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Sparse silver loading on chitosan—boron carbon
nitride framework: a sustainable route to

multifunctional nanomaterials
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The design of multifunctional nanomaterials capable of addressing both environmental and biomedical

challenges is a growing focus in modern materials science. In this study, we report the synthesis of

a silver nanoparticle-embedded on chitosan—boron carbon nitride (Ag@CS-BCN), crosslinked with

glutaraldehyde, via a multi-step process. The structural,

morphological, elemental, and stability

characteristics of the synthesised nanohybrid systematically investigated using spectroscopic and

microscopic techniques. The catalytic performance of Ag@CS—BCN was evaluated for the reduction of
4-nitrophenol (4-NP) and the degradation of methyl orange (MO) and rhodamine B (RhB), persistent
organic pollutants of environmental concern. The nanocomposite exhibited rapid catalytic activity,
achieving >94% degradation within minutes (4-NP: 5 min, 99.82%; MO: 3 min, 94.50%; RhB: 7 min,
98.89%), and demonstrated recyclability for up to three consecutive cycles with minimal loss in

performance. Beyond environmental applications, Ag@CS—BCN displayed potent antimicrobial efficacy

against both Gram-positive and Gram-negative bacterial strains. Importantly, cytotoxicity studies

revealed selective anticancer activity, with an I1Csq value of 45.73 ng mL™! against Hela cancer cells and
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substantially lower toxicity toward normal 3T3 fibroblasts (ICsq = 446.6 pug mL™Y). Overall, the Ag@CS—

BCN nanohybrid demonstrates significant promise as a multiple-purpose material for environmental
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1. Introduction

Industrialisation and urbanisation have significantly contrib-
uted to environmental pollution by the extensive release of
organic dyes and nitroaromatic compounds into water
bodies."”® These pollutants, which include hazardous dyes such
as methyl orange (MO), rhodamine B (RhB), and nitroarene
derivatives, are persistent, non-biodegradable, and toxic to
aquatic life and humans."*® Nitroarenes are particularly
alarming due to their high electron-withdrawing nitro groups,
which make them chemically stable and resistant to degrada-
tion.® Prolonged exposure to nitroarenes has been associated
with genotoxicity, mutagenicity, and -carcinogenic effects,
especially through contamination of drinking water sources.”®
They can interfere with cellular respiration, induce oxidative
stress, and adversely affect the human liver and central nervous
system.® In industrial settings, the uncontrolled discharge of
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remediation and biomedical applications, particularly in nanocatalysis, antimicrobial, and targeted
anticancer therapy, thereby offering an innovative platform for sustainable and therapeutic technologies.

nitroarenes has been linked to severe groundwater and soil
contamination, resulting in long-term ecological imbalance.®
Similarly, synthetic dyes such as MO and RhB, extensively
used in the textile, cosmetic, and food industries, pose a major
risk when released untreated into the environment." Methyl
orange, an azo dye, and rhodamine B are classified as potential
carcinogens and mutagens. They cause long-term ecological
damage by blocking sunlight penetration in aquatic ecosys-
tems, thereby reducing photosynthetic activity.**® Their bi-
oaccumulation in marine organisms also threatens the food
chain. In humans, exposure through contaminated water can
result in skin irritation, respiratory distress, and damage to
internal organs." These dyes persist in the environment due to
their complex aromatic structures and high chemical stability,
making their removal from wastewater a critical objective in
environmental science.'” In recent reports, MO has been found
to induce cytotoxic and haematological abnormalities in animal
models, while RhB has been implicated in neurotoxicity and
reproductive toxicity, leading to growing regulatory concerns in
many countries."** Their reduction to less toxic or biodegrad-
able forms is crucial for detoxification and converting valuable
amine derivatives, which serve as valuable intermediates in the
pharmaceutical and chemical industries. Sodium borohydride
(NaBH,) is a commonly employed reducing agent due to its
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stability in aqueous media, high reducing potential and less
harmful byproducts.*® However, its efficiency for nitroarene and
dye reduction is often limited without a suitable catalyst,
necessitating the development of nanostructured catalysts that
can mediate fast electron transfer to accelerate the reaction
kinetics.* Simultaneously, the degradation of organic dyes like
MO and RhB dyes remains a priority for environmental reme-
diation. Catalytic degradation, especially through photo-
catalysis and redox-mediated pathways, has emerged as an
effective strategy.'” The application of multifunctional nano-
materials that can catalyse both nitroarene reduction and dye
degradation offers a sustainable approach and allows the
exploration of additional biomedical properties, such as anti-
microbial and anticancer activities. Recent studies have high-
lighted a compelling link between catalytic activity and
biological efficacy. For instance, nanoparticles capable of elec-
tron mediation in chemical reactions often generate reactive
oxygen species (ROS) under biological conditions, contributing
to antimicrobial efficacy by damaging microbial membranes
and DNA."™ Similarly, the redox potential that enables dye
degradation and nitroarene reduction can also induce oxidative
stress in cancer cells, leading to apoptosis.**° This dual activity
provides a platform for designing nanomaterials that are both
environmentally and biomedically relevant.

Nanohybrid is a class of nanomaterials which combines both
organic and inorganic constituents intricately assembled
through non-covalent interactions, resulting in multifunctional
architectures with tailored properties. These nanohybrids are
not simple physical mixtures. They are generally characterised
as nanocomposites comprising intimately integrated organic/
inorganic constituents. Their modular structure enables the
integration of biocompatibility, functional responsiveness, and
stability. Their structural diversity and interfacial tunability
make them ideal for next-generation material design.”>**

Among various nanomaterials, silver nanoparticles (AgNPs)
have gained immense attention due to their unique physico-
chemical properties, including surface plasmon resonance,
high surface-to-volume ratio, and ease of functionalization.>®>*
AgNPs are well-known for their antimicrobial potency against
a broad spectrum of pathogens and exhibit cytotoxic effects on
a variety of cancer cell lines.”® Their antimicrobial action is
often attributed to the generation of ROS, release of Ag* ions,
and disruption of membrane integrity. Moreover, AgNPs have
been explored in catalysis for their ability to facilitate electron
transfer reactions, making them ideal candidates for dye
degradation and nitroarene reduction.’**”

They are often incorporated into natural polymeric matrices
to enhance the stability, biocompatibility, and catalytic activity
of AgNPs. Chitosan, a biodegradable and biocompatible poly-
saccharide derived from chitin, is one such matrix. It possesses
intrinsic antimicrobial properties and can stabilise nano-
particles through electrostatic interactions.*® Crosslinking chi-
tosan with glutaraldehyde improves its mechanical strength
and water stability, thereby enhancing its applicability in
aqueous environments.* Furthermore, the integration of boron
carbon nitride (BCN), a two-dimensional layered material with
high chemical stability and surface activity, offers additional

© 2025 The Author(s). Published by the Royal Society of Chemistry
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advantages. BCN serves as a robust support matrix that facili-
tates uniform nanoparticle dispersion and increases surface

active sites, thereby improving catalytic and biological
performance.
Additionally, the antimicrobial mechanism of such

composites is multifaceted, involving both direct contact killing
through membrane disruption and indirect oxidative stress
pathways. These materials are effective against Gram-positive
and Gram-negative bacteria, as well as fungal strains. Their
anticancer potential is equally promising, with reports indi-
cating effective inhibition of cell proliferation, induction of
apoptosis, and interference with cell cycle progression in
various human cancer cell lines. The integration of catalysis and
biomedicine offers a novel route for the development of thera-
nostic agents. Materials capable of degrading environmental
pollutants and simultaneously exerting antimicrobial and
anticancer effects represent a new generation of functional
nanomaterials that align with the principles of green chemistry
and sustainable development.

In this study, we aimed to extend the application of AgNPs-
based nanohybrid in wastewater treatment, followed by anti-
microbial and anticancer activity by synthesising an inert and
efficient chitosan crosslinked with glutaraldehyde and BCN
onto which AgNPs were immobilised via a straightforward
multi-step protocol. The resulting low-loaded nanohybrid,
denoted as Ag@CS-BCN, was thoroughly characterised to
determine its structural and compositional features. Its cata-
Iytic performance was then evaluated through the reduction
and degradation of nitroarenes and MO and RhB dyes using
NaBH, as the reducing agent. Furthermore, antimicrobial and
anticancer activities of Ag@CS-BCN were investigated, high-
lighting their dual functionalities in environmental remedia-
tion and biomedical applications.

