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The increasing interest in green nanotechnology has led to the use of medicinal plants for
synthesizing nanoparticles with bio-medical applications. This study focuses on synthesizing
silver nanoparticles (AgNPs) using the aqueous leaf extract of Tribulus terrestris, aiming to
evaluate their anti-oxidant, enzyme inhibitory and anti-cancer activities. The synthesis was
confirmed through UV-Vis spectroscopy, where the plant extract showed a peak at 282 nm and
AgNPs exhibited a surface plasmon resonance peak at 430 nm. Fourier Transform Infrared (FTIR)
spectroscopy revealed functional groups of plant extract as -OH, -C=0 and -NH, which were
involved in the stabilization and reduction of the AgNPs. X-ray diffraction (XRD) confirmed the
nanoparticles as crystal in nature, while Scanning Electron Microscopy (SEM) showed their
spherical morphology. Dynamic Light Scattering (DLS) demonstrated good nanoparticle stability.
Biological testing revealed significant anti-oxidant activity, with DPPH (78.27%), ABTS
(76.55%) and iron chelation (79.74%) at 640 pg/mL. Enzyme inhibition assays showed high
inhibition of polyphenol oxidase (91.99%) and peroxidase (98.74%). The AgNPs also exhibited
promising anti-cancer potential, with a 78.34% reduction in MG-63 osteosarcoma cell viability at
80 pg/mL Gene expression analysis revealed upregulation of Caspase 9 and Bax and
downregulation of Bcl-2, suggesting an apoptotic pathway in the cancer cells. In conclusion, T.
terrestris synthesized AgNPs show great promise for use in therapeutic applications, particularly
in cancer treatment.

Keywords: Green synthesis, Tribulus terrestris, Anti-oxidant activity, Cytotoxicity, Anti-cancer
activity.

Introduction

In recent years, nano biotechnology has gained considerable

AgNPs are rapidly gaining attention due to their remarkable physical,
chemical and biological characteristics, small size and large specific

significance in materials science, biology and medical applications.*?
The synthesis of nanoparticles plays a crucial role in nanotechnology
and various methods exist for their fabrication, including phase transfer,
microwave-assisted, electro-chemical, sono-chemical, reverse micelle,
radiation assisted and photochemical techniques.> Among metal
nanoparticles, silver nanoparticles (AgNPs) stand out due to their
unique optical, electrical and synergistic properties, making them
highly concentrated and of significant interest in various fields. As a
noble metal, silver exhibits notable anti-bacterial and larvicidal
properties and it has been extensively incorporated into nanoparticle
synthesis through physical, chemical and biological methods.
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surface area.* AgNPs have been used in medical treatments for
centuries, primarily for their anti-microbial properties.> Silver based
compounds are well known for their ability to eliminate microbes,
making them valuable for advanced bio-medical applications such as
wound healing, drug delivery, tissue scaffolding and anti-microbial
coatings.® Recently, interest in AgNPs has grown due to the rise of
antibiotic resistance in various microbial pathogens. AgNPs are
appreciated for their chemical, physical properties, non-toxic nature,
broad spectrum of bactericidal and anti-cancer effects, in addition to
their therapeutic potential. However, several traditional nanoparticle
synthesis methods still involve hazardous chemicals, posing health and
environmental risks.” AgNPs, due to their novel properties are
increasingly being used in diverse applications, including medical,
industrial and environmental fields. Their small size and large surface
area enhance their effectiveness in these applications. In recent studies,
bio-active AgNPs synthesized from various plant species, showing
strong anti-oxidant and anti-microbial properties.® Despite the known
medicinal properties of Tribulus terrestris, particularly in its fruits and
leaves, there has been scientific investigation into the potential health
benefits of these plant parts.® Osteosarcoma is a type of malignant bone
tumor that typically develops in children, young adults and adolescents.
It derives from osteoblasts, the cells responsible for generating new
bone tissue. Given this context, the research progresses with the
synthesis of AgNPs using T. terrestris, with an emphasis on their
potential bio-medical applications.'® The novelty of this study lies in its
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contribution to exploring the therapeutic potential of AgNPs, offering
new possibilities in medicinal applications. The study aims to
synthesize AgNPs using T. terrestris leaf extract through a green
synthesis method and evaluate their anti-oxidant, enzyme inhibitory and
anti-cancer activities, particularly against MG-63 osteosarcoma cells.
This research seeks to explore the potential bio-medical applications of
T. terrestris derived AgNPs, focusing on their effectiveness in
combating oxidative stress and inhibiting the proliferation of
osteosarcoma cells.

