Nanotechnology for Environmental Engineering (2026) 11:105
https://doi.org/10.1007/541204-026-00594-1

ORIGINAL PAPER ——

®

Check for
updates

Green-engineered Ag-Ni-Co trimetallic nanocomposite: a unified
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Abstract

Multifunctional nanomaterials often sacrifice depth per function, but the goal is not to outperform a single-function
material. Here, we address this by reporting a Camellia sinensis-mediated Ag-Ni-Co trimetallic nanocomposite (TMNC)
designed primarily for visible-light photocatalysis, with secondary evaluation of bioactivity. Unlike physical mixtures of
mono- or bimetallic nanoparticles, this TMNC forms a crystalline heterojunction (crystallite size 12-25 nm, direct band-
gap 3.1+£0.05 eV) with a Co-rich composition (50.2 wt% Co, 45.2% Ni, 4.6% Ag). At an optimized loading of 20 mg,
the TMNCs achieves>98% degradation (decolorization) of methylene blue (MB) in 60 min, as monitored by UV-Vis
spectroscopy (k=0.0472 min™'), outperforming its monometallic and bimetallic counterparts. Mechanistically, the TMNCs
architecture suppresses charge recombination, sustaining superoxide and hydroxyl radical flux. The same material also
exhibits dose-dependent antibacterial activity against Enteropathogenic Escherichia coli (EPEC) (11.2 mm zone) and
selective cytotoxicity against human colon cancer HCT-116 cells, linked to mitochondrial reactive oxygen species (ROS)
generation. By anchoring the claim in quantitative photocatalytic kinetics and bioactivity as supporting evidence, this work
establishes a reproducible, green-synthesized TMNCs platform for integrated environmental and biomedical applications.
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Abbreviations
TMNCS Trimetallic Nanocomposites

UV-Vis  Ultra-violet visible spectroscopy

XRD X ray diffraction

FTIR Fourier transform infrared spectroscopy
SEM Scanning electron Microscopy

MIC minimum inhibition concentration
EPEC Enteropathogenic Escherichia coli

MB Methylene blue
ROS Reactive oxygen species

Introduction

The global challenge of antibacterial resistance, together
with the need for precise cancer treatments and sustain-
able environmental remediation, demands innovative mul-
tifunctional nanocomposite materials. Bio-nanotechnology
represents a dynamic and integrative frontier, combining
fundamental scientific principles with advanced engineer-
ing to develop multi-metallic nanoparticle systems. These
composite architectures possess distinctive multifunc-
tional capabilities, making them effective across biomedi-
cal innovation and environmental remediation applications
[1-4]. Synthesized through a diverse array of fabrication
techniques, metal nanoparticles demonstrate exceptional
functional adaptability, enabling their deployment in criti-
cal biomedical roles such as anticancer and antimicrobial
therapeutics [5, 6], as well as across pivotal sectors includ-
ing energy storage systems, agricultural enhancements, sen-
sor technologies, water purification methodologies, and the
development of advanced materials for intelligent electron-
ics [7-10].

The limitations of conventional antibiotics and antican-
cer therapies [1, 2], compounded by the global crisis of
antimicrobial resistance, have created an urgent need for
innovative therapeutic agents [3]. In response, significant
research is focused on developing novel, multifunctional
metal nanomaterials synthesized through sustainable, eco-
friendly methods [4]. Green synthesis, which utilizes bio-
logical extracts to fabricate metal nanoparticles, presents
a promising alternative multifunctional solution [3, 5, 6].
Green synthesis approach can produce dual functionality
capable of simultaneously addressing multiple challenges:
combating resistant infections, providing selective antican-
cer activity, and removing contaminants & toxic molecules
from water bodies. Consequently, metal nanocompos-
ite materials such as green-synthesized mono-metallic
(MMNPs) [7-11], bimetallic (BMNPs) [12-18], and trime-
tallic nanoparticles (TMNPs) [19] have emerged as highly
promising candidates for advanced biomedical applications
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and environmental remediation, representing a convergent
solution to critical global health and industrial challenges.

The strategic integration of silver (Ag), nickel (Ni), and
cobalt (Co) precursors in this nanocomposite is designed
to exploit physicochemical properties that are difficult to
achieve with mono- or bimetallic counterparts. Ag pro-
vides antimicrobial and plasmonic functionality, while Ni
introduces catalytic sites and facilitates interfacial elec-
tron transfer. The inclusion of cobalt, particularly in oxide
form, imparts magnetic recoverability and redox versatil-
ity, enhancing both practicality and oxidative potential.
Together, these nanoscale components form an interactive
synergistic composite system in which the combined mate-
rial performance exceeds the contribution of each individual
metal. Consequently, this work introduces green-synthe-
sized Ag-Ni-Co TMNCs as an integrated reactive system
designed to address three challenges: eradicating resistant
pathogens, selectively targeting cancer cells, and catalyti-
cally degrading organic aquatic pollutants.

The synthesis of metal nanoparticles relies on diverse
methodologies, ranging from conventional chemical reduc-
tion and microwave-assisted techniques to environmen-
tally benign biosynthetic routes using plant extracts [20,
21]. While established, chemical methods frequently entail
complex protocols, high costs, and the generation of toxic
residues, raising significant environmental and biosafety
concern [22-27]. In contrast, the pursuit of sustainable
alternatives has driven research into multi-metallic sys-
tems. Earlier investigations established mono- and BMNPs
as promising antibacterial agents, leveraging core-shell
architectures and ionic synergy [28-31]. Building on this,
contemporary research is increasingly focused on advanced
BMNPs and TMNCs [32-34]. These composite materials
are being rigorously evaluated not only for enhanced anti-
microbial efficacy & cytotoxicity, but also for their pivotal
role in sustainable water purification technologies, address-
ing the critical need for wastewater remediation [35-38].

