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As natural chemicals may have fewer side effects than conventional medicines, their usage in cancer
treatment is becoming more popular. Nanoformulations have been the focus of recent developments to
increase the anticancer potential of phytocompounds or pure isolated components. To evaluate the
anticancer potential of silver nitrate nanoparticles (AgNPs), essential oil (EO) from Catharanthus roseus
was extracted, a terpene compound was isolated and incensole acetate (IA)-mediated silver
nanoparticles (IA-AgNPs) were synthesized. The anticancer potential of biosynthesized |IA-AgNPs was
assessed using a rat mammary tumor model induced by 9,10-dimethylbenzlalanthracene (DMBA).
Scanning electron microscopy (SEM), ultraviolet (UV) and visible spectroscopy, size determination, and
dynamic light scattering were used to characterize the synthesized nanoparticles (NPs). To ascertain the
bioactive potential of the prepared IA-AgNPs, tests for cytotoxicity, antioxidant activity, stress marker
analysis, and histopathology were performed. The study's findings showed that among DMBA-induced
rats, IA-AgNPs markedly improved some oxidative stress enzyme levels, and upregulated TPX2 gene
expression. IA-AgNPs demonstrated effective cytotoxicity against MDA-MB-231 cancer cell lines. The
anticancer potential was observed by improved levels of antioxidant enzymes. Significant improvements

in cancer-induced tissues were found by histopathological investigation, validating the IA-AgNPs’
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induced breast cancer (BC) model is altered by biosynthesized silver nitrate NPs. The combined findings
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Open Access Article. Published on 31 July 2025. Downloaded on 2/12/2026 9:57:30 AM.

(cc)

rsc.li/nanoscale-advances

1. Introduction

Anticancer drugs can be delivered and released using smart NPs
to target malignancies accurately. However, the fate of the drug-
carrying nanocarriers is still a concern. The lungs, kidneys,
liver, and heart can all accumulate conventional NPs, depend-
ing on their size, shape, surface charge, and whether or not they
have a shell surrounding them. The outcome of this deposition
is toxicity, which poses a momentous challenge to the produc-
tion of smart NPs. Only a few human studies have been con-
ducted, but many in vitro and in vivo toxicity studies have
employed animals." Nanotechnology is one of the cutting-edge
strategies that has demonstrated exceptional promise in
improving cancer treatment through precise drug delivery and
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in treating cancer parameters compared to traditional therapies.

molecular targeting. Because of their strong anticancer effects,
which include cytotoxicity against cancer cells, induction of
apoptosis, and prevention of tumor development, silver NPs
have attracted a lot of attention.? Nonselective biodistribution,
harm to healthy cells or tissues, and drug resistance of cancer
cells are the outcomes of traditional cancer treatments like
chemotherapy, radiation therapy, and hormone therapy, which
calls for high dosages of the drug in the tumor region with little
tumor-targeting specificity." On the other hand, new techniques
including gene delivery, controlled drug delivery, intracellular
drug targeting, tumor-receptor targeting, and triggered drug
release, as well as ongoing advancements in cancer drug
discovery, have created a useful new range of cancer treatment
modalities.> Recent developments in nanomedicine have
demonstrated that drug delivery based on nanotechnology has
significant promise for the diagnosis and treatment of cancer
with fewer harmful consequences.* Nanoformulations increase
the therapeutic efficacy of medications by facilitating drug tar-
geting and direct absorption into cancer cells.” NPs are large
enough to encapsulate many small-molecule substances, even
though they are smaller than cells. At the same time, NPs' vast
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surface area makes them very capable of being functionalized
with ligands, such as peptides, small molecules, DNA or RNA.°
Site-specific target compounds and active controlled-release
drug delivery systems that are nanoscale formulations are a few
advantages that nanotechnology provides in the treatment of
BC.” With excellent treatment results, a selection of chemo-
therapeutics based on NPs have been developed and used
therapeutically to treat BC.®

The most common malignancy in women, BC accounts for
15% of all cancer deaths. Although the overall survival rate was
improved by novel nanotechnology-based techniques, meta-
static BC remains difficult to treat, with an anticipated overall
survival rate of 23%.° Additionally, BC is a different kind of
cancer and has been divided into four major subtypes, basal-
like BC, HER2-enriched BC, luminal A, and luminal B. As of
right now, the following clinically relevant surrogate subtypes
were identified by histological and molecular characteristics
such as HER2-enriched, luminal A-like, and luminal B-like
HER2".** Chemotherapy, HER2 targeted therapy or radiotherapy
are typically employed in multidisciplinary approaches to treat
BC." Various treatment methods for BC frequently have draw-
backs such as resistance, toxicity, and recurrence, making it
a significant global health concern. Biosynthesized NPs
enhance anticancer medications’ stability and solubility, which
improves treatment results.> By avoiding the resistance mech-
anisms of cancer cells, nanocarriers can increase the effective-
ness of treatment in BC. NPs reduce systemic toxicity and
adverse responses by regulating medication release.*® Real-time
monitoring of treatment response is made possible by certain
NPs that integrate therapy and diagnostics.**

TPX2 has been validated as a molecular indicator of a poor
patient prognosis. TPX2 can activate the phosphoinositide 3-
kinase/protein kinase B (PI3K/Akt) pathway in breast, ovarian
and colon cancer, which in turn can increase the production of
the matrix metalloproteinase (MMP) family. According to recent
studies, liver cancer cell invasion can be prevented by down-
regulating MMP2 and MMP9 expressions in order to suppress
TPX2 expression. TPX2's role in BC is still unknown, though,
and little is known about the precise method by which it regu-
lates tumor growth.*

The TPX2 gene, an oncogene implicated in the development
of tumors, has become a promising target for treatment;
however, there are currently no efficient inhibitors with negli-
gible adverse effects. A natural terpene substance, incensole
acetate, having anticancer qualities has demonstrated poten-
tial; nonetheless, its limited therapeutic use is due to its poor
solubility and absorption. Drug delivery using nano-
formulations may increase its efficacy; however, little is known
about this strategy. This work investigates how biosynthesized
IA-AgNPs may alter TPX2 expression and the ensuing impacts
on the growth and death of BC cells. This study's main goals
were to develop and analyze incensole acetate-mediated silver
nitrate NPs to assess their efficacy and to determine how
effective incensole acetate-mediated NPs are as TPX2 inhibitors
for the treatment of induced BC. This study also investigated
how TPX2 inhibition affects the survival and propagation of BC
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cells in a DMBA-induced model to evaluate the IA-AgNPs' anti-
tumor effectiveness.

2. Methodology

2.1 Essential oil extraction and terpene isolation

Catharanthus roseus (C. roseus) plants were collected during the
spring (February to April) season. Dr Iftikhar Ahmad deposited
a voucher specimen (181-1-23) at the University of Agriculture
Faisalabad's Department of Botany for identification. Before
being finely milled into powder form (100 g), the gathered plants
(5.2 kg) were allowed to air dry for a few days at a temperature
between 25 and 28 °C. The hydro-distillation technique was used
to extract EO at 100 °C, and the extracted oil was stored between 4
and 6 °C."® Multi-dimensional gas chromatography with a capil-
lary column was then used to perform gas chromatography-mass
spectrometry (GC-MS) analysis. With the initial temperature set
at 250 °C and progressively raised to 280 °C over the course of
three minutes, a 0.2 uL sample of EO was injected into the
column at a flow rate of 1 uL min~".*” Using silica gel 60 (70-250
mesh, Merck) for successive purification, a pure compound from
C. roseus EO was separated. Acetone, ethyl acetate, di-
chloromethane, and methanol made up the mobile phase. Using
a JEOL JNM-ECA 500 Spectrometer, carbon and proton spectra
were acquired at 125 MHz and 500 MHz, respectively, for
a nuclear magnetic resonance (NMR) investigation carried out at
25 °C. Version 5.0.4 of the DELTA software was used to document
the NMR data (JEOL). The most likely matches from the NIST
library were consulted in order to ascertain the structure of the
chemical (https://www.nist.gov/nist-research-library).*®

