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Industrial wastewater treatment is a critical challenge requiring innovative solutions to address global water
scarcity. In this work, magnesium hydroxide Mg(OH), nanostructures (NSs) were successfully synthesized
via a cost-effective and sustainable co-precipitation approach, doped with 3 wt% polyvinylpyrrolidone
(PVP) and varying amounts (2 and 4 wt%) of silver—copper (Ag—Cu). The main purpose of this research
was to investigate the ternary system's ability in dye degradation and its antibacterial properties. PVP, as
a capping agent, regulates the growth of the NSs and provides stability. The incorporation of Ag—Cu
minimizes agglomeration and promotes the formation of a network comprising PVP-capped NSs along
with Ag—Cu nanoparticles (NPs). This interconnected network facilitates charge transport, thereby

. enhancing the overall catalytic performance. The study revealed that 4 wt% Ag-Cu/PVP-Mg(OH),
iizggtii ﬁi?}‘;ilgtig]zser 2025 significantly degrades (99.68%) rhodamine B (RhB) in acidic medium as opposed to alkaline and neutral
pH levels, and it achieves a maximum inhibition zone of 7.95 + 0.02 mm against MDR Staphylococcus

DOI: 10.1038/d5n200693g aureus (S. aureus). The prospective inhibitory mechanism of the synthesized NSs on the DNA gyrase
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1. Introduction

Water pollution has developed into a major problem and has
increased drastically, thereby posing a global hazard to the
existence of human beings and other forms of life." In textiles,
leather, and food manufacturing, rhodamine B (RhB) is exten-
sively used. It is a hazardous carcinogen and mutagen that
poses grave dangers to life forms.> Its existence in aquatic
environments is highly detrimental to aquatic plant health due
to its ability to block sunlight, thereby hindering photosyn-
thesis and interrupting natural water purification processes. In
addition, there have been various physical, chemical, and bio-
logical treatment methods, as well as UV-light-based tech-
niques, used for the remediation of water pollutants.** Some
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enzyme of S. aureus was explored by molecular docking.

conventional techniques are used to remove pollutants from
wastewater, such as ion exchange, membrane filtration, chem-
ical coagulation, electrolysis, reverse osmosis (RO), carbon
filter, biological methods, and co-precipitation.® However, these
techniques have limitations, as they consume large amounts of
energy and are costly.

The catalytic technique was employed owing to its various
advantages; this method is gaining more attention from
researchers for the purification of wastewater. This technique
involves the degradation of dye with the help of reducing agent
NaBH, and nanocatalysts (NCs) in the absence of light. Both
NaBH, and NCs reduce the energy barrier and accelerate the
reaction  kinetics, thereby facilitating efficient dye
degradation.®® Metal hydroxides have emerged as a potential
candidate for wastewater treatment, attributed to their reus-
ability and stability.'> Among them, Mg(OH), stands out as
a promising candidate for environmental remediation, as it
serves as both a dye degrader and antibacterial agent, attributed
to its environmentally benign, nontoxic, noncorrosive, and
biodegradable nature in conjunction with having a large surface
area. The presence of a large amount of OH groups and its
morphology significantly enhance the -catalytic activity by
facilitating charge movement, band gap engineering, and
surface reactivity.>'>'* Moreover, its low weight, high stiffness,
shielding capability, insulating behavior, and band gap energy
make it a promising candidate for multiple applications.*>*®

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Several synthesis routes have been employed to synthesize
Mg(OH),, including sol-gel, microwave, solvothermal, and co-
precipitation.”” Co-precipitation is an eco-friendly, cost-
effective, and widely employed route, as it enables control
over size, morphology, and surface area by controlling temper-
ature, pH, concentration, and reagents. This route has been
used previously to synthesize Mg(OH), with multiple morphol-
ogies, including hexagonal plates, tubes, and needle-like rods.*®
One study has demonstrated polymer-metal hydroxide nano-
composites that exhibit high degradation efficacy, enhanced
light absorption ability, and easy post-recovery treatment."”