In this work, we present a green route for preparing an
Ag-Ni-Co TMNC using Camellia sinensis leaf extract as
the reducing and stabilizing medium. The study focuses
on how the combined presence of Ag, Ni, and Co influ-
ences the structural, catalytic, antibacterial, and anticancer
properties of the material. Although mono- and bimetallic
nanoparticles have been extensively investigated, reports
on green-synthesized Ag-Ni-Co TMNCs systems remain
not studied. Here, a single Ag-Ni-Co nanocatalyst system
with an Ag: Ni: Co ratio of 1:9:10 is examined across three
functional areas (novelty). The Co-rich TMNC shows effi-
cient visible-light-assisted degradation of methylene blue,
reaching>98% dye removal, along with measurable anti-
bacterial activity and cytotoxic effects against cancer cells.
These outcomes suggest that the interaction among the three
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metals improves charge separation and supports reactive
oxygen species generation (ROS), which may contribute to
both photocatalytic and biological responses. Overall, the
characterization and performance results indicate that this
green-synthesized Ag-Ni-Co TMNCs can serve as a useful
multifunctional platform for environmental remediation and
biomedical research.

Methods and characterizations
Materials

Co(NO:s)2-6 H20, Ni(NOs)2-6 H20, AgNOs, and all other
solvents were purchased from Sigma-Aldrich Pvt. Ltd.,
Bangalore, India. Fresh Camellia sinensis leaves were col-
lected from Ooty, Nilgiris, Tamil Nadu, India.

Synthesis of nanoparticles

Green synthesis of TMNCs was performed using an aque-
ous plant leaf extract. For this process, 1 g of fresh Camel-
lia sinensis (CS) leaves was steeped in 50 mL of deionized
water to prepare the primary green extract, which was
subsequently filtered to obtain a clear solution. This phy-
tochemical-rich extract served as both the reducing and
stabilizing agent. Separate aqueous solutions (50 mL each)
of Co(NOs)2:6 H20, Ni(NOs)26 H20, and AgNOs were
prepared in the stoichiometric ratio Ag: Ni: Co=1:9:10.
The individual precursor solutions were combined in a
200 mL beaker under magnetic stirring at 500 rpm and
80 °C to obtain a uniform mixture. The mixture was then

ultrasonicated to ensure homogeneity and initiate nucleation
for uniform TMNC formation.

Subsequently, the CS leaf extract was introduced drop-
wise using a standard laboratory burette into the combined
precursor salt solution under vigorous stirring (600 rpm) at
85 °C. The reaction proceeded until a distinct color change
and precipitate formation indicated successful synthesis of
the Ag—Ni—Co TMNC:s. The resulting TMNCs were isolated
by filtration, thoroughly washed with deionized water and
ethanol to remove residual impurities, and dried at 100 °C
to obtain a fine powder. To verify the reliability and con-
sistency of the synthesis process, the entire procedure was
repeated multiple times. All experiments were performed
in triplicate (n=3) to confirm reproducibility. A schematic
representation of the green synthesis process is provided in
Fig. 1.

Characterization of synthesized nanoparticles

The formation of the Ag-Ni-Co TMNC:s is confirmed by
UV-visible spectroscopy. We employ FTIR spectroscopy
to identify the surface biomolecules and phytochemicals
responsible for nanoparticle nucleation and capping. FE-
SEM reveals the material morphology, while coupled EDS
confirms its elemental composition. XRD analysis deter-
mines the crystalline phase and estimates crystallite size.
Finally, we calculate both direct and indirect optical band
gaps from UV-Vis absorbance data using Tauc plot analy-
sis. This suite of characterizations fully details the optical,
morphological, and structural properties of the synthesized
TMNCs.

Fig. 1 Schematic of green syn-
thesis process of CS leaf extract
mediated Ag-Ni-Co TMNCs

i Tea Leaves |
‘ Extract

Ag-Ni-Co TMNCs using Tea
Leaves Extract with 1:9:10
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Photocatalysis & dye degradation

We assessed the photocatalytic performance of the Ag-Ni-
Co TMNC catalyst for MB dye degradation under visible
light using a 20 W LED source. In a typical test, 20 mg or
30 mg of catalyst was dispersed in 5 mL of deionized water
and added to a 10 ppm MB solution. The suspension was
stirred in the dark for 15 min to reach adsorption—desorp-
tion equilibrium before light exposure. During irradiation, 3
mL aliquots were collected every 10 min for 60 min. Deg-
radation progress was monitored by UV—Vis spectroscopy
by measuring the decrease in MB absorbance at 668 nm.
The percentage of dye degradation was calculated using the
standard formula, based on the reduction in absorbance over
time.

Degradation (%) = (Co — Ct)/Ch

Where C, indicates the initial absorption, C, indicates the
absorption at a finite time t.

Antibacterial and anticancer activity

All antibacterial and cytotoxic evaluations are conducted
under sterile conditions within a biosafety cabinet. The
detailed procedure & protocol for the antibacterial assess-
ment against EPEC follows the established methodol-
ogy described in our prior work [39]. To ensure statistical
robustness and reproducibility, both the antibacterial assays
against EPEC and the anticancer assays utilizing HCT116
cells are performed in independent triplicates.

Bacterial culture

The enteropathogenic EPEC strain, a gram-negative rod-
shaped bacterium, is initially revived from glycerol stock
cultures maintained at —80 °C. Revival was achieved by
inoculating into LB broth, followed by overnight incubation
at 37 °C with continuous agitation at 180 rpm [40]. This
pre-culture is then used to inoculate fresh LB medium to
facilitate active growth for subsequent experiments. For
antibacterial testing, a standardized inoculum is prepared
by adjusting the optical density of the overnight culture
to an ODsoo of 1. This standardized bacterial suspension is
employed directly in both the agar well diffusion assay and
for determining the direct inhibitory assay (DIA) [41].

Antibacterial activity: agar well diffusion and direct
inhibition assays

The antibacterial efficacy of the Ag-Ni-Co TMNC against
EPEC is evaluated using two standard assays. We first
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perform the agar well diffusion method. A standardized
EPEC inoculum (1 x 10° CFU/mL, ODeoo = 1) is uniformly
swabbed onto L-S agar plates. Wells, 6 mm in diameter, are
punched aseptically and loaded with 20 pL of the TMNC
suspension at three concentrations: 1, 1.5, and 2 mg/mL.
Control wells receive 20 pL of the precursor tea extract and
20 pL of gentamicin (30 ug). After overnight incubation at
37 °C, the antibacterial activity is quantified by measuring
the diameter of the inhibition zone around each well accord-
ing to the established protocol [40].

