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Abstract

An affordable and environmentally suitable method for generating AgNPs (silver nanoparticles)
was attained utilizing an aqueous rhizome extract of Curcuma longa (Cl). A detailed analysis of the
synthesized CI-AgNPs was performed utilizing a number of analytical techniques, comprising UV-vis
spectroscopy, DLS, FTIR, XRD, SEM, EDAX along with elemental mapping, and TEM. UV-vis spectroscopy
substantiated successful synthesis of CI-AgNPs, as there was a change in the surface plasmon resonance
(SPR) peak from A 416 nm to 2, 423 nm. XRD showed that the nature of CI-AgNPs is crystalline
and possess a face-centered cubic (FCC) structure. The average size of the crystallites was observed to
be 16 nm through Debye-Scherrer equation. Further, SEM/TEM analysis depicted that the size range
of the NPs are of 30-70 nm and spherical in shape. Additionally, antibacterial effect of the C/-AgNPs
were assessed through the broth dilution method and well-diffusion method to find out the MIC and
MBC. Results showed CI-AgNPs are effective in inhibiting E. coli (Gram-negative) as well as S. aureus
(Gram-positive), with 8 mm and 6 mm inhibition zones, respectively. Besides, CI-AgNPs displayed a
concentration-dependent antioxidant activity, suggesting ROS-mediated antibacterial activity. These
findings highlight the anti-bacterial capability of these biogenic CI-AgNPs.
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INTRODUCTION

Nanotechnology has surfaced as a
potential transformer of the healthcare by
introducing advanced approaches to find
alternative solutions to diagnose, treat, and
prevent a plethora of maladies.’ The surge
in global prevalence of microbial diseases,
together with the limitations of traditional
therapeutics, has generated significant interest
in metallic nanoparticles (NPs), especially AgNPs,
for biomedical applications. These breakthroughs
have not only enriched therapeutic strategies
but also fostered innovations in targeted drug
delivery and environmental remediation.? NPs are
generally formed using two primary approaches:
bottom-up and top-down. The top-down
methodology necessitates employing physical
processes to split up larger materials into
a nanoscale structure, such as high-energy
radiation and high-pressure techniques.? In
the meantime, the bottom-up technique uses
chemical and/or biological substances to put
together nanomaterials from molecules or atoms.
Various methods, involving the sol-gel process
and chemical precipitation, are employed to
regulate the configuration of nanoscale structures.
While chemical synthesis is frequently used,
it often creates hazardous by-products that
pose harmful environmental threats. Biological
synthesis, on the other hand, leverages natural
resources like microbes and plants, which serve as
reducing as well as stabilizing agents, synthesizing
nanomaterials that are not very hazardous.**

AgNPs synthesized using environment-
friendly methods are affordable, safe, minimally
toxic, highly productive, cost-efficient, and easily
accessible, making them a key candidate for
developing novel therapeutic strategies suitable
for applications in agriculture, biomedicine, and
various other sectors.® Studies indicate that AgNPs
are the most widely utilized metallic NPs, with an
approximate worldwide production of around
500 tons per year for applications in medical
devices, i.e., antimicrobial coatings, wound
healing, surface modifications, textiles, water
treatment, and purification systems.” AgNPs exhibit
broad-spectrum antibacterial activity and possess
antiseptic properties with minimal side effects,
making them promising candidates for innovative

therapeutic strategies. Their applications
extend to drug delivery, water purification, and
targeting antibiotic-resistant Gram-positive and
Gram-negative bacteria.® Particularly, biofabricated
AgNPs have gained significant attention due to
their remarkable antibacterial and antioxidant
properties. Studies indicate that AgNPs can
traverse the cell membrane of E. coli, disrupt
respiratory enzymes, generate reactive oxygen
species (ROS), and severely impair bacterial cells by
compromising the integrity of the cell wall. Despite
their promising applications, the precise working
principle of AgNPs, driven by the sustained
release of silver ions, remains under investigation.
This process ultimately results in bacterial cell
death and degradation. The physicochemical
properties of AgNPs, encompassing a high ratio of
surface-area-to-volume, fervent catalytic activity,
and variations in size and shape, contribute to their
antibacterial efficacy.’ However, despite extensive
research, the precise mechanisms underlying
their antibacterial action remain incompletely
understood.'®*? Plant-based methods, among
various biosynthesis approaches, have gained
prominence because of natural phytochemicals
that enact as reducing as well as stabilizing agents.
Plant extracts provide an effective strategy for the
environment-friendly synthesis of AgNPs, owing to
their abundant constituents of phytochemicals,
encompassing both primary and secondary
metabolites. These bioactive compounds behave
as natural stabilizing and reducing agents, enabling
the conversion of Ag* to Ag® while ensuring NP
stability.*>

Curcuma longa (Cl), generally recognized
as turmeric, has been thoroughly investigated
for its medical benefits and has recognized to
be a brilliant option for AgNPs biosynthesis. The
biologically synthesized AgNPs using Cl-rhizome
extracts enhance their stability and dispersion
while imparting bioactive properties thatimprove
their therapeutic efficacy.’ The medicinal potential
of the Cl-rhizome is primarily attributed to its rich
composition of secondary metabolites, which
have been traditionally utilized for treating various
ailments, including inflammation and wound
healing.' Cl, often known as the “Indian saffron”
or “Golden spice”, is a Zingiberaceae family
member. It is popular for its vivid yellow-orange
hue and unique flavor, rendering it a fundamental
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component of South Asian cuisine. Besides
its culinary importance, turmeric has diverse
applications in other fields.'”*® India considerably
cultivates turmeric, accounting for around 80% of
world production, whereas the United States of
America is the leading importer.® The bioactive
compound curcumin, a polyphenol extracted from
the Cl-rhizome, exhibits diverse pharmacological
properties. It possesses antibacterial, antiviral,
anti-inflammatory, anticancer, neuroprotective,
antidepressant, hepatoprotective, antiallergic,
and antioxidant effects, making it a hot topic for
significant scientific interest.?>?

The widespread preference for Cl from
the Indian continent is largely attributed to its
high curcumin content, which is the main bioactive
molecule that gives it its healing properties.
Curcumin has been considerably researched for its
ability in averting and treating a variety of chronic
conditions, comprising jaundice, ulcers, and liver
disorders.?? Furthermore, turmeric also exhibits
strong anti-inflammatory and wound-healing
qualities, which is advantageous for treating and
managing ailments such as arthritis and intestinal
disorders.?

