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Green synthesis of silver nanoparticles (AgNPs), using medicinal plants, is widely practiced due to the diverse
bioactive compounds present in these plants, which can act synergistically with the AgNPs. Notably, the
rhizome of Trillium govanianum Wall Ex. Royle is rich in bioactive phytochemicals such as steroids, saponins,
glycosides, and fatty acids. This study aims to synthesize and characterize AgNPs mediated by the Trillium
govanianum rhizome ("RAgNPs) and comprehensively investigate their biological activities. The results
indicated that phytochemicals in the rhizome may function as reducing and capping agents in the synthesis of
TGRAGNPs. Overall, this study presents a simple, rapid, cost-effective, and eco-friendly method for nanoparticle
production. Subsequently, the T*RAgNPs were characterized using UV-vis spectroscopy, FTIR, XRD, DLS, zeta
potential, SEM-EDX, and TEM analyses. GC-MS analysis of the extract identified several phytochemicals that

Received 23rd September 2024, might play crucial role in the synthesis of TSRAgNPs. Moreover, T“*AgNPs demonstrated significant antioxidant,

Accepted 3rd December 2024 anticancer (against HCT-116 cell lines), anti-inflammatory, and DNA protection activities. Additionally, hemolytic
DOI: 10.1039/d4ma00959b assay confirmed the non-toxic and hemo-compatible nature of T*RAgNPs at all tested concentrations. The
findings suggest that the green synthesized T*AgNPs have promising potential as biocompatible antioxidant,

rsc.li/materials-advances anti-inflaimmatory, and anticancer agents in biomedicine.

physicochemical methods, such as gamma-ray radiation, auto-
claving, electrochemical techniques, and chemical reduction
approaches, are being explored to achieve efficient yields of
AgNPs.” However, these methods are often expensive, time-
consuming, energy-intensive, and require extreme experi-

1. Introduction

Nanoscience is rapidly emerging as a pivotal field for producing
various metal nanoparticles, which have diverse applications in
biomedicine and diagnostics."”> Due to their unique physico-

chemical properties, these metal nanoparticles hold great
promise in biotechnology, biomedicine, optoelectronics, diag-
nostics, therapy, and bio-sensing.>* Silver nanoparticles
(AgNPs) have garnered significant attention for their excep-
tional biocompatibility, low toxicity, and multiple biological
activities, including antimicrobial, anticancer, and antioxidant
effects.”® Consequently, the synthesis of AgNPs has become a
focal point for the scientific community. Several
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mental conditions like high temperatures, pressures, and
sophisticated equipment. The adverse effects of toxic agents
adsorbed and capped on nanoparticle surfaces remain a sig-
nificant concern.®>® Conversely, biological approaches using
bio-resources such as plants and microorganisms are becoming
increasingly popular for synthesizing AgNPs with biomedical
applications. These methods are cost-effective, less time-
consuming, have reduced toxicity, and are more sustainable
compared to traditional physicochemical techniques.'®™*
Furthermore, these biological agents are inherently biocompa-
tible and biodegradable, allowing for simple scale-up to large-
scale production."® Generally, for a process to be suitable for its
scale-up to industrial level, a number of criteria need to be
satisfied such as - (i) the raw materials, products, by-products,
and wastes must be environmentally friendly, (ii) the required
raw material should be producible, industrially abundant, and
available in large scale, (iii) the conditions required for the
process should be well defined with an ability to be controlled
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automatically and (iv) the production process should be economic-
ally appropriate for investment. In light of these, green synthesized
nanoparticles are emerging as potential candidates for large-scale
nanoparticle production. Among the synthesizing agents, plant
extracts are particularly advantageous for the green synthesis of
AgNPs as the phytochemical constituents in the extracts prevent
nanoparticle aggregation and efficiently reduce metal precursors,
resulting in the rapid formation of stable nanoparticles."*™® More
importantly, the coated bioactive phytochemical constituents exhi-
bit synergistic effects with the synthesized AgNPs. Due to this,
traditional Indian medicinal herbs have attracted increased atten-
tion for their use in nanoparticle synthesis."” "

To date, several Indian medicinal herbs such as Ocimum
tenuiflorum,®* Lysinibacillus fusiformis,* Azadirachta indica,**
ficus bengalensis,”® ocimum sanctum,”® Tridax procumbens”
etc., have been employed in green fabrication of AgNPs with
significant biocompatibility and multifarious biological activ-
ities such as antioxidant, anti-inflammatory, cytotoxicity and
DNA protection. In addition to this, Solanum trilobatum, Indo-
neesiella echioides, Azadirachta indica and Achillea biebersteinii-
mediated AgNPs exhibit potent biological activities, including
antimicrobial, antioxidant, and cytotoxicity.”*' Furthermore,
P. fulges-mediated AgNPs showed effective cytotoxicity against
various cell lines, while banana peel extract-mediated synthe-
sized nanoparticles exhibit potent antibacterial properties.>
Trillium govanianum Wall. ex D. Don, native to high-altitude
ranges of the Himalayas, is also a high-value medicinal plant
from the family Melanthiacea. Morphologically, Trillium gova-
nianum is a small herb characterized by three ovate leaves and a
distinct stalk. It is abundant in bioactive phytochemicals,
including fatty acids, phenols, hydrocarbons, saponins, carbo-
hydrates, and steroids, contributing to its diverse biological
activities.>> Among different parts of the plant, rhizomes have
garnered significant attention due to the rich content of potent
bioactive compounds such as diosgenin and glycosides, which
are widely utilized in preparing steroidal and sex hormones. So
far, only a single study has reported on Trillium govanianum-
mediated AgNPs with antimicrobial properties.** The present
investigation marks the first comprehensive exploration of a
simple, sustainable, rapid and cost-effective method for the
green synthesis of highly biocompatible AgNPs, utilizing aqu-
eous extract from Trillium govanianum rhizomes. Additionally,
we conducted a detailed evaluation of the green synthesized
biocompatible AgNPs for various biological activities such as
antioxidant, anti-inflammatory, cytotoxicity and DNA damage
protection. Moreover, in silico analysis was carried out to
identify possible target molecules and pathways implicated in
the biological activities of the synthesized silver nanoparticles.

2. Experimental
2.1. Materials

Silver nitrate (AgNO;, 99.5% purity), 1,1-diphenyl-2-picryl-
hydrazyl (DPPH), (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tet-
razolium bromide (MTT), r-Ascorbic acid (99% purity), and

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

View Article Online

Materials Advances

methanol were purchased from Sigma Aldrich, USA. Trillium
govanianum rhizome leaves were collected from the higher
reaches of the Kashmir Himalayas. All other chemicals were
of analytical grade with highest purity and were used without
any additional purification.

2.2. Preparation and phytochemical analysis of
T. govanianum rhizome extract

The aqueous extract of T. govanianum was prepared by dissol-
ving 5 mg of the extract in 10 mL of distilled water. To remove
the debris/impurities, the aqueous extract was filtered through
standard filter paper followed by Whatman filter paper No. 1.
The filtered solution, referred here as Trillium govanianum
rhizome (TGR) extract, was used as a reducing and stabilizing
agent for the nanoparticle synthesis. Subsequently, Gas chro-
matography - Mass spectrometry (GC-MS) analysis of the TGR
extract was performed using Agilent 7000 D triple quadrupole
GC/MSD. Helium was used as the carrier gas at a flow rate of
1 mL min~". A 1:100 v/v sample dilution in hexane was made,
and 1.0 pL of sample was injected. The temperature of the
column was first adjusted to 50 °C. It was then progressively
raised to 150 °C at a 3 °C min~ ' rate and eventually raised to
250 °C at 10 °C min~". The electron emission and ionization
energy were 100 pA and 70 eV, respectively. The inbuilt NIST
library of the GC-MS instrument was used to establish the
structure, name, and molecular structure of the phytochem-
icals of TGR extract.