PVP has garnered significant interest owing to its hydro-
philic nature, mechanical stability, biocompatibility, biode-
gradability, and transparency in the visible region. It is widely
used as an effective surfactant for controlling the particle size,
shape, and crystal facets. PVP also enhances the adsorption
capacity of materials by increasing the surface area.”?° PVP
inclusion has led to the formation of integrated and less
hazardous nanocomposites. The hydroxyl and carbonyl groups
in PVP render it an optimal capping agent, promoting strong
interactions with the host material, yielding a stable, water-
insoluble material. Furthermore, the surface OH groups of
these nanocomposites can effectively engage with water-soluble
contaminants, thereby augmenting their vulnerability to pho-
tocatalytic oxidation mechanisms.*'7*"**

Apart from this fact, one of the methods that has received
recent attention from researchers is the doping of metal oxides
with metals like Ag, Cu, Au, and Mn.*® Metals are an effective
dopant, as the ionic radius of Cu®* closely matches that of Mg>*;
also, doping enhances the material's catalytic activity.>*** Silver
nanoparticles (Ag-NPs) have emerged as promising materials
for dye degradation and antimicrobial applications due to its
high surface area and low toxicity. Ag has excellent catalytic
potential and biocompatibility, making it an optimal choice as
dopant for dye degradation and antibacterial application.>*>*
Copper nanoparticles (Cu NPs) show superior optical, electrical,
and mechanical properties, and they demonstrate significant
catalytic potential, attributed to a high surface-to-volume ratio
and electrical conductivity.”*** Studies reported the ability of
biogenic Ag@Cu alloy NPs in degrading dye via photocatalysis;
they also exhibit antioxidant behavior.** Likewise, another study
presented Cu@Ag and Ag@Cu core-shell nanostructures using
ethylene glycol and investigated their degrading potential
against p-nitrophenol.**

The environmentally benign co-precipitation route has been
employed to synthesize Mg(OH), NSs doped with varying weight
ratios of Ag-Cu and a fixed quantity of PVP for the removal of
RhB dye and to inhibit bacterial growth. To evaluate the effect of
dopants (Ag-Cu and PVP) on Mg(OH), NSs, a comprehensive
investigation of their structural and optical properties was
conducted, and its degrading efficacy against RhB dye was
assessed. Subsequently, we evaluated their antibacterial efficacy
against Staphylococcus aureus, and a credible mechanism for
antibacterial action was predicted via a molecular docking study
focused on DNA gyrase using ciprofloxacin as a reference. It was
observed that the doping of different transition metals (Ag—-Cu)
into the host material Mg(OH), enhanced the catalytic and
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antibacterial activities. PVP, as a capping agent, controls the
size and enhances the stability of Mg(OH),, thereby increasing
the catalytic and antibacterial behavior.

2. Experimental work

2.1. Materials

Magnesium chloride hexahydrate (MgCl,-6H,0 = 98%),
sodium hydroxide (NaOH = 98%), silver nitrate (AgNO;z = 99%),
copper chloride (CuCl,-2H,0 = 99%), and PVP (C¢HoNO),, were
acquired from Sigma-Aldrich (Germany).

2.2. Synthesis of Mg(OH), and doped Mg(OH),

Mg(OH), was synthesized by dissolving the required amount of
MgCl,-6H,0 (0.5 M) into 50 mL deionized (DI) water (solution
A). For PVP-Mg(OH),, a fixed (3 wt%) concentration of PVP was
added to a solution of MgCl,-6H,O (solution B), as reported in
our previous study.* Similarly, for Ag-Cu doped PVP-Mg(OH),
synthesis, 2 wt% of AgNO; and CuCl, (1 wt% of each) and 4 wt%
of AgNO; and CuCl, (2 wt% of each) were added to the PVP-
MgCl, solution, forming solution C and solution D, respectively.
The solutions were kept under vigorous stirring and heating for
30 min at 80 °C. The solution pH was kept at ~12 by integrating
1 M NaOH dropwise while monitoring the pH of the solution
using a pH meter. The colloidal solutions were then centrifuged
twice at 6000 rpm for 6 min to remove impurities. The washed
precipitates were dried overnight at 120 °C and pulverized to
a fine powder (Fig. 1).

2.3. Segregation and identification of MDR Staphylococcus
aureus

2.3.1. Sample acquisition and identification. A random
selection of lactating cows clinically positive for mastitis was
conducted at various marketplaces, veterinary clinics, and
farms in the region (Punjab, Pakistan) for collection of speci-
mens. Milk samples were gathered by directly milking from the
cow into a sterile container, which was promptly transferred to
the laboratory and stored at 4 °C. The obtained samples were
then cultured onto mannitol salt agar, followed by incubation at
37 °C for 2 days. The preliminary identification of bacterial
isolates was conducted via gram staining and biochemical
assays.

