, (c) Se, (d) Ag, (e) O, (f) N, and (g) C atoms.
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the formation of chunk and cluster-like morphologies. The
observed morphology consists of interconnected arrays of
clusters, which are agglomerated with chains of nanowires
(NWs) in a complicated manner. Ag/C;N,-doped NiSe exhibits
areduction in the agglomeration, in which the cluster of chunks
is connected through a wire-like morphology. C;N,/Ag-doped
NiSe revealed a reduction of agglomeration and NWs
appeared in the cluster of chunks.

3.7. Interlayer d-spacing

The interlayer d-spacing of undoped, Ag/C;N, and C;N,/Ag-
doped NiSe was investigated with the help of Gatan digital
software using the HRTEM micrograph shown in Fig. 5(a)-(c).
The interlayer d-spacing was measured as 0.39, 0.29, and
0.27 nm for NiSe, Ag/C;N, and C;N,/Ag-doped NiSe, respec-
tively. The measured d-spacing is compatible with the XRD
measurements.

3.8. EDS analysis

The elemental composition of synthesized pure, Ag/C;N, and
C;N,4/Ag-doped NiSe was investigated using EDS analysis. The
appearance of nickel (Ni), selenium (Se), Ag, oxygen (O),
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nitrogen (N), copper (Cu), and gold (Au) in the EDS spectra
confirm the successful synthesis of NiSe and doped NiSe
(Fig. 6(a)-(c)). The existence of O peaks indicates the impurity as
the experiment was performed in open air. The presence of Ag,
C, and N atoms suggests the incorporation of Ag and C;N, in
NWs. Cu peaks are associated with the utilization of Cu tape in
a sample holder. The appearance of Au peaks is related to the Au
coating to reduce the charging effect.

3.9. Mapping

Elemental mapping analysis was employed to examine the
distinct color representation of different atoms in pure, Ag/C3N,
and C3;N,/Ag-doped NiSe NWs. The various color images show
the presence of elements Ni, Se, O, Ag, C, and N involved in the
Ag/C;N, and C;3;N,/Ag-doped NiSe NWs (Fig. 7(a)-(g)).

3.10. Catalytic degradation

The degradation of RhB dye was investigated using a UV-visible
spectrophotometer (absorption mode). The obtained results of
RhB decolorization under acidic, neutral, and alkaline (basic)
media are shown in Fig. 8(a)-(c). NiSe, C;N,/Ag and Ag/C;N,-
doped NiSe were used as catalysts to speed up the reaction. The
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Fig. 8 RhB degradation using synthesized NWs in (a) an acidic medium, (b) neutral medium, and (c) basic medium.
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pH has a substantial impact on the degree of dye degradation
because the dye waste is discharged at various pH levels. In an
acidic medium, 0.5 M of H,SO, was added to the RhB solution
to maintain a pH ~ 4. A 400 pL solution of NWs and NaBH, was
added to a 3 mL concentration of RhB dye. The pure, C;N,/Ag
and Ag/C;N,-doped NiSe exhibited a degradation efficiency of
58.33%, 56.66%, and 66.35%, respectively, in an acidic
medium, as shown in Fig. 8(a). The percentage degradation in
neutral (pH ~ 7) medium was measured as 59.71, 59.0, and
61.43%, respectively, as indicated in Fig. 8(b). The morphology
of the synthesized materials as NWs can influence the catalytic
degradation of the dye by surface-to-volume ratio, surface area,
and porosity. The surface area increased, confirmed by XRD,
which led to catalytic degradation. A decrease in the catalytic
efficacy was observed in the natural and acidic media attributed
to the presence of a large surface area of a synthesized catalyst
that may prevent the reactants from diffusing to the active
sites.”® The larger surface area has a higher concentration of
active sites on the surface of the catalyst. The % age degradation
efficiency was reduced due to the less number of active sites in
comparison to the number of dye molecules present on the
surface of the catalyst.> The result obtained from the current
study was compared to previous investigations for the degra-
dation of dye, concisely presented in Table 1.