Through a series of purification procedures, the isolated
compound from C. roseus EO was extracted using silica gel 60
(70-250 mesh, Merck). Acetone, ethyl acetate, dichloromethane,
and methanol were used as the process's mobile phase. In order
to achieve the best separation, column fractions were examined
using thin-layer chromatography (TLC) plates using a solvent
system consisting of distilled water and ethyl acetate (4 : 2, v/v).
The separated components' retention factor (Rg) values from
various fractions were evaluated and aggregated appropriately.
Each fraction underwent additional TLC analysis to verify the
component's separation.*’

2.2 Synthesis of silver nitrate nanoparticles

The traditional biogenic technique described by Niraimathi was
employed to create IA-AgNPs. AgNPs were made using a silver
nitrate (AgNO3) solution and an isolated terpene compound. To
create an AgNO; solution, 0.15 g of AgNO; was dissolved in 100
mL of distilled water. Before adding the isolated terpene, the
AgNO; solution was shaken for five minutes at room tempera-
ture. The solution's color instantly changed from colorless to
yellowish brown upon the addition of terpene. This color shift
verified the creation of AgNPs, which were subsequently sepa-
rated by centrifugation for 40 minutes at 14 000 rpm while
keeping the temperature at 40 °C.>° The NPs were then used for
further characterization.

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

The nano-formulations' medication content, droplet size, and
charge potential were all assessed to analyze the physical
characteristics and stability of NPs. UV spectrum, droplet size
and SEM parametric analyses were also used to determine the
homogeneity of nanoparticle droplets.**

Photon correlation spectroscopy was used to determine the
size distribution of the nano-formulation using a Delsa Nano C
Zeta Sizer (Zeta sizer ZS90, Nano-series, Malvern, UK). In order
to achieve this, NPs were put into quartz cuvettes that held two
milliliters of the sample after being diluted ten times with
double-distilled water. 25 °C was the controlled temperature at
which the experiment was carried out. IA-AgNP surface charges
were measured using a Beckman Coulter Delsa Nano C particle
analyzer. The particle charge affected the nanoemulsion's
stability and physical characteristics.??

Using a UV-visible spectrophotometer at 600 nm absorbance,
the turbidity of the NPs was examined.” The nanoparticle's
shape and structural properties were investigated through the
use of SEM at different magnification settings. The samples
were prepared by placing a small drop of the biosynthesized
formulation onto a spotless glass surface and letting the solvent
naturally evaporate at ambient temperature. To examine the
surface characteristics, a high-resolution field emission scan-
ning electron microscope (Nova Nano SEM, Japan) was used.
The sample was seen at a 1000 x g magnification for SEM
imaging, and the voltage was set at 5.00 kv.>*

2.4 Antioxidant assay

A popular technique for evaluating a compound's antioxidant
capability based on its capacity to scavenge free radicals is the
2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. This process
involves mixing various quantities of the test material or
a standard antioxidant (such as ascorbic acid) with a 0.1 mM
DPPH solution that has been added to methanol.*® A spectro-
photometer is used to measure the absorbance at 517 nm after
the reaction mixture has been incubated for 30 minutes at room
temperature in the dark. The sample's antioxidant capacity is
next ascertained by calculating the percentage of DPPH scav-
enging activity.

For 150 minutes, a reaction mixture including 10 mM
sodium nitroprusside (SNP) in phosphate-buffered saline (PBS,
pH 7.4) is incubated at 25 °C with varying concentrations of
standard antioxidant (ascorbic acid). Following the incubation
period, an equivalent volume of Griess reagent, a combination
of sulfanilamide and naphthyl ethylenediamine di-
hydrochloride in acidic conditions, is added to quantify the
amount of nitrite that has been produced.”® At 540 nm, the
absorbance is determined with a UV-vis spectrophotometer.
The absorbances of the sample and the control are then
compared to determine the nitric oxide (NO) scavenging activity
as a percentage. By scavenging nitric oxide radicals, this assay
sheds light on the potential of bioactive substances to reduce
oxidative stress.

The hydrogen peroxide (H,O,) scavenging assay assesses
a compound's capacity to neutralize the reactive oxygen species

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

View Article Online

Nanoscale Advances

hydrogen peroxide. Different quantities of the test sample are
combined with a 40 mM H,O, solution in 50 mM phosphate
buffer (pH 7.4). A spectrophotometer is used to measure the
absorbance at 230 nm following ten minutes of room temper-
ature incubation.”” The absorbance of the sample and that of
the control are then compared to ascertain the scavenging
activity. The antioxidant qualities of synthetic substances,
natural extracts, and pharmaceutical formulations are all
usefully revealed by these assays.

2.5 Antimicrobial activity

Escherichia coli, Staphylococcus pneumoniae and Staphylococcus
aureus bacterial cultures were acquired from the IMBB depart-
ment, University of Lahore. 40 milliliters of sterile distilled
water were used to dissolve a 270 mg tablet of resazurin to create
the resazurin solution. A 96-well plate was used for the aseptic
test conditions. 100 pL of the sample, comprising 10 mg mL ™,
was put onto the plate's first well. After that, the tested sample
was diluted and 50 pL of nutritional broth was added to each of
the other wells. Each well was then filled with 10 uL of bacterial
suspension and 10 pL of resazurin solution. The plates were
covered with cling film and incubated for 18 to 24 hours at 37 °C
to avoid dehydration.”® At the lowest concentration at which
a color shift occurred, the minimum inhibitory concentration
(MIC) was noted. For the terpene IA and the IA-AgNPs, respec-
tively, the negative controls were dimethyl sulfoxide (DMSO)
solvent and water-ethanol (1 : 1) solution, whereas the positive
control was streptomycin (10 pg/500 pL). Additionally, the
nutrient broth served as a negative control.

2.6 In vitro assay

The cell lines used for in vitro assay were acquired from the
Institute of Molecular Biology and Biotechnology Department at
The University of Lahore, Lahore, Pakistan. The MDA-MB-231
human cancer cell line and the HMEpC control cell line were
cultured in RPMI-1640 medium supplemented with 10% fetal
bovine serum, 100 ug mL ™" streptomycin, 100 pg mL~" peni-
cillin, and 2 mM r-glutamic acid. The cells were maintained
under sterile conditions at 37 °C in a humidified incubator with
5% CO,. To determine the inhibitory concentration (IC50) value
(the concentration required to inhibit a biological process by
50%) and assess cell viability, AgNO;, terpene IA, and IA-AgNPs
were tested using the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide (MTT) assay, which was modified
from the method as described.” In both healthy HMEpC cells
and MDA-MB-231 cancer cells, the effects of terpene IA and IA-
AgNPs on cell viability were assessed in relation to the common
chemotherapeutic medication cisplatin. Following their seed-
ing in 96-well plates, the cells were cultured for a full day.
Samples were then applied to the cells. The cells were then
cultured again in an incubator for a full day. Following a 24
hours exposure to the extracts, 100 uL of MTT solution was
added, and then incubated. The monolayer cells were gently
rinsed twice with PBS. To dissolve the formazan crystals, 100 pL
of DMSO was added to each well. An optical density measure-
ment was made of the samples at 590 nm using a BIOBASE
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microplate reader (BioTek-ELx800). Additionally, the IC50 of the
samples was determined.*