Quantitative assessment is performed via a microdilution
broth assay in 96-well plates. Each well contained a final
mixture of 70 pL LB broth, 10 pL of the standardized bacte-
rial culture, and 20 pL of the respective TMNC concentra-
tion (1, 1.5, 2 mg/mL). Control wells included a negative
control (sterile distilled water in place of the nanocompos-
ite) and a positive control (gentamicin, 30 pg). The initial
optical density (ODyg,) is recorded immediately (t=0 h)
using a microplate reader. After 24 h of incubation at 37 °C,
the final ODsoo was measured. The growth (%) inhibition is
estimated using the following method:

AC- AT

Growth inhibition (%) = | AC

x 100]

where AC refers to corrected absorbance of the negative
control (OD,y, — OD,;) and AT indicates the corrected
absorbance of the test well (OD,4, — ODg,). To corroborate
the spectrophotometric data with a direct measure of bacte-
rial viability, 10 uL aliquots from selected wells (serially
diluted 10'-10°), plated onto LB agar, and incubated (over-
night at 37 °C). The resulting colony-forming units (CFU/
mL) are calculated to estimate the bactericidal effect of the
TMNC:s at each concentration [41].

Anticancer assay: Alamar blue assay

The cytotoxic activity of the synthesized Ag-Ni-Co TMNCs
was tested on HCT116 human colorectal carcinoma cells
obtained from NCCS, Pune. Cells were maintained in
McCoy’s 5 A medium supplemented with 10% FBS and 1%
antibiotic—antimycotic solution at 37 °C in a 5% CO- atmo-
sphere. For the assay, cells were seeded in 96-well plates at
1x10* cells per well and incubated overnight. They were
then exposed to TMNC concentrations of 1, 1.5, and 2 mg/
mL for 24 h. After treatment, 10 pL of resazurin solution
(50 pg/mL) was added to each well. Following a 3 h incu-
bation, fluorescence was recorded at 570/590 nm (excita-
tion/emission) using a microplate reader. Cell viability was
expressed as a percentage relative to the untreated control
[59].
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Fig. 2 UV-Vis absorption spectra of Ag-Ni-Co TMNC synthesized
through CS leaf extract

T
Cell viability (%) = iR 100

where T is the Fluorescence value from the tested samples
and R is the absorbance value from the control group. All
reported data from well diffusion, direct inhibition, and
anticancer activity assays represent the mean=standard
deviation (SD) of three technical replicates. Statistical sig-
nificance is determined using one-way ANOVA (p <0.0249).
Graph Pad Prism software (v. 8.4) is employed for all graph-
ing and statistical analysis.

Results and discussion
Synthesis and light absorption insights
UV-Vis absorption spectroscopy

The successful co-reduction of Ag", Ni**, and Co*" ions
mediated by CS leaf extract to form the TMNC is confirmed
by UV-Vis spectroscopy (Fig. 2). The spectra of colloidal
Ag-Ni-Co TMNC suspensions at varying concentrations
(1-2 mg/mL) exhibit a distinct, concentration-dependent
absorption profile. A prominent SPR band is observed at
around 351 nm, which is characteristic of AgNPs but it is
observed as blue shift by approximately 70 nm relative to
the typical SPR of spherical AgNPs (~420 nm). This blue
shift indicates strong electronic coupling between Ag, Ni,
and Co within the TMNC structure, arising from changes
in the local dielectric environment and intermetallic charge
transfer. Furthermore, the spectra display a broad absorp-
tion tail extending from ~400 nm across the visible region,
attributable to d—d transitions of Ni**/Ni** and Co*/Co**
species. The absence of separate, sharp SPR features for
individual metallic phases and the smooth, continuous

3600 3000 2400 1800 1200 600
Wave number (cm™)

Fig.3 FTIR spectrum of CS leaf extract mediated Ag-Ni-Co TMNCs

absorption profile support the formation of a homogeneous,
electronically integrated TMNC rather than a physical mix-
ture of monometallic particles. This intimate electronic
interaction, facilitated by polyphenols and flavonoids in
the CS leaf extract acting as reducing and capping agents,
establishes the optical foundation for enhanced charge sepa-
ration and ROS generation in the multifunctional catalytic
and biocidal performance described in subsequent sections.

FTIR analysis

The FTIR profile of the CS leaf extract-mediated Ag-Ni-Co
TMNCs confirms green synthesis and surface stabilization
of the nanocomposite (Fig. 3). Key functional groups from
the extract are evident on the TMNC surface. A broad O-H
stretching vibration at 3430 cm™! signifies hydroxyl groups
from polyphenols, which facilitate metal-ion reduction and
colloidal stability. A weak C—H stretching band at 2916 cm™,
associated with phenolic compounds, suggests the presence
of an organic capping layer. A prominent C=0O stretch-
ing band at 1659 cm™ indicates that carbonyl-containing
compounds participate in metal coordination and surface
passivation. Importantly, the spectrum shows characteris-
tic metal-oxygen (Ag—O, Ni-O, Co—-O) vibrations below
600 cm ™" and a C—N stretch near 955 cm™, confirming com-
plexation of the three metals and their surface interactions
with amine groups. Comparative FTIR analysis for both
samples reveals significant spectral changes upon TMNC
formation. The O-H stretching band shifts from 3400 cm™
in the extract to 3430 cm™ in the TMNC, accompanied by
broadening, indicating coordination of phenolic -OH groups
to metal ions. The C=0 band shifts from 1640 to 1659 cm™,
suggesting carbonyl-metal binding. The appearance of new
M-O bands below 600 cm™ confirms metal oxide forma-
tion. These spectral changes provide direct evidence for

@ Springer
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the chemical interaction between phytochemicals and the
TMNC surface, confirming the role of plant extract compo-
nents as both reducing and capping agents.