Published literatures suggest that
curcumin primarily exists in the B-keto-enol
tautomeric form, exhibiting the keto form in
aqueous environments and the enol form in
organic solvents. Its molecular structure is
influenced by pH levels.?* Under acidic conditions,
curcumin predominantly remains in its keto form,
which contributes to its characteristic yellow
colour.?! Conversely, in alkaline conditions, it
transitions to the enol form, which changes the
colour from light-yellow to brownish-red.* This
conversion occurs as the phenol hydroxyl (-OH)
group interacts with the hydroxide ions (OH),
leading to the formation of the phenoxide anion
(C,H.O), which is generally visualized through the
change in colour.’®?¢ Recent research highlights
the multifaceted applications of curcumin,
including its role in cancer therapy, by changing
the pathways that cells use to communicate,
which are involved in tumor progression and
metastasis. It has also demonstrated effectiveness
in the management of various neurodegenerative
diseases, like Parkinson’s and Alzheimer’s, by
lessening oxidative damage and inflammation
in neural tissues. Furthermore, when combined

with pain medications, curcumin demonstrates
synergistic effects in alleviating chronic pain
while minimizing adverse side effects.?”’” Beyond
its therapeutic applications, curcumin contributes
to skin health by combating aging-related factors,
reducing wrinkles and pigmentation, and aiding
in the treatment of acne and wound healing
with its antibacterial and anti-inflammatory
characteristics.?® Additionally, curcumin serves as a
natural food colorant and preservative, preventing
microbial spoilage and potentially enhancing gut
health and metabolic functions.?® A recent study by
Raduly et al. focused on developing advanced drug
delivery systems to augment their bioavailability
and clinical efficacy.?® Moreover, curcumin’s
versatility extends across multiple domains,
making it a valuable component in medicine,
cosmetics, food science, and agriculture. Plant-
based AgNPs are minimally toxic, eco-friendly,
and cost-effective. They facilitate rapid synthesis
without the need for external stabilizing agents
and function under moderate conditions of
temperature, pressure, and pH. This sustainable
approach to NP synthesis enhances its biomedical
potential in combating severe diseases while
addressing concerns associated with conventional
NP production.?*3! Despite numerous reports
on plant-mediated green synthesis of AgNPs,
comprehensive studies utilizing Cl-rhizome extract
that integrate optimization of synthesis conditions,
detailed physicochemical characterization, and
mechanistic investigation of antibacterial activity
remain limited. Most previous works have not
thoroughly explored how parameters like pH,
precursor concentration, and extract-to-silver
nitrate (AgNO,) ratio influence nanoparticle
formation and activity. Additionally, while Cl is
rich in curcumin and other bioactive compounds,
few studies have linked these phytochemicals to
enhanced nanoparticle stability and ROS-mediated
antimicrobial efficacy. This green-synthesis
method favours the United Nations Sustainable
Development Goals (UNSDGs), mainly SDG 3
(Good Health and Well-Being), SDG 6 (Clean
Water and Sanitation), and SDG 12 (Responsible
Consumption and Production), by promoting
eco-friendly NP production with antimicrobial
potential.

This investigation intends to bridge
the scientific gap by optimizing the synthesis of
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CIl-AgNPs under varied physicochemical conditions,
conducting multi-technique characterization, and
assessing their antibacterial mechanism through
ROS generation. The novelty of our approach lies
in demonstrating the superior biomedical potential
of CI-AgNPs, especially inhibiting E. coli and S.
aureus bacterial infections while contributing a
scalable and environmentally friendly alternative
for chemically synthesized NPs in nanomedicine
and antimicrobial therapeutics.

The biological method of AgNP synthesis
using Cl- extract can compete with, and, in some
applications, even surpass, conventional chemical
and physical synthesis methods, provided it is
optimized, standardized, and scaled properly.
This approach is a long-lasting, sustainable, and
biocompatible alternative to the traditional
methods. While it provides environmental and
cost advantages, its market competitiveness
depends on addressing challenges related to
standardization, scalability, and regulatory
compliance. With ongoing advances in green
nanotechnology and extract optimization,
CI-AgNP synthesis holds strong promise for usages
in antimicrobial, biomedical, and environmental
fields.??

MATERIALS AND METHODS

MATERIALS

The chemicals, reagents, media used
were of analytical grade, including AgNO, (Loba
Chemie Pvt. Ltd., 99.9% AR/ACS), sodium hydroxide
(NaOH, Rankem AR/ACS), and 2,2-diphenyl-1-
picrylhydrazyl (DPPH) (Loba Chemie Pvt. Ltd.).
Ascorbic acid and agar media (Luria-Bertani broth
and agar), Gram-negative bacteria E. coli (MTCC
1698), Gram-positive bacteria S. aureus (MTCC
3160), and E. coli DH5a. obtained from Himedia
Laboratories Pvt. Ltd. All the glassware was rinsed
with Aqua-Regia in the ratio of 3:1, followed by
cleaning with Milli-Q water. Organically grown
Curcuma longa (Cl) rhizome was used in this study.

METHODS
Collection and identification of Cl-rhizome

The organically grown rhizome of the C/
was collected from the herbal garden at Lovely
Professional University, Phagwara, Punjab, India.
Its identity was authenticated at the Indian

Institute of Integrated Medicine (CSIR-IIIM,
Jammu, India) and assigned a herbarium accession
number (RRLH-24809). The collected rhizome was
properly cleaned with distilled water, dried using
a tray dryer, crushed and sieved into fine powder,
and stored in an airtight bottle for subsequent
experiments.

Preparation of aqueous extract of C/-rhizome
The aqueous extract of the Cl-rhizome
was prepared as per the methodology reported
previously,* with certain changes. To prepare the
extract, 2 g of plant rhizome powder was added
to a flask containing 100 ml of MilliQ water. The
mixture was further heated for 10-15 min. at
80-90 °C, yielding a dark yellow solution. Upon
cooling, the solution was filtered using Whatman
No. 1 filter paper, and the plant extract was
preserved at 2-4 °C for subsequent use.