2.7 Crystal violet assay

As stated by the assay,** the cytotoxic concentration of the pure
compound and biosynthesized IA-AgNPs was determined
utilizing the crystal violet staining method to assess the viability
of MDA-MB-231 and HMEpC cell lines. Once the culture
medium from each experimental group was taken out, the 96-
well plate was rinsed with PBS. After that, the wells were filled
with a solution containing 0.1% crystal violet dye and 2%
ethanol, and they were left to set for 15 minutes at room
temperature. Following a thorough cleaning, any excess dye was
eliminated from the wells to prevent the cells from separating.
After adding 200 pL of 1% SDS to each well to dissolve any
remaining dye, the absorbance at 540 nm was measured using
a microplate reader.*

2.8 In vivo anticancer parameters

To induce BC with DMBA, rats were divided into six groups (6
rats per group) and given a freshly made intraperitoneal dose of
DMBA (30 mg kg™ ') after being randomly assigned to control
and experimental groups.*

After DMBA was administered, rats were palpated once
a week to track the growth of tumors. Following tumor induc-
tion and DMBA exposure for 6-8 weeks, the rats were split up
into six treatment groups: group 1 acted as the untreated
control; group 2 only received the IA-mediated silver NPs (50 mg
kg™ "); group 3 received DMBA (30 mg kg~ ') without any further
treatment. Group 4 received DMBA and was treated with IA (20
mg kg™') dissolved in normal saline after the tumor formed.
Group 5 received DMBA and IA-AgNPs (50 mg kg™ ') dissolved in
normal saline for six weeks, and group 6 comprised DMBA-
induced rats that were given cisplatin (5.0 mg kg™') dissolved in
normal saline and administered intraperitoneally.** All treat-
ments were administered on alternate days over a six-week
period to minimize drug-induced toxicity in the rats.

Weekly tumor growth observations are then made of the
animals, and the size and volume of the tumors are regularly
calculated. When the treatment period came to an end, the rats
in each group were slaughtered. All animals were fasted for 12
hours before having their hearts punctured to get blood. After
20 minutes of coagulation at 4 °C, the blood was centrifuged for
15 minutes at 4000 rpm to extract the serum. The mammary
glands were also dissected and stored for histological exami-
nation in 5% formalin.

2.9 Tumor weight and tumor growth rate

For four to six weeks after DMBA induction, changes in tumor
growth rate were tracked in each experimental group before
starting therapy with the terpene and biosynthesized IA-NPs.
Tumor size and tumor weight were routinely measured. Tumor
growth rate and volume were measured with a Vernier caliper.
Tumor volume was computed using length and breadth
measures for rats with palpable tumors. By dividing the
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ultimate tumor size in the treated group by the original tumor
volume, the tumor growth ratio (V/V,) was calculated.*

Tumors were palpable four to six weeks later. Weekly tumor
development was tracked, and weight and volume changes
before and after therapy started were routinely computed. A
digital scale and a Vernier caliper were used to measure the
tumor's length and volume using the equation

Volume = (width?) x length/ (2)

2.10 Toxicity studies

In accordance with institutional ethical requirements, the acute
oral toxicity of the terpene compound and IA-AgNPs is investi-
gated. Rats' liver, kidney, and other bodily organs may be toxi-
cally affected by terpene IA, and by IA-AgNPs. For acute toxicity
evaluations, such as the complete blood count (CBC), liver
function test (LFT), and renal function test (RFT), blood
samples were taken from each experimental group. The Cya-
nomethemoglobin technique was used to measure hemoglobin
(HDb). Following established procedures, the red blood cells
(RBC), white blood cells (WBC), platelets, and monocytes were
measured using a hematological auto-analyzer (Abacus 380).*
Reitman and Frankel's approach was used to quantify serum
alanine aminotransferase (ALT) and serum aspartate amino-
transferase (AST) for liver function analysis. An auto-analyzer
(Cobas C111 Chemistry Analyzer) was used to measure creati-
nine and urea levels in order to evaluate kidney function and
look into any in vivo toxicity effects.*”

2.11 Oxidative marker analysis

Standardized biochemical assays were used to assess oxidative
stress markers, such as glutathione (GSH), malondialdehyde
(MDA), nitric oxide (NO), and glutathione peroxidase (GPx). The
Griess reagent test was used to measure the NO levels. An
equivalent volume of Griess reagent (1% sulfanilamide in 5%
phosphoric acid and 0.1% N-(1-naphthyl)ethylenediamine di-
hydrochloride) was combined with tissue homogenate samples.
A microplate reader was used to measure the absorbance at 540
nm after the reaction mixture had been incubated for 10
minutes at room temperature. Utilizing a sodium nitrite stan-
dard curve, NO values were ascertained.*®

To measure MDA levels, a measure of lipid peroxidation, the
thiobarbituric acid reactive substances (TBARS) assay was used.
This procedure involved mixing tissue or serum samples with
the thiobarbituric acid (TBA) reagent and heating them in an
acidic atmosphere for 30 minutes at 95 °C. A spectrophotometer
was used to measure the resulting complex at 532 nm. A 1,1,3,3-
tetraethoxypropane standard curve was used to determine the
MDA levels.*

The Ellman's reagent (5,5'-dithiobis-(2-nitrobenzoic acid),
DTNB) test was used to measure the amount of GSH. DTNB was
added to tissue homogenate samples, and the absorbance of the
resulting yellow complex was measured at 412 nm. A reduced
glutathione standard curve was used to calculate the GSH
concentration.*’

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Primers used for TPX2 gene expression®
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Target genes Sequencing PCR product size Primer temperature, °C
TPX2 forward AACAATCCATTCCGTCAA 332 bp 51.62
TPX2 reverse TGCAGGTGGCATACAAGG 57.26
GAPDH forward ACCTGACCTGCCGTCTAGAA 247bp 57.20
GAPDH reverse TCCACCACCCTGTTGCTGTA 57.15

% GAPDH = reference housekeeping gene, PCR = polymerase chain reaction, bp = base pair.

To assess GPx activity, a linked enzyme reaction was used.
NADPH in phosphate buffer, glutathione reductase, and GSH
were all present in the reaction mixture. At 340 nm, the drop in
NADPH absorbance was measured when H,O, was added to
start the enzyme process.*

2.12 TPX2 expression analysis

The expression of the TPX2 gene was examined using the real-
time polymerase chain reaction (RT-PCR) method. Tissue
samples were used to extract total RNA for RT-PCR using
a commercial RNA isolation kit and the manufacturer's
instructions.”” Components of the RNA/primer mix are pre-
sented in ESI Table S1. RNA's purity and concentration were
measured with a Nanodrop spectrophotometer at 260/280 nm.
From 1 pg of total RNA, complementary DNA (cDNA) was
produced using a reverse transcription kit. SYBR Green Master
Mix, cDNA, TPX2 gene-specific primers, and nuclease-free water
were utilized for RT-PCR in a 10 pL reaction volume. The
amplification was performed in a thermal cycler under the
following conditions: initial denaturation at 95 °C for 5
minutes, 40 cycles of denaturation at 95 °C for 15 seconds,
annealing at an ideal temperature (55-60 °C) for 30 seconds,
and extension at 72 °C for 20 seconds. The 2 *2°T technique
was utilized to examine the relative expression levels of TPX2,
while GAPDH served as an internal reference gene.** Following
each experiment, expression analysis was measured, and the
data were normalized using the GAPDH expression in these
samples. ESI Table S2 displays the temperatures and thermal
cycler cycles that were recorded, and the lists of primers used,
their order, and product size are noted in Table 1.