2.3. Synthesis of Trillium govanianum-mediated AgNPs
("RAgNPs)

For the preparation of "*®AgNPs, 50 mL of 0.1 M silver nitrate
aqueous solution was taken in a 250 mL beaker with constant
stirring at 30 °C. To this solution, 50 mL of TGR extract was
added and stirred for 15 minutes. Initially, the formation of
TGRAGNPs was observed by a colour change from yellowish to
dark brown, followed by its confirmation through UV-visible
spectra measurements at different time intervals and days. The
prepared "S®AgNPs were collected as pellets after centrifuga-
tion at 10 000 rpm for 20 minutes, followed by several washings
with deionized water and ethanol to remove unreacted material
or impurities. The final green synthesized "**AgNPs were dried
at 60 °C for 24 h and stored in a dark glass bottle at 4 °C for
further characterization and activity studies.

2.4. Characterization of "“®AgNPs

The bioreduction of silver ions to silver nanoparticles was
characterized by monitoring its UV-vis spectra using Cary-100
UV-visible spectrophotometer at wavelength range of 200-
800 nm. The spectra were taken at different time intervals to
confirm the complete reduction of Ag* to Ag’. To assess the
stability of the nanoparticles, the spectra were taken over a
period of 5 days and at different temperatures. The functional
groups responsible for capping/stabilizing the AgNPs and the
phytochemical constituents of the plant extract were identified
by FTIR (Fourier transform infrared) spectroscopy. The FTIR
spectra were collected using the Burker Tensor 37 instrument.
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All the spectroscopic measurements were taken in 450-
4000 cm™ ' range. Scanning electron microscopy (SEM) was
performed to confirm the surface morphology of the nanopar-
ticle. For this study, a thin layer of the "°*"AgNPs was placed on
a carbon-coated copper grid. The grid was kept under a mercury
lamp for 5 minutes to allow the sample to completely dry and
the images were recorded. Furthermore, the size, shape and the
corresponding selected area electron diffraction (SAED) were
analysed with a transmission electron microscope (TEM). SAED
is a two-dimensional electron diffraction pattern used to study
the lattice parameters and crystallinity of materials. The sam-
ples for TEM analysis were prepared by dissolving the "“®AgNPs
in distilled water. The sample was sonicated for 5 minutes,
placed on the copper grid, and dried. The images were recorded
at different magnification powers. The X-ray diffraction (XRD)
technique was employed to ascertain the crystal structure of
TGRAGNPs by examining the location and intensities of diffrac-
tion peaks, commonly observed in highly crystalline sub-
stances. The diffraction pattern was captured within a range
of diffraction angles spanning from 20° to 80°. The XRD
investigations were performed with a D8 Advance, Bruker,
Germany X-ray diffractometer with Cu Ko (1.542 A) radiation
source. Dynamic light scattering (DLS) approach was employed
to assess the hydrodynamic particle size distribution, polydis-
persity index (PDI), and {-potential of the nanoparticles using a
Zetasizer nano ZS equipment (Malvern Instruments, Malvern,
U.K.). The light scattering angle was set at 90°, and the size
measurements were performed at 25 °C. The electrophoretic
cell was utilized to measure the surface charge, also known as
the (-potential, of the T™®AgNPs in an electric field. The
preparation of the sample mainly involved the dilution of the
nanoparticles with MilliQ water and subjecting them to ultra-
sonication for 5 minutes, resulting in the formation of a
uniformly disseminated suspension.

2.5. Free radical scavenging activity

For assessing the antioxidant activity of the T¢®AgNPs,
the DPPH assay was performed as per the established
method®® with slight modifications. Different concentrations
of T“®AgNPs (0.05, 0.1, 0.15, 0.2, and 0.25 mg mL ") were added
to 1 mL of DPPH (0.02 mg mL™ '), with vigorous shaking
followed by incubation at room temperature for 30 minutes.
Ascorbic acid was used as a positive control, and methanol as a
blank. The absorbance was measured at 515 nm and analyzed
using a Cary 300 UV-vis spectrophotometer. The percentage
scavenging activity was calculated by the following equation:

Ac— Ay)

1 1
1L x 100 (1)

Scavenging activity(%) =
where A, is the absorbance of the control and A is the
absorbance of the sample. All the experiments were performed
in triplicate.

2.6. Hemo-compatibility assay

Compatibility of "™®AgNPs for red blood cells (RBCs) was
observed using a haemolytic assay as per the already

684 | Mater. Adv, 2025, 6, 682-702

View Article Online

Paper
established protocol,*® with slight modifications. Briefly, fresh
blood samples (5 mL) were collected from healthy volunteers at
the Diagnostic Centre of the Department of Clinical Biochem-
istry, University of Kashmir, in EDTA tubes. The blood samples
were centrifuged at 2000 rpm for 15 minutes at 4 °C to separate
the cells from the serum. After separation from the serum, the
precipitated RBCs were washed thrice in PBS buffer (pH 7.4).
RBC; were dispersed in PBS to prepare RBC suspension (1%).
Following this, 1 mL of RBC suspension in separate tubes was
mixed with different concentrations of "**AgNPs (0.05, 0.1, 0.2,
0.5, and 1 mg mL™"). Following incubation at 37 °C, the tubes
were centrifuged at 800 g for 5 minutes. The supernatant
formed was collected, and measured its absorbance at
545 nm. RBCs were treated with phosphate-buffered saline
(PBS) and Triton-X as negative and positive controls, respec-
tively. All the experiments were done in triplicates. The percen-
tage of haemolysis was calculated by the following formula:

(4i = An)

H lysis = ————=
% Haemolysis (e = An)

x 100 (2)
where A, represents the absorbance of the test sample, 4, is the
absorbance of the negative control, and A, is the absorbance of
the positive control.

2.7. Cytotoxic activity assay

Cytotoxic effect of "“*AgNPs was performed on the HCT-116
cell line under in vitro conditions, using standard MTT assay.’’
The cell lines were obtained from the National Centre for Cell
Science, Pune, India. In this assay, HCT-116 cells were plated in
a 96-well plate at a density of 1 x 10" cells per well and allowed
to attach overnight. After removing the supernatant, different
concentrations of "*®*AgNPs (0.05-0.5 mg mL ™) were added to
each well, and the cells were allowed to grow at 37 °C with 5%
CO, for 24 h. Following this, MTT was added to each well, and
plates were kept at 37 °C for 4 h. After 4 h, MTT was replaced
with 200 pL DMSO, and cells were agitated for 5 minutes.
Absorbance at 570 nm was measured using an iMark Micro-
plate reader (Biorad, USA). Absorbance measured was used to

calculate the percentage of cell cytotoxicity using the formula:
(Ae — 4)
A

C

Cell cytotoxicity (%) = x 100 (3)
where A, is the absorbance of the treated sample and A, is the
absorbance of the control.

2.8. Anti-inflammatory activity

In vitro anti-inflammatory activity of "*AgNPs was carried out
as per the already established protocol*® with some minor
modifications. Briefly, the reaction mixture consisted of
2.8 mL of PBS, 0.2 mL of 5% Bovine Serum Albumin (BSA),
and different volumes of the "*®AgNPs with a concentration
range of 0.1-0.4 mg mL ™ '. The total volume was made up to
5 mL using PBS. The mixture was then incubated at 37 °C for
20 minutes and then at 70 °C for 10 minutes. After cooling, the
absorbance of the mixture was monitored at 660 nm. The
solution of PBS (2.8 mL) and BSA (0.2 mL) was used as control,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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and diclofenac sodium was taken as a standard. The following
equation was used to calculate the inhibition percentage of
protein denaturation.

(Ae — 45)

Il’lhlbltlon(%) = A—
c

x 100 (4)
where A. indicates absorbance of the control, and A is the
absorbance of the sample.