Following the established green synthesis mechanism
[42], the Camellia sinensis phytochemicals play sequential
roles in TMNC formation. First, catechins reduce metal ions
in the order of their standard reduction potentials (Ag* > Ni?*
> Co?"), creating Ag-rich core that facilitates nucleation.
Second, the abundant polyphenols adsorb on the growing
nuclei via coordination bonds, limiting particle growth and
preventing extensive aggregation. Third, the quinone deriv-
atives and intact catechins form a protective organic shell
(confirmed by FTIR) that provides electrostatic and steric
stabilization. This phytochemical control over nucleation,
growth, and surface functionalization is critical for achiev-
ing the nanoscale dimensions and uniform composition of
the TMNC. Collectively, the FTIR data verify that phyto-
chemicals from CS leaf extract function as reducing, cap-
ping, and stabilizing agents during TMNC formation. [60,
61].

Morphology, composition and crystal structure
FE-SEM & EDS -morphology & elemental mapping

The surface details and elemental composition of green
synthesized Ag-Ni-Co TMNCs are analyzed through FE-
SEM and EDS (Fig. 4A, B & C). The FE-SEM micrographs
reveal that quantitative analysis of 200 particles from

Fig.4 (A, B, C) FE-SEM images
of Ag-Ni-Co TMNCs showing
uniform morphology; (D) EDS-
quantitative composition

T = $00W
WO $3mm

multiple FE-SEM images reveals an average particle size
of 190+10.5 nm with a log-normal distribution (standard
deviation 45 nm). Most nanoparticles (80%) fall within
the 150-250 nm range. The significantly larger particle
size compared to crystallite size (12-25 nm) indicates that
each observed particle is an aggregate or cluster of smaller
crystallites, consistent with the multi-phase nature of the
TMNC. This aggregation increases the effective surface
area while maintaining the nanoscale properties of the con-
stituent crystallites.

The formation of these small, aggregated microstructures
is interpreted as complex crystal growth kinetics and com-
plexation process of these three different composite nano
particles (Ag, Ni, and Co). The EDS composition analysis
(Fig. 4D) confirms the presence of Ag, Ni, and Co as the
main metal elements which also reveal weight percentages
50.2% for Co, 45.2% for Ni, and 4.6% for Ag. Elemental
mapping (Fig. 4E-H) reveals the homogeneous distribution
of Ag, Ni, and Co throughout the TMNC clusters. The uni-
form overlay suggests the formation of an integrated trime-
tallic structure rather than a physical mixture of individual
particles. Slight enrichment of Co in the core regions, with
Ni and Ag more evenly distributed, indicates controlled
phase evolution during the green synthesis process. This
homogeneity is critical for the synergistic interactions that
underpin the multifunctional performance of the TMNC.

This specific Ag-Ni-Co stoichiometry is critical, as the
incorporation of Ag into the Co-Ni matrix significantly alters
the surface/plasmonic properties of the TMNC composite

Weight (%)
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material. This tailored Ag-Ni-Co TMNCs configuration is
directly relevant to its application, suggesting synergistic
interactions among all three metals that enhance conduc-
tivity, provide active sites for catalysis, antibacterial, anti-
cancer, and improve structural integrity under operational
stresses, thereby establishing a direct correlation between
the observed physicochemical characteristics and intended
high-performance function. This work is the first to report
a green-synthesized Ag-Ni-Co trimetallic nanocrystal
system with a composition notably enriched in cobalt
and nickel relative to silver, facilitating the exploration
of their synergistic potential.

X-Ray diffraction (XRD)

The phase composition and crystallographic details of the
green synthesized Ag-Ni-Co TMNCs are studied through
XRD analysis. XRD profile reveals a multi-phase mate-
rial system, with primary diffraction peaks corresponding
to crystalline planes of the constituent metals (Ag, Ni, Co)
and their oxides (Fig. 5A). The observed peaks at 29.5°
(220), 43.3° (200), and 62.8° (220) are indexed to a Ni-rich
phase (Ag, ;Niy e, PDF# 04-023-8782), while the peak at
45° (400) corresponds to cobalt oxide (Cobalt oxide, PDF#
04-005-9658). Characteristic silver reflections are present
at 38.1° (111) and 77.4° (311), which match both metal-
lic Ag and Ag,0 (PDF# 00-041-1104) phases. Additional
minor phases identified include Co;O0, (01-071-4921),
NiO, (04-010-4751), and a complex mixed-metal oxide
phase (AgCo sNij sO2, PDF# 04-007-9667), indicating the
formation of a composite with metallic and oxide compo-
nents. The XRD Rietveld refinement (Fig. 5B) suggests the
composite adopts an O,-type layered oxide structure with

a rhombohedral R-3 m space group [43], a specific stack-
ing arrangement and symmetry class commonly found in
alkali-metal intercalated transition metal oxides. The crys-
tallite size, estimated from the Debye Scherrer model using
the FWHM of the most intense peaks, falls within the range
of 12 to 25 nm. The formation of a true trimetallic nano-
composite is supported by: (i) the presence of mixed-metal
phases in XRD (Ago.:Nio.s, AgCo0.5Nio.sO2) that cannot
arise from physical mixtures; (ii) the significant blue shift of
the Ag SPR from 420 nm to 351 nm, indicating intermetal-
lic electronic coupling; and (iii) the simultaneous presence
of all three metals in individual clusters confirmed by EDS.
The coexistence of metallic and oxide phases within a sin-
gle nanostructure is characteristic of heterojunction forma-
tion, not physical aggregation. Uniquely, the TMNCs XRD
profile displays overlap peaks and intensity modulations,
reflecting synergistic interactions among multi-phase com-
ponents (Cobalt oxide:28%; Ag-Ni-Co:24%; Ag0:22%;
Ni-Ag:15%; NiO:5%) that is distinct from the individual
metal nanoparticles (Fig. S1, see supporting information).
The incorporation of multiple metallic components induces
significant lattice strain and defects within the TMNC struc-
ture. The estimated microstrain (0.2-0.4%) arises from the
atomic radius mismatch between Ag (1.65 A), Ni (1.24 A),
and Co (1.25 A). This strain, combined with the coexistence
of metallic and oxide phases, creates abundant interfacial
defects and oxygen vacancies. According to recent studies
[44, 45], such microstructural distortion can significantly
influence photocatalytic behavior by modifying band edge
positions, creating mid-gap states, and facilitating charge
carrier separation. The observed superior photocatalytic
performance of the TMNC can be partially attributed to
these strain-induced effects. The nanoscale dimension,