2.3.2. Antibiotic susceptibility assessment. Antibiotic
susceptibility of bacterial isolates was assessed via disc diffu-
sion testing. Mueller-Hinton agar (MHA) plates were inoculated
with 0.5 McFarland standard suspensions of S. aureus. Subse-
quently, microbicidal disks containing amoxicillin (5 pg), azi-
thromycin (15 pg), ceftriaxone (30 pg), ciprofloxacin (5 pg),
tetracycline (30 pg), gentamicin (10 pg), sulfamethoxazole +
trimethoprim (23.75 pg + 1.25 ng), and imipenem (10 pg) were
placed on the agar plates. To prevent potential overlap of inhi-
bition zones, the disks were positioned at a measured distance.
In accordance with the guidelines established by the National
Committee for Clinical Laboratory Standards, MHA plates were
incubated at 37 °C for 24 h, after which the zones of inhibitions
(zOI) were measured to identify antibiotic-resistant bacteria.
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Fig. 1 Schematic diagram of the synthesis of Mg(OH), and Ag-Cu
doped PVP-Mg(OH), NSs.

Bacteria revealing resistance to at least three antibiotics were
classified as possessing multiple drug resistance (MDR).

2.3.3. Antimicrobial activity. The in vitro antibacterial
potential of Mg(OH), and doped Mg(OH), NSs was assessed
using the agar well diffusion method in triplicate. For this
evaluation, ten representative isolates of MDR S. aureus were
obtained from mastitis milk. Petri dishes of mannitol salt agar
were swabbed with MDR S. aureus suspension equivalent to 0.5
McFarland standard. Wells of 6 mm diameter were generated
through a sterile cork borer. Mg(OH),, PVP-doped Mg(OH),, and
(2 and 4 wt%)Ag-Cu/PVP-doped Mg(OH), NSs were introduced
into the bore holes at low and high concentrations of 0.5 mg/50
pL and 1.0 mg/50 pL, respectively. Ciprofloxacin at a concen-
tration of 0.005 mg/50 pL acted as the positive standard, while
50 pL of DI water served as the negative standard. Pristine and
doped NS Petri dishes were incubated for 24 h at 37 °C. The
inhibition areas (mm) were observed following incubation and
calibrated at two perpendicular axes; subsequently, averages
were noted using a digital vernier caliper by independent
observers to reduce bias.

2.3.4. Statistical analysis. To evaluate the efficacy of pris-
tine and doped NSs, the calibrated inhibition zone diameters
(mm) were assessed and subjected to one-way ANOVA analysis
using SPSS 24.0.%
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2.4 Catalytic activity

The nanocatalyst degradation potential against RhB was
investigated by conducting catalytic activity (CA) experiments in
the absence of light, using NaBH, as a reducing agent and
varying the pH of the dye solution. H,SO, and NaOH were
employed to obtain acidic and basic media, respectively. Freshly
prepared NaBH, (400 pL) was added to 3 mL of RhB, and
absorbance spectra were recorded using a UV-Vis spectropho-
tometer. Subsequently, 400 pL of synthesized catalyst was
added to the solution of NaBH, and RhB. The results were
monitored through UV-Vis spectra acquired at specified time
intervals within the wavelength range of 200-800 nm.

2.5. Molecular docking analysis

The domains of structural biology and biomedicine have found
extensive applications of computational molecular docking.
This approach concentrates on atomic-level hydrophobic
interactions, hydrogen bonds, and van der Waals forces, aiming
to predict the interaction between ligands and target proteins
(receptors). The bacterial DNA gyrase is crucial for maintaining
the double helix structure and DNA replication. Therefore,
investigating the DNA gyrase enzyme inhibitory effects of Ag—
Cu/PVP-Mg(OH), NSs were the focus of this study, with
ciprofloxacin serving as a reference drug. Crystal structures of
DNA gyrase were extracted from the protein data bank (ID:
5CPH).* To ensure structural validity and dependability of the
protein models, the structures were geometrically optimized,
solvent molecules were eliminated, and missing atoms were
reinstated prior to docking. The energy reduction procedure
was carried out utilizing the powell method, resulting in
a convergence gradient of 0.05 kcal (mol)™* after 1000 cycles.
After being tailored for the lowest energy conformations using
the Tripos force field and Gasteiger Huckle force field, all ligand
molecules were devised using the SYBYL-X 2.0 software.?” Ulti-
mately, all specified compounds underwent flexible docking
into the active site of DNA gyrase using SYBYL-X 2.0.*® The
Surflex dock module utilizes a rigorously developed consensus
scoring (cScore) function to assess and prioritize potential
configurations of ligand fragments. This function integrates
Hammerhead's empirical scoring mechanism, which entails
a molecular similarity approach (morphological similarity) in
conjunction with D-score (dock score), G-score (gold score),
Chem-Score, potential mean force (PMF) score, and/or complete
score.