2.9. DNA damage protection assay

The DNA damage protection potential of "“*AgNPs was eval-
uated by DNA nick assay as described earlier’® with minor
modifications. In this, a mixture of 20 pL of calf thymus DNA
and 1 uL of different concentrations of "*fAgNPs (0.1-0.9 mg
mL~") were added to 3 pL of Fenton’s reagent (30 mM H,0,,
100 mM ascorbic acid and 20 mM ferric nitrate). The reaction
mixture was then incubated at 37 °C for 20 minutes. Post
incubation, 3 pL of orange G dye (6x) was added to the mixture.
Following this, the reaction mixture was loaded on 1% agarose
gel, and electrophoresis was run for 10 minutes at 155 V,
followed by ethidium bromide staining. Observed bands were
visualized using an imager gel documentation system (Bench-
top UV Transilluminator).

2.10. Experimental and statistical analysis

All the experiments were conducted in triplicate and One-Way
ANOVA with Bonferroni t-test was applied to analyse inter-
group differences and the results obtained were presented
either as mean value + standard deviation or the corresponding
percentage error, wherever applicable, with respective p values
as indicated in the respective result sections. The spectra and
profiles displayed are indicative of a minimum of three sepa-
rate measurements for each concentration.

3. Network pharmacology-based
analysis

3.1. Physicochemical parameters of palmitic acid

The SMILES notation for palmitic acid was provided as input to
SwissADME, a publicly accessible online tool (https://www.
swissadme.ch/), designed for rapid and robust prediction of
physicochemical characteristics and pharmacokinetic para-
meters, including ADME (Absorption, Distribution, Metabo-
lism, and Excretion) properties. SwissADME employs state-of-
the-art computational methodologies to efficiently compute
drug-likeness (DL), oral bioavailability (OB), Caco-2 permeabil-
ity, lipophilicity, and other relevant features for naturally
occurring small molecules. The evaluation of the compound’s
drug-likeness was determined in accordance with Lipinski’s
rules and other guidelines.*’

3.2. Identification of palmitic acid target genes

In this, the saturated data file (SDF), containing the chemical
structure of palmitic acid, was acquired from the PubChem
database (https://pubchem.ncbi.nlm.nih.gov). Subsequently
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was imported to two separate web-based server databases,
PharmMapper (https:/lilab.ecust.edu.cn/pharmmapper/)** and
SwissTarget*> for identification of its related target genes. The
list of potential target genes was then retrieved as a CSV file, and
the gene names were standardized to gene symbols by consult-
ing the UniProt database (https://www.uniprot.org).

3.3. Protein-protein interaction (PPI) network construction

The PPI network is a pictorial representation of the highly
specific protein—protein edge interaction for the identification
of key genes and potential biomarkers involved in several
biological processes. For this, the Network Analyst free web
tool, STRING, was used to construct the PPI network based on
the physical connections between the palmitic acid gene
targets.*>** A minimum cutoff confidence score of 0.70 was
used to develop the network, and the output data was analysed
using cytoscape 3.8.2.

3.4. Gene ontology (GO) and pathway enrichment analysis

For this, functional analysis was carried out to evaluate
the biological activities of the palmitic acid gene targets
through GO and pathway analysis by using Shiny GO.** Gen-
erally, GO is a powerful computational tool for performing
enrichment analysis on gene sets wherein the GO terms and
pathways are primarily grouped into three biological functions
i.e., biological process (BP), Cellular component (CC) and
Molecular function (MF).*® The pathway-related data was
extracted using the Kyoto Encyclopedia of Genes and Genomes
(KEGG) database. KEGG pathway is a collection of pathway
maps used to understand the high-level functioning of biolo-
gical processes, including metabolism, human diseases and
drug development.

Ethical statement. All the experiments were performed in
compliance with the relevant laws and Institutional guidelines
as per the Institutional Biosafety Committee, University of
Kashmir.

4. Results and discussion

Developing reliable and eco-friendly approaches for generating
biologically active nanoparticles is an emerging area of research
in nanotechnology. Generally, green synthesis employs envir-
onmental friendly natural materials, instead of chemicals, for
nanoparticle synthesis. Among these, plant-based extracts have
been widely utilized to synthesize different NPs with defined
size, shape, and composition. Indeed, these extracts contain
several classes of phytochemicals such as polyphenols, alka-
loids, saponins, etc. that carry out reduction of metal.*” More-
over, plant synthesized NPs, as compared to chemically
synthesized ones, exhibit multifarious biological activities with
least side effects. In light of this, the present study employed
Trillium govanianum rhizome aqueous extract for green synth-
esis of silver nanoparticles, termed Trillium govanianum-silver
nanoparticles ("*®AgNPs), followed by their characterization
and evaluation of several biological activities.
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Fig. 1 Schematic illustration of Trillium govanianum rhizome extract mediated green synthesis of ' “RAgNPs.

4.1. Synthesis of Ag NPs and GC-MS analysis of TGR extract

Generally, the synthesis of nanoparticles is ascertained by the
visual colour change from pale yellow to brown. In light of this,
50 mL of 0.1 M AgNO; solution (Ag") was incubated with 50 mL
of TGR extract (5 mg mL™ "), gradually changing the solution
colour from pale yellow to dark brown within 15 minutes.
Colour change, with time-dependent darkness of the brown
colour, implies the reduction of Ag" to Ag® and resulting in the
synthesis of "®AgNPs. Post few hours, no change in colour
intensity was observed, indicating complete reduction of silver
ions in the reaction mixture. It is reported that the appearance
of dark brown colour is due to the surface plasmon resonance
(SPR) of AgNPs, regarded as an optical property of AgNPs.*®
Fig. 1 illustrates the schematic representation of the synthesis
of TSR®AgNPs as well as the observed change in solution colour.

The phytochemical components present in the methanolic
rhizome extract of T. govanianum were further identified by GC-
MS analysis. After careful analysis of the GC-MS chromatogram
(Fig. S1, ESI}), the chemical profile of the rhizome extract and
percent amount of the individual components obtained are
summarized in Table S1 (ESIT). As can be seen from the results,
GC-MS analysis of the TGR extract indicated presence of
different classes of phytochemicals such as fatty acid esters,
alkaloids, phenols, saponins, carbohydrates, and steroids
(Table S1, ESIt). As can be seen from the results, 28 major
compounds were identified in the methanolic extract of T.
govanianum rhizome with corresponding significant peaks
observed in the GC-MS chromatogram (Fig. S1, ESIY).
Altogether, the dominant phytochemicals mainly included

686 | Mater. Adv., 2025, 6, 682-702

n-hexadecanoic acid (100%), 9,12-octadecanoic acid methyl
ester (67.5), palmitoleic acid (45.7), 9,12-octadecadienoic acid
(29%), alpha tocopherol-beta-p-mannoside (35.3%), hexadeca-
noic acid, 2-hydroxy-1-ethyl ester (20.4%), 9-octadecadienoic
acid, methyl ester (20.15%), 11,14,17-eicosatrienoic acid
(18%), diosgenin (17%), methyl hexadec-9-enoate (13%) and
triacontane (10%). Interestingly, hexadecanoic acid (palmitic
acid) and 9,12-Octadecadienoic acid (linoleic acid), observed as
major constituents of our extract, have been reported to exhibit
anticancer activity.>**® Moreover, diosgenin is reported to
exhibit hypoglycaemic, hypolipidemic, antioxidant, anti-
inflammatory, and antiproliferative activities while as toco-
pherol and astaxanthin are reported to have antioxidant
properties.’®*! As observed in our results, similar other studies
have also reported the presence of n-hexadecanoic acid methyl
ester, n-hexadecanoic acid, 9,12-octadecadienoic acid (Z, Z) and
octadecanoic acid in the methanolic rhizome extract of ¢rillium
govanianum.>

It is a well-established fact that these phytochemicals con-
tribute towards the reduction of Ag* by donating the electrons,
transforming them into a large number of silver nuclei or zero-
valent (Ag°) atoms (Fig. 2).>® The bioreduction process involves
three main stages: activation, nucleation and growth. The
reduction of Ag’ ions occur in the activation stage which is
followed by the nucleation of the reduced Ag atoms. During the
growth stage, the spontaneous coalescence of small AgNPs into
large-sized AgNPs takes place. In this final stage, where the
AgNPs attain their ultimate shape, there is an increase in their
thermodynamic stability, a process known as Ostwald ripening.
It has been shown that phytochemicals act as stabilizing agents