A Ag-Ni-Co TMNCs
Co
29.5°
(220) The average crystalline size of the
= Ag-Ni-Co TMNCs - 12-25 nm
=
«
~~—
b Ag
‘2 38.1°
E (111) Ni Co Ag
1 43.3° 45° - Ni
= Ni
o (200) (400) 62.8° TT18°
b 0O3-type layered oxide structure ’ Co/Ni
X X 1 L L with a rhombohedral R-3m @ O
20 30 40 50 60 70 80
20

Fig. 5 (A) XRD pattern of green-synthesized Ag-Ni-Co TMNCs using Camellia sinensis (CS) leaf extract. (B) Proposed structural refinement
model showing the O3-type layered oxide phase with rhombohedral R-3 m space group symmetry [43]
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Table 1 Crystallite size calcula- Phase hkl Plane 20 (deg) FWHM (B) Crystallite Possible
tion for Ag-Ni-Co TMNCs using (rad) Size (nm) Structure
the Debye-Scherrer equation Ag/AZ0 (00-041-1104) [46] a1y 381 0.0060 2 FCC cubic
Ago.1Nio.s (04-023-8782) (220) 433 0.0055 24 Spinel
Coy sNig s O(04-019-6384) (400) 45 0.0072 24 FCC rock salt
AgC00.5Nio.s02 (04-007-9667) [47]  (400) 45 0.0065 20 Rhombohe-
dral
250 10
—o—Ag-Ni-Co TMNCs (1mg/ml) —o—Ag-Ni-Co TMNCs (1mg/ml)
200} ——Ag-Ni-Co TMNCs(1.5mg/ml) ‘Ag-Ni-Co TMNCs(1.5mg/ml)
—o—Ag-Ni-Co TMNCs (2 mg/ml) —a—Ag-Ni-Co TMNCs (2 mg/ml)
150 I~
":; . . =— 3¢ Indirect Optical Bandgap
= 100} Direct Optical Bandgap 2 2.85+0.05
B, B
50 3.1+0.05
0 g
. . -.{:'.‘? . \ . e , "
2.0 2.5 3.0 3.5 4.0 2.0 2.5 3.0 3.5 4.0
Energy (E,) Energy (E,)

Fig. 6 Optical band gap for Ag-Ni-Co TMNCs via Tauc plot analysis (0.5, 1.0, and 1.5 mg/mL). (A) Tauc plot for direct band gap transition (B)

Tauc plot for indirect band gap transition

combined with the identified coexistence of metallic and
their oxide phases, is critical for the composite material’s
functional properties, as it suggests a high surface-to-vol-
ume ratio and the potential for synergistic surface interfa-
cial effects between the phases, which are directly relevant
to enhancing photocatalytic activity in advanced catalytic
applications. The crystallite size of Ag-Ni-Co TMNCs are
shown in Table 1.

Optical and electronic properties

The optical and electronic properties of the CS plant leaves-
mediated Ag-Ni-Co TMNCs are studied through UV-Vis
spectroscopy and Tauc plot analysis (Fig. 6A &B). As
presented in the figure, the synthesized materials exhibit
well-defined optical absorption characteristics. Using Tauc
plot analysis with (ahv)? for direct and (ahv)!/? for indirect
bandgaps, with proper baseline correction and zeroing of
the y-axis, the direct bandgap is calculated as 3.15+0.05 eV
and the indirect bandgap as 2.85+0.05 eV. The indirect
bandgap in the visible range (~2.85 eV) is consistent with
the observed visible-light photocatalytic activity. The pres-
ence of sub-bandgap states and Ag SPR further contributes
to visible-light absorption. The values are in good agree-
ment with the recommended literature [48] for multi-metal
oxide systems.

@ Springer

While the direct bandgap of 3.4-3.5 eV suggests pri-
marily UV absorption, the presence of an indirect bandgap
(3.0-3.2 eV), broad visible absorption tail (400-800 nm),
and Ag SPR effects collectively enable visible-light pho-
tocatalytic activity. The photogenerated charge carriers
utilize sub-bandgap excitation pathways facilitated by the
multi-metal synergy. This dual-bandgap nature suggests the
material facilitates charge carrier generation through mul-
tiple pathways, which is a critical determinant of its func-
tional efficacy. The relatively wide band gaps position these
Ag-Ni-Co TMNC:s as potential candidates for applications
requiring UV-light absorption, such as photocatalysis for
environmental remediation. Furthermore, the consistency
of the band gap values across different sample densities
confirms the homogeneity and reproducibility of the green
synthesis process.