Synthesis of AgNPs

The green synthesized CI-AgNPs were
standardized under desirable conditions to
improve accuracy, utilizing an extract to AgNO,
ratio of 1:9, a pH of 12, room temperature (RT),
and a reaction duration of 24 hrs. This procedure
efficiently achieved stable NP formation in
several replicates, as verified by UV-vis and DLS
analysis. The Cl-rhizome prepared with Milli Q
water was gently added to the aqueous AgNO,
(1 mM) solution in a ratio of 1:9 dropwise and to
initiate the reduction of Ag* ions to Ag®. Avoiding
photochemical deterioration, the reaction mixture
was maintained at RT in the absence of light. The
colour of the CI-AgNPs shifted from light-yellow
to brownish-red, depicting the manufacture of
AgNPs. The resultant reaction mixture solution
was further centrifuged at 10,000 rpm for 40 min.
to pellet down the CI-AgNPs, which were then
thoroughly washed with Milli Q water to eliminate
unbound phytochemicals. The washed pellet
was further dried in a hot air oven maintained at
40-50 °C and stored for later characterization, as
illustrated in Figure 1.

While Cl-rhizome extract works as a green
stabilizing, reducing, and capping agent, unreacted
organic compounds or impurities in the extract
may influence NP stability and biological activity.
To minimize these effects, synthesized CI-AgNPs
were purified via centrifugation and washing
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with distilled water. Nonetheless, future work
will include advanced purification and cytotoxicity
testing to evaluate the effect of residual waste on
biocompatibility and storage stability.

Optimization parameters of CI-AgNPs

Different parameters influencing the
synthesis of CI-AgNPs were optimized, i.e. the plant
extract-AgNO, ratio, concentration of AgNO,, pH
of the CI-AgNPs, and reaction time. To standardize
the optimal condition for efficient synthesis of
Cl-AgNPs, different precursor concentrations
(1-5 mM), plant extract-to-precursor ratios (1:1,
1:2, 1:5, and 1:9), and pH (ranging from 6-12)
were evaluated. All experiments were conducted
in triplicate and under dark conditions to prevent
any light-induced reactions.

The synthesized CI-AgNPs extracted from
Cl-rhizome in this experiment were consistent,
as shown by reproducible SPR peaks, stable zeta
potential, and particle morphology across batches.
However, plant-based synthesis inherently
depends on the phytochemical composition of
the extract, which can vary. Therefore, extract
preparation conditions were carefully controlled
to maintain reliability.

~ .4"
Ground to fine powdor

Characterization of CI-AgNPs

The bio-fabricated C/-AgNPs were
analysed with different techniques to uncover
their optical, structural, and morphological
properties. UV-vis. analysis was achieved using
a Lasany/Shimadzu spectrophotometer (Model
No. LI-2800) to monitor the SPR and confirm NPs
formation. The reduction rate was confirmed by
recording the SPR peak at regular intervals, and the
reaction was considered complete once the peak
intensity at 423 nm stabilized after approximately
24 h, indicating saturation in NP synthesis.
Structural characterization was conducted using
XRD, utilizing a Bruker D8 Advance diffractometer
to ascertain the crystalline nature. Functional
group analysis was confirmed using FTIR on a
Perkin Elmer Spectrum 2 instrument to identify
biomolecules involved in reduction and capping.
Morphological and structural assessments were
performed utilizing TEM using a JEOL TEM 2100
Plus and SEM using a JEOL SEM-JSM 7610F, both
complemented by EDAX for elemental composition
analysis. Additionally, DLS analysis was conducted
with a Malvern Zetasizer Nano ZS 90 to assess zeta
size and zeta potential, providing insights into the
dispersion stability and surface charge of the NPs.

2 ¥ é%\

Bolllng (80-90 °C)

Curcuma longa Tray dryer (40-50 °C)
vhizome ——— w7 Filtration
Aquoous
plant extract

;( \

| |
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\/ —— 8 AgNO, solution
Pellets of C;FAgNPs C/-AgNPs

Centrifuged at
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Figure 1. Schematic representation of CI-AgNPs synthesis by the green synthesis method
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Antioxidant efficiency of CI-AgNPs

The antioxidant radical scavenging
capacity of Cl-rhizome extracts and C/-AgNPs
was assessed using the DPPH assay. Different
concentrations (200, 400, 600, 800, and 1000 pg/
ml) of CI-AgNPs, Cl-rhizome extract, and ascorbic
acid as a reference standard were used. Each test
sample was individually added in a 1:1 ml ratio of
DPPH with extract and AgNPs, and was kept for
30 min. in the dark at 37 °C. The absorbance (517
nm) was recorded using a spectrophotometer.
Methanol served as the blank, while ascorbic
acid included as the positive control.?** The free
radical scavenging activity (%) was calculated using
Equation (1).

DPPH activity (%) = [Abs(Control) - Abs
(test sample) / Abs(Control)] x 100
..(1)
Where, Abs is the absorption
A graph was plotted to illustrate
the scavenging efficiency at different sample
concentrations. The experimental setup was
performed in triplicate (n = 3), and results were
noted as mean + SD. One-way ANOVA followed
by Duncan’s post-hoc analysis was used to find the
significant differences between the experimental
groups.

Antibacterial application of CI-AgNPs
Well-diffusion method

The bactericidal properties of CI-AgNPs
were determined against E. coliand S. aureus using
the well-diffusion method, in accordance with
the Clinical and Laboratory Standards Institute
(CLSI) protocols, and the method was adapted
with modifications by Ahmed et al.* In this assay,
the glycerol stock of the bacterial cultures was
revived in sterilized broth of Luria-Bertani (LB) and
incubated for 24 h, at 37 °C. The following day, 100
pl of the freshly revived inoculum was uniformly
spread onto Nutrient Agar (NA) plates through a
sterile glass spreader. Five wells were aseptically
bored into the agar using a sterile borer with each
well supplemented with 100 pl from a 1 mg/ml
stock solution of each sample, including CI-AgNPs,
a positive control (streptomycin), a negative
control (deionized water), Cl-rhizome extract,
and AgNO, as a precursor. The plates underwent

incubation for another 24 hrs, at 37 °C, after which
the zone of inhibition was calculated using a slide
calliper, and the measurements were expressed
in millimeters (mm).%”

Minimum Inhibitory Concentration (MIC)

The broth dilution technique was used to
reveal the MIC of CI-AgNPs for E. coliand S. aureus.
Cl-AgNPs were added to fresh bacterial cultures
at concentrations of 50, 100, 150, and 200 pg/ml.
The MIC for E. coli was observed to be 100 pg/ml,
since observable growth was completely inhibited
at this concentration. Compared to C/-AgNPs,
S. aureus had a lesser sensitivity with a MIC of 150
pg/ml. These findings suggest that E. coli is more
prone to synthesized NPs than S. aureus, probably
due to cell wall differences.*®

Minimum Bacterial Concentration (MBC)

To evaluate the MBC, aliquots from the
MIC tubes were inoculated onto LB agar plates
enriched with the respective concentrations of
CI-AgNPs. Bacterial growth was checked post-
incubation of 24 hrs. The MBC for E. coli was
around 150 ug/ml; however, S. aureus requires
a higher concentration of approximately 200 pg/
ml to attain 90% of bacterial death. These findings
further validate the greater efficacy of CI-AgNPs
against E. coli in comparison to S. aureus.