3. Results and discussion

XRD patterns of the synthesized samples provide insights into
crystal structure, crystallite size, and phase composition
(Fig. 2a).** Diffraction peaks at 18.58°, 32.8°, 37.98°, 50.80°,
58.7° and 62.0° correspond to lattice planes (001), (010), (011),
(012), (110) and (111), respectively, corroborated to the hexag-
onal phase of Mg(OH),, and synchronized with JCPDS card no.
96-900-6331. Braggs peaks positioned at 27.33°, 31.6°, and
56.41° correspond to reflection planes (210), (014), and (420),
indicating the existence of monoclinic Mg(CO); and well

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) XRD diffractogram to evaluate the crystal structure of
synthesized samples; (b and c) SAED analysis of (b) Mg(OH), and (c) 4%
Ag—Cu/PVP-Mg(OH), NSs.

matching the index with JCPDS card no. 96-901-2798. An addi-
tional peak sited at 45.5 (002) corresponds to the cubic phase of
MgO, synchronized with JCPDS card no. 96-901-3228. PVP's
diffraction peak emerged at 28.8°, indicating its successful
integration.** Moreover, the peaks analogous to lattice planes
(001), (010), (011), (012), and (110) shifted towards lower angles,
suggesting structural modifications in Mg(OH), induced by
PVP.* Ag-Cu addition resulted in the emergence of peaks at 23°
and 34.0°, corresponding to lattice planes (021) and (002),
confirming the formation of Cu(OH), (JCPDS card no. 00-035-
0505). At high concentration, no peak was observed for Ag-Cu,
which might be due to the dispersion of small metal particles
within the Mg(OH), framework. The smaller size of Cu relative
to Ag enhances its integration within the Mg(OH), matrix.
Furthermore, a shift in facets (010), (011), (211), and (110) was
observed towards a higher angle with Ag-Cu, indicating inter-
action between Ag-Cu and PVP-Mg(OH),.**** The increase in
peak intensity indicates isotropic crystallite growth attributed to
dopant-induced stable nucleation and the growth of larger
crystallites.® The crystallite sizes of Mg(OH),, PVP-Mg(OH),, 2%
Ag-Cu/PVP-Mg(OH),, and 4% Ag-Cu/PVP-Mg(OH),, computed
using the Debye-Scherrer equation, were 29.35, 30.79, 39.69,
and 51.6 nm, respectively. SAED patterns (Fig. 2b and c¢)
revealed the polycrystalline nature of the Mg(OH), and Ag-Cu/
PVP-doped Mg(OH),. The bright circular rings with spots
harmonized with the crystallographic facets of the XRD
patterns.®*
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Vibrational mode and functional group evaluations of the
prepared NSs were carried out via FTIR analysis of the spectra
acquired in the wavenumber range of 3800-450 cm ™~ (Fig. 3a).*
The sharp band at 3699 cm™ " corresponds to the OH stretching
vibrations, while the broad transmittance band ~3440 cm™*
was associated with the stretching vibrations of water mole-
cules.* The band observed ~2368 cm ' is ascribed to the
characteristic C=O stretching mode originating from the
adsorption of atmospheric CO,.** The surface hydroxyl groups
and adsorbed water molecules are manifested by the bands at
1442 cm ™' and 1630 cm !, associated with Mg-OH and -OH
group bending vibrations.*® Bidentate carbonate forms on Mg>*
cations, exhibiting asymmetric (O-C-O) stretching at
1528 cm ™ 1. Furthermore, the bands at 829 and 538 cm ™' were
attributed to Mg-O stretching vibrations.**** With PVP addi-
tion, two weak bands appeared at ~1075 and 1171 cm ™ *, linked
with the characteristic -CN stretching vibration of PVP.**°
Furthermore, a subtle shift in spectral bands towards a lower
wavenumber was observed, verifying the interaction between
Mg(OH), and PVP or complexation of Mg(OH), with the polymer
blend.*** The slight shift and variation in band intensity with
Ag-Cu addition were attributed to its interaction within the
PVP-Mg(OH), lattice sites. The variation in intensity, ascribed to
a change in the crystal radii of doped elements Ag"* (1.25 A) and
Cu** (0.73 A) compared to Mg>" (0.74 A), significantly modifies
the structure of the doped Mg(OH),.>*>*