2. Experimental

2.1. Materials

Melamine, boric acid, chitosan, glacial acetic acid, silver nitrate
(AgNO3), sodium borohydride (NaBH,), sodium hydroxide
(NaOH) pellets, methanol, ascorbic acid, 4-nitrophenol,
nitroarenes, MO, RhB, and glutaraldehyde solution (25%) were
purchased from Merck, Sigma-Aldrich, SDFCL, and Avra
Chemical Companies, India. All chemicals used in this study
were of high-purity analytical grade and were employed without
any additional purification. Bacterial strains such as Escherichia
coli-44 and Staphylococcus aureus-902 were obtained from the
Microbial Type Culture Collection (MTCC), Chandigarh, India.
Nutrient agar, nutrient broth, and gentamicin solution were
procured from Hi-Media Laboratories, India. For antifungal
studies, potato dextrose agar (PDA) medium and amphotericin
B were used. All microbiological consumables, such as Petri
plates, test tubes, conical flasks, and beakers, were supplied by
Borosil, India. Double-distilled water was used for all experi-
mental procedures. Fetal Bovine Serum (FBS), antibiotic-anti-
mycotic solution, and Dulbecco's Modified Eagle Medium
(DMEM) were purchased from Gibco (USA). Dimethyl sulfoxide
(DMSO) and MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
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diphenyltetrazolium bromide).** were obtained from Sigma-
Aldrich (USA). Phosphate-buffered saline (1x PBS) was
sourced from Indian Vendors. Tissue culture consumables,
including 96-well plates and wash beakers, were supplied by
Tarsons, India. Mouse fibroblast (3T3) and human cervical
cancer (HeLa) cell lines were sourced from the National Centre
for Cell Science (NCCS), Pune, India. All reactions were per-
formed under ambient conditions unless stated otherwise.

2.2. Instrumentation and analyses

FT-IR spectroscopy was carried out using a PerkinElmer Spec-
trum Two spectrometer. The crystal structure and diffraction
pattern were analysed via powder X-ray diffraction (p-XRD)
using a Rigaku Ultima-IV diffractometer. Morphological
features and elemental composition were examined separately
using field emission scanning electron microscopy (FE-SEM)
and energy dispersive X-ray spectroscopy (EDS) with a JEOL
JSM7100F. X-ray photoelectron spectroscopy (XPS) analyses
were performed using a Thermofisher Nexsa XPS instrument
with an Al Ko, X-ray source (vacuum: 10~ ® mbar, pass energy: 200
eV, dwell time: 10 ms, binding energy scale: 0-1350). Trans-
mission electron microscopy (TEM) images were acquired using
a JEOL JEM-2100 microscope. HR-TEM imaging was conducted
using a JEOL JEM-2100 microscope. The surface area was
measured using nitrogen adsorption—-desorption analysis based
on the Brunauer-Emmett-Teller (BET) method executed on
a Microtrac BELSORP MAX instrument. Thermogravimetric
(TG) analysis was carried out using a PerkinElmer STA 6000 TG/
DTA in a nitrogen atmosphere, covering a temperature range of
50 to 900 °C at a heating rate of 10.0 °C min . The catalytic
activity of the synthesised Ag@CS-BCN nanohybrid was exam-
ined using a UV-visible spectrophotometer (UV-1900i, Shi-
madzu, Japan).

2.3. Synthesis of boron carbon nitride (BCN)

Melamine powder (12 g) and boric acid (6 g) were mixedina2:1
ratio using a mortar and pestle for 15 min. The mixture was
then transferred to a crucible and calcined at 500 °C for 4 h.
After cooling to room temperature, 6.52 g of yellow boron
carbon nitride (BCN) powder was obtained and stored in
a transparent vial at ambient temperature for further use. This
method is consistent with previously reported literature.

2.4. Synthesis of silver nanoparticles anchored on boron
carbon nitride and cross-linked chitosan with glutaraldehyde
(Ag@CS-BCN)

Chitosan powder (2 g) was first dissolved in 200 mL of 2% (v/v)
glacial acetic acid under constant stirring to prepare a clear
chitosan solution. To this, an appropriate amount of BCN
powder and 1 mL of 25% glutaraldehyde were added as the
crosslinking agent. Subsequently, silver nitrate (AgNO;) was
dispersed at a concentration of 1.76 wt%, followed by the
addition of ascorbic acid (0.0352 g) as a reducing agent. After an
additional 2 hours of stirring, the colour transitioned from
yellow to fern green. To facilitate precipitation, NaOH (1 M) was
dissolved in a methanol: water mixture (1:1 v/v) and added
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dropwise. The resulting nanohybrid material, Ag@CS-BCN, was
thoroughly washed with distilled water several times until
a neutral pH was achieved. These parameters were carefully
chosen to ensure the complete solubilization of chitosan while
minimising the acid-catalysed degradation. Literature reports
have shown that excessive exposure to an acidic environment
can lead to chain scission and the formation of low-molecular-
weight oligomers, which may negatively impact the structural
integrity of the framework.*>** It was then dried in a hot air oven
at 50 °C for 24 h. A final yield of 5.05 g of fern green-coloured
Ag@CS-BCN nanohybrid was obtained and stored in an
airtight vial at room temperature for further characterisation
and applications.

2.5. General procedure for the reduction of nitroarenes
using Ag@CS-BCN nanohybrid as a nanocatalyst

A freshly prepared aqueous solution of NaBH, (0.4 M, 10 mL)
was mixed with an aqueous solution of nitroarenes (2.5 mM, 10
mL) under gentle stirring. To this reaction mixture, Ag@CS-
BCN (0.08 mol%) nanohybrid was added. The progress of the
reduction reaction was monitored by observing changes in UV-
visible absorbance at specific time intervals. At the desired time,
an aliquot of the reaction mixture was withdrawn, diluted with
distilled water, and analysed to assess the extent of reduction.
Once the reaction was complete, the Ag@CS-BCN nanohybrid
was separated by centrifugation.

2.6. General procedure for the degradation of MO using
Ag@CS-BCN nanohybrid as a nanocatalyst

The Ag@CS-BCN (0.08 mol%) nanohybrid was added to the
aqueous solution of MO (0.2 mM, 25 mL) under mild stirring.
Subsequently, a freshly prepared aqueous solution of NaBH,
(0.45 M, 10 mL) was added to the reaction mixture. The
reduction process was monitored by recording changes in the
UV-visible absorption spectrum at regular time intervals. At
each selected time point, a small volume of the reaction mixture
was taken out and diluted with distilled water, and analysed to
determine the extent of MO reduction. After the completion of
the reaction, the catalyst was efficiently recovered by centrifu-
gation for further reuse.

2.7. General procedure for the degradation of RhB using
Ag@CS-BCN nanohybrid as a nanocatalyst

The Ag@CS-BCN (0.06 mol%) nanohybrid was introduced into
an aqueous solution of RhB (0.2 mM, 25 mL) under light stir-
ring. Afterwards, a freshly prepared aqueous solution of NaBH,
(0.5 M, 10 mL) was added to the reaction mixture. The degra-
dation process was monitored using a UV-visible spectropho-
tometer at regular time intervals. At each designated time point,
a small volume of the reaction mixture was taken out and
diluted with distilled water, and analysed to determine the
extent of RhB degradation. After the completion of the reaction,
the Ag@CS-BCN nanohybrid was efficiently recovered by
centrifugation for further reuse.

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

CS-BCN (AB-Comp) and Ag@CS-BCN nanohybrid (AB-ADS)
were tested for antibacterial and antifungal studies. The
bacterial strains, such as Escherichia coli (E. coli) and Staphylo-
coccus aureus (S. aureus) and the pathogenic yeasts, such as
Cryptococcus neoformans (C. neoformans) and Candida albicans
(C. albicans).