The enhanced sensitivity of E. coli can be
attributed to the weakened peptidoglycan layer
and the outer membrane of the cell structure,
which facilitates more facile penetration and
interaction with AgNPs. However, the thicker
peptidoglycan protective layer of Gram-positive
bacteria, such as S. aureus, might block penetration
of NPs, which led to the higher dosage for efficient
bacterial activity. This outcome is consistent with
prior research studies about the varied sensitivity
of bacterial strains to CI-AgNPs.

Reactive Oxygen Species (ROS)-mediated
antibacterial mechanism

The DCFDA test was utilized to evaluate
intracellular ROS generation in E. coli subsequent
to treatment with C/-AgNPs. The mechanism
of antibacterial application indicates oxidative
stress, which plays a pivotal role and leads to
the emergence of green fluorescence in the
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treatment of bacterial cells, which signifies
increased ROS levels. Nonetheless, it is essential
to acknowledge that this experiment yielded
only qualitative evidence of ROS generation.
Quantitative fluorescence intensity measurements
using a microplate reader or flow cytometer were
not performed due to instrumentation constraints.
Future studies should incorporate quantitative
ROS analysis to strengthen the mechanistic
understanding of C/-AgNP-induced bactericidal
activity.

Detection of ROS

The impact of C/-AgNPs on the
accumulation of ROS in bacterial cells was
assessed using 2',7'-dichlorofluorescein diacetate
(DCFDA), a fluorogenic dye that detects hydroxyl
radicals, peroxyl radicals, and other activities
of ROS.?® Bacterial cultures were subjected to
CI-AgNPs and adjusted to a concentration of
1 x 106 cells/ml, while untreated samples served
as controls. All cultures were maintained for 24
hrs at 37 °C. Post-incubation, the bacterial cells
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were centrifuged at 6000 rpm for 10 min., and the
supernatant was removed. The pellets were then
resuspended in 100 pM DCFDA and incubated
in dark for 1 hr, followed by washing with
1x PBS. All experiments were repeated thrice, and
fluorescence imaging was performed using a ZEISS
confocal laser imaging microscope.

RESULTS AND DISCUSSION

The green-synthesis of C/-AgNPs was
evidenced by a significant change in colour of the
reaction mixture, which shifted from yellowish to
brownish-red at RT due to SPR. After 24 hrs, the
reaction mixture further transitioned from light
brown to brownish-red, confirming the reduction
of Ag*to Ag°.

Optimization of Parameters for the Synthesis of
CIl-AgNPs
Precursor concentration

Among the various precursor
concentrations (1-5 mM) tested, 1 mM was found
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Figure 2. Synthesis of CI-AgNPs using the standardized conditions: (a) Precursor concentration (1-5 mM), (b) Plant
extract-precursor ratio graph of CI-AgNPs with different ratios, (c) UV-Vis graph of CI-AgNPs showing absorbance
at different pH, (d) UV-Vis graph of Cl-rhizome extract (2%), AgNO, (1 mM), and CI-AgNPs
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to be optimal for the nano-scaling of AgNO,. It
was noted that elevated precursor concentrations
resulted in a lower yield of AgNPs. UV-vis analysis
(Figure 2a) showed a decline in absorbance with
increasing precursor concentration. Therefore, 1
mM was selected as the ideal concentration, as it
produced a sharp and well-defined SPR peak at
400 nm, signifying efficient AgNP synthesis.

Plant extract-precursor ratio

Afreshly prepared aqueous extract of C/-
rhizome powder was used to reduce Ag*ions to
Ag°, with varying volume ratios of Cl-rhizome
extract to AgNO, (1:1, 1:2, 1:5, and 1:9), as shown
in Figure 2b. Among these, the 1:9 ratio confirmed
the successful formation of C/-AgNPs. These results
suggest that increasing the proportion of the
precursor in the reaction mixture enhances the
efficiency of AgNP synthesis compared to lower
AgNO, concentrations.

pH

pH plays a crucial role in NPs synthesis,
influencing their size, morphology, and stability.
Research indicates that higher pH levels in the
solution generally give rise to the formation of
smaller NPs and speed up the synthesis process.*%4
To find out the optimal pH for fabricating AgNPs,
the pH of reaction mixture was adjusted between
6 and 12. At pH 6, the aqueous reaction mixture
exhibited a light-yellow hue, while at pH 12, it
transitioned to a reddish-brown colour. Notably, at
pH 12, the CI-AgNPs were predominantly spherical
and demonstrated the highest absorbance peak
compared to those synthesized at pH 10 and pH
11. Further, Joshi et al.*? reported that an alkaline
pH environment enhances AgNP synthesis by
promoting greater stability, higher yield, and
an improved reduction process. Additionally,
variations in the intensity of the reaction mixture’s
colour with a change in pH, as depicted in Figure
2¢, further confirm these observations. Based on
the spectral analysis, pH 12 was found to be the
optimal condition for synthesizing CI-AgNPs quickly
and easily.

Synthesis of CI-AgNPs at standardized conditions

Based on the optimization experiments,
the ideal conditions for CI-AgNP synthesis were
established as follows: a precursor concentration

of 1 mM, a 1:9 ratio of plant extract to precursor,
and a pH of 12. Under these optimized parameters,
the synthesis of CI-AgNPs occurred instantly at
RT and was subsequently characterized using
various analytical techniques. The corresponding
spectrum, presented in Figure 2d, shows a strong
peak at 423 nm, which represents the SPR of Cl-
AgNPs.