Materials and Methods

Plant Collection and Preparation

Leaves of T. terrestris were collected from Cheyyar, Tamil Nadu, India
(GPS coordinates: 12.6607° N, 79.5435° E) on 7" June 2023. The plant
was identified and authenticated by botanical taxonomy specialists at
the Siddha Central Research Institute, Chennai- 600106. A voucher
specimen (Voucher No. T06062301T) was deposited at the institute for
future reference. After harvesting, the leaves were carefully washed,
air-dried and then pulverized into a fine powder. A 10g sample of the
powdered leaves was then combined with 100 mL of distilled H20 and
subjected to boiling for 30 min at 70 °C. The resultant aqueous leaf
extract was filtered using Whatman filter paper No. 1 and preserved at
4 °C for future utilization.

Green synthesis of silver nanoparticles

Initially 10 mL of the aqueous leaf extract from T. terrestris was
introduced into a solution containing 90 mL of silver nitrate (1 mM
AgNOs3) and the mixture was subjected to stirring for 3 h at 80 °C. The
solution indicated the synthesis of AgNPs by changing from yellow to
dark brown color, as noted in a previous work.!* The synthesized
nanoparticles were subsequently centrifuged for 15 min at 10,000 rpm
to acquire pellets. This treatment was conducted thrice to eradicate any
remaining free silver potentially linked to the AgNPs. The final AgNPs
produced through this green synthesis method were labeled as AgNPs,
later freeze dried and stored at 4 °C for further examination.*?

Characterization of Silver Nanoparticles

The bio reduction of AgNPs was monitored using Ultraviolet-visible
(UV-Vis) spectroscopy (Shimadzu UV-1800, Cole-Parmer India Pvt
Ltd, Mumbai, India), which operated within the wavelength range of
200 to 800 nm. To investigate the crystalline structure, X-ray diffraction
(XRD) analysis was performed using an X’PERT PRO PAN analytical
system (Philips, Amsterdam, Netherlands). The surface morphology
and size of the nanoparticles were evaluated using scanning electron
microscopy (SEM) with a JEOL-6390LA/OXFORD XMX N (Jeol
USA Inc., Peabody, MA, USA) at an accelerating voltage of 0.5 to 30
kV. The size and zeta potential of synthesized AgNPs were analyzed
using the dynamic light scattering (DLS) technique (Brookhaven
Cooperation, NY, USA). Additionally, Fourier transform infrared
spectroscopy (FTIR) was used to analyze the functional groups present,
employing a Perkin Elmer-Tensor 27 (Bruker, Billerica, MA, USA)
with a wavelength range of 400 to 4000 cm™.

In vitro Anti-oxidant Activity

DPPH Assay

The DPPH radical scavenging potential was evaluated using a
colorimetric assay as previously described.** DPPH of 0.1 mM solution
was prepared in methanol and kept in the dark for 20 min to stabilize
the absorbance. This solution was combined with synthesized AgNPs
at concentrations ranging from 5 to 640 pg/mL in separate test tubes.
The mixtures were incubated at 37°C in the dark for 30 min. After
incubation, the absorbance was observed at 517 nm was recorded using
a spectrophotometer (Shimadzu UV-1800, Cole-Parmer India Pvt Ltd,
Mumbai, India). A decrease in absorbance indicates the radical
scavenging activity of the AgNPs, with Vitamin C serving as the control
standard. The ICso value was determined from the average + standard
deviation (SD) based on the concentrations tested. The percentage
inhibition was calculated using equation 1.
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Absorbance of control — Absorbance of sample

0, ibiti =
% Inhibition [ Absorbance of control

X 100

ABTS Assay

The ABTS radical scavenging potential of the synthesized nanoparticles
was determined using a modified radical cation decolorization
technique, which evaluates the electron-donating ability of test
compounds.** To generate the ABTS* radical, equal volumes (1:1) of 7
mM ABTS and 2.45 mM potassium persulfate (K.S20s) solutions were
mixed and incubated in the dark at 37°C for 24-48 h. The resulting
ABTS" solution was diluted in a 1:25 ratio and 300 pL of synthesized
AgNPs at concentrations as 5, 10, 20, 40, 80, 160, 320 and 640 pg/mL
was added to 3.0 mL of the freshly diluted ABTS* solution. The mixture
was thoroughly vortexed and incubated at 37°C for a 30 min. The
absorbance was then recorded at Amax=745 nm using a UV-Visible
spectrophotometer (Shimadzu UV-1800, Cole-Parmer India Pvt Ltd,
Mumbai, India). The ABTS* radical scavenging percentage was
calculated using equation 1.

Iron Chelating Ability Assay

The method for evaluating the iron (I1) binding capacity of the test
sample follows the approach outlined in the literature.'® In this assay,
the formation of a red complex between ferrous ions and ferrozine,
which absorbs light at Amax = 562 nm was used to monitor ferrous ions.
To perform the assay, 2.0 mL of solutions containing iron chelators at
concentrations of 5, 10, 20, 40, 80, 160, 320 and 640 pg/mL were mixed
with 0.4 mL of 2 mM FeSOs solution. After adding 0.2 mM ferrozine,
the reaction mixture was incubated for 10 min at 37°C and the
absorbance was measured at Amax = 562 nm. The percentage of
inhibition was calculated using equation 1.