2.9. Procedure of antimicrobial assay

Concerning antibacterial studies, nutrient agar plates (20 mL
per plate) were prepared and uniformly infused with a 24 h
culture of bacteria and standardised to a 0.5 optical density
(OD) value according to the McFarland standard. Wells were
sterilised and pierced, and varying concentrations (500, 250,
100, and 50 pg mL ") of the test compounds CS-BCN and
Ag@CS-BCN nanohybrid were introduced into the wells.
Gentamicin served as the positive control. The plates were
incubated at 37 °C for 24 h. Following incubation, antibacterial
efficacy was evaluated by measuring the diameter of the inhi-
bition zones surrounding each well.

For assessing antifungal activity, potato dextrose agar
medium (20 mL per plate) was seeded with a 72 h culture of
fungal strains in Petri plates, and various concentrations of the
samples CS-BCN and Ag@CS-BCN nanohybrid (AB-ADS) (500,
250, 100 and 50 pug mL ') were added. Amphotericin B was
exploited as a positive control. Then, the Petri plates were
incubated for 72 h at 28 °C. Afterwards, the incubation of the
antifungal activity was measured by the width of the inhibition
zone formed around the wells. All measurements were analysed
using GraphPad prism software.

2.10. Procedure for minimum inhibitory concentration
(MIC) assay

The antibacterial efficacy of the prepared Ag@CS-BCN nano-
hybrid was scrutinised against E. coli and S. aureus using the
standard broth microdilution technique. All the assays were
carried out in sterile 96-well flat-bottomed microtiter plates. A
0.5 McFarland standard suspension was sequentially diluted 1 :
100 with nutrient broth to obtain a final inoculum density of ~5
x 10° CFU mL . Serial dilution of Ag@CS-BCN nanohybrid,
ranging from 500, 250, 125, 62.5, 31.25,15.6, 7.8, 3.9, 1.9 and 0.9
ng mL ™, was prepared in nutrient broth. Each microplate well
received 50 pL of bacterial suspension of the respective test
concentration. Negative control wells contained only nutrient
broth and bacterial inoculum, while positive controls contained
a standard antibiotic. The plates were incubated at 37 °C for 18
to 24 h, and the growth of the bacteria was quantified spectro-
photometrically at 600 nm using a microplate reader. All the
measurements were taken in triplicate, and the mean optical
density (OD) values were used to calculate the percentage
inhibition of bacterial growth.

2.11. Anticancer activity

The Ag@CS-BCN nanohybrid was investigated for in vitro
cytotoxicity using HeLa and 3T3 cell lines by MTT assay. Cells

© 2025 The Author(s). Published by the Royal Society of Chemistry
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were cultured in DMEM supplemented with 10% FBS, 100 pg
mL~" penicillin, and 100 pg mL™" streptomycin, and main-
tained at 37 °C in a humidified environment with 5% CO,.
Briefly, both the cells were collected by trypsinisation and
pooled in a 15 mL tube. Then the cells were plated at a density of
1 x 10° cells mL ™" (200 uL) into the 96-well tissue culture plate
in DMEM medium containing 10% FBS and 1% antibiotic
solution for 24 to 48 h at 37 °C. The cells were washed with
sterile PBS and treated with various concentrations of test
samples in a serum-free DMEM medium. Each sample was
replicated three times, and the cells were incubated at 37 °C in
a humidified 5% CO, incubator for 24 h. After incubation, MTT
(10 uL of 5 mg mL~ ') was added to each well, and the cells were
incubated for another 2-4 h until purple precipitates were
visible under an inverted microscope. Finally, the medium and
MTT (220 pL) were aspirated off the wells and washed with 1x
PBS (200 pL). Furthermore, DMSO (100 pL) was added to
dissolve formazan crystals, and the plate was shaken for 5 min.
The absorbance for each well was measured at 570 nm using
a microplate reader, and the percentage cell viability and ICs,
value were calculated using GraphPad Prism software.

3. Results and discussion

3.1. Synthesis of Ag@CS-BCN nanohybrid

The synthesis of the Ag@CS-BCN nanohybrid involves a multi-
stage process (Scheme 1). Initially, BCN was prepared by mixing
melamine and boric acid by mechanical grinding using
a mortar and pestle. Followed by calcination at 550 °C for 4 h in
a muffle furnace (Scheme 1, A). Chitosan is dissolved in diluted
acetic acid to create a chitosan solution (Scheme 1, B). Subse-
quently, BCN was introduced into this chitosan solution. Then
the chitosan was crosslinked with glutaraldehyde, which reacts
with the amino groups of the chitosan molecule through Schiff
base formation (-C=N-).>*** The formation of a 3D network
involves the reaction between the aldehyde group (-CHO) and
the primary amine group (-NH,) on the chitosan backbone to
form imine bonds (C=N).***®* Hence, a stable polymeric
network is formed.** Finally, BCN was incorporated into the
chitosan matrix through hydrogen bonding or electrostatic
interactions, yielding a reinforced composite designated as CS—
BCN (Scheme 1, C).** Later, NaOH was dissolved in water and
methanol in the ratio of 1: 1, and AgNO; was introduced into it
to obtain a AgNO;@CS-BCN (Scheme 1, D). Afterwards, ascorbic
acid was infused as a mild reducing agent to reduce Ag'* to Ag®,
and the acquired nanohybrid was labelled as Ag@CS-BCN
nanohybrid (Scheme 1, E).

3.2. Spectroscopic and microscopic analysis of Ag@CS-BCN
nanohybrid

3.2.1. FT-IR and p-XRD analyses. To pinpoint the charac-
teristic functional groups in the prepared crosslinked CS, BCN,
CS-BCN matrix, and the final Ag@CS-BCN nanohybrid, we have
carried out FT-IR analysis (Fig. 1a). A broad absorption peak
observed at ~3284 cm™ " is responsible for the amide A band,
which arises from the N-H stretching vibrations of hydrogen-
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Scheme 1l Synthesis of Ag nanoparticles immobilised on a chitosan matrix crosslinked with glutaraldehyde and functionalized with BCN, forming

the Ag@CS-BCN nanohybrid.

bonded amide groups. This peak typically appears in the 3300-
3270 cm ' range and indicates the presence of peptide or amide
functionalities.*®*' A strong and broad absorption band near
~3564 cm™ ' corresponds to O-H stretching vibrations, sug-
gesting the presence of free or hydrogen-bonded hydroxyl
groups.” A weak to medium intensity band observed at
~2878 cm™ ' is assigned to the stretching vibrations of aliphatic
-CH; and -CH, groups.*>** Meanwhile, the band at ~2172 cm ™!
can be assigned to the stretching vibrations of C=N (nitrile) or
C=N groups, often present in heterocycles or Schiff bases.** A
band at ~1666 cm " is assigned for the amide I band, primarily
due to the C=0 stretching vibration of the peptide backbone or
amide groups.***> The ~1368 cm™ ' band reveals the bending
vibrations of aliphatic C-H bonds, particularly -CH; symmetric
deformation.*»* Finally, a strong peak at ~1054 cm ' is
attributed to C-O stretching, often arising from alcohols, esters,
or ether functionalities, confirming the presence of oxygenated
groups.*

The crystalline nature and phase composition of the syn-
thesised samples were investigated using p-XRD, as shown in
Fig. 1b. In Fig. 1b(i), the two broad diffraction humps found
around 25.92° and 43.5° are assigned to the (002) and (100)