2.13 Polymerase chain reaction

From extracted DNA samples, target gene sequences were
amplified using the PCR. Following the manufacturer's
instructions, genomic DNA was extracted from tissue samples
using a commercial DNA extraction kit. The extracted DNA's
content and purity were evaluated at 260/280 nm using
a Nanodrop spectrophotometer. 50 ng of template DNA, 200 uM
of each dNTP, 0.5 uM of forward and reverse primers, 1 unit of
Taq DNA polymerase, 10x PCR buffer with MgCl,, and
nuclease-free water to adjust the final volume were all used in
the 25 pL reaction mixture used for PCR amplification. The first
30 to 35 cycles of denaturation occurred at 95 °C for 30 seconds,
followed by annealing at an ideal temperature (50 to 65 °C) for
30 seconds, extension at 72 °C for 1 minute, and a final

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

extension step at 72 °C for 10 minutes. Using 1.5% agarose gel
electrophoresis, ethidium bromide staining, and UV trans-
illuminator visualization, the PCR products were examined. As
a molecular weight marker, a 100 bp DNA ladder was employed
to verify the anticipated amplicon size. All tests were carried out
in triplicate, and negative controls which lacked template DNA
were included to rule out contamination and guarantee the
precision and repeatability of the data.

2.14 Histopathology

Rats used in the experiment had their breast tissues carefully
removed for histological examination. Following a 24 to 48 hour
cleaning with PBS, they were promptly preserved in 10% neutral
buffered formalin. Tissues were fixed, dehydrated using
a graded ethanol sequence, cleaned in xylene, and embedded in
paraffin wax to create tissue blocks. Thin slices (4-5 um) were
then cut with a rotary microtome and put on glass slides. The
slices were rehydrated using progressively lower ethanol
concentrations, deparaffinized with xylene, and stained with
hematoxylin and eosin (H&E) to assess morphological changes,
cellular architecture, and potential tissue damage.** Under
a light microscope, stained sections were viewed at various
magnifications to evaluate structural changes, tumor growth,
fibrosis, and other histological features. Using a digital imaging
device, photomicrographs were taken for comparison. The
degree of histopathological alteration was rated using standard
criteria to gauge tissue damage and treatment results.*

2.15 Statistical analysis

Both the means and the standard error of the mean (SEM) are
shown. The groups treated with isolated terpene and IA-AgNPs, the
DMBA-induced group, and the experimental control group were
all statistically compared. Prism software version 9.5 (GraphPad
Software, San Diego, CA, USA) was utilized for statistical analysis,
which involved a post hoc Dunnett test. The following criteria were
used to determine statistical significance: p < 0.05, p <0.001, and p
< 0.0001.

3. Results
3.1 GC-MS analysis

After the EO of C. roseus was extracted using the hydro-distil-
lation process, its chemical makeup was examined using GC-
MS. In order to effectively separate the EO's volatile components
and guarantee that heat-sensitive chemicals degraded as little
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as possible, hydro-distillation was used. Comprehensive chro-
matographic profiles from the GC-MS analysis are shown in ESI
Fig. S1 and Table S3, which show the different chemical
components found using this method." This was confirmed by
the results of the GC-MS analysis. C. roseus contains a large
number of different bioactive compounds. The primary
components discovered were terpenes, flavonoids, terpenoids,
alkanes, and aldehydes, and these substances contribute to the
EO's distinct potential biological effects. These findings are
consistent with previous studies that detailed the complex
composition of C. roseus EO emphasizing its possible applica-
tions in various fields.

3.2 Terpene compound identification and characterization

TLC and silica gel column chromatography were used to isolate
the terpene IA from C. roseus EO. R¢ values of isolated terpene
obtained from EO are presented in ESI Table S4. The chemical
was then refined by column chromatography, which separated
the EO components according to their polarity. Initially, TLC
was utilized to track the separation process and detect the
presence of IA. In line with previously published values in the
literature, the isolated IA's retention index (RI) was found to be
2173." Acetone, methanol, and ethyl acetate were combined in
a 5.1:3.9:1.0 ratio to perform TLC analysis of the separated
fraction. A stretching vibration at 1643 cm ™' was visible in the
infrared (IR) spectrum, suggesting the existence of a carbonyl
functional group. Furthermore, the IR results verified that the
molecule included sp® hybridized carbon. Unsaturated bonds
were indicated by signals at 1436 cm ™', whereas a C-O
stretching band was represented by a peak at 1376 cm™". ESI
Fig. S2 shows the results of the analysis of the compound's
chemical structure for the proton nuclear magnetic resonance
(*H-NMR) spectrum, and ESI Fig. S3 shows the results for the
carbon-13 nuclear magnetic resonance ("*C-NMR) spectrum.
The molecular weight of isolated terpene (IA) was calculated to
be 334 g mol ™. A molecular ion peak at 348 amu was found by
mass spectrometry analysis, which is consistent with observa-
tions that have been previously published."”

3.3 Optimization and nanoparticle characterization

IA-AgNPs were synthesized by adjusting the concentrations of
isolated terpene (1.5 mM) and silver nitrate (0.15 g), at the
reaction temperature (35 to 60 °C) for 40-50 minutes. The pH of
the reaction medium is adjusted at 6.10-7.12. These conditions

Table 2 Physical parameters and characterization of IA-AgNPs®
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yielded 90% IA-mediated NPs with an average size of 116 nm,
demonstrating stability and uniform dispersion as also verified
by SEM, zeta potential and UV-visible studies. These parameters
typically influence synthesis and the representative values are
also mentioned in ESI Table S5.

The synthesized IA-AgNPs were stored at 25 + 4 °C (room
temperature), and preliminary testing indicated that IA-AgNPs
were stable. The pH, viscosity and zeta potential of IA-AgNPs
were analyzed (Table 2). The synthesized NPs seemed to be
polydisperse in size, with an average, characteristic peak seen at
116.0 nm (ESI Fig. S4). IA-AgNPs were visible, and the PDI of IA-
AgNPs was found to be 0.420 with an average range of 0.3 to
0.420. ESI Fig. S5 also displays the zeta potential data of the IA-
AgNPs, which showed a single significant peak and a shift to
—18.3 (mV). The color of NPs is pale yellow at the time of
preparation and a slight color variation was also observed in IA-
AgNPs after 24 and 48 hours of placement (ESI Fig. S6).

There is a wide absorption peak with a wavelength of 535 nm
shown in the UV-visible spectra of IA-AgNPs with absorbance at
2.27 (ESI Fig. S7). It was shown that the nanoparticle's wave-
length was within the required range, indicating the production
of small sized NPs.? The form and size distribution of 1A-loaded
silver NPs (IA-AgNPs) were examined using SEM (Fig. 1). SEM
imaging revealed a complex structure, offering important
insights into the NPs' morphological properties. SEM analysis
gives a representation of NPs ranging in diameter from 120 nm
to 163 nm, and it was observed that IA-AgNPs had a uniform
and random size distribution. According to SEM analysis, the
uniform and spherical assembly of IA-AgNPs indicates that the
final structure of the NPs is greatly influenced by the interaction

Fig.1 SEM representation of IA-AgNPs.

Parameters
Duration pH £ SD Viscosity (mPa s) + SD Zeta size (nm) Zeta Potential (mV) Appearance
24 hours 6.14 £ 0.02 2.23 +0.12 116.0 —18.3 Brownish yellow
48 hours 6.11 £+ 0.01 2.23 £+ 0.12 116.0 —18.1 Dark brown
72 hours 6.11 £+ 0.02 2.33 £ 0.12 116.0 —18.0 Dark brown

“ mPa s = millipascal seconds (units of viscosity).
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Fig.2 DPPH and free radical assay. Significant values indicating * (p <
0.05), ** (p < 0.001), and *** (p < 0.0001).