To elucidate the degradation of dye molecules in a basic
medium, 0.5 M of NaOH was used to maintain the pH at ~12.
The undoped, C3;N,/Ag and Ag/C;N,-doped NiSe NWs experi-
enced degradation of 60.20, 55.83, and 69.58%, respectively.
Significant degradation was observed in the basic medium
attributed to the large surface area of Ag/C;N,-doped NiSe
(Fig. 8(c)). The catalytic degradation of dye in the basic medium
decreased upon the incorporation of C3;N4/Ag, which may
prevent the reactants from diffusing to active sites. Upon the
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insertion of Ag/C3;N,, the surface area of the catalyst was
increased, and the reactant diffused into the active sites of the
catalyst increased the degradation of the dye. The incorporation
of Ag acts as an electron pool and promotes the active species
owing to the surface plasmon resonance effect of Ag, leading to
an increase in dye degradation.*® Moreover, in the case of C3N,/
Ag, the surface plasmon effect of Ag was reduced, indicating
a decrease in the % age degradation of the dye. The oxidation—
reduction reaction takes place in a basic medium between the
cationic RhB dye and catalyst that enables the breakdown of the
dye molecules into CO, and water.®

Catalytic degradation mechanism involves the reactants
(NaBH, and RhB) and synthesized catalysts (NWs) for the
degradation of the dye. NaBH, reacts with RhB on the surface of
the catalyst, resulting in the transfer of electrons to dye mole-
cules. Dye accepts these electrons and its color changes from
pink to colorless. The color change signifies the breakdown of
the interconnected xanthene ring in the molecular composition
of RhB.* The mass-to-charge ratio (m/z) of 268 and 254 were
linked to the N-deethylation degradation of the dye.*® These
intermediates possess the capacity to undergo further degra-
dation, leading to the production of smaller products distin-
guished by m/z values of 148, 118, and 104.** The breakdown
and conversion of small molecules of the dye lead to the
production of CO,, H,O, and various inorganic compounds

(Fig. 9).

3.11. Antibacterial activity

The antibacterial efficacy of NiSe, Ag/C;N, and C;N,/Ag-doped
NiSe NWs was evaluated through the agar well diffusion
method. The zone of inhibition against MDR S. aureus was
determined using a Vernier caliper. Low concentrations (0.5
mg/50 pL) of synthesized materials exhibit inhibition zone

Table 1 Literature comparison with the current study for the degradation of the dye

Samples Synthesis method Dyes Conditions and time % efficiency Ref.
NiSe,/g-C3N, Hydrothermal method Reactive black 5 Natural sunlight for 120 minutes 86.4% 17
NiSe,/BiVO, Solvothermal method RhB Visible light irradiation for 180 minutes 80% 55
NiSe/g-C;N, Hydrothermal method Oxytetracycline (OTC) Visible light irradiation for 60 minutes 98.68% 56
NiSe/g-C3Ny Hydrothermal method MB UV lamp for 60 minutes 92.5% 56
rGO/NiSe, Hydrothermal method RhB Visible light irradiation for 120 minutes 98.8% 57
Ag/C3N,-NiSe Coprecipitation RhB Dark using NaBH, for 6 minutes 69% Present work
" . OH
NaBH, m====) Na* + BH, PPN
. HOOC COOH
O . °
. H
Ag/C;N,-NiSe HOOC)‘\/\I(O
= 0 o ¢
@ O N-deethylation M
~
(€HYN ° NEH: HO on
. ‘ H,0 + CO, + NH," _
Rhodamine B 2 2 4

(RhB)

By products

Fig. 9 Schematic illustration of the catalytic mechanism for the degradation of the RhB dye.
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measurement in the range of 1.75-3.90 mm, while at high
concentrations (1.0 mg/50 pL), a range of 3.35-4.55 mm is
provided in Table 2. Ciprofloxacin was used as a positive control
to produce inhibitory zones of 9.15 mm against MDR S. aureus.
DI water was used as a negative control and does not affect
bacterial cells, resulting in an inhibition zone measurement of
0 mm. The measurement of inhibition zones is directly related
to the concentration of synthesized materials. The increase in
the concentration of doped material leads to an enhancement
in the inhibition zones associated with the corresponding
increase in the surface area and porosity of NWs. The surface
area and porosity increased the antimicrobial activity as the
sharp edge of NWs penetrated the bacterial membrane effec-
tively, resulting in bacterial death.®* Upon the incorporation of

Table 2 Antibacterial efficacy of NiSe and Ag/CsN,4, and C3N4/Ag-
doped NiSe

Inhibition zones (mm)
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Ag/C3N, and C;3N,/Ag, the enhanced antimicrobial activity is
attributed to Ag, which acts as an electron pool and generates
electrons and holes pair and produces the active species due to
the surface plasmon effect of Ag.*® The prepared catalysts were
used for antimicrobial potential as antibacterial drugs, health-
care facility surfaces, promote healing and protect the wound
from further harm and illuminate water-borne diseases, which
help to avoid infections.®