42744 | RSC Adv, 2025, 15, 42740-42760

planes of graphitic-like carbon structures, respectively. The
broad nature of these peaks indicates the amorphous or poorly
ordered nature of the carbon framework, typical of boron-doped
carbon nitride (BCN) and similar disordered graphitic
materials.***” The (002) reflection at ~25.9° corresponds to the
interlayer stacking of carbon nitride sheets, while the (100) peak
at ~43.5° is attributed to in-plane ordering of the carbon
network. The absence of sharp peaks suggests that BCN exists in
a partially crystalline or turbostratic phase, with disrupted -
stacking due to boron doping and heteroatom incorporation,
which reduces the regularity of the graphitic layers.*® Fig. 1b(ii)
shows the diffraction pattern of chitosan. The p-XRD pattern of
chitosan exhibits two prominent reflections at 26 ~ 9.2° and
~20.6°, indicating its semi-crystalline nature. The peak at 9.2°
corresponds to the (020) plane, which is associated with the
hydrated crystalline domains of chitosan, resulting from inter-
molecular hydrogen bonding between polymer chains.**** The
more intense and sharper peak at 20.6° is attributed to the (120)
crystallographic plane of chitosan, reflecting its intrinsic crys-
tallinity and chain packing regularity in the dry state.***° The
prominent reflections at 26 values corresponding to planes
indexed to a face-centred cubic (FCC) structure of metallic Ag,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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matching well with the JCPDS card number 04-0783. The major
peaks appear at approximately 38.11°, 44.27°, 64.42°, and
77.42°, corresponding to the crystalline planes of (111), (200),
(220), and (311) planes of FCC AgNPs.”**> In addition to the
typical Ag peaks, a noticeable reflection at 260 = 30.38° is
observed, which corresponds to the (022) crystal plane. This
peak may indicate the formation of a secondary phase, possibly
due to partial oxidation, metal oxide formation, or interaction
with a support matrix such as silicates or heteroatom-doped
carbon. Such features are often seen in Ag-based hybrid nano-
structures, where the presence of (022) planes has been re-
ported in doped or supported Ag systems, suggesting structural
modification or lattice distortion within the composite.>
3.2.2. FE-SEM and HR-TEM analyses. The morphological
and structural features of the prepared BCN, CS-BCN, and
Ag@CS-BCN nanohybrids were examined using FE-SEM, TEM,
HR-TEM, SAED, and EDX elemental mapping, as shown in
Fig. 2. The FE-SEM image of BCN (Fig. 2a) displays a layered
morphological characteristic of 2D boron carbonitride nano-
sheets.> In Fig. 2b, the CS-BCN nanohybrid shows that CS was
covered with BCN sheets with a roughened, thicker morphology
due to chitosan incorporation, suggesting successful interfacial
interactions between the amine groups of chitosan and the
electronegative sites of BCN through hydrogen bonding or
electrostatic attraction.”®* The Ag@CS-BCN nanohybrid

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

(Fig. 2c) exhibits a granular and agglomerated surface, with
spherical Ag nanoparticles uniformly distributed over the CS-
BCN matrix, confirming efficient nucleation and stabilisation of
silver nanoparticles on the CS-BCN support.*® The TEM image
of CS-BCN (Fig. 2d) shows thin folded nanosheets, confirming
the presence of thin BCN layers intercalated or functionalized
by polymeric chitosan. The Ag@CS-BCN sample (Fig. 2e)
displays AgNPs (dark spots) well-dispersed over the CS-BCN
matrix, indicating effective anchoring and distribution of
AgNPs within the CS-BCN matrix. The HR-TEM image (Fig. 2f)
reveals lattice fringes with an interplanar spacing of 0.26 nm,
corresponding to the (111) plane of face-centred cubic (FCC) Ag,
confirming the crystalline nature of AgNPs.**** The SAED
pattern (Fig. 2g) of Ag@CS-BCN shows distinct diffraction
rings/spots, verifying the polycrystalline nature of AgNPs
embedded within the CS-BCN matrix. Further, the HAADF-
STEM image combined with elemental mapping (Fig. 2h)
confirms the homogeneous distribution of B, C, N, O, and Ag
elements in the nanohybrid. The distinct and overlapping
elemental maps demonstrate the successful interaction
between AgNPs and the CS-BCN matrix. The presence of
nitrogen and oxygen further supports the effective incorpora-
tion of chitosan, while the intense signal from Ag corroborates
the successful reduction and immobilisation of Ag on the CS-
BCN matrix.*”*®

RSC Adv,, 2025, 15, 42740-42760 | 42745
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Fig. 2 FE-SEM images of (a) BCN, (b) CS-BCN, and (c) Ag@CS—-BCN nanohybrid; TEM images of (d) CS-BCN, (e) Ag@CS-BCN nanohybrid, (f)
HR-STEM image of Ag@CS—-BCN nanohybrid, (g) SAED pattern of Ag@CS-BCN nanohybrid and (h) HAADF image of Ag@CS—BCN nanohybrid.

3.2.3. XPS analysis. The X-ray photoelectron spectroscopy surface chemical states. The survey spectrum revealed the distinct
(XPS) analysis of Ag@CS-BCN nanohybrid was provided in (Fig. 3) peaks corresponding to C, O, N, B, and Ag, confirming the
and gives the detailed insights into its elemental composition and  successful incorporation of AgNPs onto the CS-BCN matrix with
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Fig.3 (a) XPS survey spectrum of Ag@CS—BCN nanohybrid and comparative high resolution XPS spectra of (b) C 1s, (c) O 1s, (d) N 1s, (e) B 1s, and

(f) Ag 3d.

high purity. The deconvoluted C 1s spectrum displayed the peaks
at 284.2 eV, 284.8 eV, 286.0 eV, and 287.7 eV corresponding to
C=C sp® hybridised carbon, C-C, C-N/C-OH, and C=0 bonds,
respectively, indicating the existence of partially oxidised carbon
functionalities that promote metal anchoring.*** The O 1s spec-
trum exhibited peaks around 531.3 eV and 532.5 €V, attributed to
metal-oxygen (Ag-O) interactions and surface oxygen-containing
groups, suggesting a strong interfacial bonding between AgNPs
and the CS-BCN matrix.®** The N 1s deconvoluted peaks revealed
at 398.6 €V, 399.8 eV, and 400.9 eV belong to sp”> hybridised
nitrogen (C=N-C (graphitic-N)), pyrrolic-N (N-N), and
quaternary-N (C-N-C).**** In comparison, the B 1s high-resolution
spectrum showed peaks around 189.6 €V, 191.4 eV, and 193.0 eV
attributed to B-C bonds within the BCN lattice, indicating strong

boron-carbon interactions, B-O bonds arising from surface
oxidation or residual boron oxide species, and B-N bonds con-
firming the formation of boron-nitrogen linkages within the BCN,
which confirms the structural integrity.®® The Ag 3d high-
resolution XPS spectrum displayed two well-defined peaks at
367.8 eV (Ag 3ds;,) and 373.8 eV (Ag 3dsp,), characteristics of
metallic Ag®, and slight shifts suggested a minor contribution
from surface oxidised Ag" species.®®” The XPS high-resolution
spectra collectively confirm that AgNPs are uniformly anchored
on the CS-BCN matrix through oxygen- and nitrogen-containing
linkages.

3.2.4. ICP-OES analysis. ICP-OES was employed to deter-
mine the silver content in the Ag@CS-BCN nanohybrid,
revealing a silver loading of 1.42% w/w.

O |_~5t010% is due to oM T _ ~8%is due to the
100 -7 the adsorbed water 100 adsorbed water
and moisture and moisture
207 30% is corresponding| 901
~ o 2| o/ 1 i
_ 804 to the breakdown of 80 35% s responsnb.le.
Q amine and hydroxyl ;\;‘ breakdown glycosidic|
< 70 < 70 linkage
@2 roup 2
< 60 2 60
= =
'g 50 g 50
40 40
30+ 304
N " N
204 75% is a'ttrlbuted to the deg}‘adatlon 204 8% is attributed to the
of aromatic carbanaceous residues . .
10 10 aromatic carbanaceous residues

Temperature (°C)

Fig. 4 TG curves of (a) CS-BCN and (b) Ag@CS—BCN nanohybrid.
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Fig. 5 Nitrogen adsorption—desorption isotherm curves for (a) CS—BCN and (b) Ag@CS—BCN nanohybrid; BJH pore size distribution plot of (c)

CS-BCN and (d) Ag@CS—BCN nanohybrid.

3.2.5. Thermogravimetric (TG) analysis. The thermal
stability of the CS-BCN matrix and Ag@CS-BCN nanohybrids
was investigated by TG analysis shown in Fig. 4. The TG curve of
CS-BCN (Fig. 4a) exhibits a three-step degradation pattern. The
first weight loss below ~150 °C is attributed to the removal of
physically adsorbed water and moisture (hydroxyl groups).®®
The second major weight loss between 200-400 °C is due to the
decomposition of the chitosan backbone, including depoly-
merisation and degradation of its acetylated and deacetylated
units.*® The third stage, occurring beyond 500 °C, corresponds
to the breakdown of residual organic matter and partial
degradation or oxidation of the BCN framework.* In the case of
Ag@CS-BCN nanohybrid (Fig. 4b), a shift in degradation to
higher temperatures is observed, indicating enhanced thermal
stability. This improved resistance is likely due to the strong
interaction between AgNPs and the functional groups in chi-
tosan, which may hinder polymer chain motion and suppress
thermal degradation.®*”° Furthermore, the presence of AgNPs
promotes structural rigidity within the nanohybrid.