Table 3 Anti-bacterial activity (estimated MIC values)®

No. Bacterial species MIC(ug mL ")

E.coli + terpene IA 240 + 1:32

E.coli + IA-AgNPs 320 + 1:41%*

S. pneumoniae + terpene 1A 260 £ 2:04
S. pneumoniae + IA-AgNPs 340 £ 1:44%*
S. aureus + terpene IA 240 £ 2:22

S. aureus + 1A-AgNPs 320 £ 1:41%*

A G R W N

“ MIC values, where **p < 0.001 as compared to the standard
streptomycin. MIC = minimum inhibitory concentration.

between IA and silver nitrate ions during their production.
Interconnected particles may increase surface area and reac-
tivity, which may affect the stability and functional character-
istics of the NPs. Generally speaking, the NPs have a uniform
size range, contingent on synthesis parameters including
temperature and concentration of synthetic agents. Effective
stabilization, frequently accomplished by capping agents that
inhibit excessive aggregation, is shown by the homogeneity of
shape and dispersion of NPs.

3.4 Dpph antioxidant activity

Fig. 2 displays the outcomes of terpene IA, and IA-AgNPs'
inhibition of different radicals. In every scavenging test, IA-

Table 4 Anti-bacterial assay of growth (+) and no growth (—)
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AgNPs exhibited the highest antioxidant activity when
compared to the control, with a p-value of 0.001. Results showed
that silver nitrate NPs of IA have the greatest H,O, and NO
scavenging activity compared to their DPPH scavenging activity.
These outcomes were contrasted with the standard reagent
ascorbic acid. According to the findings, C. roseus EO's antiox-
idant properties may be attributed to the presence of various
secondary metabolites. The silver NPs mediated by IA showed
notable antioxidant activity in comparison to ascorbic acid, the
common antioxidant used as a control. The results indicate that
the synthesized NPs may be capable of effectively scavenging
DPPH and preventing oxidative damage (p < 0.05). The NO and
H,0, radical scavenging activity of IA-AgNPs was high. In the
presence of biosynthesized IA-AgNPs, the assay medium
demonstrated effective scavenging of H,O, (p <0.001) and NO (p
< 0.05). These results suggest that NPs can effectively scavenge
NO, H,0,, and DPPH radicals, potentially providing protection
against oxidative damage.

3.5 Antimicrobial activity

The antibacterial properties of terpene IA and the synthesized
IA-AgNPs were analyzed by calculating estimated MIC values
and by growth inhibition data. Bacterial species E. coli, S.
pneumoniae and S. aureus were tested for the possible antibac-
terial activity of IA-AgNPs. Table 3 provides the estimated MIC
values recorded in the presence of the IA-mediated silver nitrate
NPs and isolated terpene compound. With IA-AgNPs, the esti-
mated MIC values against E. coli, S. pneumoniae, and S. aureus
were between 240 and 340 pg mL™ "' (Table 3). The estimated
MIC values in the presence of the synthesized NPs were
comparable to those of the isolated IA-compound.

The bacterial growth response to the terpene compound and
IA-loaded silver nitrate nanoparticles (IA-AgNPs) of concentra-
tions 1-500 pg mL ™" is shown in Table 4. A visual depiction of
the microtiter test plates is provided in ESI Fig. S8, emphasizing
the antibacterial growth (+) and no growth (—) representation of
terpene IA and IA-AgNPs. According to the findings, silver NPs
showed strong antibacterial action, successfully preventing the
growth of S. pneumoniae, E. coli, and S. aureus. Interestingly, the

No Bacterial species growth of bacteria
Terpene 1A
Concentration 500 250 100 50 25 10 1 Negative Streptomycin
(ug mL™Y) control (10 pg/500 puL)
1 E. coli - — — — _ + + + -
2 S. pneumoniae — — - + + + + + —
3 S. aureus - - — - — + + + _
IA-AgNPs
1 E. coli - - - - — — — + -
2 S. pneumoniae — — — - — — - + —
3 S. aureus - - - - — — - + —
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best inhibitory activity against these bacterial species was
shown at the highest concentration (500 pg mL™").

3.6 Cytotoxicity analysis

The length and concentration of application determine the anti-
proliferative effect of biosynthesized silver nitrate NPs of IA on
MDA-MB231 cancer cell lines and HMEpC healthy cells. Using
varying concentrations of tested substances, the cytotoxicity of
IA and IA-AgNPs was examined. The viability of cells treated
with IA-AgNPs was significantly higher than that of cells treated
with silver nitrate solution, with a p-value of less than 0.001
(Fig. 3A). The anti-proliferative effect of IA-AgNPs on MDA-MB-
231 cancer cell lines and HMEpC healthy epithelial cells
depends on the application's time and concentration. IA-AgNPs
produced significant results; however, AgNO; solution and
terpene IA also showed cytotoxic and harmful effects on
malignant cell lines. In the MDA-MB-231 cell lines, IA-AgNPs
showed cytotoxicity at the highest doses. The results showed
that IA exhibited substantial cytotoxicity where p < 0.05, while
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IA-AgNPs had significantly high cytotoxicity at 1.5 pg mL "
concentration.

HMEpC cells had an appreciable effect on cell viability after
48 hours at IA-AgNPs with significant viability p < 0.05. In cancer
cell lines, as shown in Fig. 3B, the ICs, significantly dropped
after 48 hours as opposed to 24 hours. When using MDA-MB-
231 cancer cell lines, the ICs, concentration for IA-AgNPs at 1 pug
mL ™" was 37.48, and for IA-AgNPs at 1.5 ug mL ™" it was 26.21.
There was a substantial difference in the cytotoxic effects
between the control group and IA-AgNPs, as evidenced by the
statistically substantial difference in statistically calculated ICsq
values (p < 0.001). When compared to the 24 hours mark, the
ICs, values for IA-AgNPs were significantly lower after 48 hours
(p < 0.0001), indicating a gradual increase in cytotoxicity.
Greater inhibitory power is indicated by a significantly lower
ICs, value, indicating that IA-AgNPs efficiently decrease cell
viability even at lower concentrations. After 48 hours, there was
a significant difference (p < 0.001) in the cytotoxicity of IA-AgNPs
against MDA-MB-231 cells compared to the control. Cell death
dramatically increased when the concentration of NPs reached
1.5 ug mL~ "

MDA -MB-231

Absorbance

120 MDA-MB-231 cells

o
o
1

&3 Control

=2 AgNO3(1ug/ml)
=3 Terpene-IA (Tug/ml)
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@@ |A-AgNPs (1.5pg/ml)

IC50 (pg/ml)

Lk
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(A) MTT-based cytotoxicity assay and (B) IC50 analysis. Mean =+ standard deviation values are shown, with * (p < 0.05), ** (p < 0.001), and

*** (p < 0.0001) indicating significance compared to the control and DMBA-induced groups.
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3.7 Crystal violet assay

The vitality of HMEpC and MDA-MB-231 cancer cells after
treatment with varying dosages of IA-AgNPs was evaluated using
the crystal violet assay. In comparison to the untreated control
group, the results showed a considerable decrease in the
quantity of viable cancer cells. The vitality of HMEpC healthy
epithelial cells responded differently to IA-AgNP treatment. In
comparison to the control group, HMEpC cells exhibited
a statistically significant decrease in viability (p < 0.05) when
treated with IA alone. Furthermore, a more noticeable effect was
observed when IA-AgNPs were exposed at a concentration of 1.5
ng mL™', as cell viability was significantly lower (p < 0.001)
compared to untreated healthy cells. In particular, compared to
untreated MDA-MB-231 cells, IA-AgNPs at a concentration of 1
ug mL ™" showed a statistically significant increase in absorp-
tion (p < 0.05) and a considerable loss in cell viability (Fig. 4). On
the other hand, IA-AgNPs showed significantly more cytotoxic
effects on cancer cells at a higher dose of 1.5 pg mL™", exhib-
iting highly significant cytotoxicity (p < 0.001). According to
these results, cancer cells are more severely impacted by IA-
AgNPs' selective cytotoxicity than healthy epithelial cells.