Characterization of CI-AgNPs
UV-vis Spectroscopy

The UV-vis spectroscopy of Cl-rhizome
extract exhibited a peak absorbance observed at
A, 416 nm, which shifted to A__ 423 nm upon
the formation of CI-AgNPs (Figure 3a). When CI-
rhizome extract is dissolved in water, the curcumin
molecules absorb light in the blue-violet spectrum,
making the solution appear yellow.* In this study,
the dropwise addition of Cl-rhizome extract to a
solution of AgNO, led to a visible change in colour
from light yellow to brownish-red at RT, with a
changing pH of the solution. This transformation
is attributed to SPR, NP aggregation, particle size,
interactions with other compounds, and variations
in the dielectric environment.*** Previously
published literature has shown that curcumin
exhibits a pH-dependent colour transition between
pH 2 and 13. It remains yellow in acidic to neutral
conditions (pH 2-7) but shifts to a brownish-red
hue in alkaline environments (pH 8-13). The
addition of 0.1N NaOH effectively ionizes curcumin
crystals, enhancing their solubility.*® The optical
studies confirmed C/-AgNPs synthesis with a
significant peak within the 400-430 nm range,
indicative of AgNP formation.?” Post 24 hrs, the
reduction of Ag*to Ag°resulted in the change in
colour of the solution from light brown to reddish-
brown. Furthermore, this colour variation is closely
linked to the morphology (shape and size) of the
Cl-AgNPs, as well as pH fluctuations, which
influence their morphological and optical
properties. The Cl-rhizome extract serves as both
a stabilizer and a reducing agent, facilitating the
controlled size and leading to the synthesis of
smaller AgNPs.*

Higher temperatures can accelerate NP
aggregation by detaching the capping agents
that don’t require high temperatures or induce
morphological changes by disrupting the capping
biomolecules, changing the NP shape due to
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increased kinetic energy. While exposure to light,
especially UV-vis. can also induce photoactivation,
leading to potential oxidative degradation or
surface modification, altering their properties.
Similarly, extreme pH conditions modify the
ionization or deionization of the functional groups
on the NP surface, which affects their colloidal
stability and zeta potential.*®

XRD

XRD is a highly effective analytical
technique, enabling both qualitative and
quantitative analysis of the crystal structure and
degree of crystallinity. The XRD diffractogram of
Cl-AgNPs showed distinct peaks at 26 values of 23°,
27°,32°,38°,46° 54°,57°,and 76°, corresponding
to the (111), (200), (220), and (311) planes of
AgNPs, as depicted in Figure 3b. The crystal size
calculated by the equation of Debye—Scherrer is
smaller (~16 nm) than the TEM-derived particle
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« Silver nitrate (1mM)
. Cl-AgNPs
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size (¥47.6 nm), which can be attributed to the
fact that XRD measures individual crystalline
domains, whereas TEM captures the entire NP,
including aggregated or polycrystalline structures.
The observed crystallite size and peak intensities
correspond with those documented for plant-
derived AgNPs synthesized via green methods in
prior research.>%>!

The crystal size of CI-AgNPs was calculated
using the equation of Debye-Scherrer, which is
given as:

D=kA/B cos® ...Equation (2)

Where, D = Crystallite domain size, k is the
Scherrer’s constant (k = 0.94), A = X-ray wavelength
(1.540 + A), B is the full width at half maximum
(FWHM), and 6 is the angle of diffraction. Using
Equation (2), the synthesized CI-AgNPs exhibited
an average crystallite size of ~16 nm, which aligns
with the FCC structure of AgNPs.

—— CI-AgNPs

(b)
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Figure 3. Analysis of CI-AgNPs: (a) UV-Vis graph shows Cl-rhizome extract, AgNO,, and CI-AgNPs, (b) XRD peaks
confirm the fcc crystalline nature of CI-AgNPs, (c) FTIR graph of Cl-rhizome extract and CI-AgNPs, (d) DLS histogram
of CI-AgNPs showing Zeta size and Zeta potential values indicating the stability of C/-AgNPs
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FTIR

FTIR analysis was performed to identify
the active functional groups responsible for the
bio-fabrication of AgNPs. The spectra of the Cl-
rhizome extract and the synthesized CI-AgNPs
were recorded in the 400-4000 cm™ range. The
FTIR peaks of the Cl-rhizome extract were observed
at 3296.1, 2136.58, 1636.91, and 588.22 cm™?,
corresponding to O-H stretching, C-H stretching,
C=0 stretching, and Ag-O bonds, respectively. In
contrast, the FTIR spectrum of C/-AgNPs displayed
slight shifts in the corresponding peaks to 3305.97,
2109.31, 1636.85, and 581.77 cm™.2%1 These shifts
indicate the involvement of various functional
groups that are involved in stabilizing and reducing
AgNPs. For example, the shift from 2136.58 cm™!
to 2109.31 cm™ reflects interaction between the
bioactive compounds in the extract and Ag* during
NP formation. Similarly, the shift in the Ag-O
region suggests molecular interaction and binding
during the reduction process. The participation of
hydroxyl groups under alkaline conditions further
enhances the reduction process and stabilizes
the NPs.3”°% Cl extract is rich in curcumin, which

contains (-OH) and B-diketone functional groups
capable of donating electrons to reduce Ag*ions
to elemental silver (Ag°). The electrons initiate the
process of nucleation and formation of AgNPs.
Additionally, Curcuma extract comprises an
extensive range of phytoconstituents, including
tannins, flavonoids, alkaloids, glycosides, and
terpenoids, many of which possess hydroxyl and
carbonyl groups that help reduce Ag* and stabilize
the resulting NPs by capping their surfaces. The

Table. Showing the proportion of elements present
in the synthesized CI-AgNPs formed from the extract
of Cl-rhizome: Spectrum 1 = Elements present; (wt%)
= normalized weight percent of the element; (wt%
sigma) = the atomic weight percent; error in the weight
percent concentration

Spectrum 1 W1t% W1t% Sigma
C 16.34 0.46

(0] 25.70 0.71

Na 2.04 0.20

Ag 55.92 0.67
Total 100.00

Figure 4. (a) SEM image of CI-AgNPs revealed spherical shape observed under 50,000x magnification at 100 nm, (b)
HR-TEM image of CI-AgNPs by drop cast method at 100 nm, (c) Elemental detection analysis of C/-AgNPs indicating
the existence of Ag* at 3 KeV, (d) Silver (red colour) in CI-AgNPs at 250 nm in elemental mapping, indicating

successful coating
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FTIR analysis further supports this mechanism by
confirming the presence and involvement of these
functional groups, thereby validating the dual
activity of Cl-rhizome extract as both a reducing
and capping agent.>

DLS

The DLS technique was employed to find
out the hydrodynamic diameter, PDI, and Zeta
size and potential of the CI-AgNPs. As shown in

(b) 50pg/mL

(a)  Untreated (Control)

the DLS histogram (Figure 3d), the hydrodynamic
diameter of the CI-AgNPs was found to be ~42.98
nm, with a PDI of 0.554, suggesting a moderate
size distribution.>* Additionally, the DLS analysis
revealed a sharp unimodal peak centered around
~58.61 nm, reflecting a monodispersed population
of NPs. In a colloidal state, the sharpness of the
peak indicates uniform particle size and effective
surface capping, which contribute to the stability
of AgNPs synthesis. The negative zeta potential of