3.2.6. BET surface area analysis. The nitrogen adsorption-
desorption isotherms of both CS-BCN (Fig. 5a) and Ag@CS-
BCN (Fig. 5b) exhibit type IV isotherms with H3 hysteresis loops,
indicative of mesoporous structures. The H3 loop is commonly
associated with slit-like pores formed by the aggregation of
plate-like particles, which is consistent with the layered BCN
structure and chitosan crosslinking matrix.”* The CS-BCN

42748 | RSC Adv, 2025, 15, 42740-42760

matrix and Ag@CS-BCN nanohybrid have a specific surface
area of 2.1 m”> g " and 1.7 m*> g~ . The BJH pore size distribution
curves of CS-BCN matrix and Ag@CS-BCN nanohybrid were
shown in Fig. 5c and d, respectively, and possess an average
pore diameter of 10.4 nm and 54.2 nm.

3.3. Catalytic investigation of Ag@CS-BCN nanohybrid as
a nanocatalyst in the reduction of nitroarenes

The Ag@CS-BCN nanohybrid was initially employed for the
reduction of mono- and di-nitroarenes, with the extensively
studied 4-NP to 4-AP transformation adopted as the model
reaction.

3.3.1. Reduction of 4-NP to 4-AP. To evaluate the catalytic
performance of the synthesised Ag@CS-BCN nanohybrid, its
activity was assessed in the reduction of 4-NP to 4-AP in an

OH

NaBH, Ag@CS-BCN

H,0, RT

NO, NO, NH,

4-nitrophenol 4-nitrophenolate 4-aminophenol

Scheme 2 The catalytic activity of Ag@CS—BCN nanohybrid in the
reduction of 4-NP to 4-AP using NaBH,4 under ambient conditions.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Optimisation of the reaction parameters for the NaBHy4-
mediated reduction of 4-NP was conducted in the presence of
Ag@CS-BCN nanohybrid®

Ag@CS-BCN
Entry 4-NP (mM) NaBH, (M) (mol% of Ag) Time (min)
1 2.5 — 0.08 60"
2 2.5 0.4 — 60°
3 2.5 0.3 0.08 10
4 2.5 0.4 0.13 17
5 2.5 0.4 0.10 6
6 2.5 0.4 0.08 5
7 2.5 0.4 0.07 5
8 2.5 0.4 0.06 5
9 2.5 0.45 0.08 4
10 2.5 0.5 0.08 5
11 2.5 0.45 15 mg? 15?

“ Reaction conditions: 4-NP (10 mL), NaBH, (10 mL), Ag@CS-BCN

nanohybrid as a nanocatalyst in water at room temperature.

b No

reaction. ¢ Incomplete reaction. ¢ CS-BCN as a catalyst.

aqueous medium, using NaBH, as the reducing agent at room
temperature, as demonstrated in Scheme 2. The reaction
progress was monitored at regular time intervals using UV-
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visible spectroscopy, taking advantage of the distinct absorp-
tion maxima of the 4-NP, 4-nitrophenolate, and 4-AP. Initially,
the yellow solution of 4-NP exhibits a characteristic absorption
peak at 316 nm. Upon the introduction of freshly prepared
aqueous NaBHy,, the yellow colouration intensifies due to the
formation of 4-nitrophenolate, accompanied by a red shift in
absorbance, maintaining the peak at 400 nm. As the reduction
proceeds in the presence of Ag@CS-BCN nanohybrid, a gradual
decline in the 4-nitrophenolate peak was observed, along with
the appearance of the new peak at 295 nm, corresponding to 4-
AP. The optimisation of the reaction conditions, including
variations in NaBH, concentrations and catalyst loading, was
systematically carried out and is presented in Table 1. No
reduction was observed in the absence of NaBH, (Table 1, entry
1; Fig. 6a). The Ag@CS-BCN nanohybrid alone facilitated a shift
in equilibrium toward the formation of 4-nitrophenolate but
didn't drive the complete reaction. Conversely, in the absence of
Ag@CS-BCN nanohybrid, the reaction remained largely
incomplete, achieving only 65.98% conversion even after 1 h
(Table 1, entry 2; Fig. 6b). Notably, the combined presence of
both Ag@CS-BCN nanohybrid and NaBH, markedly enhanced
the reduction efficiency (Table 1, entries 4-8). This indicates
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Fig. 6 UV-visible spectra illustrating the reduction of 4-NP under various conditions (a) in the absence of NaBHj, (b) without Ag@CS—-BCN
nanohybrid, (c) in the presence of both NaBH,4 and Ag@CS—BCN nanohybrid under optimised conditions and (d) the corresponding kinetic plot
of In(A/Ao) versus time.
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that both NaBH, and Ag@CS-BCN nanohybrid are essential for
effective reduction. Optimal catalytic activity was observed with
0.08 mol% Ag of Ag@CS-BCN nanohybrid and 0.4 M NaBH,,
where complete conversion 99.82% of 4-NP to 4-AP was ach-
ieved within just 5 min (Table 1, entry 5; Fig. 6¢). To confirm the
catalytic role of AgNPs, a control experiment was conducted
using CS-BCN (Table 1, entry 9) which showed no significant
reduction even after 1 h. The reduction reaction followed
pseudo-first-order kinetics, facilitated by excess NaBH,. The
apparent rate constant was determined to be 21.4 x 107> s *
with a correlation coefficient (R*) of 0.99 (Fig. 6d).

3.3.2. Reduction of various nitroarenes. Following the
reduction of 4-NP under aqueous NaBH, and ambient temper-
ature, the established optimal conditions were extended to
study the catalytic proficiency of the Ag@CS-BCN nanohybrid
as a nanocatalyst towards a series of structurally diverse mono-

View Article Online

Paper

and di-nitroarenes. An aqueous medium was deliberately
chosen, aligning with the green chemistry principles and
offering the dual advantage of serving as an eco-friendly reac-
tion medium while simultaneously addressing environmental
concerns through potential wastewater remediation applica-
tions. The reduction of nitroarenes (2.5 mM, 10 mL) was carried
out in the presence of NaBH, (0.4 M, 10 mL) using Ag@CS-BCN
nanohybrid (0.08 mol%) at room temperature. The progress of
each reduction reaction was monitored by observing the varia-
tion in the absorbance at the characteristic A, of the respec-
tive nitroarene derivatives, which is displayed in Fig. S1. The
extent of the conversion was quantified by averaging the results
from multiple experiments, ensuring statistical reliability and
reproducibility. A wide range of functional substituents span-
ning both electron-donating (-NH,, -OH, -CH,OH) and
electron-withdrawing (-NO,, -COCHj;, -COOH) groups were

Table 2 Reduction of nitroarenes to corresponding aromatic amines using NaBH,4 in the presence of AgNPs@CS—-BCN nanohybrid®

AgNPs@CS-BCN

=y
" N\_/Sg  NaBH, H,0, RT

@ )
(@ (b) (c)
NH, /©:OH
NH, H,N NH,
NH,
99.80%, 4 min NH2 81.28%, 2 min

99.98%, 5 min

(d) (e

NH,

0]

65.33%, 5 min

(@

H,N : "NH,

23.73%, 2 min

(h)