UV-Vis spectroscopy was employed to evaluate the optical
properties and electronic structure of Mg(OH), and Ag—Cu/PVP-
Mg(OH), (Fig. 3b). The absorbance spectrum of Mg(OH),
exhibits a peak absorption ~289 nm and an absorption hump
within the range of 350 to 450 nm.>>*® The addition of PVP shifts
the absorption range towards higher wavelength. This red shift
suggests the formation of a complex and interaction between
the polymer and Mg(OH),."”** The increase in the absorption
range and shift in spectra result from electrostatic interaction,
van der Waals interaction, and H-bonding between PVP and
Mg(OH),.”” The absorption is enhanced in the low photon
energy region, with the increasing concentration of Ag-Cu in
PVP-Mg(OH),.*® The direct band gap energy (E,) calculated from
Tauc plots following the straight line equation was determined
to be 3.5, 2.97, 2.84, and 2.67 eV for Mg(OH),, PVP-Mg(OH),, 2%
Ag-Cu/PVP-Mg(OH),, and 4% Ag-Cu/PVP-Mg(OH),, respectively
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———PVP-Mg(OH),

.~

Transmittance (%)

3500 3000 2500 2000 1500 1000 500
Wavenumber (cm‘l)

Fig. 3
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(a) FTIR for functional group and vibrational mode analysis, and (b) absorbance spectra of Mg(OH), and doped Mg(OH), NSs.
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Fig.4 TEM micrographs of (a—a’") Mg(OH),, (b—b"") PVP-Mg(OH),, (c—-c”) 2 wt% Ag—Cu/PVP-Mg(OH),, and (d—d") 4 wt% Ag—Cu/PVP-Mg(OH),
NSs at the different resolutions of 100 nm, 50 nm, and 20 nm, respectively.

(Fig. S1).>® The formation of charge-transfer complexes (CTCs)
due to the coordination bonds between Mg>* ions and PVP
resulted in enhanced ionic conductivity, causing a decrease in
E,.* The addition of Ag-Cu generates new energy states,
modifies its electronic structure, and improves photon
absorption ability, thereby effectively lowering the E,. This
reduction in E, was attributed to the Mg>" substitution with
Cu”" ions, as evidenced by XRD analysis.®®%*

EDS analysis was carried out to scrutinize the elemental
composition of 4% Ag-Cu/PVP-Mg(OH), (Fig. S2). The presence
of Mg, O, C, Ag, and Cu peaks validates the successful synthesis
of Ag-Cu/PVP-Mg(OH),. The appearance of Au peaks in the EDS
profile was attributed to spray coating intended to reduce the
charging effect. Additionally, Na and CI peaks emerged due to
residual impurities, as NaOH was used to maintain the pH of
solution and MgCl, and CuCl, were used as Mg and Cu
precursors during synthesis. Elemental mapping was conduct-
ed to analyze the distribution of elements in the prepared
sample (Fig. S3). Mapping analysis of the highly doped sample
demonstrates the distribution of Mg, O, C, Na, Cl, Cu, Ag, and
Au, represented with different colors.

7032 | Nanoscale Adv., 2025, 7, 7028-7039

The morphological and topographical aspects of undoped
and doped Mg(OH), were elucidated by TEM analysis (Fig. 4a—
d’’). Fig. 4a-a” demonstrates the formation of interconnected
nanoparticles embedded in nanorods and an agglomerated
polygonal sheet of Mg(OH),.** The agglomeration of sheets
might be due to the high surface energy of Mg(OH), and
hydrogen bonding between hydroxyls of the surface. The addi-
tion of PVP caused agglomeration, ascribed to hydrogen
bonding with the OH group on the Mg(OH), surface, stabilizing
and capping the Mg(OH), NSs. With Ag-Cu incorporation,
uniform spheroid NPs composed of Ag and Cu, interconnected
with Mg(OH), sheets, were observed. The increasing concen-
tration of Ag-Cu prevents agglomeration, forming an inter-
connected network of capped NSs (sheets and NPs of Ag-Cu)
that improves the catalytic activity.