Catalytic performance: dye degradation, and
mechanistic insights

Figure 7 (a and b) presents the UV-Vis absorption spectra
for MB dye (10 ppm, pH 10) under visible light irradiation
(20 W) in the presence of Ag-Ni-Co TMNC photocatalysts.
The catalyst mass varies between 20 mg and 30 mg. The
characteristic absorption maximum of MB, observed at
approximately 668 nm, exhibits a pronounced and continu-
ous rapid reduction in intensity as a function of irradiation
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time (0 to 60 min). Control experiments confirmed that pho-
tocatalysis is the primary mechanism for MB degradation.
In the absence of catalyst (photolysis), <5% degradation
was observed over 60 min. Dark adsorption studies showed
~—10% adsorption of MB onto the TMNC surface, indicat-
ing that the observed>98% degradation in visible light is
predominantly due to photocatalytic activity. This system-
atic attenuation of the primary absorption band provides
direct spectroscopic evidence for the effective photodegra-
dation of the MB dye molecules by the Ag-Ni-Co TMNC
photocatalysts under the stated experimental conditions. The
photodegradation for the two catalyst loadings (20 mg and
30 mg) both lead to nearly complete degradation (=98%) of
MB dye within 60 min (Fig. 8a & b). However, analysis of
the temporal decay in absorbance at 668 nm reveals a more
rapid initial degradation rate for the 20 mg loading, indicat-
ing a more efficient catalytic dye degradation performance
at this lower loading catalyst loading. In contrast, the trajec-
tory with 30 mg catalyst loading, though ultimately effec-
tive, suggests a marginally less uniform kinetic profile in the
initial phases. This counter-intuitive finding where a lower
catalyst loading delivers better overall performance high-
lights an optimized synergy between active site availability
and reactive species generation, positioning the 20 mg load-
ing of Ag-Ni-Co TMNCs as the more optimum efficacious
configuration for rapid and thorough pollutant annihilation.
UV-Vis spectroscopy confirms the disappearance of the MB
chromophore at 668 nm, indicating effective degradation.
However, complete dye degradation to CO: and H.O would
require additional TOC analysis, which will be addressed
in future work. The experiments were repeated 3 times, and
the results remained same. The complex mechanisms gov-
erning photo- dye degradation and provide a foundational
framework for advancing catalyst design in environmental
remediation.

1.5
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00
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Figure 8 presents a comparative kinetic analysis of the
photocatalytic activity for Ag-Ni-Co TMNCs at 20 mg and
30 mg loadings under visible light irradiation. The degra-
dation profiles (Fig. 8a and b) demonstrate that the 20 mg
loading achieves a marginally higher percentage of MB
dye degradation over the 60-minute period. This is fur-
ther supported by the normalized concentration decay (C/
Co, Fig. 8c), which shows a more rapid decrease for the
20 mg catalyst, indicating superior initial photocatalytic
dye degradation efficiency. Fitting the data to a pseudo-
first-order kinetic model (Fig. 8d) yields rate constants (k)
0f 0.0472 min " for the 20 mg loading and 0.0364 min* for
the 30 mg loading, with corresponding R? values of 0.98944
and 0.99863, respectively. Consequently, after 60 min, the
system with 20 mg of catalyst attains near-complete degra-
dation (~100%), exceeding the final efficiency of the 30 mg
loading. These results collectively establish that the 20 mg
loading exhibits the most effective photocatalytic perfor-
mance, which is attributed to optimal charge carrier separa-
tion, reduced recombination, and enhanced light-harvesting
capability, highlighting its potential for application in waste-
water treatment. The MB dye degradation of various com-
positions of Ag-Ni-Co TMNCs are shown in Table 2.

Multi-functional biological activity
Antibacterial activity

The disc well diffusion assay (Fig. 9A and B) establishes
the antibacterial action of the green-synthesized Ag-Ni-Co
TMNCs against EPEC, as evidenced by distinct zones of
inhibition at all tested concentrations (1, 1.5, and 2 mg/mL).
Notably, the maximum zone diameter of 11.2+0.4 mm was
recorded for the 1 mg/mL concentration, with lower zones
observed at higher concentrations (10 mm each for 1.5 and

1.5
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S0} 2h pH:10
= —30
z —— 40
_g 50 ‘
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Fig. 7 Time-dependent UV-Vis absorption spectra of MB dye (10 ppm, pH 10) in the presence of Ag-Ni-Co TMNC photocatalysts under visible
light irradiation (20 W): (a) 20 mg catalyst loading, (b) 30 mg catalyst loading
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Table 2 Photqcatalytic activit.y of S No % MB dye degradation Time duration Synthesis References
f;i?:siyl\‘geg;zeed nanomaterials 0 Npg 95-100 6h Microwave [49]
NiNPs 80 5h Green synthesis [50]
Ag- Ni BMNPs 85 120 Green synthesis [51]

Ag-Ni- Co TMNPs 100

60 min Present work Present work

2 mg/mL), likely due to aggregation. This inverse concen-
tration—efficacy relationship highlights an optimized antimi-
crobial response at the lower dose. Corroborating this result,
the direct inhibition assay and CFU analysis (Fig. 9C and D)
also confirm the bactericidal effect of the Ag-Ni-Co TMNCs
across the same concentration range. Control experiments
with untreated bacteria and CS leaf extract alone showed no
activity, confirming that the antibacterial effect arises from
the Ag-Ni-Co TMNCs. The superior performance is attrib-
uted to the synergistic release of Ag*, Ni**, and Co*" ions
from the composite, which collectively disrupt bacterial cell
integrity through membrane damage and interference with

@ Springer

vital cellular processes. Antibacterial activity of nanomate-
rials against EPEC is shown in Table 3.

Anticancer activity

The quantitative cell viability assay (cytotoxicity activity),
as visually confirmed in panel B (Fig. 10), directly substanti-
ates the potent anticancer efficacy of the Ag-Ni-Co TMNCs
against HCT116 cells. The resazurin assay results indicate
that Ag-Ni-Co TMNC treatment significantly impairs cel-
lular metabolic activity, consistent with mitochondrial dys-
function. Based on the well-established literature on metal
nanoparticle-induced cytotoxicity [57], we propose that the
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Fig. 9 Antibacterial activity of
CS plant leaf mediated Ag-Ni-Co
TMNCs on EPEC (enteropatho-
genic E. coli) via disc diffusion
and growth inhibition assays
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Table 3 Antibacterial activity of green synthesized nanomaterials

against EPEC

S.No % Inhibition zone of EPEC (mm) References
AgNPs 18 [52]

NiNPs 18 [53]

Ag- Ni NPs 17.5 [54]

Ag- Co NPs 15.5 [55]

Ni- Co NPs 16.5 [56]

Ag-Ni- CoNPs 11.2+0.4 Present work
Gentamicin 20+2 Present work

TMNC:s localize in mitochondria, disrupt the electron trans-
port chain, and induce oxidative stress leading to cell death.
However, we acknowledge that direct experimental verifi-
cation of ROS generation, mitochondrial membrane poten-
tial changes, and caspase activation are required to confirm
this mechanism. The current results establish the cytotoxic
potential of the TMNCs against HCT116 cells, while the
detailed mechanism awaits future investigation. Treatment
with the nanocomposite at concentrations of 1, 1.5, and
2 mg/mL results in a substantial and dose-dependent decline
in viability percentage, starkly contrasting the untreated
control and the tea extract control, which show no cytotoxic
effect. This metabolic inhibition is mechanistically probed
by the resazurin-based assay illustrated in panel A (Fig. 10).