3.8 Tumor weight and growth

Following six weeks of treatment, the effect of IA-AgNPs on
tumor progression was assessed, and Fig. 5 shows the tumor
weight and total tumor burden. Animals given solely the
carcinogen (DMBA) in the DMBA-induced cancer paradigm
showed an average breast tumor weight that accounted for
64.60% of their total body weight. On the other hand, animals
in the control group and IA-mediated NP group did not acquire
any tumors, indicating that DMBA treatment did not cause
tumor formation. These control groups served as a starting
point for evaluating how terpene IA and silver nitrate NPs
affected the development of tumors. Groups treated with IA-
AgNPs showed a significantly lower tumor incidence than the
DMBA-only control group (p < 0.05). IA-AgNP therapy also
resulted in a significant reduction in tumor weight, lowering the
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Fig. 5 Tumor weight in experimental groups. Mean =+ standard devi-
ation values are shown, with * (p < 0.05), ** (p < 0.001), and *** (p <
0.0001) indicating significance compared to the control and DMBA-
induced groups.

tumor burden to an average of 46.10% (p < 0.05), suggesting that
it may have anticancer efficacy. In accordance with the well-
established chemotherapeutic effects of cisplatin, rats that
received therapy showed an even higher reduction in tumor
incidence (p < 0.001) when compared to the untreated DMBA-
induced group. IA-AgNPs and cisplatin demonstrated the
strongest inhibitory effects on tumor development and weight
loss among the studied therapies. According to these results, IA-
AgNPs have the potential to be a potent anticancer drug that
provides a targeted treatment approach with notable tumor-
suppressive capabilities. The fundamental mechanisms of IA-
AgNPs in tumor inhibition and their possible synergistic effects
with traditional chemotherapy require more research.
Nanoparticles' effects on tumor volume show the effect of IA-
mediated silver nitrate NPs on tumor characteristics as in Table
5. Experimental rats in the control group had a lower tumor
incidence than DMBA-induced rats (p < 0.001). The IA-NP-

MDA-MB-231

Absorbance

Fig. 4 Crystal violet assay. Mean + standard deviation values are shown, with * (p < 0.05), ** (p < 0.001), and *** (p < 0.0001) indicating

significance compared to the control and DMBA-induced groups.
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Table 5 Effect of synthesized IA-AgNPs on tumor parameters
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Parameters Control NPs control DMBA DMBA + terpene-1A DMBA + IA-AgNPs DMBA + Cisplatin
Tumor volume mm?® (pre-treatment) 0 0 8.422 8.322 8.413 8.532

Tumor volume mm?® (post- treatment) 0 0 9.366 6.744 6.733 6.011

Tumor ratio 0 0 0.899 0.810 0.800 0.704

Table 6 Effect of IA-AgNPs on hematological parameters®

Parameters Control NPs control DMBA DMBA + terpene-IA DMBA + IA-AgNPs DMBA + cisplatin
RBCs (><106 uL) 7.4 £ 0.05 7.42 £ 0.08 11.13 £ 0.13 9.82 £ 0.11* 9.32 + 0.54 9.41 £ 0.33
Platelets (><103 uL) 931.00 + 13.01 1133 + 14.8 1543 + 12.8 1422 + 10.9* 1287 + 12.9* 1534 + 13.98
WBCs (><1O3 uL) 11.10 £ 0.25 11.21 £ 0.41 16.04 £ 0.22%** 11.76 £+ 0.43* 11.41 £+ 0.11* 14.76 £ 0.73

Hb (g del) 13.07 £ 0.31 15.5 £ 0.21 11.5 £ 0.22* 14.3 £ 0.13 13.2 £ 0.13 16.1 £ 0.71
Monocytes (%) 2.11 £ 0.22 3.14 £ 0.12 4.5 + 0.43 4.3 £ 0.54 4.2 £0.13 3.46 £ 0.94*
Neutrophils (%) 24.50 £+ 1.12 32.1 +2.11 31 £ 2.42 31 £ 2.31 34 £ 2.34 26 + 2.21%

“ values are expressed as mean + SEM (n = 6), with significance levels indicated by symbols: * (p < 0.05), ** (p < 0.001), and *** (p < 0.0001).

treated group and cisplatin group treated showed a significant
decrease in tumor size, with a p-value less than 0.05.

3.9 Hematology and toxicity parameters

Rats treated with IA, IA-AgNPs, and cisplatin had their hema-
tological parameters evaluated after DMBA-induced cancer
developed in order to determine the effects of these treatments
(Table 6). Hemoglobin levels in the IA-AgNP-treated group
differed from those in the DMBA-induced control group but this
is statistically non-significant (p > 0.05). In particular, IA-AgNPs
markedly decreased platelet levels (p < 0.001) and the total WBC
count (p < 0.001), indicating possible impacts on the immune
system and coagulation mechanisms. In contrast to the DMBA-
induced group, rats treated with IA-AgNPs had notable
improvements in several hematological parameters, such as Hb
levels and platelet count. Animals treated with IA-AgNPs resul-
ted in a significant recovery in platelet and WBC counts,
demonstrating the potential of IA-AgNPs to lessen the hema-
tological abnormalities brought on by DMBA-induced malig-
nancy. These results highlight the advantages of IA-AgNPs in
bringing cancer-treated rats' blood cell parameters back to
normal, offering insight into their potential as a treatment. In
view of the safety and toxicity profile, these findings collectively
underscore the necessity of a comprehensive understanding of
the biosynthesized nanoparticles’ impact on hematological
parameters and urge further investigation into the mechanisms
and potential consequences.

Table 7 Liver function tests®

3.9.1 Liver function test. When LFT results were compared
across treatment groups and the control group in the toxicity
trial, minor variations in liver markers were found, and overall,
statistically significant alterations were found. Table 7 demon-
strates that there were significant variations within the DMBA-
induced group. The possible influence of tumor formation and
subsequent treatment on liver enzyme activity was demon-
strated by the considerably higher ALT levels in the IA-AgNPs
group (72 £ 0.40) as compared to the control group (52 + 0.13; p
< 0.05). This suggests a slight impact on liver function, which
may be connected to the metabolic requirements of the tumor
and the therapy itself. AST levels also exhibited a moderate rise
in the IA-AgNPs group (142 + 0.35 compared to the DMBA
group) and a considerable increase in the DMBA group (161 £+
0.23 compared to the control group). Although these alterations
are significant enough (p < 0.05) to suggest DMBA toxicity, they
may be related to hepatic stress brought on by tumor induction.
A slight impact on bilirubin metabolism was also showed by the
non-significant rise in bilirubin levels in the IA-AgNPs treat-
ment group (0.55 %+ 0.12) when compared to the control group
(0.5 £ 0.30). In contrast to the DMBA-induced control group, the
IA-AgNPs group showed a significant increase (0.77 + 0.31),
indicating some influence on bilirubin processing. Although
the IA-AgNPs treatment caused modest changes in liver func-
tion markers, the overall influence on liver health was low, as
evidenced by the mild changes in albumin levels that were
statistically significant. These results imply that IA-AgNPs

Parameter Control NPs control DMBA DMBA + terpene-T1A DMBA + IA-AgNPs DMBA + cisplatin
ALT (p L’l) 52 +0.13 54 £+ 0.13 77 £ 0.40%* 83 + 0.40* 72 + 0.40%* 66 + 0.40*

AST (n Lfl) 121 £ 0.11 126 + 0.34 161 + 0.23%* 167 £ 0.31 * 142 + 0.35%* 134 + 0.30%*
Bilirubin (mg del) 0.5+ 0.22 0.43 £ 0.22 0.77 £ 0.31 0.41 + 0.31 0.55 £ 0.12 0.46 + 0.24**
Albumins (mg del) 0.12 + 0.01 0.23 £ 0.13 0.4 £ 0.21% 0.32 £ 0.12 0.36 £ 0.23* 0.35 £ 0.13*