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Reaction mechanism of synthesis of "SRAgNPs.

by creating a protective phytochemical cage around the nano-
particles. Through this process, these phytochemicals prevent
further aggregation through steric hindrance, resulting in the
formation of a stable and uniformly shaped AgNPs.>*

Interestingly, earlier studies on Trillium govanianum rhi-
zome also indicated the presence of secondary metabolites
such as fatty acid esters, glycosides, saponins, steroids, and
carbohydrates in the rhizome.”® In light of the above, these
secondary metabolites might have mediated the reduction of
silver, thereby leading to the synthesis of nanoparticles. As
represented in Fig. 1, the obtained Ag® once formed nucleates
into small clusters, which in turn create the nanoparticles. As
observed in GC-MS analysis, the aqueous TGR extract is rich in
diverse phytochemicals with an ability to effectively chelate
metal ions and convert them into nanoparticles. The ability to
produce NPs is ascribed to their abundance of essential func-
tional groups, including numerous hydroxyl and carboxylic acid
groups, as depicted in Fig. 1. As a result, the abundant
phytochemicals, such as palmitic acid in the extract, facilitated
the easy conversion of Ag” to Ag® through bioreduction (Fig. 2).
Additionally, the organic functional groups present in the
extract can bind to the surface of silver nanoparticles, prevent-
ing their aggregation and oxidation.

4.2. Characterization of "®F*AgNPs

UV-vis spectroscopy. Generally, the electrons of a metal
element surface oscillate on exposure of a nanoparticle
to light of a specific wavelength, which in turn are respon-
sible for strong absorption and scattering properties of the
nanoparticle.>® Owing to this, the green synthesis of "*fAgNPs
was confirmed by UV-visible spectroscopy. As shown in Fig. 3a,
the aqueous extract of Trillium govanianum rhizome did not
show any specific absorption peak. However, after mixing the
aqueous silver nitrate solution with aqueous extract of Trillium
govanianum rhizome, distinct absorption maximum at 426 nm
was observed due to surface plasmon resonance (SPR), which is
the size-dependent property of the nanoparticles. Generally, the
conduction electrons of the nanoparticle surface oscillate on
exposure to light of a specific wavelength, which in turn are
responsible for the strong absorption and scattering properties
of the nanoparticle. The evolution of the surface plasmon
absorption bands observed during the synthesis of NPs from
15 minutes to 3 hours are shown in Fig. 3(a). As shown in
Fig. 3(a), the intensity of the observed SPR band at 426 nm
increased with reaction time. It is reported that the spherical
NPs result in a single SPR band, while anisotropic particles

© 2025 The Author(s). Published by the Royal Society of Chemistry
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exhibit 2 or more bands depending on the particle size and
shape. In our case, observation of a single sharp SPR band
indicates the formation of spherical-shaped nanoparticles with
homogenous distribution. Moreover, the synthesis of NPs
within 15 minutes indicates that the TGR extract speeds up
the biosynthesis of the nanoparticles, probably due to the
efficient reducing capability of phytochemicals present in the
plant extract.

In addition, the stability of the "“*AgNPs was monitored at
different temperatures, and the ageing effect was studied for 5
days (Fig. S2a and b, ESIt). As can be seen from the results,
TGRAGNPs showed a characteristic SPR /Zay peak at 426 nm with
a slight increase in absorption intensity without any shift in the
peak wavelength over the time period of 5 days (Fig. S2a, ESIt).
In fact, the obtained suspension maintained a high degree of
stability even after extended periods of storage and ageing. The
existence of AgNPs during the first stages of the reaction
indicated that even a short reaction time is sufficient for the
formation of the nanoparticles. Furthermore, the thermal
stability of the synthesized "®®AgNPs was monitored by heating
the reaction mixture at different temperatures i.e., 5, 30, 40, and
60 °C (Fig. S1b, ESIt). At 60 °C, the maximum intensity of SPR
/max Peak was still observed at 426 nm with a temperature-
dependent increase in absorption, which in turn demonstrates
the temperature-induced increased rate of AgNP synthesis.
Overall, the results concluded that while increasing the reac-
tion temperature, the absorbance intensity also increased with-
out any shift in the peak position.

4.3. FTIR analysis

Identification of the secondary metabolites, most probably
responsible for the reduction and capping of "®XAgNPs, was
accomplished by using FTIR spectroscopy. The FTIR spectra of
the TGR extract exhibited prominent absorption peaks at 3290,
2924, 2822, 1614, 1516, 1376, and 994 cm ', as depicted in
Fig. 3b. The phytochemical examination of the TGR extract
indicated the presence of flavonoids, alkaloids, steroids, rosins,
saponins, and proteins. The FTIR spectrum of "“*AgNPs exhib-
ited prominent absorption peaks at 3305, 2932, 1605, 1359, and
1002 cm™ ", indicating the presence of phytoconstituents that
function as capping agents (Fig. 3b). Comparative analysis of
the FTIR peaks of the "*®"AgNPs and TGR extract identified a
complete absence of the peak 1516 cm ™' in the nanoparticles,
implying that the fatty acids with -C—0 functional groups are
responsible for the stabilization and fabrication of nano-
particles. Furthermore, significant changes in other peak posi-
tions were observed in the FTIR spectra of the TGR extract,
corresponding to "®®AgNPs, which can be attributed to the
reduction, capping, and stabilization of the synthesized
TGRAGNPs. The signal at 3290 cm™ ' shifted to 3305 cm ™,
indicating the participation of phenolic compounds in the
TGR extract in stretching O-H bonds. The peak observed at
2932 cm ™ is a result of the stretching of the C-H bonds in the
methylene or aliphatic group and is also a distinctive feature of
triterpenoid saponins. The band observed at 1614 cm ™" shifted
to a higher wavenumber of 1605 cm ™", indicating the presence
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of alkenyl or aromatic stretching. The band observed at
1359 cm™ ' indicates the existence of the -C-O stretching,
characteristic of phenol or tertiary alcohols. Similarly, the band
at 1002 cm™ ' corresponds to the O-H stretching of the phenol
group. Most of the peaks correspond to the phenolic groups of
the polyphenols, triterpenoids, alkaloids, steroids, and tannins
adequately present in the extract. They might be, in turn,
responsible for the formation of "®RAgNPs. Similar to our
results, earlier studies of FTIR characterization of AgNPs have
indicated that the peak at 3340 cm ™" is due to O-H bonds in
OH functional groups, C-H stretching of alkanes resulted in
peaks at 2925 cm ™, peak at 1736 cm ™" corresponds to carbonyl
groups and a distinct peak at 1636 cm™ " may be related to
C—0O0 stretching.”””® On the other hand, an obvious peak at
1376 cm ' could be related to the stretching vibrations of
alcohols, ethers, esters, carboxylic acids, and amino groups,
while the peak at 994 cm ™" might be attributed to C-H bending
vibrations.?” In addition to this, it has been shown that the
FTIR spectrum of green synthesized AgNPs exhibited absorp-
tion peaks at 3305 cm ™%, 2932 cm ™ *, 1605 cm ™, 1359 cm ™! and
1002 ecm ™! corresponding to O-H, C-H, alkene (C=C), bending
(C-H) and C-O bonds, respectively.’® Altogether, FTIR findings
for the "S*AgNPs are quite consistent with the phytochemical
analysis of the TGR extract.