NH,

95.44%, 6 min

®

HO._O

H,N OH

42.23%, 4 min

Qo
H,N

55.01%, 11 min

¢ Reaction Condition: nitroarenes (2.5 mM, 10 mL), aqueous NaBH, (0.4 M, 10 mL), AgNPs@CS-BCN nanohybrid (0.08 mol%) in water and room

temperature.
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systematically explored to investigate their influence on the
reduction kinetics and overall catalytic efficacy. Remarkably,
the Ag@CS-BCN nanohybrid exhibited excellent catalytic
activity across all substrates, with rapid reductions observed in
minimal time. The nanocatalyst maintained high activity
regardless of the substituent's electronic nature or steric profile,
highlighting its robustness and adaptability. The mono-
nitroarenes, including 2-nitroaniline, 4-nitroaniline, 4-nitro-
benzyl alcohol, and 3-nitroacetophenone (Table 2a, b, d and h),
were efficiently reduced by the Ag@CS-BCN nanohybrid within
short time frames. Among them, 2-nitroaniline exhibited
a faster reduction rate compared to its para-substituted isomer,
4-nitroaniline, despite the expected steric hindrance at the ortho
position. This behaviour can be attributed to the intramolecular
hydrogen bonding between the ortho-positioned -NH, and -
NO, groups in 2-nitroaniline, which facilitates greater planarity
and conjugation across the aromatic ring. 4-Nitrobenzyl alcohol
was rapidly converted, and possibly assisted by the weak
electron-donating effect of the -CH,OH group. On the other
hand, 3-nitroacetophenone took slightly longer to reduce,
consistent with the presence of an electron-withdrawing -
COCH; group that deactivates the aromatic ring toward nucle-
ophilic attack. The di-nitroarenes (Table 2c, e and g) exhibited
slower conversion kinetics due to the presence of two electron-
withdrawing groups, which reduce the electron density of the
aromatic system. However, the catalyst still demonstrated
excellent activity. 2,4-Dinitroaniline was reduced efficiently,
aided by the electron-donating -NH, group, which enhances
electron delocalisation and facilitates hydride transfer. 2,4-
Dinitrophenol required a longer reaction time, possibly due to
intramolecular hydrogen bonding and resonance stabilisation

\
/NONHZ + HZNOSO3N3

Reduced & degraded
methyl orange

Ag@CS-BCN

Methyl orange
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from the ~OH group. 1,3-Dinitrobenzene was partially reduced.
While the 5-nitroisophthalic acid (Table 2f) took the longest,
attributed to the presence of -COOH groups, which strongly
withdraw electron density and hinder the reduction process.
Overall, mono-nitroarenes showed faster and more efficient
reduction profiles compared to di-nitro derivatives. These
findings affirm the high versatility and catalytic efficiency of
Ag@CS-BCN across a wide spectrum of nitroarene substrates.

3.3.3. Degradation of MO and RhB. The widespread
discharge of synthetic organic dyes into the environment has
become a major contributor to water pollution, underscoring
the urgent need for effective removal strategies. In pursuit of
sustainable environmental remediation, we explored the

Table 3 Optimisation of reaction parameters for the reduction and
degradation of MO using NaBH, in the presence of Ag@CS—-BCN
nanohybrid®

Ag@CS-BCN
Entry MO (mM) NaBH, (M) (mol% of Ag) Time (min)
1 0.2 — 0.08 60”
2 0.2 0.4 — 60°
3 0.2 0.2 0.08 18
4 0.2 0.3 0.08 10
5 0.2 0.4 0.08 7
6 0.2 0.45 0.08 3
7 0.2 0.2 0.26 30
8 0.2 0.2 0.13 20
9 0.2 0.2 0.07 16

¢ Reaction conditions: MO (25 mL), NaBH, (10 mL), Ag@CS-BCN
nanohybrid as a nanocatalyst in water at room temperature. ” No
reaction. ¢ Incomplete reaction.

Leuco rhodamine B

NaBH,, H,0, RT

~_N o
Y
‘ COOH

Rhodamine B

Ccr
~ N+\/

Scheme 3 Reduction and degradation of MO & RhB dye into its reduced and degraded forms using NaBH, solution and in the presence of

Ag@CS—-BCN nanohybrid at room temperature.
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Table 4 Optimisation of experimental variables for the reduction and
degradation of RhB using NaBH, in the existence of Ag@CS-BCN
nanohybrid®

Ag@CS-BCN
Entry RhB (mM) NaBH, (M) (mol% of Ag) Time (min)
1 0.2 — 0.06 60”
2 0.2 0.5 — 20
3 0.2 0.2 0.26 38
4 0.2 0.3 0.06 28
5 0.2 0.4 0.06 12
6 0.2 0.5 0.06 7
7 0.2 0.2 0.06 28
8 0.2 0.2 0.13 38
9 0.2 0.2 0.08 30

% Reaction conditions: RhB (25 mL), NaBH, (10 mL), Ag@CS-BCN
nanohybrid as a nanocatalyst in water at room temperature. ” No
reaction.

catalytic performance of the Ag@CS-BCN nanohybrid in facil-
itating the reduction and degradation of MO and RhB, typical
prototypical anionic and cationic dye pollutants. The degrada-
tion process employing NaBH, as a reducing agent was
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catalysed by the least amount of Ag@CS-BCN nanohybrid
(Scheme 3). Initially, a defined amount of Ag@CS-BCN nano-
hybrid was dispersed to accomplish the adsorption equilib-
rium. Consequently, a freshly prepared aqueous NaBH, was
added, and the reaction progress was monitored using UV-
visible spectroscopy within the characteristic absorption
maxima zone Ay of 461 nm and 552 nm for MO and RhB. The
evolution of the reduction process was indicated by a marked
decrease in absorbance, corresponding to the formation of
a colourless degradation derivative. The optimisation of the
reaction conditions was recognised by varying the concentra-
tion of NaBH, solution and the amount of catalyst loading in
Tables 3 and 4. Without NaBHy, the degradation of MO and RhB
showed no sign of reduction (Tables 3 and 4, entry 1; Fig. 7a and
8a). In contrast, in the absence of Ag@CS-BCN nanohybrid, the
degradation reaction remains incomplete even after 60 min,
with the conversion of 48.09% for MO, and reduction took place
within 20 min for RhB with the % conversion of 99.07% (Tables
3 and 4, entry 2; Fig. 7b and 8b). The optimal degradation of MO
from its orange form to a reduced, colourless product was
achieved with a 94.50% conversion in 3 min using 0.45 M
NaBH, and 0.08 mol% of Ag@CS-BCN nanohybrid (Table 3,
entry 6; Fig. 7c). For the reduction of RhB from red to leuco RhB
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Fig.7 UV-visible spectra demonstrating the reduction and degradation of MO under various conditions: (a) in the absence of NaBH,, (b) without
Ag@CS-BCN nanohybrid, (c) in the presence of both NaBH,4 and Ag@CS-BCN nanohybrid, and (d) the corresponding kinetic plot of In(A/Ao)

versus time.
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(colourless), a 98.89% conversion efficiency was reached in
7 min using 0.5 M NaBH, and 0.06 mol% of Ag@CS-BCN
nanohybrid (Table 4, entry 6; Fig. 8c) These results highlighting
the necessity of both the components for rapid and efficient dye
reduction reactions (Tables 3 and 4, entries 3-9). Analogous to
the reduction of 4-NP, the reduction and degradation of MO &
RhB followed pseudo-first-order kinetics, exhibiting rate
constants of 16.7 x 10> s~ and 12.9 x 10 s~ ', respectively
and corresponding R* values of 0.97 and 0.93 (Fig. 7d and 8d).
Nevertheless, in the case of RhB, the reaction mixture gradually
regained the pastel pink colour due to aerial oxidation, which
can be attributed to the reversible lactonic ring opening of leuco
RhB.