Gatan software was used to examine and ascertain the d-
spacing of samples using HR-TEM micrographs having resolu-
tion of 5 nm. The interlayer d spacings of the control and PVP-,
2% Ag-Cu/PVP-, and 4% Ag-Cu/PVP-doped Mg(OH), were
found to be 0.23, 0.241, 0.237, and 0.247 nm (Fig. 5a-d),
respectively, well synchronized with XRD results. Doping
improves the crystallinity of the material, reducing structural

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5na00693g

Open Access Article. Published on 26 September 2025. Downloaded on 3/1/2026 2:41:15 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

View Article Online

Nanoscale Advances

Fig. 5 (a—d) Calculated d-spacing of (a) Mg(OH),, (b) PVP-Mg(OH),, (c) 2 wt% Ag—Cu/PVP-Mg(OH),, and (d) 4 wt% Ag—Cu/PVP-Mg(OH), NSs.

disorder and strain. By occupying lattice or interstitial sites,
dopants stabilize the crystal structure, improve lattice ordering,
and increase active sites, ultimately boosting the catalytic

activity of NSs.

NCs coupled with NaBH, facilitate the degradation of RhB,
as illustrated in Fig. S4. In the absence of NCs, there is
a significant energy barrier between the reacting species, and
NaBH, reacts slowly, slowing down the reaction kinetics. In
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Fig. 6 RhB degradation using prepared NSs in (a) acidic, (b) basic, and (c) neutral media.
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contrast, the addition of NCs accelerates the reaction kinetics by
lowering the energy barrier through bridging the redox poten-
tial gap between NaBH, and RhB. NCs function as mediators
and facilitate electron transfer, subsequently accelerating the
reaction rate. During the reduction process, NaBH, dissociates
into sodium (Na") and borohydride ions (BH, ). BH, electro-
statically adsorbs on the surface of the NC and releases elec-
trons to the catalyst, which splits BH,  into hydrogen ions. The
NCs channel electrons from the adsorbed BH, ions to RhB
molecules. Following this electron transfer, the adjacent RhB
molecules are attacked by the generated H', resulting in the
breakdown of m-bonds within the chromophoric structure of
RhB, converting it into leuco-RhB. Ag-Cu NPs act as electron
reservoirs, accelerating electron transfer from BH,~ during the
RhB reduction process.**>* The catalytic degradation potential
of prepared NCs for RhB reduction was evaluated via UV-Vis
spectrophotometer. The degradation efficacies of the Mg(OH),
and the PVP-, 2% Ag-Cu/PVP-, and 4% Ag-Cu/PVP-doped
Mg(OH), were found to be 86.68, 92.91, 90.41, and 99.68% in
acidic media (pH = 4); 85.52, 91.35, 88.95, and 92.18% in
alkaline media (pH = 12); and 80.76, 89.47, 90.58 and 94.02% in
neutral media, respectively (Fig. 6a—c).

The control Mg(OH), is known for its good catalytic prop-
erties but is limited in generating active sites for dye degrada-
tion, resulting in low efficiency as compared to doped
Mg(OH),.** The addition of PVP serves as a surface stabilizer
and can control the morphology of Mg(OH),, thereby increasing

Table 1 Antibacterial efficacy of Ag—Cu/PVP-Mg(OH), NSs
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the available reaction surface area. This leads to higher degra-
dation efficiency, since there will be more dye molecules inter-
acting with the active sites at the surface of Mg(OH),.** Ag and
Cu incorporation enhances catalytic activity through new active
site formation, resulting in accelerated charge separation.
However, the degradation efficiency drops, which might be due
to suboptimal doping concentration. At this level, there may not
be enough Ag-Cu to make an appreciable increment, or it may
bring about charge carrier recombination, leading to low overall
catalytic efficacy. Increasing the amount of dopant concentra-
tion (4% Ag-Cu) results in more active sites available for cata-
Iytic reactions and subsequently enhances the degradation
efficiency.®*** The optimal catalytic performance occurs for
Mg(OH), with 4% Ag-Cu/PVP-Mg(OH), in an acidic solution,
resulting in 99.68% degradation within 10 minutes. RhB
decolorization in the presence of NaBH, leads to the dye's
reduction, as the synthesized materials act as electron-relaying
systems through which BH,  ions (donor) donate electrons to
RhB (acceptor). Adsorption between BH, ions and dye mole-
cules was made easier by the plentiful active sites on the cata-
lyst.®” Moreover, solution pH has also been found to affect the
charge properties of the dye and catalysts in the degradation
process.