4.4. XRD analysis of "*fAgNPs

The biosynthesized "“®AgNPs were analysed by XRD for their
crystalline nature and phase purity, as shown in Fig. 3c. The
XRD pattern of "®AgNPs exhibited four prominent diffraction
peaks at 20 = 37.79, 44.77, 64.89, and 76.70° indexed as (111),
(200), (220), and (311) (JCPDS file No. 04-0783).>° The high
intense peak in the XRD spectrum demonstrates the polycrys-
talline phase composition of "S*RAgNPs, confirming the produc-
tion of face-centered cubic (fcc) crystalline "“fAgNPs. The
diffraction peaks of (111), (200), (220), and (311) planes were
also observed in the green synthesis of AgNPs.°® XRD patterns
confirmed the structure of “®AgNPs as a cubic structure and
confirmed the purity of the as-prepared AgNPs using TGR
extract. Moreover, several reducing agents in the TGR extract
are responsible for stabilizing "*fAgNPs, thus providing them
with a crystalline structure quite well studied in various bio-
synthesized nanoparticles. The average crystallite size of
TGRAGNPs was calculated using the Debye-Scherrer formula®
using eqn (5). From this, the calculated average crystallite size
of the T**AgNPs was found to be ~32 nm. Overall, the results
demonstrated that "TS*AgNPs exist as small and monodispersed
nanoparticles.

kA
- pcosO (5)

D

where the average size of the nanoparticles is represented by D,
the geometric factor is denoted by k (0.9), 1 refers to the
wavelength of the X-ray radiation source, and f represents the
angular FWHM (full width at half maximum) of the XRD peak
at the diffraction angle 0.
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4.5. Particle size analysis

The dynamic light scattering measurements were performed to
determine the hydrodynamic diameter, particle size distribu-
tion (PSD), and polydispersity index (PDI) of "“®AgNPs. The
particle size distribution and zeta potential of the "“*AgNPs is
shown in Fig. S3(a and b) (ESIt). The average hydrodynamic
size of "SRAgNPs was 131.9 nm, which is larger than the size
observed in the TEM analysis. The phytochemicals present in
the TGR act as capping agents, resulting in the increase of the
hydrodynamic diameter of T“®AgNPs. The PDI value of
TGRAGNPs was found to be 0.148, indicating that they were
relatively polydispersed.

Zeta potential, regarded as an indicator of surface charge
potential, is an important parameter for understanding the
stability of nanoparticles in aqueous suspensions. Any charge
on the surface of nanoparticles provides stability and prevents
aggregation of nanoparticles by repulsion between like-charged
particles. In view of this, the Zeta potential value of "“fAgNPs
was found to be —38.0 mV (Fig. S3(b), ESIt). A high absolute
value of zeta potential specifies a high electrical charge on the
surface of the nanoparticles, which in turn might lead to strong
repellent forces among the particles, thus preventing their
agglomeration.®” Moreover, the strong negative charge of
TGRAGNPs demonstrates negative charges all across the nano-
particles surface, indicating their great colloidal dispersivity
and long-term stability. Literature studies have reported that
nanoparticles with a zeta potential value higher than +30 mV or
lower than —30 mV are considered quite stable in the disper-
sion medium.®® Results obtained here indicate the successful
formation of the nanoparticles with long-term stability. The
negative potential value might be due to the absorption of
capping biomolecules present in the TGR extract. Overall, the
results are quite consistent with some earlier reports, such as F.
religiosa leaf extract mediated synthesis of AgNPs.**

4.6. Morphological analysis

Scanning electron microscopy (SEM) analysis was used to
determine the surface morphology of "“FAgNPs, and energy
dispersive X-ray analysis (EDX) was used to investigate the
elemental composition of the as-prepared "**AgNPs. The nano-
particles were primarily observed to be uniformly dispersed
in polymorphic forms, with a small percentage being
slightly aggregated, ellipsoidal, and irregularly granulated
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(Fig. 4a and b). Similar kinds of nanoparticles were observed
during the Taraxacum officinale mediated synthesis of AgNPs.*
The size of T**"AgNPs from SEM micrographs was found to be
30-50 nm. From the EDX spectrum of "®FAgNPs shown in
Fig. 4c, a high-intensity peak of Ag metal at 3 keV indicates that
silver is the major constituent (80.30%) in the prepared sample.
Other constituents like carbon (16.70%) and oxygen (3%) could
be due to the presence of phytochemical compounds of TGR
extract on the surface of the "*"AgNPs, validating phytochem-
icals as the capping and reducing agents.

Furthermore, the surface morphology, size and particle size
distribution were confirmed from TEM analysis of the
TGRAgNPs at different nanoscale magnifications (Fig. 5a
and b). The TEM images at different nanoscale magnifications
revealed that T“®*AgNPs are slightly agglomerated and nearly
spherical to irregular shape. The particle size distribution
histogram, (Fig. 5c¢), obtained using Image] software, repre-
sents the size distribution of the particles which in turn
confirms the polydispersity of Tf"AgNPs. Moreover, the results
revealed that the determined particle size varied between 15—
55 nm (Fig. 5c). The average particle size of "“*AgNPs was
found to be ~38 nm, nearly similar to the crystallite size and
SEM observation of these nanoparticles. As can be seen in
Fig. 5e, the high-resolution TEM images showed characteristics
of lattice fringes with a lattice fringe width of 0.242 nm,
corresponding to Ag (111) crystal planes.®® In addition, a typical
selected-area diffraction (SAED) pattern demonstrates the con-
tinuous ring patterns without additional diffraction spots and
rings of secondary phases, revealing their crystalline structure.
TGRAGNPs exhibit four bright rings, indexed as (111), (200),
(220), and (311) lattice planes of the crystalline silver face-
centered cubic (fcc) structure, respectively (Fig. 5f).°” In addi-
tion to this, the results observed in the SAED pattern (Fig. 5f)
are in good agreement with the XRD results of "“RAgNPs,
wherein the most intense peak observed at 37.79° 26 is related
to Ag (111) crystal planes.®®

4.7. Antioxidant activity

Based on our GC-MS analysis and earlier studies, TGR contains
a range of phytochemicals, including fatty acids, steroids,
carbohydrates, alkaloids, phenols, etc. Moreover, several
authors have also reported the antioxidant activity of the
rhizome of Trillium govanianum.®® In light of this, during the

Counts

4 5 6
Energy (keV)

Fig. 4 SEM micrographs at (a) 1 um (b) 100 nm and (c) EDX spectrum of TSRAgNPs.
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showing lattice fringes and (f) SAED patterns of T“RAgNPs.

green synthesis of nanoparticles by T°RAgNPs, it is quite
expected that the synthesized "“*AgNPs might be coated with
the bioactive constituents of the extract. Previous literature
reports have also shown possible capping of bioactive consti-
tuents during the green synthesis of nanoparticles.”® To evalu-
ate this, DPPH assay was performed where DPPH is regarded as
a lipophilic radical whose colour changes from purple to yellow
on accepting hydrogen and electrons from the donor.”" In this,
different concentrations of "“*AgNPs (0.05-0.25 mg mL™") and
TGR extract (0.05-0.25 mg mL™ "), used as a control, were
titrated into DPPH solution for the purpose of free radical
scavenging. Ascorbic acid (0.3-8.3 pg mL ') was used as a
standard. The standard showed the radical scavenging activity
of 81.5% at a concentration of 8.3 ug mL™". As shown in Fig. 6a,
TGRAGNPs revealed a significant dose-dependent free radical
scavenging activity with the highest scavenging of 85.7% =+
1.4% at 0.25 mg mL~" and the lowest of 29.8 + 1.25% at
0.05 mg mL . On the other hand, the highest and
lowest scavenging activities of TGR extract were, respectively,
found to be 65.2 & 0.7% and 19.5 + 1% at 0.25 mg mL~" and
0.05 mg mL~". Similar studies with green synthesized silver
nanoparticles also exhibited potential radical scavenging activ-
ity with concentration dependent inhibition.”> Moreover, the
observed free radical scavenging activities of TRAgNPs
were quite comparable to the already reported green synthe-
sized silver nanoparticles.”® It has been shown that scavenging
ability of Chenopodium murale leaf extract-mediated silver
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nanoparticles was dose dependent with a highest and lowest
activities of 65% and 13%, respectively.”* Similarly, A. tribu-
loides root extract-mediated AgNPs exhibited 64% activity while
aqueous extract of E. scaber mediated showed 85% activity.”*”®
In comparison to these studies, the " AgNPS exhibited much
significant antioxidant activity and thus can serve as a potent
antioxidant agent with a highest scavenging activity of ~ 86%.
Interestingly, a number of studies have shown that green
synthesized nanoparticles show better radical scavenging
potential as compared to chemically synthesized ones,””””®
probably due to the presence of a bioactive capping agents on
their surfaces. Overall, results infer that "“*AgNPs exhibited
potential antioxidant activity possibly due to the presence of the
coated phytochemicals, which might include palmitic acid,
diosgenin, astaxanthin and alpha tocopherol, observed during
the GC MS analysis of the TGR extract (Table S1, ESIf).