In viable cells, mitochondrial and cytosolic reductase
enzymes continuously reduce non-fluorescent blue resa-
zurin to highly fluorescent pink resorufin. The marked
reduction in observed fluorescence upon TMNCs expo-
sure, corresponding to the decreased viability in panel B

.»\g-.\!-( 0 TMNCs

(Fig. 10), indicates a severe disruption of this NADH-driven
metabolic process. This confirms that the nanocomposite’s
cytotoxic action critically impairs cellular redox metabo-
lism and mitochondrial function, leading to the significant
loss of viability, with the effect intensifying across the tested
concentration gradient.

Possible mechanism: photocatalysis, antibacterial &
anticancer activity

Proposed photocatalysis and dye degradation mechanism

The proposed photocatalytic dye degradation pathway, illus-
trated in the Fig. 11, elucidates the mechanism by which Ag-
Ni-Co TMNC:s (1:9:10) facilitate the complete degradation
of MB dye under visible light. The proposed degradation
pathway is now presented as proposed based on established
literature [58] and direct experimental verification through
radical scavenging studies, ESR spectroscopy, and photo-
electrochemical measurements will be pursued in future
work to confirm the specific ROS species and charge trans-
fer pathways. Upon photon absorption, the TMNCs gen-
erate electron-hole pairs (e~/h1) due to its tailored band
structure. The photogenerated electrons migrate to the cata-
lyst surface, where they reduce adsorbed molecular oxygen
to form potent superoxide radical anions (O3~). Concur-
rently, the photogenerated holes oxidize surface-adsorbed
water molecules or hydroxide ions to yield hydroxyl radi-
cals (¢OH). Both highly reactive oxygen species (ROS)

@ Springer
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Fig. 10 Assessment of Ag-Ni-Co
TMNC:s cytotoxicity activ-

ity against HCT116 colorectal
cancer cells. (A) Schematic of
the resazurin cell viability assay
(B & C) - Quantitative viability
results showing a dose-dependent
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Fig. 11 Proposed photocatalytic
mechanism for the degradation of
toxic dyes by Ag-Ni-Co Trimetal-
lic Nanocomposites
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then non-selectively attack the structure and aromatic rings
of the MB dye molecule, initiating a cascade of oxidative
reactions. This process sequentially cleaves the complex
organic dye into colorless intermediates and ultimately min-
eralizes it into benign end products such as CO,, water,
and inorganic ions. The optimized charge separation and
enhanced surface area provided by the synergistic Ag-Ni-
Co TMNCs composite, particularly effective at the 20 mg
loading, drive this redox cycle efficiently, transforming the
toxic, dye-contaminated aqueous solution into treated water.
The following process occurs in the mechanism.

@ Springer

>

Ag — Ni — Co TMNCs photocatalyst + hv (light) — e~ + AT
Ag — Ni — Co TMNCs photocatalyst + hv (light) — O3~ + ¢OH

O3~ + eOH + MBdye — degrated material — H20 + CO4

In addition to pseudo-first-order kinetics, the data were
analyzed using the Langmuir-Hinshelwood model, which
accounts for adsorption and surface reaction. The calculated
reaction rate constant (k, = 0.052 min™") and adsorption con-
stant (K; = 1.85 L/mg) indicate favorable adsorption and
rapid surface reaction kinetics [59]. The good fit (R? > 0.98;
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Fig. 8) confirms that the photocatalytic degradation follows
surface-mediated kinetics consistent with the proposed het-
erogencous mechanism [60]. Rate constants were calculated
from the following Eq. [61].

In(Cy/Co) = -kut.

ki (20 mg)=0.0472 min~' (R? = 0.9894).

ki (30 mg)=0.0364 min~' (R*=0.9986).

The elucidated photocatalytic mechanism of Ag-Ni-Co
TMNCs reveals a synergistic model in which multi-metal
cooperation dictates efficiency. At the optimal 20 mg load-
ing, Co and Ni sites function as integrated electron relays,
suppressing charge recombination and enabling sustained,
high-yield generation of superoxide and hydroxyl radicals.
These species, identified as primary reactive agents, drive a
degradation sequence from initial chromophore cleavage to
final fragmentation into inorganic products. This trimetallic
synergy creates a robust and regenerative catalytic platform
in which integrated charge management ensures sustained
radical flux and long-term structural fidelity, establishing
the TMNCs as a rational design for advanced environmen-
tal remediation.

The Co-rich composition may contribute to structural
stability through oxide formation and the green synthesis
approach using natural capping agents may also enhance
colloidal stability. While the present work demonstrates
the photocatalytic efficiency and multifunctionality of the
Ag-Ni-Co TMNC, systematic recycling and stability stud-
ies are essential for practical environmental applications.
Factors such as catalyst recovery, loss of activity, structural
integrity, and metal ion leaching need to be systematically
investigated.

For practical environmental applications, the potential
release of metal ions (Ag®, Ni**, Co?*") from the TMNC
is a critical consideration. The structure stability, surface
passivation, and Co-rich stoichiometry are main factors
which contribute to minimizing ion leaching. However, we
acknowledge that systematic leaching studies (ICP-MS)
under various pH conditions, after photocatalysis, and over
extended time periods are necessary to fully assess environ-
mental safety. Such studies, including multiple photocata-
lytic cycles, post-reaction characterization, and leaching
studies will be the focus of our ongoing work.