The RhB structure contains a carboxylic group and an amino
group. In acidic medium (H,SO,), the carboxylic group is in
a protonated state. Catalytic activity increased in the acidic
medium, ascribed to more H" ions produced for absorption by

Inhibition zone

Inhibition zone

CIP (0.005 mg/50 DI water (50 uL)

Sample (mm) (0.5 mg/50 pL) (mm) (1.0 mg/50 pL) uL) positive control negative control
Mg(OH), 0+ 0.0 4.65 + 0.04 8.45 £ 0.02 0+ 0.0
PVP-Mg(OH), 2.85 £ 0.05 5.35 + 0.04 8.45 + 0.02 0=£0.0
2% Ag-Cu 4.75 + 0.04 6.45 + 0.03 8.45 £ 0.02 0+ 0.0
4% Ag-Cu 5.80 + 0.04 7.95 £ 0.02 8.45 + 0.02 0=£0.0
Ag-Cu/PVP doped Mg(OH),
L
S
= oS
4 F
A\ . .
Cytopl ,J % ?
yroplasm e Intérruption of electron
transportation
Fig. 7 Antibacterial activity of Ag—Cu/PVP doped Mg(OH), NSs.
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Fig. 8 (a and a’) Generated docked complexes of Ag—Cu/PVP-Mg(OH), bonded to its corresponding molecular target DNA gyrases. aureus: 3D
and 2D binding interaction perspectives of (b and b’) PVP-Mg(OH),, (c and c¢’) Ag—Cu/PVP-Mg(OH),, and (d and d’) ciprofloxacin within the active

pocket of DNA gyrase. H-bonds are represented as yellow dotted lines.
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the catalyst surface. The decolorization efficiency of RhB has
risen with decreased solution pH due to greater electron
transfer, redox potential, and catalyst surface charge density.®®
In basic medium, the concentration of hydroxyl groups is large,
as NaOH is used to basify the solution. This large number of
hydroxyl groups enhances RhB adsorption. In contrast, an
excess of ~-OH groups oxidizes RhB, thereby reducing catalytic
activity as compared to the acidic environment. At pH ~12, the
generation of surface hydroxyl complexes hinders direct contact
between the catalyst and dye. Additionally, a decrease in -OH
adsorption leads to a lower generation of hydroxyl radicals.
Consequently, at high pH, the efficiency of RhB degradation is
less than at low pH.**”*

Table 1 and Fig. S5 summarize the in vitro antibacterial
effectiveness of Mg(OH),, PVP-Mg(OH),, and Ag-Cu/PVP-
Mg(OH), against MDR S. aureus. Results depict inhibitory zone
diameters ranging from 0 + 0.0 to 5.80 £ 0.04 mm (low
concentration) and 4.65 + 0.04 to 7.95 + 0.02 mm (high
concentration) for MDR S. aureus. During calibration for MDR
S. aureus, the negative control with DI Water indicated 0 + 0.0
mm, and a +ve control, ciprofloxacin, presented 8.45 £ 0.02 mm
inhibition region for MDR S. aureus. The 4% Ag-Cu/PVP-
Mg(OH), outperformed other prepared samples and demon-
strated a significant inhibition zone of 7.95 + 0.02 mm. The
small size of NCs and increased number of active sites in Ag—Cu/
PVP-Mg(OH), facilitate effective penetration and destruction of
bacteria (Fig. 7).