4.8. Hemo-compatibility of "**AgNPs

With the increased clinical application of AgNPs, their biosafety
is vital. Hence, assessment of hemo-compatibility of the synthe-
sized "®RAgNPs is necessary in light of blood-contacting med-
ical appliances. Generally, characteristics of AgNPs, such as size
and surface area, interfere with their hemolytic activity. Nor-
mally, hemolysis of RBCs is due to their compromised mem-
branes, resulting in hemolytic leakage. "“FAgNPs were
elucidated for hemocompatibility by monitoring cytotoxicity

on RBCs through haemoglobin (Hb) release. For that,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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suspended RBCs were titrated with different concentrations
(0.05, 0.1, 0.2, 0.3, 0.4 and 0.5 mg mL™ ") of "“RAgNPs. Results
indicated a maximum hemolysis of 6 + 0.2% at the highest
concentration (0.5 mg mL ") of T°*"AgNPs with a minimum of
0.95 + 0.1% at its lowest concentration (0.05 mg mL™"). TGR
extract was used as a control, wherein the extract exhibited the
highest haemolysis of 1.76 + 0.3% at 0.5 mg mL ™' with a
hemolysis of 0.09 £ 0.006% at its lowest concentration. PBS
buffer (negative control) and TritonX-100 (positive control)
exhibited 0.05% and 95% hemolysis, respectively. As shown
in Fig. 6b, a hemolytic activity of 6.1% was observed in
0.5 mg mL ™', which is slightly higher than the acceptable value
(i.e. 5%) for the clinical applications of the nanoparticles as per
World Health Organization (WHO) guidelines. Except this, all
other concentrations of the T°®AgNPs are well below the
recommended value of WHO. Overall, the results infer that
the synthesized "®®AgNPs are largely compatible with no sig-
nificant hemolytic effect on RBCs. A number of studies have
also observed the biocompatibility of green synthesized nano-
particles, such as cannabis sativa root extract mediated silver
nanoparticles exhibited ~7% haemolysis, and AgNPs synthe-
sized from Annona reticulata leaves extract showed ~14%
haemolysis.””®® Moreover, a number of polymeric nano-
particles have been shown to exhibit >10% hemolysis. Inter-
estingly, as compared to these reports, the "“*AgNPs exhibit
significant biocompatibility with promising biomedical appli-
cations. More importantly, green-synthesized nanoparticles are
generally more biocompatible than chemically synthesized
nanoparticles.®*
induced hemolysis is still not clear. However, it has been shown
that on coming in contact with the body fluids, metallic silver
undergoes ionization, leading to the release of Ag', as per the

So far, the actual mechanism for AgNPs-

response of the nanoparticle surface area, which in turn
induces hemolysis of cells like RBCs, at least under in vitro
conditions.®” In biological systems, neutralizing the ionized
silver ions by ions like chloride, sulfide, etc., makes them

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

unavailable for hemolytic activity. Moreover, the interaction
of nanoparticles with other cellular components, such as
proteins and antioxidants, might result in their cell lysis
activity. In fact, literature studies report that there is always a
release of Ag” ions on the interaction of AgNPs with the RBC
membrane.*?

4.8. Cytotoxicity activity

The biological role of AgNPs has gained great interest in
diagnosing and bioremediation of cancers. In this study, pre-
liminary screening of the biosynthesized "®®AgNPs for cytotoxi-
city against the HCT-116 cell line was carried out through MTT
Assay. 5-Fluorouracil (5FU), used as a standard, exhibited a
cytotoxicity of 92.8 + 2.8% at 4 pg mL~". As shown in Fig. 7a, a
concentration-dependent increase in cytotoxicity was observed
with 84.4 4 4.1% at 0.5mg mL ™" of "S*AgNPs. An ICs, value of
0.17 mg mL " was observed for "“®AgNPs-induced cytotoxicity.
TGR Extract was used as a control. The highest cytotoxicity for
extract was found to be 78 4 4.4% at 0.5 mg mL~'. A number of
other studies have also shown cytotoxicity of green synthesized
nanoparticles. C.nudiflora mediated silver nanoparticles
showed potent cytotoxicity against HCT-116 colon cancer cells
with an ICs, value of 100 ug mL™ %" S. jambolanum AgNPs
caused a significant decrease in cell viability of the MCF-7 cells
when compared to the plant extract.’® The AgNPs synthesized
using Chaetomorpha linum exhibited dose-dependent toxicity,
while Putranjiva roxburghii seed extract-mediated AgNPs
showed anti-cancerous activity against HCT-116 cell lines at a
concentration of 10 mg mL ™ '.*>*" Another study reported
Avicennia marina synthesized-AgNPs exhibited anticancer activ-
ity at 80 ug mL~".*® Moreover, it is a well-established fact that
as compared to chemically synthesized nanoparticles, green
synthesized nanoparticles are usually found to be more
cytotoxic.?>°° Overall, a number of studies have reported the
cytotoxicity activity of green synthesized silver nanoparticles,”*
wherein numerous effects have been combined to elucidate the

Mater. Adv., 2025, 6, 682-702 | 691
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Fig. 7 Cytotoxicity and anti-inflammatory activities of AgNps: Panels represent — (a) cell viability assay of HCT-116 cell line as plot of percentage
cytotoxicity against different concentrations of T“RAgNPs and the TGR extract, p < 0.05, and (b) anti-inflammatory activity of TS®AgNPs as a plot of
percent protein denaturation inhibition against different concentrations of "S®AgNPs and the TGR extract as control, p < 0.05.

mechanism of NP-induced cytotoxicity. Among others, one of
the plausible mechanisms is the ability of nanoparticles to
scavenge free radicals.”> Observed antioxidant activity of
TGRAGNPs, in the present study also supports the free radical-
induced cytotoxicity of the nanoparticles. Interestingly, hexa-
decenoic acid (palmitic acid) has been shown to exhibit potent
anticancer activity.”® Palmitic acid (PA) has demonstrated effi-
cacy in inhibiting the proliferation of tumor cells, promoting
tumor cell apoptosis, and influencing the cell cycle in most of
the cancers including gastric, cervical, liver, breast, colorectal
and other types of tumors. It has been shown that palmitic acid
influences signal transduction pathways related to membranes,
leading to tumor cell proliferation inhibition, induction of
apoptosis, suppression of cell invasion and migration, and
increase in the efficacy of chemoradiotherapy drugs. Addition-
ally, PA is shown to possess immune system regulating proper-
ties and induces cellular autophagy, further contributing
towards its anti-cancer mechanisms.’* Interestingly, the same
compound has been observed as the most abundant phyto-
chemical in the GC-MS analysis of the TGR extract and thus
might be present as a capping agent on the AgNPs (Table S1,
ESIY).