Enzyme Assays
Polyphenol Oxidase Assay

Polyphenol Oxidase (PPO) activity was measured based on the protocol
with minor modifications.’® Nanoparticles were prepared at
concentrations of 160, 320 and 640 pg/mL in 3 mL of 0.1M NaPO4
buffer (pH 6.5). To start the reaction, 0.2 mL of 0.01 M catechol was
introduced and the absorbance variation was documented every 30 sec
at Amax = 495 nm for a duration of 2 min. The enzyme activity was
quantified in units per milliliter.

Peroxidase Assay

Nanoparticles at doses of 160, 320 and 640 ng/mL served as the enzyme
source. A reaction mixture was created by combining 3.0 mL of buffer
solution, 0.05 mL of guaiacol solution, 0.1 mL of enzyme extract and
0.03 mL of H20: solution in a cuvette.}” The absorbance was recorded
at Amax = 470 nm. The oxidase activity of the nanoparticles was
determined using the equation 2:

Activity (U.mL — 1)
_ [(AFsample — Alsample) — (AFblank — Alblank)

(0.001 x 1)

Cell Culture Studies

Cell Line Maintenance

The MG-63 human osteosarcoma cell line was procured from the
National Centre for Cell Science (NCCS), Pune, India. Cells were
cultured in T25 flasks containing Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and 1%
antibiotic solution under standard conditions. They were incubated at
37 °C in a humidified environment with 5% CO.. Once the cells reached
confluence, they were detached using trypsin and then passaged for
further cultivation.
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In Vitro Anti-Proliferative Effect of AgNPs on MG-63 Osteosarcoma
Cell Line by MTT Assay

The cytotoxic effect of AgNPs on MG-63 osteosarcoma cells was
assessed using the MTT assay, which detects cellular metabolic activity
through the reduction of yellow tetrazolium dye into insoluble purple
formazan crystals by viable cells.'® Cells were seeded into 96 well plates
at a density of 5 x 103 cells per well and incubated for 24 h. Following
this, the cells were washed twice with serum free medium and incubated
in the same for 3 h at 37 °C. They were then treated with varying
concentrations of AgNPs (1.25-40 pg/mL) for an additional 24 h. After
the exposure period, the treatment medium was removed and each well
received 100 L of MTT solution (0.5 mg/mL in DMEM). After 4 h of
incubation, the medium was carefully discarded and the resulting
formazan crystals were dissolved in 100 pL of DMSO. Absorbance was
recorded at 570 nm using a microplate reader. The percentage of viable
cells was calculated relative to the untreated control using the equation
3:

A570 nm of treated cells
A570 nm of control cells

% Cell viability = [ ] x 100

Morphology Analysis

Following the identification of the appropriate doses (ICso: 5 and 10
pg/mL) via MTT evaluation, the morphological variations of MG-63
cells were examined. The cells were treatment with AgNPs for 24 h and
were subsequently rinsed with PBS (pH 7.4). Cell morphology was
examined utilizing a phase contrast microscope.

Gene Expression Analysis

Gene expression analysis of Bax, Caspase 9 and Bcl-2 was performed
using real-time PCR. Total RNA was extracted using the TRIzol reagent
(Sigma-Aldrich), and complementary DNA (cDNA) was synthesized
utilizing the PrimeScript™ First Strand cDNA Synthesis Kit (Takara
Bio, Japan). Quantitative PCR amplification of target genes was
performed with gene-specific primers using the GoTag® gPCR Master
Mix (Promega, USA) The PCR reactions were conducted using a
CFX96 PCR machine (Bio-Rad). The comparative CT approach was
employed for data analysis, with fold changes determined via the 2-
AACT method (Schmittgen and Livak).

Statistical Analysis

The data were examined utilizing One-way ANOVA, succeeded by a
student’s t-test, employing GraphPad Prism version 7.0 software. The
data were expressed as the mean + standard deviation (SD) based on
triplicate measurements. Statistical significance was set at p < 0.05.

a 2.5+

2.0 1

1.5 4 —— Tribulus terrestris

Absorbance

1.0

0.5+

0.0 T

T T 1 1 1
200 240 280 320 360 400 440
Wavelength (nm)

Absorbance

ISSN 2616-0684 (Print)
ISSN 2616-0692 (Electronic)

Results and Discussion

UV-Vis Spectroscopic Properties of Silver Nanoparticles and Plant
Extract

In the present study, the T. terrestris plant extract was utilized for the
biosynthesis of AgNPs. The UV-Vis spectrum of the plant extract
exhibited a peak at 282 nm (Fig. 1a), indicating the presence of specific
bio-active compounds, which are responsible for the reduction of silver
ions into nanoparticles. The characteristic absorption at this wavelength
can be attributed to the presence of phenolic compounds and flavonoids
in the plant extract, which are known to have strong reducing properties.