Proposed antibacterial mechanism

The antibacterial potency of Ag-Ni-Co TMNCs arises from
a concerted, multi-target mechanism driven by ionic and
oxidative synergy. The composite initially anchors to the
bacterial surface via various interactions (electrostatic
and hydrophobic), disrupting the cell membrane’s activity
and increasing its permeability. Following this surface adhe-
sion, the TMNCs release a controlled flux of Ag*, Ni**, and

Co?" ions, which further compromise membrane potential
and facilitate the internalization of the nanoparticles them-
selves. Once inside the cytosol, the particles and released
ions induce a significant burst of intracellular ROS, includ-
ing O3~ and e OH, which inflict oxidative damage on
vital biomolecules. This oxidative assault is compounded
by direct TMNCs interactions with cellular network, the
particles can intercalate with and degrade DNA, disrupt
enzymatic activity, and interfere with essential signaling
pathways. This combination of membrane destabilization,
metabolic disruption, and genotoxic stress culminates in
rapid bacterial cell inactivation and lysis.

Proposed anticancer mechanism

The anticancer activity of Ag-Ni-Co TMNC:s is orchestrated
through a cascade of intracellular events initiated by selec-
tive cellular uptake, often enhanced by the enhanced per-
meability and retention (EPR) effect in tumor environments
(Fig. 12). Upon internalization, the nanocomposites local-
ize within critical organelles, primarily the mitochondria,
where they disrupt the electron transport chain. This inter-
ference triggers a profound mitochondrial crisis, character-
ized by membrane depolarization, the excessive generation
of cytotoxic ROS, and the release of cytochrome into the
cytosol. The elevated ROS levels simultaneously induce
oxidative damage to nuclear DNA, proteins, and lipids,
pushing the cell into a state of irreversible oxidative stress.
These convergent signals mitochondrial dysfunction, DNA
damage, and redox imbalance synergistically activate both
the intrinsic (mitochondrial) and extrinsic apoptosis path-
ways. The process culminates in the sequential activation of
caspase cascades, leading to chromatin condensation, DNA
fragmentation, and ultimately, programmed cell death. This
multi-pronged mechanism underscores the potential of Ag-
Ni-Co TMNCs as targeted inducers of apoptosis in malig-
nant cells.

In summary, this investigation establishes the Ag-Ni-
Co TMNC as a uniquely multifunctional platform, engi-
neered through a synergistic architecture that endows it
with distinctive photocatalytic and biological capabilities.
The higher nickel content in the Ag-Ni-Co TMNC presents
both advantages (catalytic activity) and potential concerns
(toxicity). However, nickel is predominantly present in the
oxide and alloyed forms within the crystalline matrix, which
significantly reduces its bioavailability and environmental
mobility. The structural characterization reveals Ni in metal-
lic (Ag-Ni) and oxide (NiO,) phases, both of which have
lower solubility than ionic nickel salts. Furthermore, the
phytochemical capping layer provides an additional barrier
to ion release. For biomedical applications, the controlled
release of Ni** ions at low concentrations may contribute to
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Fig. 12 Proposed mechanism
for the bioactivity of Ag-Ni-Co
trimetallic nanocomposites,
depicting the synergy-driven
oxidative cascade leading to
bacterial cell death and cancer
cell apoptosis

Antibacterial Activity

therapeutic effects, but careful toxicity assessment on nor-
mal cells is required.

The Ag-Ni-Co TMNC composite demonstrates a highly
efficient charge-separation mechanism, translating to supe-
rior catalytic performance for the oxidative degradation of
resistant organic dyes like MB. Parallel to this environmen-
tal function, this composite material exhibits pronounced
and selective biocidal activity, effectively disrupting patho-
genic EPEC through a cascade of membrane damage and
oxidative stress, while simultaneously inducing mitochon-
dria-mediated apoptosis in HCT-116 cells. These dual,
mechanistically distinct functionalities, powerful pollutant
degradation and targeted cellular interference are unified
within a single nanocomposite material, underscoring its
potential as a versatile agent for both environmental remedi-
ation and biomedical applications. While scaling production
and refining synthesis parameters for batch-to-batch consis-
tency present immediate translational challenges, the foun-
dational properties revealed here namely, ionic synergy,
controlled ROS generation, and multi-target engagement
provide a robust template for future development. These
findings strategically position Ag-Ni-Co TMNCs at the con-
vergence of materials science and biotechnology, paving a
tangible path toward innovative, sustainable solutions for
complex problems in industrial wastewater treatment and
biomedical industrial applications. Despite these promis-
ing results, several limitations warrant acknowledgment.
First, the 1:9:10 Ag: Ni: Co ratio, while optimal for synergy,
requires systematic optimization via design-of-experiments
approaches. Second, the antibacterial mechanism, while
attributed to ROS, lacks direct quantification of intracellu-
lar ROS in EPEC. Third, anticancer studies are limited to
24 h in vitro; in vivo pharmacokinetics and biodistribution
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in murine models remain untested. Fourth, photocatalytic
efficiency under real sunlight and in complex wastewater
matrices need validation. Addressing these will guide trans-
lation toward point-of-use water filters and injectable nano-
therapeutics in real time industrial applications.

Conclusion

This work demonstrates that a green-synthesized Ag-Ni-Co
TMNC with a Co-rich stoichiometry (1:9:10 Ag: Ni: Co)
achieves photocatalytic methylene blue degradation with a
rate constant of 0.0472 min™', which is significantly higher
than that of mono- or bimetallic controls tested under iden-
tical conditions. Mechanistically, trimetallic architecture
facilitates charge separation by integrating Co and Ni as
electron relays, suppressing recombination and sustaining
reactive oxygen species (ROS) flux. The same ROS-gener-
ating capability confers antibacterial activity against EPEC
and anticancer activity against HCT-116 cells, although
these are presented as secondary functions. Key limitations
addressed here include: (i) direct comparison with physical
mixtures confirms true synergy, (ii) the 20 mg loading is
optimal for photocatalysis, and (iii) the material’s selectiv-
ity requires validation on normal cell lines in future work.
While this TMNC is not a panacea, it offers a reproducible,
green-synthesized platform in which trimetallic synergy
is quantifiable. Future work will focus on real wastewater
matrices, in vivo pharmacokinetics, and systematic opti-
mization of the Ag: Ni: Co ratio beyond 1:9:10. For now,
this material serves as a design template for integrating
photocatalysis and nanomedicine through a shared redox
mechanism.
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