“ Values expressed as mean + SEM (n = 6). Symbols indicated significant levels as * (0.05), ** (0.001) and *** (0.0001).
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Table 8 Renal function tests®
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Parameter Control NPs control DMBA DMBA + terpene-IA DMBA + IA-AgNPs DMBA + Cisplatin
Blood urea (mmol Lfl) 6.5 £ 1.6 6.4 0.8 9.3 + 0.6* 8.5 £0.9 6.5 + 0.2%* 6.2 £ 0.4%*
Serum creatinine (mmol L) 67.2 2.2 64.6 + 3.2 84.0 £ 4.2%* 71.0 £ 4.1 61.0 &+ 3.1* 74.0 £+ 3.2

% Values expressed as mean + SEM (n = 6). Symbols indicated significant levels as * (0.05), ** (0.001) and *** (0.0001).

therapy does not result in severe hepatic toxicity, despite minor
changes in liver function tests. The noted alterations, however,
underscore the significance of more research into the long-term
impacts of IA-AgNPs on liver function and the dosage's safety.
To completely assess the NPs' impact on hepatic functions and
guarantee their safety for therapeutic usage, more research is
required.

3.9.2 Renal function test. When compared to the control
and DMBA-administered groups, the RFTs in the toxicity study
showed statistically significant differences between the treat-

ment groups. Blood urea levels were significantly lower in the
IA-AgNPs treatment group (6.2 £ 0.2) than in the DMBA group
(9.3 £ 0.6) and similarly lower in the cisplatin-treated group (6.4
=+ 0.4) after both treatments were administered (Table 8). These
results imply that IA-AgNPs may have an impact on urea
resulting

metabolism, in decreased blood urea levels.
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Furthermore, the group treated with IA-AgNPs had significantly
lower serum creatinine levels (61.0 £+ 3.1) than the DMBA-
induced control group (84 + 4.2). IA-AgNPs may have a minor
impact on kidney function and enhance creatinine clearance,
according to this evidence. IA-AgNPs administration led to
a significant reduction in both urea and creatinine levels (p <
0.05) when compared to the DMBA group overall, indicating
that IA-AgNPs may have a positive impact on renal function
under tumor-induced stress. Further investigation into the
safety and renal benefits of IA-AgNPs in therapeutic settings is
necessary in light of these findings.

3.10 Stress marker analysis

Rats in a tumor-associated stress state brought on by DMBA had
their antioxidant markers measured. Comparing the IA-AgNPs

50=-

MDA (nmol/mL)

Fig. 6 Stress markers in IA-AgNPs treated rats. Mean + standard deviation values are shown, with * (p < 0.05), ** (p < 0.001), and *** (p < 0.0001)
indicating significance compared to the control and DMBA-induced groups.
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and cisplatin treatment groups to the normal control and DMBA-
induced control groups, the results revealed substantial differ-
ences in a number of stress markers (Fig. 6). When compared to
the DMBA-induced group, the IA-AgNPs and cisplatin-treated
groups showed a substantial decrease in NO levels. In particular,
NO levels dropped considerably in the group treated with IA-
AgNPs (p < 0.05) and even more in the group treated with
cisplatin (p < 0.001). The cisplatin-treated group exhibited
a statistically significant increase (p < 0.001) in the restoration of
normal NO levels. In comparison to the normal control group,
the DMBA-induced group had significantly higher levels of MDA
activity, a sign of oxidative stress (p < 0.0001). On the other hand,
MDA levels were significantly decreased by both IA-AgNPs and
cisplatin therapy; IA-AgNPs' improvement was similar to that of
the cisplatin-treated group (p < 0.0001). Similar to the effects of
cisplatin therapy, these results imply that IA-AgNPs administra-
tion effectively reduces oxidative stress in animals with cancer.
The IA-AgNPs group had considerably higher GSH levels than the
DMBA-induced group (p < 0.05). Although GSH levels were like-
wise raised by IA therapy, there was no statistically significant
difference (p > 0.05). GSH levels in the cisplatin-treated group
increased the greatest, reaching 10.60 U g (p < 0.0001),
demonstrating the powerful anti-oxidative effects of the drug.
Lastly, the tumor-associated oxidative stress was reflected in the
considerably lower GPx levels in the DMBA-induced rats (p <
0.001). GPx activity increased significantly with both IA-AgNPs
and cisplatin therapy, where p < 0.001 for IA-AgNPs, p < 0.05 for
IA, and IA administration significantly outperformed the DMBA-
induced group (p < 0.05). Furthermore, DMBA + cisplatin-treated
rats showed a considerable increase in GPx levels, which is in line
with the enhancements reported in the control and DMBA-
induced-groups.

3.11 Gene expression analysis of TPX2

Compared to the DMBA-induced group, rats treated with IA, IA-
AgNPs, and the chemotherapeutic agent cisplatin showed
a substantial decrease in TPX2 gene expression. Both IA (p <
0.001) and cisplatin (p < 0.001) significantly reduced TPX2
expression, and IA-AgNPs likewise significantly decreased (p <
0.05). GAPDH was the housekeeping gene; its expression was
relatively stable, so it was used for gene expression analysis
(Fig. 7a). The density ratio of each TPX2 band with GAPDH was
computed in the present study and a graphical representation
of TPX2 expression levels is shown in Fig. 7b to assess the
impact of biosynthesized IA-AgNPs on DMBA-induced cancer
animals. Additionally, TPX2 expression levels in rats receiving
IA and IA-AgNPs were considerably lower (p < 0.05) when
compared directly to the DMBA-induced group, indicating
a downregulation effect on this gene. The DMBA control group
and the nanoparticle-treated control group showed differences
in TPX2 expression, but these differences were not statistically
significant.

3.12 Histopathology of mammary tissues

The glandular ductal network that makes up the mammary
gland is bordered by a protective layer of epithelial cells, which
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Fig.7 (a); TPX2 expression in control and IA-AgNPs treated groups. (b)
Graphical illustration of fold change in TPX2 expression. Mean +
standard deviation values with * (p < 0.05), ** (p < 0.001), and *** (p <
0.0001) indicating significance compared to the vehicle and DMBA-
induced groups.

exhibit hyperplasia when damaged and produce inflammation
in cancer-induced animals. Rats in the normal control group
showed mammary tissue with normal structure and clearly
defined architecture.*> According to the histology data, the
normal architecture of mammary tissue indicates that DMBA
treatment damages healthy breast tissues shown in Fig. 8A. Rats
in the DMBA-induced cancer group displayed epidermal ulcer-
ation and neutrophil inflammation (Fig. 8B). All of the cancer-
induced rats in this group had ductal carcinoma with localized
proliferation, and glandular cell multiplication. The groups
treated with IA-AgNPs and drug cisplatin are depicted in Fig. 8C
and D. A lymph node demonstrating the effacement of the
lymph node architecture was seen in the group that received IA-
AgNPs at a dose of 50 mg kg '. The broad infiltration of
lymphoid cells obliterated the architecture. Additionally,
erythrophagocytosis was seen in several locations in these
areas. It was observed that some fibrous connective tissues also
surround the cancerous cells of mammary tissues and are also
permissible in the nuclei of small mononucleated cells. The
DMBA-carcinogenesis group's acini with intralobular septa
regenerated after receiving silver nitrate NP treatment. The
ability to reconstruct the stroma and the normal structure of the
acini were indicators of this progress (Fig. 8C).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Histological imaging of mammary glands of experimental animals (A: control; B: DMBA-induced; C: |IA-AgNPs treated; and D: drug
cisplatin-treated). (A) A layer of epithelial cells indicated by arrows typically covers the breast tissues in the control group, and the ductal lumen is
empty. There were no dilated acini with ducts seen in the mammary tissues. (B) Dysplasia and cancer cell infiltration into the mammary stroma
are signs of neoplastic cell development on the mammary alveoli. The duct's surface displayed hyperplasia in this group. (C) Numerous dilated
acini and ductal epithelial cells that were somewhat larger than normal cells were found, along with improvement in hyperplasia of the tumor
cells. (D) The cisplatin-treated group had less dilatation and a normal structure, and there were indications of improvement and acini

regeneration.