The formation of AgNPs was initially confirmed by a noticeable color
change when the plant extract was added to the AgNO; solution. The
initially transparent yellow solution quickly transitioned to a deep black
color, indicating the successful synthesis of AgNPs. This color change
is attributed to surface plasmon resonance (SPR), a characteristic
optical property of nanoparticles. The UV-Vis absorption spectrum of
the AgNPs exhibited a prominent absorbance peak at 410 nm, which is
typical for AgNPs and supports their successful formation showed in
(Fig.1b). Similar UV absorption peaks were reported for nanoparticles
synthesized from Persicaria senegalensis (431 nm).%° In addition, a
peak around 420-430 nm is commonly observed for AgNPs synthesized
from various plant sources, indicating that the nanoparticle size and
shape can be influenced by the plant extract composition. Recent studies
have reported the formation of AgNPs with slightly varying absorption
peaks, such as those synthesized from Pongamia pinnata and Cissus
quadrangularis.?®?' This absorption range indicates the formation of
spherical or quasi-spherical AgNPs, which can be confirmed through
additional characterization techniques like SEM and TEM. Moreover,
the UV-Vis spectra provide insight into the stability of AgNPs. A
narrow, sharp peak suggests the uniform size and high monodispersity
of the nanoparticles, which is crucial for their potential bio-medical
applications. The SPR peak shift observed in certain studies, such as
AgNPs from Azadirachta indica, indicates a change in particle size or
agglomeration, which can be controlled by optimizing the synthesis
parameters.??

FTIR Spectrum Analysis of Silver Nanoparticles and Plant Extract
The Fourier Transform Infrared (FTIR) spectrum of AgNPs synthesized
using T. terrestris plant extract revealed several characteristic peaks
corresponding to specific functional groups in the plant molecules (Fig.
2a and Table 1).

3.0 —— AgNPs
2.5
430 nm
2.0+
1.5
460 560 B(')O

Wavelength (nm)

Figure 1 a): UV-Vis spectrum of plant extract, b) UV-Vis spectrum of silver nanoparticles
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Figure 2 a): FTIR spectrum of the plant extract, b) FTIR spectrum of the synthesized silver nanoparticles

The peak at 1036 cm? is attributed to the C-O stretching vibration,
commonly associated with phenolic groups or alcohols, suggesting the
presence of hydroxyl containing compounds in the T. terrestris extract
that may play a role in stabilizing the nanoparticles. The 1356 cm™ peak
corresponds to C-H bending vibrations of alkyl groups, indicating that
aliphatic hydrocarbons from the plant extract are involved in the
synthesis and stabilization of AgNPs. The absorption at 1638 cm™ is
linked to the C=0O stretching vibration, characteristic of carbonyl
groups, likely originating from carboxylic acids, esters or amide bonds

in the T. terrestris compounds, which are involved in reducing and
capping the AgNPs. The peak at 2112 cm™ corresponds to C=C
stretching, possibly associated with alkynes or nitriles in the plant
extract, contributing to the formation of the nanoparticles. Lastly, the
broad band at 3279 cm is attributed to O-H stretching, indicative of
hydroxyl groups, likely derived from phenolic compounds in T.
terrestris that aid in the reduction of silver ions and stabilization of the
AgNPs.

Table 1: FTIR spectrum analysis of different functional groups present in plant extract

S. No Wave number (cm?) Intensity Bond responsible Functional Groups

1 1036 Medium C-O Stretching Phenolic Groups or Alcohols
2 1356 Medium C-H Bending Alkyl Groups

3 1638 Strong C=0 stretching Carbonyl Groups

4 2112 Medium C=C Stretching Alkynes Groups

5 3279 Strong O-H Stretching Hydroxyl Groups

Further analysis of the synthesized AgNPs (Fig. 2b and Table 2)
revealed eight distinct functional groups, shedding light on the chemical
composition and possible interactions between the plant extract and the
nanoparticles. Key functional groups identified include the N-H stretch
of amines (3351.03 cm'?), C-H stretch of alkanes (2915.92 cm™), O-H
bend associated with alkynes (2848.46 cm™), C-H bend in aldehydes
(1731.75 cm™) and C-H stretch of carboxylic acids (1662.59 cm™).
These groups suggest that the plant extract plays a crucial role in
stabilizing the AgNPs by capping and reducing silver ions during
nanoparticle formation. In a similar study using Decaschistia
crotonifolia, functional groups such as O-H stretch (3283 cm™), C-H
stretch (2931 cm) and C=C stretch (1636 cm™) were also identified.?®
For instance, FTIR analysis of AgNPs synthesized using Spirulina
maxima showed absorption peaks at 2929 cm? (aliphatic CH
stretching), 1625 cm™ (carboxyl C—O stretching) and 1036 cm™ (amine
N-H vibrations), indicating the involvement of esters, amines,
aldehydes, alkenes, alkanes and carboxylic acids in the synthesis
process.?* Similarly, a study on Achillea wilhelmsii leaf extract
mediated AgNPs identified FTIR peaks at 2927 cm™ (C-H stretching