To investigate the antimicrobial inhibition zones, a compar-
ison graph was conducted between high and low concentrations
of synthesized NWs and positive control (Fig. 10(a)). The
percentage efficacy for S. aureus was determined using
relation (5).

le inhibati
Efficacy (%) — -s.amp e in 1l?at1F)n z.one <100 (5)
positive control inhibation zone

The measured results (Fig. 10(b)) illustrate a significant
enhancement in efficacy in the range of 19.12-42.62% at low
and 36.61-49.72% at high concentrations for pure, Ag/C;N, and
C;N,/Ag doped NiSe NWs against MDR S. aureus isolated from

Samples 0.5 mg/50 pL 1.0 mg/50 uL
bovine mastitis. Overall, the synthesized C;N,/Ag-doped NiSe
NiSe ) 175 3.35 NWs depicted maximum bactericidal response and presented
Ag/C3Ny-doped NiSe 2.65 3.85 a future antibiotic placebo to treat MDR S. aureus infections,
C;3;N,/Ag-doped NiSe 3.90 4.55 . . . . .
Ciprofloxacin 015 015 leading to bovine mastitis. The synthesized materials acted as
DI water 0 0 antibacterial agents that kill pathogenic microorganisms
without the side effects. In the practical field, the concentration
12 60
i (a) £ :“{0“"1 —=— Low Concentration b
i = » Ig't' 504 —e— High Concentration
oy ositive
E L
£ 84 ~ 404
= X
o T S
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Fig. 10 Graphical investigation of inhibition zone measurement: (a) inhibition zone comparison and (b) % age efficiency of NiSe, Ag/CsN4 and

C3N4/Ag-doped NiSe doped NiSe for S. aureus.

Table 3 Literature comparison of the antimicrobial activity

Inhibition zones (mm)

Concentration
Samples Standard drug Bacteria Catalyst +ve control dose of materials Ref.
NiSe Gentamycin E. coli 10 18 5 mL 7
NiSe Gentamycin S. aureus 15 18 5 mL 7
NiSe Ciprofloxacin S. aureus 3.35 9.15 1.0 mg/50 pL Present study
C;N,/Ag-doped NiSe Ciprofloxacin S. aureus 4.55 9.15 1.0 mg/50 pL Present study
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doses affect human and animal life; thus, it is essential to
determine the optimum materials concentration to achieve the
appropriate efficacy against MDR S. aureus. Bacterial responses
Antibiotics

to drugs are concentration-dependent. have

Generation I

Protein
leakage

View Article Online

Paper

Ag/C;N, -NiSe NWs
transportation through
membrane Cell wall

e
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Ribosomes

antimicrobial effects on sensitive cells at high concentrations,
whereas sub-inhibitory doses cause a variety of biological
responses in bacteria. Higher concentration doses may provide
effective bacterial death and control.*® The literature

Fig. 12 3D and 2D depiction of the binding interaction pattern inside the active site of DNA gyrases. aureus: (@) CsN4/Ag-doped NiSe and (b) Ag/

C3N4-doped NiSe.
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comparison of inhibition zone measurement using NiSe as
a catalyst using gentamycin as the positive control achieves
significant achievement for bacterial death. In the present
research, low and high concentration doses have been used to
control and kill the microorganism, as represented in Table 3.

The small-sized particles are responsible for the production
of reactive oxygen species (ROS). Electron-hole pairs are the
main facilitators in the production of ROS such as the super-
oxide anion radical (*O, ), hydroxyl radical (*OH), and
hydrogen peroxide radicals (¥*H,0,). ROS production is revealed
in the reaction mechanism eqn (6)-(11) and is represented in
Fig. 11.