4. Discussion

When deciding which treatment approach is best, it is crucial to
consider the subtypes, stage and grade of BC, age, and medical
conditions of the patients. The primary goals of treatment for
metastatic and non-metastatic BC are tumor eradication, recur-
rence and metastasis prevention.*” Generally speaking, systemic
and local treatment are part of BC's typical therapeutic
approach.' It was found that TPX2 downregulation by siRNA can
prevent BC cells from proliferating, invading, and migrating by
preventing MMP2 and MMP9 expression. However, more
research is still needed to determine the precise molecular
process and the relationship between TPX2 and prognosis.*
Research indicates that TPX2 can stimulate tumor development,
growth, and distant metastases in addition to tumor formation,
incidence, and progression.” Numerous human malignancies,
including hepatocellular carcinoma, bladder carcinoma, prostate
cancer, and metastatic BC, have been shown to overexpress TPX2,
a protein necessary for microtubule assembly and mitosis.
Tumor development and metastasis are significantly influenced
by this overexpression.”” One study found that, in comparison to
normal tissue, TPX2 was significantly overexpressed in 129 out of
203 (60.8%) colorectal cancer (CRC) metastatic lesions. Addi-
tionally, there was a correlation between TPX2 overexpression

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

and poorer overall and metastasis-free survival, vascular inva-
sion, and metastasis. TPX2 inhibition reduced the ability of
cancer cells to proliferate, become tumorigenic, migrate, and
invade both in vitro and in vivo.*® A possible therapeutic impact in
DMBA-induced cancer models is suggested by the observed
downregulation of TPX2 expression in groups treated with IA and
TA-AgNPs. Overexpression of TPX2 has been connected to
a number of cancers, and it is well known to be essential for the
growth of tumors.*® The substantial decrease in TPX2 expression
following treatment with IA and IA-AgNPs is consistent with other
research showing the anticancer potential of medications derived
from plants and their nanoparticle formulations. The observed
reduction in TPX2 levels is similar to that reported with the
common chemotherapeutic drug cisplatin, suggesting that IA-
based treatments are effective in modifying oncogenic pathways.

In contrast to chemical or physical approaches, the green
synthesis method is a quick mode to produce NPs with signif-
icant outcomes like reduced toxicity, biocompatibility, and
environmental friendliness.” By means of the green synthesis
approach, silver nitrate NPs are created using the bi-
ocomponents of plants, living cells or isolated compounds of
natural herbal plants.** Biosynthesized NPs have some other
modest advantages, such as high biocompatibility, greater
stability, UV absorption capabilities, and antibacterial and

Nanoscale Adv., 2025, 7, 6049-6065 | 6061
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anticancer potential.>> Using the synthesized IA-AgNPs, the
cytotoxic, tumor-related and anti-proliferative effects in DMBA-
induced BC were evaluated in our presented study. The anti-
proliferative, anti-inflammatory, anti-tumor, and antioxidant
properties of EOs which are abundant in terpenes and terpe-
noids have long been acknowledged.® It was essential to
investigate the nanoformulation's potential in a cancer model
for improved and targeted delivery of nano-based therapies,
given the strong characteristics of these pure isolated
compounds.> The IA-AgNPs' promise as an efficient anticancer
drug is demonstrated by the notable decrease in tumor inci-
dence and burden that occurs after treatment. By inducing
oxidative stress and activating apoptosis, silver NPs have been
shown to have lethal effects on cancer cells.> The observed
tumor suppression is consistent with research showing that IA
can alter important signaling pathways implicated in carcino-
genesis and has potent anti-proliferative effects.”® Additionally,
IA-AgNPs' similar effectiveness to that of cisplatin implies that
these NPs could be a viable substitute or supplement to tradi-
tional chemotherapy, thereby lowering toxicity without sacri-
ficing therapeutic value.>

A study indicated that the volume and weight of DMBA-
induced tumors were significantly decreased after a nano-cur-
cumin formulation was administered. Additionally, there was
also a decrease in Akt phosphorylation, tumor growth factor-
B (TGF-B), PI3K, and cancer gene expression.”” It was determined
by the current investigation that by lowering oxidative stress
indicators and raising antioxidant enzyme levels in tumor-
induced rats, IA-AgNPs showed a strong anti-oxidative impact.
These findings imply that IA-AgNPs may be a useful therapeutic
agent that can manage oxidative stress linked to the advance-
ment of cancer, on par with or even better than cisplatin. In
support of this evidence, it is stated that curcumin, a similar
terpene compound and biosynthesized NPs of curcumin have
also been shown to exhibit a variety of pharmacological effects in
both in vitro and in vivo tests, including anti-inflammatory,
antioxidant, antibacterial and antiviral qualities.*® Despite having
important biological characteristics, curcumin's low solubility,
quick systemic elimination, poor bioavailability, and limited
targeted specificity severely limit its medicinal use but it was
found that the synthetic NPs of curcumin have better therapeutic
potential with fewer side effects.® As a result, a wide range of
intelligent NPs are currently in use or may be used in the future
as drug delivery vehicles for cancer treatments. Clinicians are
now able to offer novel treatments or incorporate them as addi-
tives to therapies that are already working well because of their
unique characteristics. This study has shown that IA-mediated
silver nitrate NPs hold promise in creating safer and effective
cancer treatments to reduce tumor burdens in cancer-induced
models. Future research should examine how IA-AgNPs interact
molecularly with carcinogenic pathways and evaluate how well
they work in combination with currently available chemothera-
peutic drugs. However, long-term thinking and the development
of innovative cancer treatment strategies such as co-delivery of
combinational medications, stimuli-responsive drug release, and
targeted drug delivery may be aided by future investigations on
these isolated compounds’ nano-formulations.
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5. Conclusion

The current study demonstrates the noteworthy anticancer
potential of IA-AgNPs made using EO from C. roseus. In DMBA-
induced BC models, the biosynthesized IA-AgNPs efficiently
decreased tumor burden, increased antioxidant enzyme activity
such as MDA, GSH and GPx, and controlled tumor growth rate
and tumor parameters. Additionally, the NPs demonstrated
significant cytotoxicity against MDA-MB-231 cancer cell lines.
IA-AgNPs effectively inhibited the expression of the TPX2 gene,
which is essential for the progression of cancer cells. IA-AgNPs’
therapeutic effectiveness in ameliorating tissue changes
brought on by cancer was also validated by a histopathological
investigation. These results imply that IA-AgNPs may be effec-
tive therapeutic agents for the treatment of BC. The safety and
effectiveness of treatment may be impacted by the complete
consideration of immunogenicity, long-term consequences,
and possible off-target accumulation. Thus, additional research
including clinical trials is required to confirm these results and
guarantee their translational relevance. To confirm their effec-
tiveness and to determine their potential for clinical use,
further molecular and clinical research is also necessary.
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Abbreviations

C. roseus Catharanthus roseus

EO Essential oil

GC/MS Gas chromatography-mass spectrometry
TA-AgNPs Incensole acetate mediated silver nanoparticles
HER2 Human epidermal growth factor receptor 2
MDA-MB-231 Epithelial, human breast cancer cell line

MTT Dimethylthiazol diphenyltetrazolium

NPs Nanoparticles
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