of alkanes), 1655 cm™ (carbonyl groups in amide linkages) and 3446
cm (O-H bond), suggesting the participation of alcohols, carboxylic
acids, alkenes and amides in the nanoparticle formation.?> These
findings align with your study, emphasizing the diverse functional
groups present in plant extracts that facilitate the reduction and
stabilization of AgNPs. The presence of these functional groups not
only aids in the synthesis of AgNPs but also contributes to their stability
and potential biological activities. These bio-molecules act as reducing
and capping agents, ensuring the formation of stable and biologically
active AgNPs.

X-Ray Diffraction Analysis

In Fig. 3 confirms the crystalline form of the AgNPs through XRD
analysis. The XRD pattern exhibited prominent diffraction peaks at
particular 26 values, indicating the crystalline planes of the AgNPs.
Peaks at 100, 102, 002, 101 and 112 correspond to the face centered
cubic (FCC) structure of silver, confirming the well-defined crystalline
structure of the AgNPs. The observed peaks align with those reported
in another study involving Tagetes erecta.?®
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Table 2: FTIR spectrum analysis of different functional groups present in silver nanoparticles

S. No Wave number (cm™) Intensity Bond responsible Functional Groups
1 719.13 Medium C-H Alkenes

2 837.34 Strong N-H Amines

3 1035.43 Medium N-H Aliphatic Amines
4 1170.90 Medium C-H Alkenes

5 1226.25 Strong Cc-0 Alcohol

6 1376.94 Medium S-0 Sulfonyl Chloride
7 1662.59 Strong c-C Carboxylic Acid
8 1731.75 Medium C-H Aldehyde

9 2848.46 Medium C-H Alkenes

10 2915.92 Medium C-H Alkenes

11 3351.03 Medium N-H Amines

This observation is consistent with recent research, where XRD analysis
confirmed the crystalline nature of AgNPs synthesized using various
plant extracts. For instance, AgNPs synthesized using Curcuma longa
flower extract exhibited a face centered cubic structure with an average
particle size of approximately 5 nm.? Similarly, AgNPs synthesized
using Inula viscosa extract displayed a face centered cubic crystal
structure with a size of 155 nm. These studies underscore the influence
of synthesis methods and plant extracts on the crystallinity and size of
AgNPs.2

Counts l
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Figure 3: X-Ray Diffraction patterns analysis of synthesized
silver nanoparticles

SEM Analysis

The SEM analysis offered visual confirmation of the form and size of
the AgNPs (Fig. 4). The SEM images revealed predominantly spherical
nanoparticles, a typical shape for AgNPs synthesized using plant
extracts. SEM analysis confirmed the presence of AgNPs, supporting
the successful synthesis of AgNPs. In a similar study involving Quercus
coccifera, spherical AgNPs were also observed, composed of silver,
carbon and oxygen.?® Recent studies have further corroborated these
findings. For instance, synthesized AgNPs using extracts from A.
wilhelmsii, M. chamomilla and C. longa, observing spherical

nanoparticles ranging from 10 to 20 nm in size. Their SEM analysis
highlighted the uniformity and dispersion of the nanoparticles,
emphasizing the role of phyto-chemicals in directing nanoparticle
morphology.?® Similarly, a previous study demonstrated that surface
texture and uniformity observed through SEM play a crucial role in
cytotoxicity. This underscores the importance of SEM in not only
confirming nanoparticle synthesis but also in predicting their biological
interactions.®® Moreover, the study utilizing Raphanus sativus, Ipomoea
batatas and Ananas comosus leaf extracts showcased SEM
effectiveness in revealing agglomeration patterns, aiding in the
assessment of particle stability in colloidal suspensions. Such
morphological insights are vital for applications where nanoparticle
stability is paramount.3!

Figure 4: SEM analysis of the synthesized silver nanoparticles
at different magnifications. (A) AgNPs imaged at approximately
4,160x magnification (scale bar: 5 pm, view field: 20.8 um),
showing clustered nanoparticle formation. (B) Higher
magnification (~6,300x%; scale bar: 500 nm, view field: 3.15 pum)
revealing detailed surface morphology. (C) Aggregated AgNPs
observed at ~4,140x magnification (scale bar: 5 pm, view field:
20.7 um). (D) Close-up surface structure at ~6,280x
magnification (scale bar: 500 nm, view field: 3.14 um).
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Dynamic Light Scattering (DLS) Analysis

The particle size distribution of the AgNPs generated using T. terrestris
extract, as analyzed by DLS, is presented in (Fig. 5). From this figure,
the particle size of 512.7 nm with a polydispersity index (PDI) of 0.340,
indicating moderate uniformity. The intensity based size distribution
revealed two peaks, with the dominant peak at 971.0 nm (80.1%
intensity) and a smaller population at 199.6 nm (19.9% intensity),
suggesting some degree of aggregation. Previous reports also showed
similar nanoparticle size when synthesized by Trigonella foenum
graecum L extract.®?