3.4. Plausible mechanism for the reduction/degradation
using Ag@CS-BCN nanohybrid

Scheme S1 presents the plausible mechanism for the catalytic
reduction of 4-nitrophenol (model) using Ag@CS-BCN nano-
hybrid. In this reaction system, NaBH, serves as the hydride
source (electron donor), while the nitro group acts as an elec-
tron acceptor. The reduction proceeds via the formation of the
hydride ion in alkaline conditions, which facilitates electron

© 2025 The Author(s). Published by the Royal Society of Chemistry
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transfer.”””* The Ag@CS-BCN nanohybrid plays an important
role in mediating this transfer by enabling the generation and
relay of hydride ions. Specifically, the hydrolysis of NaBH, in
aqueous solution leads to the formation of active metal hydride
species around the well-dispersed AgNPs embedded in the CS-
BCN matrix.”” These AgNPs serve as catalytic hotspots,
promoting the efficient and continuous transfer of hydride ions
to the nitro group, thereby reducing it to an amino group. Once
the reduction is complete, the products desorb from the catalyst
surface, freeing active sites for further catalytic cycles.”®”” The
high dispersion of AgNPs and the synergistic interaction
between the metal and the CS-BCN support contribute to the
remarkable recyclability and efficiency of the nanocatalyst.
The illustration of Scheme S2 demonstrates catalytic reduc-
tion and degradation of organic dyes such as MO and RhB. In
this system, the reduction and degradation of MO and RhB dyes
are aided by Ag@CS-BCN nanohybrid operating as an electron
relay between the donor (NaBH,) and the acceptor (dye mole-
cule). Upon the addition of aqueous solution, MO and RhB
molecules first adsorb onto the surface of the Ag@CS-BCN
nanohybrid. Subsequent addition of NaBH, generates hydride
ions (OH ™), which form metal hydride bonds around the AgNPs

RSC Adv, 2025, 15, 42740-42760 | 42753
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Table 5 Comparative analysis of Ag@CS—-BCN nanohybrid with other silver-based catalysts in the reduction and degradation of 4-NP, MO, and

RhB using aqueous NaBH,4

Substrate Catalyst Catalyst loading (mg) Time (min) k(1o2s™h knor (51 g Ref.
4-NP Ag/TiO, NPs 3 3 4.9 1.6 81
AgRGO 0.2 3 2.3 1.6 82
MG-AgNPs 3 15 0.3 0.1 83
Fe;0,@PDA@AE 10 4 1.7 0.2 84
Ag@CS-BCN 18 5 2.14 0.1 Present work
MO Fe;0,@PDA@AE 10 4 0.7 0.1 84
CR-AgNPs 25 15 18.6 0.7 85
SS-AgNPs 20 uL 16 0.3 0.01 86
Fe/Cu/Ag 5:1:0.2 10 1 45.9 4.59 87
Ag@CS-BCN 15 3 1.67 0.1 Present work
RhB AgNPs/NCDs 8 2.5 2.9 0.4 88
Fe;0,/Si0,-Pr-S-Ag 2 0.6 6.4 3.2 89
CAg-nPs 2.1 17 1.4 0.7 90
Ag-NPs 50 pL 32 5.9 0.1 91
Ag@CS-BCN 20 7 1.29 0.06 Present work

via localised hydrolysis. These hydrides are then transferred to
the adsorbed dye molecules, reducing MO into colourless
intermediates and RhB into leuco RhB through hydrogenation
driven by electron transfer. This mechanism aligns with
observations from AgNPs decorated CS-BCN matrix, where
BH, ions adsorb onto the CS-BCN support and transfer elec-
trons to AgNPs, which in turn reduce nitro and dye
molecules.”®7%%

3.5. Comparative evaluation

A comparative assessment of the catalytic performance of the
novel Ag@CS-BCN nanohybrid was conducted against various
conventionally supported Ag-based nanocatalysts to reduce 4-
NP and organic dye molecules (MO & RhB). These results are
summarised in Table 5, highlighting the superior catalytic
efficacy of the Ag@CS-BCN nanohybrid. These findings
underscore its significant potential and practical applicability
for effectively removing hazardous organic pollutants from
aqueous environments.

3.6. Cyclic stability

The reusability of the Ag@CS-BCN nanohybrid was evaluated
for three model reactions: 4-NP reduction, the catalytic reduc-
tion and degradation of MO and RhB. During recyclability tests,
the concentration of reactants was maintained, and only the
reaction volume was altered. Therefore, the system is not ruled
by mass-transport limitations. As illustrated in Fig. 9a, the
catalyst retained over ~90% of its relative activity for all three
pollutants even after three cycles, indicating excellent catalytic
durability and reusability. This stable performance is indicative
of the robust anchoring of AgNPs within the CS-BCN matrix,
minimising agglomeration or leaching during consecutive runs.
Fig. S2a (recycled after 4-NP reduction) displays a preserved
nanosheet-like morphology, though with slight compaction
compared to the fresh sample (Fig. S2b). The particle dispersion
remains relatively uniform. Fig. S2b (after MO degradation)

42754 | RSC Adv, 2025, 15, 42740-42760

shows increased wrinkling and folding of the nanosheets,
suggesting some surface restructuring due to catalytic stress, yet
without major agglomeration. Fig. S2c (after RhB degradation)
reveals a more compact and aggregated surface, likely due to
repeated dye adsorption and reduction reactions, which may
have induced mild nanoparticle sintering or polymeric rear-
rangement. Compared to the fresh Ag@CS-BCN nanohybrid
(Fig. S2b), which shows AgNPs evenly spread on thin, layered
CS-BCN sheets, the recycled Ag@CS-BCN still kept most of its
original structure after use. This shows that the CS-BCN
support helps hold the AgNPs in place and prevents them from
clumping or breaking down, even after repeated use in tough
reaction conditions.

3.7. Antimicrobial activity

In evaluating the antimicrobial abilities of the support CS-BCN
matrix and the Ag@CS-BCN nanohybrid, their effects on
bacterial strains, such as S. aureus and E. coli, and fungal
strains, namely C. neoformans and C. albicans, were observed
using the agar well diffusion method.

100

Relative activity (%)

Fresh

Cycle 1

Cycle 2

Fig. 9 Recyclability study for reducing 4-NP and degradation of MO
and RhB dyes.
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Fig. 10

(@ and b) ZOI formed by support CS—-BCN against major human pathogens S. aureus and E. coli at various concentrations (500, 250, 100,

50 pg mL™Y; (c and d) ZOI formed by Ag@CS-BCN nanohybrid against major human pathogens S. aureus and E. coli at various concentrations
(500, 250, 100, 50 pg mL™Y); (PC) Positive Control-gentamicin; (NC) Negative Control-water.

3.7.1. Antibacterial activity. The support CS-BCN matrix
demonstrated adequate antibacterial activity against S. aureus
and E. coli, displaying inhibition zones of 11.1 & 0.14 mm and
12.7 £ 0.70 mm, respectively, at a concentration of 500 pg
mL~". At lower concentrations, it didn't produce any signifi-
cant inhibition. The Ag@CS-BCN nanohybrid demonstrated
improved antibacterial activity, resulting in larger inhibition
zones of 13.25 + 0.35 mm for S. aureus and 14.5 + 0.70 mm for
E. coli at the same 500 ug mL ™" concentration. Remarkably,
the efficacy against E. coli was dose-dependent, with quanti-
fiable inhibition even at lesser concentrations such as 250 and

100 pg mL™'. As a standard, the positive control yielded
inhibition zones of 18.6 £ 0.56 mm for S. aureus and 15.75 +
1.06 mm for E. coli in the support CS-BCN assay. The key point
regarding antibacterial properties is that AgNPs loading of
Ag@CS-BCN nanohybrid significantly enhances the compos-
ite's ability to combat bacterial pathogens, such as S. aureus
and E. coli, compared to support CS-BCN alone it's shown in
Fig. 10 and Table 6. These results imply that adding silver
nanoparticles to the biopolymer composite greatly improves
its antibacterial activity, especially against Gram-negative
bacteria.

Table 6 Standard deviation £ mean zone of inhibition (mm) obtained by CS—BCN and Ag@CS-BCN nanohybrid against S. aureus and E. coli*

Zone of inhibition (mm) SD + mean

Name of the test Name of the test

S. no. sample organism 500 pg mL " 250 pg mL ™" 100 pg mL ™" 50 pg mL " PC
1 CS-BCN S. aureus 11.1 +£ 0.14 0 0 0 18.6 & 0.56
E. coli 12.7 £ 0.70 0 0 0 15.75 £ 1.06
2 Ag@CS-BCN S. aureus 13.25 £ 0.35 11.5 £ 0.70 0 0 13.6 = 0.56
E. coli 14.5 £ 0.70 12.75 £ 0.35 12+0 0 14+0
“ Significance - p < 0.05.
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Fig. 11 Minimum inhibitory concentration (MIC) assay of the Ag@CS—BCN nanohybrid against (a and c) E. coli and (b and d) S. aureus.
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3.7.2. Minimum inhibitory concentration (MIC) assay. The
antibacterial efficacy of the Ag@CS-BCN nanohybrid was eval-
uated by determining the minimum inhibitory concentration
(MIC) against both gram-positive and gram-negative strains (.
coli and S. aureus), as shown in Fig. 11 and summarised in
Table 7. The MIC value, defined as the lowest concentration
displaying no visible growth, was 0.9 pg mL " for both bacterial
strains. The average percentage inhibition increased in
a concentration-dependent manner, reaching 85.52% for E. coli
and 89.02% for S. aureus, respectively, at 500 pg mL™". Dose-
response analysis revealed half-maximal inhibitory concentra-
tion (IC5,) values of 28.30 ug mL ™" for E. coli and 12.21 pg mL
for S. aureus, showing good correlation with the R* value of
0.9798 and 0.9944, respectively. The higher sensitivity of S.
aureus compared to E. coli could be ascribed to the thinner
peptidoglycan layer in Gram-positive bacteria, which facilitates
easier interaction with the Ag@CS-BCN nanohybrid. These
results suggest that Ag@CS-BCN nanohybrid is a promising
candidate for antimicrobial application.