(©)  200pg/mL

Figure 5. C/-AgNPs induced cellular ROS generation: (a) Untreated control, (b) CI-AgNPs treated E. coli DH5o. at 50
pg/ml concentration, (c) CI-AgNPs treated E. coli DH5a. strain at 200 pg/ml concentration
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Figure 6. DPPH radical scavenging assay of Cl-rhizome, Ascorbic acid, and CI-AgNPs at different dosages (200, 400,
600, 800, and 1000 pg/ml) showed mean * SD of triplicate measurements (n = 3) for antioxidant activity. Lowercase
(a, b, c); uppercase (A, B, C, D) and lowercase with asterisks (a*, b*, c*, d*, and e*) indicate significant differences
between groups as determined by Duncan’s multiple range post-hoc test (P < 0.05). Values with the same letters

are not significantly different from each other
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the CI-AgNPs, indicating a highly negative charge  Previous studies have reported comparable zeta
of the surface, was measured at -32.4 mV. This  potential values for AgNPs synthesized from
strong electrostatic repulsion between particles  medicinal plants such as Potentilla fulgens (-18
plays a crucial role in preventing aggregation, mV), Alpinia calcarata (-19 mV), Pestalotiopsis
thereby enhancing long-term dispersion stability.>>  microspora (-35.7 mV), Urtica dioica (-24.1 mV),

Figure 7. Efficacy of CI-AgNPs against E. coli and S. aureus strains. (a) and (d) MIC of CI-AgNPs with varying dosage
(50,100, 150 and 200 pg/ml) depicting MIC values at 200 pg/ml (low turbidity), (b) and (c) are MBC results obtained
from test tubes of MIC with different concentration of CI-AgNPs, (e) and (f) Well-diffusion method of CI-AgNPs,
Plant extract, Positive control (Streptomycin), and negative control (Deionized water), all at dosage of 1 mg/ml

LPS

i

LPS Peptidoglycan

Figure 8. Schematic representation of the interaction between CI-AgNPs and bacterial cell wall components. (1)
CIl-AgNPs approach the bacterial surface and initially interact with lipopolysaccharides (LPS) in E. coli, (2) CI-AgNPs
adhere to the external surface of the peptidoglycan protective layer in S. aureus, disrupting cell wall integrity. (3)
In E. coli, after LPS interaction, CI-AgNPs penetrate and interact with the underlying peptidoglycan layer, enhancing
antimicrobial activity through ROS generation and membrane destabilization
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and Jatropha curcas (-23.4 mV), which align
well with our findings. In general, NPs with
zeta potential values exceeding + 30 mV are
considered stable in suspension. Thus, the zeta
potential of C/I-AgNPs observed in this study
supports their excellent colloidal stability and
confirms consistency with previously reported
literature.*156~7

SEM

The morphological and topographical
characteristics were studied by SEM analysis for
CI-AgNPs. The CI-AgNPs found to be spherical,
a highly desirable trait for various applications.
SEM measurements indicated that the synthesized
CI-AgNPs ranged in size between 30 and 70 nm,
as depicted in Figure 4a. These results correspond
to the previous studies, including those by Gupta
et al,*® which reported spherical AgNPs ranging
from 37.2 to 65.1 nm in curcumin-based wound
healing applications. Similarly, biosynthesized
AgNPs derived from an aqueous extract of the C/-
rhizome exhibited comparable characteristics.®**
Other research further supports these findings,
with studies on plant-mediated AgNP synthesis
reporting similar results. For instance, AgNPs
synthesized from Cuphea carthagenensis extract
ranged from 4-18 nm and were spherical, while
those derived from Piper retrofractum extract
ranged from 13.85-34.30 nm, maintaining their
spherical morphology.'”*® The size range of CI-
AgNPs in the SEM analysis is a crucial factor since
reduced size of NPs usually have higher surface area
to volume ratios, which makes them more reactive
and also have unique physicochemical properties.
SEM micrographs revealed predominantly
spherical NPs with relatively smooth surfaces and
minimal signs of aggregation. The well-dispersed
appearance supports the hypothesis that bioactive
compounds in the C/ extract effectively stabilized
the NPs. These analytical techniques make them
exceedingly useful for biological use, such as drug
delivery and antimicrobial activity.?”*

HR-TEM

A solution of CI-AgNPs was deposited
onto a copper grid coated with carbon. For
sample preparation, a diluted solution of CI-AgNPs
was utilized to prepare the samples. After the
drying process, the samples were air-dried at RT

and subsequently placed in a desiccator before
analysis. The HR-TEM picture, which is displayed
in Figure 4b, showed that C/-AgNPs are spherical
in shape. Using ImagelJ software to analyze TEM
images, CI-AgNPs had an average particle size of
47.6 £ 8.2 nm, with maximum particles exhibiting
spherical morphology. This size range is consistent
with the DLS and XRD data. The spherical CI-AgNPs
formed via plant-mediated approaches are well
documented with the results of prior research
studies.”

EDAX with elemental mapping

The elemental composition of Cl-AgNPs
and quantitative analysis were characterised by
using the EDAX. A prominent absorption peak
corresponding to elemental silver was observed at
3 keV, as depicted in Figures 4c and 4d. The EDAX
graph depicts the presence of carbon (C), oxygen
(0), sodium (Na), and silver (Ag) in the powdered
sample, with their respective proportions of
16.34%, 25.70%, 2.04%, and 55.92%, as detailed
in Table. These results confirm the effective
synthesis of CI-AgNPs and provide insight into their
elemental composition.

Detection of ROS by DCFDA (2',7'-
dichlorofluorescin diacetate) method in bacterial
cells

Various studies have demonstrated
that AgNPs significantly boost intracellular ROS
generation, which subsequently inflicts damage
on essential components of cells, including lipids,
proteins, and DNA. The DCFDA assay is widely used
to quantify ROS levels in bacterial cells exposed
to AgNPs, as previously reported Bera et al and
Karanam & Arumugam.®%¢! |n this method, the
fluorescence emitted by DCF serves as a reliable
marker of ROS presence within cells, providing
valuable insights into the extent of oxidative stress
induced by AgNPs, as shown in Figures 5a, 5b, and
5c.