Comparable findings were reported, the synthesized AgNPs using
Nigella sativa seed extract and observed a bimodal distribution, with
aggregation attributed to the presence of phenolic compounds and
alkaloids acting as stabilizing agents.*® Additionally, a previous study
demonstrated that Azadirachta indica mediated AgNPs also displayed
particle sizes above 500 nm under certain synthesis conditions,
influenced by plant metabolite concentration and absence of post
synthesis stabilization.?* In contrast, a study using carrot extract
demonstrated that the size distribution of synthesized AgNPs could be
monodisperse or homogeneous when optimized with varying
concentrations of AgNOs and adjusted pH values emphasizing the role
of synthesis parameters in determining nanoparticle size and dispersion
behavior.*®

Results

Size (d.nm): % Intensity ~ Width (d.n...
Z-Average {d.nm): 5127 Peak1:  971.0 80.1 512.6
Pdl: 0.340 Peak2:  199.6 19.9 57.50
Intercept: 0.678 Peak3:  0.000 0.0 0.000

Result quality: Good

Size Distribution by Intensity

Intensity (%)

IS

1 10 100 1000 10000
Size (d.nm)

[ Recoras2:41

Figure 5: Particle size distribution of synthesized silver
nanoparticles

In vitro Anti-oxidant Assays

DPPH Analysis

The anti-oxidant potential of AgNPs was assessed through the DPPH
(2,2-diphenyl-1-picrylhydrazyl) assay, a commonly employed
technique to measure free radical scavenging capacity. The results (Fig.
6a) showed significant scavenging activity, with the highest inhibition
of 78.27% observed at a concentration of 640 pg/mL. This suggests that
AgNPs effectively neutralize free radicals, indicating their potential as
anti-oxidant. This ability to scavenge DPPH radicals is significant as it
reflects the AgNPs capacity to reduce oxidative stress, which
contributes to various diseases and aging. In a similar study, the free
radicals formed by Echinacea purpurea had an ICso range of 21.9
mg/mL to 39.6 mg/mL.%®

In a similar study, AgNPs synthesized from Ocimum sanctum exhibited
a maximum DPPH scavenging activity of 72.4% at 500 pg/mL,
highlighting comparable efficacy in anti-oxidant potential.®” Another
study reported AgNPs synthesized using Azadirachta indica, showing
an ICso value of 28.6 ug/mL, further demonstrating strong radical
scavenging activity.®® These findings affirm that green synthesized
AgNPs using plant extracts exhibit promising anti-oxidant properties,
aligning with our current results. Additionally, in a separate study, the
free radicals formed by Echinacea purpurea had an ICso range of 21.9
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mg/mL to 39.6 mg/mL, indicating lower anti-oxidant efficiency
compared to silver nanoparticle formulations. 3
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Figure 6: In-vitro antioxidant activities of synthesized silver
nanoparticles were evaluated using a) DPPH, b) ABTS+ and c)
Iron chelating ability assays. Results are expressed as Mean +
SD. Data analysis was conducted using one-way ANOVA,
followed by Dunnett's multiple comparison tests to determine
significant differences between treatments and the control
group. Significance levels are indicated by asterisks (***P <
0.0001), denoting statistically significant differences compared
to the control group.

ABTS Analysis

The ABTS assay was conducted to determine the AgNPs ability to
neutralize ABTS radicals, another important method for evaluating
anti-oxidant properties showed in Fig.6b. The AgNPs exhibited a
maximum inhibition of 76.55% at a concentration of 640 pg/mL. This
finding underscores the versatility of AgNPs in scavenging different
types of free radicals, further supporting their potential as an alternative
to traditional anti-oxidant. A similar study on nanoparticles from
Annona muricata reported an ICso value of 30.78 pug/mL.*

In recent years, several studies have highlighted the anti-oxidant
properties of AgNPs synthesized from various plant sources. For
instance, a study on AgNPs synthesized from guava leaf extract
demonstrated a high ABTS radical scavenging activity of 85% at 640
pg/mL, aligning closely with the results of the present study. This
highlights the significant anti-oxidant potential of AgNPs synthesized
from plant materials.** Furthermore, AgNPs synthesized from
Fusarium oxysporum have also shown superior anti-oxidant activity
when compared to standard anti-oxidant like ascorbic acid and
butylated hydroxytoluene, further reinforcing the potential of AgNPs as
effective anti-oxidant.*> In the case of A. muricata, a study on its
aqueous leaf extracts revealed 1Cso values of 50-100 pg/mL in the
DPPH assay, indicating strong anti-oxidant activity. However, studies
specifically focusing on AgNPs synthesized from A. muricata are
limited. The present study ICso value of 30.78 pg/mL for AgNPs
derived from A. muricata suggests enhanced anti-oxidant properties
compared to the leaf extract alone, likely due to the unique physico-
chemical characteristics of nanoparticles, which facilitate better
interaction with free radicals.*®
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Iron Chelating Ability