4.9. Anti-inflammatory activity

Protein denaturation is regarded as a primary cause of inflam-
mation, wherein denaturation is shown to produce auto anti-
gens in diseases like arthritis, diabetes, and cancer, which are
causes of inflammation.>® Hence, inhibition of protein dena-
turation should prevent inflammation. In light of this, the
green synthesized "**AgNPs were evaluated for their ability to
inhibit the denaturation of BSA, a model protein for such
assays. Sodium diclofenac was used as a standard drug and
acted as a positive control. As shown in Fig. 7b, a dose-
dependent anti-inflammatory potential of "“FAgNPs was
observed with the highest inhibition of 87.7 £+ 1.1% at 0.4 mg
mL ' of NPs. On the other hand, TGR extract showed the
maximum inhibition of 68.75 4+ 0.8% at 0.4 mg mL " In

692 | Mater. Adv., 2025, 6, 682-702

contrast, the positive control showed a maximum level of
93% at 0.4 mg mL™'. Overall, the results infer that T**AgNPs
exhibits more potent anti-inflammatory activity as compared to
the extract indicating the enhanced accessibility and activity of
the nanoparticles. Similar studies with A. ¢ribuloides root extract
showed inhibition of 69% at the highest concentration of
500 pug mL ™% A. Iycoctonum mediated Ag NPs showed an anti-
inflammatory effect in a dose-dependent manner with inhibition of
91.78% at the highest concentration (500 pg mL™").®” Another
study reported silver nanoparticles from Microsorum punctatum
were effective in inhibiting thermally induced albumin dena-
turation at different concentrations with a highest inhibition
of 69% at 100 pg mL '.°® The anti-inflammatory activities
of synthesized Ag nanoparticles from justica wynaadensis,
showed an inhibition of around 40% at 200 pg mL "%
Silver nanoparticles synthesized from leaf extract of Madhuca
longifolia have been shown to exhibit protein denaturation
inhibition of 53.15 + 0.87% at a concentration of
500 pg mL™ %' As compared to these reports, "“RAgNPs
showed a significant inhibition of 87.7% at 0.4 mg mL ™" of
NPs. In light of the above results, the possible coating of the
biosynthesized nanoparticles by the secondary metabolites like
palmitic acid, diosgenin, astaxanthin, etc., identified in GC/MS
analysis, might be responsible for the anti-inflammatory effects
of nanoparticles. Moreover, TGR extract, as such, has been
reported to exhibit anti-inflammatory activity.'”" Some of the
earlier studies also suggest that the lysosomal components
released by neutrophils at the site of inflammation might be
suppressed by the coated secondary metabolites of the
nanoparticles.'*?

4.10. DNA damage protection assay

The green synthesized T°FAgNPs were evaluated for their
potential to protect against Fenton-induced calf thymus DNA
damage. As can be seen in Fig. 8A, the untreated (control) calf
thymus DNA (lane 1) and "“®AgNPs treated DNA maintained
their integrity. However, the Fenton reagent induced damage to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Representative Agarose gel electrophoretic pattern of calf thymus DNA damage in the presence and absence of "“RAgNPs (A) and TGR extract
(B). Different lanes in Panel (A) represent — Lane 1: untreated DNA, lane 2: damaged DNA exposed to Fenton's reagent, lanes 3—6: DNA damage in the

presence of 0.1 mgmL™%, 0.3 mgmL"tand 0.9 mg mL* of

AgNPs, respectively and lane 7: DNA damage in presence of catechin. Different lanes in Panel

(B) represent — Lane 1: untreated DNA, lane 2: damaged DNA exposed to Fenton’s reagent, lanes 3-6: DNA damage in the presence of 0.1 mg mL ™",
0.3 mg mL~ " and 0.9 mg mL™" of TGR Extract, respectively and lane 7: DNA damage in presence of catechin.

the DNA is observed as the complete absence of the DNA band
in the electrophoresis gel (lane 2). As seen in lanes 3-6 (Fig. 8A),
TGRAGNPs were able to protect the Fenton-induced DNA
damage, as evidenced by the appearance of intact DNA
bands in the lanes. A concentration-dependent protection was
observed as reflected by the increased intensity of the bands
with increased concentration of "“fAgNPs. Catechin was used
as standard (lane 7). Moreover, a concentration-dependent
protective effect of the extract was observed. However, it was
not as pronounced as that of the nanoparticles, as indicated by
the intensity and intactness of the protein bands (lanes 3-6,
Fig. 8B. Overall, the results infer that synthesized "“*AgNPs are
able to protect the DNA from free radical induced damage
possibly due to their hydroxyl radical scavenging potential as
observed in Fig. 8. Similar results have been reported for RAus
coriaria L. mediated silver with a concentration dependent DNA
damage protective effect.'®®

16.
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24.0%
[ Fatty acid binding protein family [ Nuclear

[ Electrochemical transporter
[ Eraser
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In summary, "°"AgNPs demonstrated comparatively higher
bioactivity for the tested activity assays when compared to the
reported green-synthesized silver nanoparticles. For this, a
comparative analysis of the activities exhibited by "“fAgNPs
with the reported green-synthesized nanoparticles is summar-
ized in Table S2 (ESI{)."**"'” As can be inferred from Table S2
(ESIY), the observed antioxidant activity of "“*AgNPs stands
out, exhibiting a maximum scavenging of 85.7%, which is
notably higher than most of the other green-synthesized silver
nanoparticles. For example, nanoparticles from N. leucophylla-
mediated nanoparticles displayed 79% activity, while A. ¢ribu-
loides and E. scaber-mediated nanoparticles showed 64% and
85%, respectively.”>’® With respect to hemocompatibility, the
TGRAGNPs exhibited a hemolysis of 6.1% at 0.5 mg mL™*, which
is much better than that of Cannabis sativa root extract-
mediated AgNPs, with a hemolysis of 7% at 0.2 mg mL™",
and polymeric nanoparticles (>10%).”° For cytotoxicity,

0%

16.0%

4.0%
8.0%
4.0%
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Fig. 9 Pie-chart representing the possible top ten target proteins of palmitic acid.
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TGRAGNPs induced 84.4% cytotoxicity at 0.5 mg mL™" (ICs,
value of 0.17 mg mL™ "), which is quite comparable to that
of C. nudiflora-mediated AgNPs (IC5, = 0.1 mg mL ') and
much better than that of Putranjiva roxburghii AgNPs (ICs, =
0.5 mg mL™").8*%” Moreover, the anti-inflammatory potential of
TGRAGNPs (87.7% inhibition) exceeds the A. tribuloides root
extract (69%) and Madhuca Ilongifolia -mediated AgNPs
(53.15% at 500 pg mL ').°*'% Lastly, "“RAgNPs provided
effective protection against Fenton-induced DNA damage, com-
paratively at lower concentration range as compared to Rhus
coriaria AgNPs, showing a potent concentration-dependent
protective effect.'®® In summary, "“®AgNPs exhibit reasonably
higher bioactivity across all the tested assays, as compared to
the reported results, underlining their potential as a potent
bioactive material in future therapeutic applications, particu-
larly in the areas of antioxidant therapy, cancer and inflamma-
tion control.
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5. Network pharmacology based in
silico analysis

As per GC MS analysis, hexadecenoic acid (palmitic acid) is the
most prominent secondary metabolite in the TGR extract (Table
S1, ESIT). In order to elucidate the possible reasons for the
observed activity of the AgNPs, in silico network pharmacology
analysis of palmitic acid was carried out. Palmitic acid
(C16H3,0,) is a saturated fatty acid with a molecular weight of
256.42. It has 18 heavy atoms and no aromatic heavy atoms.
The fraction of sp® carbons is 0.94, indicating that the molecule
is mostly composed of saturated carbon atoms. Palmitic acid
has 14 rotatable bonds, 2 hydrogen bond acceptors, and 1
hydrogen bond donor. In terms of physicochemical properties,
palmitic acid has a mean molecular refractivity (MR) of 80.80, a
topological polar surface area (TPSA) of 37.30, and various logP
values (iLOGP, XLOGP3, WLOGP, MLOGP, Silicos-IT LogP,

iy

-—
é

Fig. 10 The PPI interaction network of the common target genes of palmitic acid. Target genes are depicted as nodes while as the relationships

between them are expressed as edges.
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Consensus Log P). These values provide insights into the mole-
cule’s lipophilicity and potential for permeation across biolo-
gical membranes. The compound was analysed for its
physicochemical characteristics and pharmacokinetic para-
meters, including ADME analysis. The ADME profile of palmitic
acid indicates that it is moderately soluble, with an ESOL Log S
value of —5.02. It has a relatively low solubility in both the
ESOL and Ali prediction models. Palmitic acid is found to
exhibit good gastrointestinal absorption and is also quite likely
to cross the blood-brain barrier system.''® Moreover, it is not a
P-glycoprotein substrate and does not inhibit CYP enzymes.""’
Overall, based on the provided data, palmitic acid shows
favourable ADMET properties in terms of solubility, absorption,
and permeability, which makes it a potentially bioavailable
compound with lower toxicity issues.