3.7.3. Antifungal activity. The study also considered anti-
fungal activity, with results shown in Fig. 12 and Table 8

Table 7 MIC and ICsq values of Ag@CS—BCN nanohybrid against
bacterial strains

Name of the MIC 1Cso
S. no. microorganism (g mL ™) (rg mL ™) R? value
1 E. coli 0.9 28.30 0.9798
2 S. aureus 0.9 12.21 0.9944
.?;u,.m ‘ a.s.ouslnl taquae
2Sougim!
Fig. 12

View Article Online
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revealed the antifungal activity of CS-BCN and Ag@CS-BCN
nanohybrid, exhibiting mild inhibition of 11.1 + 0.14 and 9.25
£ 0.35 mm against C. neoformans and C. albicans at 500 pg
mL~", whereas activity declined at lower doses and demon-
strated significantly enhanced antifungal properties, with zones
of 17.35 £ 0.49 mm for C. albicans and 11.85 £ 0.49 mm for C.
neoformans at 500 pg mL ™. C. albicans was more susceptible
than C. neoformans, and inhibitory effects were observed at
concentrations as low as 100 pg mL ™" for Ag@CS-BCN nano-
hybrid. Amphotericin B, used as the positive control, produced
inhibition zones of 11.75 £ 0.35 and 12 £ 0.70 mm for C. neo-
formans and C. albicans. These findings suggest that the
biopolymer composite's resistance to fungus is significantly
enhanced by the addition of silver nanoparticles.

3.8. Anticancer activity

The cytotoxic effect of the prepared Ag@CS-BCN nanohybrid
was evaluated in vitro via the MTT assay on HeLa and 3T3 cell
lines displayed in Fig. 13 and 14. The assay, which quantifies
mitochondrial metabolic activity as a sign of viable cells,
exhibited a dose-dependent response in both cell lines
following treatment with Ag@CS-BCN nanohybrid. In HeLa
cells, while increasing the concentration of the synthesised
Ag@CS-BCN nanohybrid (1 to 500 pg mL™'), a significant
reduction in viability was observed. The calculated ICs, value
was 45.73 ug mL ™', showing strong cytotoxic potential against
cancer cells. At the highest concentration examined (500 pg
mL ), the cell viability decreased to approximately 28.55%. The
defining signs of apoptosis, such as cellular shrinkage,

ompP-
B~ COMP=

.comp- R .
pe <y “ /g
s /C
5 g‘o uglrod
-

2

Foougim.l

€

;’oou"l'"“l seugim!

‘m,»;‘“‘}lml 50ug Im}

eI
.G,

(a and b) ZOI formed by support CS—BCN against the pathogenic yeast C. neoformans and C. albicans (c and d); ZOI formed by Ag@CS—

BCN nanohybrid against azoles such as C. neoformans and C. albicans; (PC) Positive Control — amphotericin B; (NC) Negative Control — water.

Table 8 Standard deviation + mean zone of inhibition (mm) obtained by CS-BCN and Ag@CS-BCN nanohybrid against C. albicans, C.

neoformans®

Zone of inhibition (mm) SD + mean

S.no.  Name of the test sample ~ Name of the test organism 500 pg mL~" 250 pygmL™" 100 uygmL™' 50 pugmL ' PC

1 CS-BCN C. neoformans 11.1 £ 0.14 9.75 £ 0.35 0 0 11.75 £ 0.35
C. albicans 9.25 + 0.35 8.35 £ 0.21 0 0 12 + 0.70

2 Ag@CS-BCN C. neoformans 11.85 £ 0.49 10.85 £ 0.91 0 0 14.6 &= 0.84
C. albicans 17.35 £ 0.49 16.75 £ 0.35 10+0 0 14.6 £ 0.56

“ Significance - p < 0.05.
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Fig.13 Dose-dependent cytotoxicity of Ag@CS—BCN nanohybrid on Hela cells (a) 1 pg mL™%, (b) 10 pg mL ™%, () 50 pg mL™2, (d) 100 pg mL ™, (e)
300 pg mL™L, (f) 500 pg mL™2, (g) control and (h) plot for concentration versus cell viability%.
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Fig. 14 Dose- dependent cytotoxicity of Ag@CS—BCN nanohybrid on 3T3 cells (a

membrane blebbing, and decreased cell density, especially at
concentrations over 100 pg mL™!, were examined using an
inverted microscope.

In contrast, Ag@CS-BCN nanohybrid showed comparatively
low toxicity toward the non-cancerous 3T3 fibroblast cell line.
The ICs is 446.6 pg mL™, and the mean cell viability is sus-
tained at about 55.8% even at a high dosage of 1000 ug mL ",
Microscopic analysis verified that 3T3 cells maintained their
adhering nature and typical spindle-shaped morphology for the
entire course of treatment.

Dose-response curves were produced by nonlinear regres-
sion analysis, revealing good correlation coefficients (R*) of
0.9672 and 0.9570 for HeLa and 3T3 cells, reinforcing the
model's reliability. The selectivity of the Ag@CS-BCN nano-
hybrid has been demonstrated by the sharp response curve in
HeLa cells compared to the gradual viability decline in 3T3 cells.
The differential toxicity is further highlighted by the calculated
selectivity index (SI = IC5,(3T3)/ICs, (HeLa)) of ~9.8. The higher
absorption and intracellular localisation of Ag@CS-BCN

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

Cell viability %
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) 100 pg mL™?,

nanohybrid in cancer cells, which leads to increased oxidative
stress, mitochondrial damage, and apoptosis induction, may be
the cause of the observed selectivity. Such mechanisms, which
include nuclear condensation, caspase activation, and reactive
oxygen species (ROS) formation, are supported by earlier
research on silver-based nanomaterials. These findings suggest
more research into the apoptotic pathways and the in vivo
effectiveness of Ag@CS-BCN nanohybrid, which may be
a promising anticancer agent with minimal impact on normal
cells.

4. Conclusions

In a nutshell, we have devised a novel Ag@CS-BCN nanohybrid
through a multi-step process and thoroughly characterised it by
various spectroscopic and microscopic analyses to study its
morphology, structure, elemental composition, and stability.
The prepared Ag@CS-BCN nanohybrid has confirmed its effi-
cacy in the field of both environmental remediation and
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medicinal applications. The reduction and degradation of water
pollutants such as 4-NP, MO and RhB in 5, 3, and 7 min, with
the conversion efficiency of 99.82%, 94.50%, and 98.89% under
low-impact environmental conditions. Moreover, the Ag@CS-
BCN nanohybrid, prepared via synthetic methods, demon-
strated effective recyclability for up to three consecutive cycles,
maintaining robust catalytic performance throughout for both
4-NP reduction and MO and RhB degradation reactions.
Further, Ag@CS-BCN nanohybrid underwent scrutiny for anti-
microbial and anticancer activities. The synthesised Ag@CS-
BCN nanohybrid exhibited significant selective cytotoxicity
against HeLa cancer cells (ICs5, = 45.73 pug mL™ ') with minimal
toxicity toward normal 3T3 fibroblasts (ICso = 446.6 pg mL ™),
along with promising antimicrobial activity against selected
pathogenic strains, underscoring its dual potential as an anti-
cancer and antimicrobial agent for biomedical applications.
This nanohybrid opens up opportunities for innovative
approaches in both medicine and catalytic systems.
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