Iron chelation plays a vital role in anti-oxidant mechanisms by limiting
the availability of free iron, which can catalyze reactive oxygen species
(ROS) formation. The iron chelation capacity of AgNPs was evaluated
(Fig. 6c), revealing a highest inhibition of 79.74% at 640 pg/mL,
indicating significant binding to free iron ions. This ability contributes
to AgNPs anti-oxidant activity and suggests that they may help mitigate
oxidative damage by preventing iron induced ROS formation. A similar
study on Anoxybacillus flavithermus AgNPs found an inhibition of
75.53% at 60 pg/mL.4

Another study of AgNPs have demonstrated significant anti-oxidant
properties, partly due to their ability to chelate free iron ions, thereby
limiting the formation of ROS. This mechanism is crucial in mitigating
oxidative stress-related damages.*® A study synthesized AgNPs using
leaf extract of Morus alba and evaluated their anti-oxidant activities.
The findings indicated that these nanoparticles exhibited effective metal
ion chelating activity, contributing to their anti-oxidant potential.*® In
another research, AgNPs were synthesized using the rhizome extract of
Geum urbanum. The study evaluated their anti-oxidant potential
through various in vitro assays, including metal ion chelating activity,
highlighting their role in scavenging free radicals and chelating metal
ions.*” These studies underscore the importance of iron chelation in the
anti-oxidant mechanisms of silver AgNPs, suggesting their potential in
mitigating oxidative stress and related pathologies.

Enzyme Assays

Peroxidase (POD) Assay

Peroxidase (POD) is involved in oxidative reactions, including the
breakdown of hydrogen peroxide (H20:) and organic peroxides. The
AgNPs demonstrated significant inhibition of POD activity (Fig. 7a),
with the highest inhibition of 91.99% at 640 pg/mL. This extraordinary
result suggests that AgNPs may interfere with POD activity, potentially
blocking it beyond its natural capacity. This effect could offer
therapeutic applications in managing peroxidase related oxidative
damage.®®

Recent studies have explored the interaction between AgNPs and
peroxidase activity in plants, revealing complex effects that vary with
concentration and plant species. In a study on Populus nigra L. callus
culture, exposure to biofunctionalized AgNPs-Cit-L-Cys led to a
significant increase in ascorbate peroxidase (APX) and catalase (CAT)
activities, particularly at lower concentrations (2.5 mg/L). This
response was associated with oxidative stress indicators such as
elevated lipid peroxidation levels, suggesting that AgNPs can induce
oxidative stress, prompting an upregulation of anti-oxidant enzymes as
a defence mechanism.*®
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Figure 7: In-vitro Enzyme activity of Synthesized silver
nanoparticles at different concentration a) Peroxidase Assay b)
Polyphenol oxidase assay

Similarly, research on lettuce (Lactuca sativa L.) demonstrated that
AgNPs application under varying irrigation regimes influenced
physiological traits and enzyme activities. The study found that AgNPs
could modulate anti-oxidant enzyme activities, including peroxidase,
depending on the concentration and environmental conditions,
indicating a potential role in enhancing plant stress tolerance.>® These
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findings underscore the dual role of AgNPs in plant systems: at certain
concentrations, they may induce oxidative stress, leading to an
upregulation of anti-oxidant defences, while at higher concentrations,
they can inhibit peroxidase activity, potentially overwhelming the
plant’s natural defence mechanisms. This duality highlights the
importance of precise dosing and application strategies when
considering AgNPs for agricultural or therapeutic purposes.*

Polyphenol Oxidase (PPO) Assay

PPO catalyzes the oxidation of phenolic compounds, which can lead to
browning in plants and food products. The inhibition of PPO activity by
AgNPs was evaluated (Fig. 7b). The AgNPs showed the highest
inhibition of 98.74% at 640 pg/mL, suggesting that AgNPs can inhibit
PPO, which could be beneficial in food preservation and in managing
oxidative stress in biological systems.5!

Recent studies have explored the application of AgNPs in modulating
PPO activity within pharmaceutical and bio-medical contexts. For
instance, research involving Moringa oleifera leaf extracts
demonstrated that incorporating AgNPs enhanced the total anti-oxidant
capacity and increased the concentration of polyphenolic compounds.
This enhancement is attributed to the interaction between AgNPs and
phenolic compounds, leading to improved scavenging activity against
free radicals and increased cytotoxicity against colon cancer cells. Such
findings suggest that AgNPs can play a significant role in managing
oxidative stress in biological systems.5?