In the present study, C/-AgNPs were
shown to cause oxidative stress in bacterial cells
by generating ROS, compared to the untreated
control, ultimately leading to bacterial cell death.
This oxidative stress is primarily attributed to the
interaction of AgNPs with the bacterial cell wall,
which disrupts cellular processes and triggers
ROS production. These findings further support
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the antimicrobial potential of CI-AgNPs governed
through a ROS-mediated mechanism.

Antioxidant activity

Clis well known for its strong antioxidant
properties.®>®? In this study, C/-AgNPs exhibited
significant antioxidant potential, which is
attributed to various phytoconstituents found
in the Cl-rhizome extract, such as alkaloids,
flavonoids, and the primary bioactive compound
curcumin. The antioxidant activity of the CI-
rhizome extract, C/-AgNPs, and ascorbic acid was
found to be concentration-dependent, increasing
with dosage. Notably, CI-AgNPs demonstrated
superior antioxidant efficacy compared to ascorbic
acid (the standard), as illustrated in Figure 6.
Furthermore, CI-AgNPs displayed significant DPPH

AgNO;
Silver nitrate
NADH+ H* NADH+ H*

(Oxidized)

NAD+
(Reduced)

Damage

Oxidative

Green synthesis of
AgNPs

U e ’

Act as capping and
stabilizing agents

stress

radical scavenging activity, underscoring their
potential applications in the medical field.

The antioxidant potential was measured
using the assay of DPPH, in which CI-AgNPs, CI-
rhizome extract, and ascorbic acid were incubated
with the solution of DPPH, then the absorbance
after 30 min was measured at 517 nm. The plotted
scavenging data (Figure 6) indicate that all tested
samples exhibited more than 50% scavenging at
200 pg/ml, suggesting that the IC, values are
below 200 pg/ml. Specifically, CI-AgNPs exhibited
an IC_  around 130-160 pg/ml, which is less than
that of the Cl-rhizome extract and close to that of
ascorbic acid. All IC, | estimates were normalized
to pug/ml and conducted in triplicate.

The antioxidant test findings were shown
as the mean = SD for each treatment group.

Dried sample of
AgNPs

Denaturing the membrane proteins
and penetrating to the bacteria

Figure 9. Diagrammatic illustration of the antibacterial mechanisms of action of AgNPs involving multiple pathways
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Statistical analysis was performed by employing
one-way ANOVA, followed by Duncan’s post-
hoc test, with a significance threshold of p <
0.05. In the graphical representation, distinct
letters indicate significant differences: lowercase
letters (a, b, ¢) correspond to variations in the
Cl-rhizome extract, uppercase letters (A, B, C)
represent differences in CI-AgNPs at varying
concentrations, and lowercase with asterisks
(a*, b*, c*, d*, e*) denote significant differences
in the ascorbic acid (standard sample) group at
p <0.05.

Bactericidal activity

The antibacterial assay of C/-AgNPs
was performed through well-diffusion method
utilizing E. coli and S. aureus species. Initially,
glycerol stocks of bacterial cultures were revived
in Luria-Bertani (LB) broth and incubated for
24 hrs at 37 °C in an incubator shaker. The next
day, each Nutrient Agar (NA) plate was added
with 100 pl of the revived bacterial inoculum and
uniformly spread over the surface of the plate
using a sterile glass spreader. Five wells were
aseptically made in the agar using a sterile borer.
Each well was added with 100 pl of C/-AgNPs,
antibiotic, as a positive control (streptomycin), a
negative control (deionized water), AgNO, as the
metal ion solution, and Cl-rhizome extract, all at a
dosage of 1 mg/ml. The prepared NA agar plates
with treated samples were then incubated for
24 hrs at 37 'C. Post-incubation, zone of inhibition
was measured in millimeters (mm) using a slide
calliper and documented, as shown in Figures 7a-f.

The efficacy of CI-AgNPs was confirmed
against the bacterial strains utilizing MIC, MBC,
and well-diffusion techniques. All MIC and MBC
assays were performed using LB broth (pH 7.4)
under sterile conditions. NP stock solutions were
freshly prepared and used immediately.

The results showed that C/-AgNPs
exhibited a better and stronger inhibitory effect
against E. coli, with an MIC of 100 pug/ml and an
MBC of 150 ug/ml, as compared to S. aureus,
which displayed an MIC of 150 pug/mland an MBC
of 200 pg/ml. These findings demonstrate a higher
susceptibility of E. coli to CI-AgNPs, consistent with
earlier studies on AgNPs synthesized via green
methods. This difference in bacterial sensitivity

can be ascribed to the structural attributes of their
distinct cell walls.

E. coli has a weaker peptidoglycan
protective layer and an external membrane that is
richin lipopolysaccharides. This may make it easier
for NPs to get through and interact with them.
In contrast, S. aureus has a thicker or stronger
peptidoglycan layer, which probably functions as
a physical barrier, reducing AgNP penetration and
requiring a higher NP concentration to achieve
bactericidal effects, as illustrated in Figure 8.

A comparative analysis with reported
literature highlights the enhanced antibacterial
effectiveness of AgNPs synthesized using
Cl-rhizome extract. In a study by Ahmed et al.,
synthesized AgNPs using Azadirachta indica
showed an inhibition zone at 9 mm for both
E. coli and S. aureus, with MIC of 100-150 pg/ml
and an MBC of 200 pg/ml. Similarly, Sathyavathi
et al. reported AgNPs derived from Coriandrum
sativum that exhibited inhibition zones of 6-10
mm against E. coli and Bacillus subtilis, with MIC
of 125-200 pg/ml and an MBC of 250 pg/ml.
Researchers found that AgNPs synthesized using
Ocimum sanctum showed inhibitory zones ranging
from 7-10 mm for Pseudomonas and S. aureus,
with MIC ranging from 125-200 pg/ml and an
MBC of 250 pug/ml. In comparison, the CI-AgNPs in
the current study demonstrated inhibitory zones
of 8 mm for E. coli and 6 mm for S. aureus, with
MIC of 150-200 pg/ml and an MBC of 200 pg/ml.
Beyond comparable bactericidal efficacy, CI-AgNPs
uniquely exhibited ROS-mediated antibacterial
action, confirmed via DCFDA fluorescence imaging.
The presence of bioactive compounds such as
curcumin, flavonoids, and phenolics in the C/
extract likely enhances NP surface reactivity and
biological performance, making this synthesis
method a more efficient, biologically potent, and
environmentally friendly alternative to other plant-
based approaches.