Bacterial O, is absorbed by vacant oxygen spaces on catalyst
surfaces, resulting in the generation of ROS such as OH", O, °,
and H,O0,. These ROS induce oxidative stress in bacterial cells,
disrupting cellular components such as lipids, compromising
membrane integrity, causing leakage of cellular contents,
impairing respiration, and ultimately resulting in cell destruc-
tion. The direct contact of Mg(OH), and the cell surface
mechanically disrupts the bacterial cell wall. Additionally,
moisture adsorbed on the Mg(OH), surface forms an alkaline
layer, which compromises the bacterial cell wall, causing cell
death.”””® PVP addition enhances the antimicrobial effective-
ness by improving the binding ability of Mg(OH), to the cell
wall. The cationic sites in PVP, coupled with hydroxyl groups,
directly attach to the phospholipid bacterial membrane,
compromising its integrity and resulting in leakage of cyto-
plasmic contents. PVP-Mg(OH), can penetrate the cytoplasm
more effectively, thereby boosting the antibacterial activity.”
The addition of bimetallic components (Ag-Cu) in PVP-
Mg(OH), increases the antibacterial potential, attributed to the
synergistic interaction between Ag and Cu. Ag* and Cu*? ions
diffuse outward from the wells, penetrating bacterial cells, and
are crucial in strengthening the activity of the NCs. This pene-
tration of ions disturbs the cellular processes and effectively
inhibits bacterial growth. Ag-Cu/PVP-Mg(OH), generates exci-
tons due to the electronic excitation from valence to conduction
band. The electronic reaction with O, generates radicals (0, "),
leading to the production of H,0,. The hole reacts with water
molecules, forming OH'. These resulting ROS are pivotal, as
they significantly contribute to the breakdown of lipids or
protein molecules in the outer surface of bacteria.””®
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The in silico study offers profound insights into the struc-
tural and functional interactions present in ligand-protein
frameworks, thereby deepening our comprehension of molec-
ular mechanisms that impede the replication of bacterial cell
membranes. By employing cScore, the most favorable ligand
conformations of Ag-Cu/PVP-Mg(OH), were identified within
the active sites of the protein 5CPH. These were attributed to the
presence of oxygen and nitrogen atoms that participate in
a variety of hydrogen bond interactions with surrounding resi-
dues throughout the protein-ligand complexes, thereby mark-
edly improving their docking scores. Fig. 8a and a’ depicts
notable conformational changes within the intricate structure
following the energy minimization process. PVP-Mg(OH), had
binding scores of 4.39 (Fig. 8b and b'); it is anchored to Gly85 via
hydrogen bonding; forms an alkyl bond with Ile86; and has van
der Waals interactions with Thr173, Asp81, Asn54, and Gly83.
Meanwhile, Ag-Cu/PVP-Mg(OH), is bonded to Thr173 via H-
bonding; has van der Waals interactions with Asp81, Thr171,
Arg84, Gly172, Asn54, and Gly85; and pi alkyl interactions with
Arg144 and Ile86, resulting in a 6.21 binding score (Fig. 8c and
¢’), comparable or more significant than standard ciprofloxacin,
which has a 5.98 binding score, as mentioned in Table S3
(Fig. 8d and d).

The computational findings align closely with in vitro anti-
bacterial activity, as 4% Ag-Cu/PVP-Mg(OH), exhibited the most
significant inhibition zones, measuring 5.80 &+ 0.04 mm at 0.5
mg/50 uL and 7.95 + 0.02 mm at 1.0 mg/50 pL. Meanwhile, the
diminished activity of PVP-Mg(OH), highlights the significant
role of Ag-Cu in enhancing antibacterial efficacy. The enhanced
binding affinity of Ag-Cu/PVP-Mg(OH), to DNA gyrase indicates
that NSs could disrupt bacterial DNA replication, thereby play-
ing a role in its noted bactericidal effect. This offers a systematic
explanation regarding the composition of materials, molecular
interactions, and their biological implications.

4. Conclusion

In this study, Mg(OH), and Ag-Cu/PVP-doped Mg(OH), NSs
were effectively synthesized using an environmentally benign
co-precipitation technique for the removal of RhB and inhibi-
tion of bacterial growth. XRD evidenced the hexagonal phase of
Mg(OH),, accompanied by an increase in crystallite size with
doping. UV-Vis spectroscopy indicates the reduction in the E,
from 3.5 to 2.67 eV, correlated with an increased absorption
upon dopant addition. TEM revealed the formation of NRs and
NSs of Mg(OH),, whereas the network of Ag-Cu NPs and
Mg(OH), NSs was observed upon doping. The interplanar
spacings calculated from HR-TEM images were found to be
0.233,0.241, 0.237, and 0.247 nm for the undoped and PVP/Au-
Cu doped NSs, respectively. Among the synthesized samples,
4% Ag-Cu/PVP-Mg(OH), showed remarkable performance,
degrading 99.68% RhB in acidic medium and exhibiting
a significant inhibition zone of 7.95 + 0.02 mm for MDR S.
aureus. The potential of the prepared NSs to inhibit S. aureus
DNA gyrase was evaluated by employing molecular docking
studies. The findings of this study reveal that the synthesized
NSs are effective in degrading toxic industrial waste and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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inhibiting pathogenic bacteria, underscoring its potential for
future applications.
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