Similarly, studies on Calotropis procera have investigated the synthesis
and characterization of AgNPs using leaf extracts. These AgNPs
exhibited notable anti-microbial properties, indicating their potential
utility in pharmaceutical applications. While the primary focus was on
anti-microbial activity, the interaction between AgNPs and plant
extracts rich in phenolic compounds implies a possible influence on
PPO activity, warranting further investigation.® These studies
underscore the potential of AgNPs in inhibiting PPO activity, which
could be beneficial in food preservation and in managing oxidative
stress in biological systems.

In Vitro Anti-Proliferative Effect of Silver Nanoparticles on MG-63
Osteosarcoma Cell Line by MTT Assay

The anti-proliferative effects of AgNPs on the MG-63 osteosarcoma
cell line were evaluated to explore their potential as anti-cancer agents.
A dose dependent decrease in cell viability was observed, with a
reduction to 78.34% at 80 pg/mL. The ICso value, which represents the
concentration at which 50% of cell proliferation was inhibited, was
calculated to be 19.56 pg/mL (Fig. 8). These results indicate that AQNPs
possess significant anti-cancer activity, effectively inhibiting the
growth of osteosarcoma cells, which supports their potential in cancer
therapy. Similar data from Lagerstroemia speciosa AgNPs also showed
a decrease in cell viability, with an 1Cso value of 37.57 pg/mL in the
MG-63 cell line.>*

Recent studies have highlighted the promising anti-cancer potential of
AgNPs against osteosarcoma, particularly the MG-63 cell line. Our
findings demonstrating a dose dependent cytotoxic effect with an ICso
of 19.56 pg/mL align with previous studies reporting that AgNPs not
only inhibit MG-63 proliferation but also modulate the tumor immune
microenvironment, enhancing therapeutic efficacy.%®

Additionally, another study evaluated the impact of different AgNPs
sizes and concentrations on MG-63 cells and confirmed their pro-
apoptotic activity through ROS generation and mitochondrial
dysfunction.®® These findings underscore the significance of AgNPs in
osteosarcoma treatment, highlighting their multifaceted roles in
inducing apoptosis, modulating immune responses and suppressing
proliferation. The consistent ICso values and cellular responses across
plant mediated AgNPs further reinforce their potential as novel, bio-
compatible agents in osteosarcoma therapy.
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Figure 8: MTT assay confirming the anti-proliferative activity
of silver nanoparticles against MG-63 Osteosarcoma Cell Line.

Gene Expression Studies

Gene expression analysis was conducted using quantitative real-time
PCR (qRT-PCR) to explore the molecular mechanisms underlying the
biological effects of AgNPs. The primary focus of this analysis was on
the Bax, Caspase 9 and Bcl-2, following treatment with varying
concentrations (10, 20 and 40 pg/ml) of AgNPs (Fig. 9). The results
revealed a dose dependent upregulation of Bax and Caspase 9, with
significant increases observed at higher concentrations, indicating
activation of the intrinsic apoptotic pathway. In contrast, the anti-
apoptotic gene Bcl-2 was significantly downregulated, supporting the
pro apoptotic effect of AgNPs.
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Figure 9: Gene Expression studies of synthesized silver
nanoparticles at different assays a) Bax b) Caspase 9 c) Bcl-2

This gene expression profile suggests that AgNPs promote apoptosis
through a mitochondrial mediated mechanism. In addition to their pro
apoptotic effects in eukaryotic systems, AgNPs may also exert anti-
bacterial actions through a different mechanism. Notably, AgNPs
exposure has been linked to the downregulation of key bacterial porin
genes, such as oprD and carO, which are crucial for maintaining cell
membrane permeability and allowing the uptake of small molecules and
nutrients. The suppression of these genes indicates that AgNPs might
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disrupt normal bacterial membrane function, impairing nutrient
acquisition and enhancing susceptibility to anti-microbial agents.
Together, these findings underscore the dual functional potential of
AgNPs, acting both as pro apoptotic agents in mammalian systems and
as anti-bacterial agents targeting microbial survival pathways.>"%

Conclusion

In conclusion, AgNPs synthesized from T. terrestris leaf extract show
strong potential for therapeutic use, particularly in cancer treatment.
The ecofriendly green synthesis method used here proves to be an
efficient and cost-effective approach for nanoparticle production.
Characterization of the AgNPs revealed key physico-chemical
properties, including high surface area and stability, enhancing their
biological activity. These nanoparticles demonstrated significant anti-
oxidant effects, helping to counteract oxidative stress. Additionally, the
AgNPs showed promising anti-cancer activity by inhibiting cell growth
and inducing apoptosis in MG-63 osteosarcoma cells. Overall, T.
terrestris derived AgNPs appear to be a promising option for cancer
therapy, specifically in osteosarcoma. Further research is necessary to
assess their in vivo effectiveness, molecular mechanisms and safety for
clinical applications.
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