NWs + hv (photon) — h* + e~ (6)
e+ 0, > *Oy (7
h*+H,0 - OH™ + H" (8)

*0,” + H" — *HO, (9)

*HO, + e~ + HY — *H,0, (10)
*H,0, + *O,~ — *OH + O, + OH ™ (11)

The hydrogen peroxide radical (¥*H,0,) causes substantial
harm to bacterial cells, resulting in the death of bacteria.®* The
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rate at which radicals are produced can greatly impact the
antibacterial activities by increasing the level of induced
oxidative stress.®® The cell wall of S. aureus consists of a thin
layer of peptidoglycan and teichoic acid with pores on the
surface of the bacterial cell. The existence of these pores enables
the penetration of external substances into the cell wall, leading
to the death of bacterial cells. C3N, and Ag-doped NiSe mate-
rials produce ROS that penetrate the bacterial cells and react
with DNA and proteins, leading to the damage of the bacterial
cell. Multiple studies have suggested that the antibacterial
effectiveness of NiSe is related to various factors such as their
size, surface area, shape, and the surface charge of the synthe-
sized materials. Additionally, the particular strains of bacteria
and the surrounding environmental factors affect the antibac-
terial effectiveness.”®”

3.12. Molecular docking studies

Computational strategies, notably molecular docking studies,®®
have garnered a lot of attention in recent years, and there is
uncertainty in the extensive analysis of the mechanisms behind
many biological processes.®® In this study, molecular docking
was used to find prospective enzyme inhibitors by evaluating
their binding affinity and inhibitory capacity with respect to
NWs. Enzymes DDI and DNA gyrase, crucial for bacterial
survival and development, have been recognized as significant
targets in the quest for antibiotics.”®”* The optimal docking

A:305

. resome
£ A
[0 pran

Fig. 13 3D and 2D depiction of the binding interaction pattern inside the active site of DDls. ayreus: (@) C3sN4/Ag-doped NiSe and (b) Ag/C3Ny4-

doped NiSe.
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conformation of C;N,-doped NiSe, as indicated by a binding
score of 4.61, exhibited hydrogen bonding with Ser55, Glu58,
Asp81, and Thr173, pi-alkyl interactions for Ile86, and metal
acceptor interactions with Asn54 of DNA gyrase, as indicated in
Fig. 12(a). In contrast, the Ag/C;N,-doped NiSe compound
demonstrated a pi-alkyl linkage to Ile86, a metal acceptor
affinity for Ile51, and hydrogen bonding interactions with
Ser55, Asp81, and Thr173. These interactions resulted in
a docking score of 5.73, as seen in Fig. 12(b).

Furthermore, it has been found that C;N,/Ag-doped NiSe
forms hydrogen bonds with Thr23 and Phe313, acts as a metal
acceptor with Glu16 and His96, and engages in pi-alkyl inter-
actions with Val19 of DDI, having a binding score of 3.89, as
represented in Fig. 13(a). The Ag/C;N,-doped NiSe structure in
its optimal docking conformation exhibited many noteworthy
interactions. Specifically, it formed hydrogen bonds with Thr23,
engaged in pi-sigma interactions with Gly312, metal acceptor
connections with Glu16, and participated in pi-alkyl interac-
tions with Val19, His96, and Met310 along with a binding score
of 4.28, as seen in Fig. 13(b).

The in silico and antibacterial activities are comparable,
suggesting that Ag/C;N,-doped NiSe are potential inhibitors for
DDl and DNA gyrase from S. aureus that need additional
investigation.

4 Conclusion

In this research, NiSe, Ag/C;N, and C3;N,/Ag-doped NiSe were
synthesized using the coprecipitation method to improve the
catalytic, bactericidal activity and in silico docking study. The
crystalline size, surface area, and porosity of synthesized NWs
were investigated using XRD analysis. The crystalline size
decreased, and the surface area (40.95-50.72 m> g ') and the
porosity (4-34.1%) of NWs increased with the incorporation of
C;3N,4/Ag and Ag/C3N,. TEM micrographs confirmed the NWs-
like morphology of the synthesized material. Ag/C;N,-doped
NiSe NWs exhibit efficient catalytic degradation (69.58%) of the
RhB dye in a basic medium. The antimicrobial efficiency was
measured as (1.75-3.90 mm) and (3.35-4.55 mm) at low and
high concentrations of NWs, respectively. The potential inhib-
itory effects of the produced NWs on the DDI and DNA gyrase
enzymes of S. aureus were investigated by molecular docking
analysis, which indicates that Ag/C;N,-doped NiSe NWs are
potential inhibitors of DNA gyrase and DDI. Experimental
consequences demonstrate that the synthesized NWs effectively
eliminate toxic industrial effluents and cause the death of
pathogenic bacteria, leading to their potential future
applications.
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