For the identification of palmitic acid-related drug targets,
Web-based servers PharmMapper and Swiss Target were used
for identification of possible target proteins for palmitic acid.
Among the identified target proteins, the top 10 targets are
shown in Fig. 9. As can be seen in the figure, nuclear receptors,
fatty acid binding proteins and commonly found cytosolic
enzymes are the key targets followed by G-protein coupled
receptors (family AG/CG protein coupled receptor) and cyto-
chrome P450. Overall, the results indicate the palmitic acid
is able to target some key proteins of the cellular system.
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Moreover, to delve deep into the mechanistic insights, pro-
tein-protein interaction (PPI) network and functional gene
annotation analysis was also carried out. As can be seen in
the Fig. 10, PPI network analysis identified 50 proteins with a
total of 439 interactions. The observed number of interactions
is significantly higher than the expected number of interactions
(95) with a p-value of 0.005. Results suggest that the network is
densely connected with a high degree of interactivity among the
proteins.

Functional analysis of palmitic acid targets was also con-
ducted using gene ontology (GO) and pathway analysis through
Shiny GO. Enrichment analysis utilized data from various
annotations and ontology resources. The analysis classified
GO terms and pathways, based on biological functions, into
three stages: biological process (BP), molecular function (MF),
and cellular component (CC) (Fig. 11). Pathway-related data was
extracted from the KEGG database. As the identified pathways
associated with palmitic acid encompass a diverse array of
biological processes and signalling cascades. These findings
suggest the multifaceted roles of palmitic acid in cellular
metabolism, signalling pathways, and hormonal signalling.
KEGG pathway enrichment analysis of the aforementioned
common target genes is shown in Fig. 12. Post exclusion of
broad pathways, the top 20 signalling pathways are listed in
Table 1. Specifically, the enrichment of pathways such as the

e
M cc
B v

10 20
Enrichment Score

Fig. 11 Gene Ontology analysis representing the most important processes i.e., BP — Biological process, MF — molecular function, and CC - cellular
component) determined by the number of associated target genes as represented by X-axis.
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Fig. 12 Barplot for KEGG pathway enrichment analysis of top twenty target pathways.

Table 1 List of top twenty target pathways observed in pathway enrichment analysis

Enrichment FDR nGenes Pathway Genes Fold Enrichment Pathways (click for details)

6.4 x 107 11 75 48.6 PPAR signalling pathway

5.0 x 107 7 62 37.4 Steroid hormone biosynthesis

9.6 x 10°* 4 37 35.8 Thyroid cancer

3.0 x 10°% 5 61 27.2 Arachidonic acid metabolism

33 x10°% 3 43 23.1 Fat digestion and absorption

1.6 x 10°% 6 98 20.3 Inflammatory mediator. of TRP channels
1.4 x 107 5 89 18.6 Bile secretion

9.6 x 107 4 72 18.4 Non-small cell lung cancer

3.2 x 10 5 108 15.4 Th17 cell differentiation

2.3 x10°% 4 93 14.3 GnRH signaling pathway

5.1 x 107" 5 121 13.7 Thyroid hormone signaling pathway

33 x10°% 4 106 12.5 Parathyroid hormone synthesis secretion and action
3.8 x10°% 4 112 11.8 Serotonergic synapse

5.1 x 107% 7 197 11.8 Chemical carcinogenesis receptor activation
1.1 x 10 % 5 148 11.2 Gastric cancer

5.0 x 107 12 362 11 Neuroactive ligand-receptor interaction
4.5 x 107% 4 121 11 AMPK signalling pathway

2.1 x 107 12 530 7.5 Pathways in cancer

4.5 x 107 5 221 7.5 CAMP signalling pathway

1.2 x 107" 21 1538 4.5 Metabolic pathways

PPAR signalling pathway, steroid hormone biosynthesis, and
arachidonic acid metabolism implicates palmitic acid in lipid
metabolism and regulation of nuclear receptor activity. Addi-
tionally, the involvement of pathways related to cancer, includ-
ing thyroid cancer, non-small cell lung cancer, and gastric
cancer, underscores its potential significance in tumorigenesis
and cancer progression. Furthermore, the enrichment of
pathways such as inflammatory mediator regulation of TRP
channels and serotonin synapse highlights its potential con-
tributions to inflaimmatory responses and neurotransmitter
signalling. Collectively, these findings provide valuable insights
into the diverse biological functions and molecular mechan-
isms associated with palmitic acid, emphasizing its importance
in physiological and pathological processes.

696 | Mater. Adv, 2025, 6, 682-702

4. Conclusion and future perspective

The results conclude that the T. govanianum rhizome extract-
mediated green approach for synthesizing "®"AgNPs is a sim-
ple, rapid, cost-effective, and eco-friendly method. Aqueous
extracts of T. govanianum acted as a source of stabilizing and
reducing agents for the synthesis of the silver nanoparticles. A
colour change from light yellowish to dark brown was observed,
implying the reduction of Ag* to Ag®, leading to the synthesis of
silver nanoparticles. UV-vis spectrum displayed a strong
absorption band at 410 nm, confirming the reduction of silver
nanoparticles. Further "fAgNPs formation was confirmed by
FTIR, DLS, XRD, SEM-EDX and TEM analysis. The average

particle and crystallite size was found to be 38 nm and

© 2025 The Author(s). Published by the Royal Society of Chemistry
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32 nm. SEM images displayed nanoparticles in polymorphic
shapes, some irregularly granulated, ellipsoidal, and highly
aggregated. The nanoparticles were found to have excellent
antioxidant activity with potential cytotoxicity. Moreover, the
ability of "S*AgNPs to denature bovine serum albumin suggests
their anti-inflammatory potential with largely being biocompa-
tible. Furthermore, the nanoparticles were found quite effective
in protecting against free radical DNA damage. In silico analysis
also suggest involvement of key cellular proteins and pathways,
implicated in the observed biological activities of the nano-
particles, as possible targets for the anticipated palmitic acid
functionalized AgNPs. Overall, the study used an economical
and promising green approach for synthesizing the biocompa-
tible and biologically active AgNPs, using rhizome extract of
Trillium govanianum. In light of these findings, future studies in
this direction should primarily focus on - (i) understanding the
precise molecular mechanism of green synthesis of nano-
particles and its regulation, (ii) extensive exploration of other
plant-based extracts in green nanotechnology so as to enhance
the repertoire of green synthesis methods, (iii) optimization of
the synthesized nanoparticle for specific use in medical field
leading to the development of new therapeutics with enhanced
efficiency and reduced side effects, (iv) exploration of route of
administration, pharmacokinetic properties, and host immune
responses, (v) advanced computational analysis to predict the
behaviour of the synthesized nanoparticles under various bio-
logical environments so as to enhance its targeted applications
and (vi) being environment friendly, inexpensive, simple, effi-
cient and biocompatible, the scalability of green synthesis for
large scale production should be focussed upon at the earliest.
Although being very promising, challenges still remain there
for achieving the uniformity and consistency in the size
and shape of green synthesized nanoparticles. Future studies
in this direction are also highly warranted as the scalability of
green synthesis process is critical for their functioning in a
specific application. In fact, addressing these challenges,
through optimization and standardization of the green synth-
esis process, is crucial for large-scale implementation of the
green nanotechnology.
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