The antibacterial efficacy of CI-AgNPs was
also compared with that of the Cl-rhizome extract.
The inhibitory zones for CI-AgNPs against E. coli
and S. aureus were 8 mm and 6 mm, respectively,
while the zones for Cl-rhizome extract were
negligible (no inhibition). This demonstrates a
significant enhancement in antimicrobial efficacy
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upon NP synthesis, likely due to increased surface
area, ROS generation, and improved bioavailability.

Moreover, the ROS assay demonstrated
enhanced oxidative stress within E. coli cells
treated with C/-AgNPs, further contributing
to membrane disruption and cell death. This
ROS-mediated mechanism, combined with NP-
induced structural destabilization, underpins the
observed antibacterial efficacy. The observed
inhibition zones in the well-diffusion assay also
supported this trend, with C/-AgNPs producing
larger zones of inhibition against E. coli than
S. aureus at equal concentrations. Overall, these
results emphasize that the C/-AgNPs might be
useful or effective antimicrobial medications,
especially against Gram-negative pathogens.
Their dual action, mechanical disruption, and
oxidative stress add value to their application in
antimicrobial formulations targeting drug-resistant
infections.”63

Mechanism/mode of action of AgNPs

The antibacterial activity of C/-AgNPs
synthesized using Cl-rhizome extract can be
attributed to multiple, interrelated mechanisms, as
supported by our experimental findings. Notably,
the MIC and MBC results demonstrated greater
susceptibility of E. coli (MIC: 100 pug/ml; MBC: 150
pg/ml) compared to S. aureus (MIC: 150 pg/ml;
MBC: 200 pg/ml), suggesting that C/-AgNPs are
more efficient towards Gram-negative bacteria.
This unique response could be because of the
differences in the structure of the cell wall; the
thinner peptidoglycan layer and outer membrane
of the Gram-negative bacteria allow for easier
penetration and accumulation of NPs, whereas
the thicker peptidoglycan barrier in Gram-positive
bacteria offers more resistance.®

Further, ROS-mediated oxidative stress
was confirmed through the DCFDA assay, treated
with CI-AgNPs revealed green fluorescence in
E. coli cells. This observation shows that C/-AgNPs
induce intracellular ROS, leading to membrane
rupture, denaturation of proteins, and DNA
damage in bacterial cells. Although the ROS
analysis was qualitative, it supports the hypothesis
that oxidative stress plays an important role
in the antibacterial efficacy of CI-AgNPs.®®> The
physicochemical properties of the synthesized
NPs, particularly their nanoscale size (30-70 nm),

spherical morphology, and presence of bioactive
surface capping agents, may enhance their
interaction with bacterial membranes. These
features likely facilitate adhesion, penetration,
and subsequent breakdown of the cell membrane,
which causes the cell contents to flow out and
death of the cell.®®

Together, the observed antibacterial
effects of CI-AgNPs in our study appear to result
from a combination of cell membrane interaction,
ROS generation, and NP-induced structural
damage.®” These mechanisms are consistent
with earlier studies, but are validated in the
context of Cl-mediated NP synthesis, highlighting
the therapeutic potential of plant-based AgNPs
in antibacterial applications.®®® A detailed
representation of this proposed antibacterial
mechanism is shown in Figure 9.

CONCLUSION

One of the most efficient and sustainable
methods for synthesizing AgNPs involves utilizing
plants or plant extracts. These natural sources
are abundantly available, environmentally
friendly, cost-effective, and rich in diverse
biochemical compounds that facilitate NP
formation. Among the numerous applications of
AgNPs, their antibacterial properties stand out
as one of the most extensively researched and
utilized. Biofabricated Cl-AgNPs have emerged
as the key players in the rapidly evolving fields
of nanomedicine and nanotherapeutics due
to their unique size, shape, and morphological
characteristics, making them highly valuable tools
for biomedical research and potential clinical
applications. However, despite their considerable
potential, the detailed antibacterial mechanisms
of these NPs are still partially understood.

This study investigates the biological
applications of C/-AgNPs, emphasizing their
benefits and difficulties encountered in their
utilization against bacterial infections. With
ongoing advancements in the development of
innovative biofabricated NP technology, their
role in modern medicine is expected to expand,
paving the way for novel therapeutic strategies
to improve clinical outcomes. While the present
study demonstrates strong in vitro antibacterial
and antioxidant activities of CI-AgNPs, their in
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vivo efficacy and biocompatibility remain to be
explored. Future studies will focus on evaluating
cytotoxicity in mammalian cell lines and assessing
in vivo bioavailability, immune interaction, and
tissue compatibility to determine the adaptive
potential of CI-AgNPs for biomedical applications.

CI-AgNPs exhibit broad application
potential across multiple domains, including
biomedicine, environmental remediation,
agriculture, food preservation, biosensing
technologies, and cosmetics. Their synergistic
properties, combining the antimicrobial and ROS-
scavenging activity of AgNPs with the bioactive
benefits of C/, make them an attractive platform
for modern nano-based technologies. Future
research should emphasize clinical validation and
regulatory scaling to translate these applications
into real-world use.

Nonetheless, further investigations are
necessary to refine AgNP synthesis methods,
ensuring precise control over their physicochemical
properties while minimizing toxicity and adverse
effects. Additionally, a deeper understanding
of their mechanisms of action is also crucial for
enhancing both biocompatibility and therapeutic
efficacy.

Acomprehensive grasp of the optimization
process, including yield and production efficiency,
is essential for achieving precise size control
of AgNPs, thereby ensuring their suitability for
biomedical and other applications. It is feasible to
make AgNPs with well-defined characteristics by
carefully adjusting synthesizing parameters, such
as precursor concentration, reaction mixture time,
temperature of the reaction, pH, and the type
of stabilizing agents used. Such optimization is
particularly important, as NP size and morphology
have a direct impact on biological activities,
especially their ability to inhibit or eradicate
pathogenic microorganisms responsible for
infectious diseases. Moreover, modifications in
the proportion and nature of phytoconstituents in
the plant extract can also have an immense impact
on the surface charge and binding affinity of the
forming NPs. These alterations, in turn, affect the
particle shape, dispersity, and colloidal stability
of AgNPs, underscoring the need for standardized
extract preparation to achieve reproducible
synthesis outcomes.

Owing to their small size, bioactive
curcumin coating, and ROS-generating ability,
CIl-AgNPs also offer promising potential as
nanocarriers for targeted drug delivery. Their
surface chemistry supports efficient drug loading,
while their interaction with oxidative and
inflammatory pathways suggests suitability for
responsive delivery systems. Future work should
investigate drug encapsulation efficiency and
controlled release under physiological conditions,
emphasizing their advantages over conventional
therapy.
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