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Abstract

The development of biosynthesized and cost-efficient nanomedicine is a promising strategy in cancer therapeutics.
Herein, we have synthesized highly potent silver nanoparticles (AgNPs) using methanolic and ethanolic extracts of Cit-
rus medica fruit, unraveling the significance of different solvents. Fourier transform infrared spectroscopy confirmed

the occurrence of secondary metabolites on the synthesized AgNPs'surface. The Zetasizer analysis showed no sig-
nificant particle-size differences between both solvents-based-synthesized AgNPs; however, zeta potential showed
significant differences in the particle surface charge. The high-resolution transmission electron microscopy confirmed

a predominantly spherical morphology of AgNPs. Notably, AGNPs synthesized from ethanolic extracts exhibited smaller
sizes (5—-7 nm) and a more uniform distribution compared to their methanolic counterparts. The X-ray diffraction dem-
onstrated a polycrystalline nature with a face-centered cubic structure. Functional assays showed a significant increase
in the anticancer efficacy of ethanolic extract-derived AgNPs against the breast cancer cells (MCF-7 and MDA-MB-231),
accompanied by extensive DNA fragmentation and enhanced induction of apoptosis. Mechanistically, both methanolic
and ethanolic AgNPs induce upregulation of pro-apoptotic gene expression (e.g., TP53, BAX, and CYCS) and down-
regulation of anti-apoptotic gene (e.g., BCL2). The flow cytometry analysis showed a substantial increase of the etha-
nolic extract-based AgNPs in the late-stage apoptotic cells, which was further confirmed by morphological changes

in treated MCF-7 cells. This study reveals the pivotal influence of the selection of solvent on the synthesis and antican-
cer potency of AgNPs, significantly impacting their ability to induce apoptosis in MCF-7 cells. Our findings introduce

a novel strategy for optimizing green-synthesized AgNPs-based therapies, offering promising avenues for advancing
nanoparticle-driven cancer treatments and potentially transforming future therapeutic approaches in oncology.

Highlights

To analyze the role of organic solvent-based extraction of phytochemicals and their influence on the physio-
chemical properties of the synthesized AgNPs.

Assessment of the anticancer efficacy of methanolic or ethanolic extracts of Citrus medica fruit-based synthesized
AgNPs on MCF-7 and MDA-MB-231cells.
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« The synthesized AgNPs induce apoptosis through an increased expression of pro-apoptotic genes (BAX, p53,
and CYCS) and reduced expression of the anti-apoptotic gene (BCL2).
- AgNPs synthesized through ethanolic extract more effectively induce apoptosis in MCF-7 cells.

Keywords Citrus medica, Green synthesis, Silver nanoparticle, Anticancer, MCF-7

Graphical Abstract

Schematic representation of AgNPs synthesized from methanolic or ethanolic extract of Citrus medica fruit and evalu-

ations of their anticancer efficacy against MCF-7 cell lines.
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Introduction

Breast cancer (BC) falls among the cancers that are
associated with a high mortality rate globally and
causes 6.9% of all cancer-related deaths (Sung et al.
2021; Bray et al. 2024). The early stage of BC diagnosis
would enable a complete cure of the disease. However,
due to the lack of visible symptoms at an early stage, the
disease is mainly diagnosed at a late stage, leading to a
high death rate among cancer patients. The treatment
modalities primarily include traditional approaches
like surgery, chemotherapy, and radiotherapy. Chemo-
therapy kills most cancer cells; however, long-term
exposure to chemotherapeutics promotes the origin of
cancer stem cells (CSC), leading to the development
of new cancer cells. These cells create a huge huddle in
BC treatment owing to the development of resistance
to chemotherapeutic agents, which plays a pivotal role
in propagation, recurrence, and metastasis (Nahvi et al.
2022). Thus, strategies need to be adopted to minimize
exposure to CSC to anticancer drugs to prevent the
development of drug-resistant cells.
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Nanomedicine has immense potential for BC treat-
ment by minimizing the long-term exposure of the anti-
cancer drugs to the cells by encapsulating them into
nanocarriers that release a limited quantity of drugs
in a sustained fashion. Thus, numerous innovative
approaches have been designed that led to the develop-
ment of new nanocarriers or ligands decorated nanocar-
riers in which anticancer drugs were encapsulated, and
their efficacy has been analyzed against BC cell lines and
xenograft tumors in animal models (Tagde et al. 2022;
Rahman et al. 2023) Moreover, some commercial nano-
medicines, such as Doxil and Abraxane, were developed
against BC. These nanomedicines are now used as adju-
vant therapy against BC and show favorable clinical out-
comes (Wu et al. 2017; Jiang et al. 2022). However, these
nanomedicines are expensive and cause some form of
toxicity in healthy cells.

The development of nontoxic and economical nano-
medicine hunt led to the exploration of novel metallic
nanoparticle potential that includes the use of metals like
Au, Ag, and Pt. These metallic nanoparticles have shown
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utility in various fields and exhibit efficacy against cancer
cells. The high efficacy of metallic nanoparticles against
cancer cells is due to their small size distribution, shape,
long-term activity, and capability to exhibit optical and
magnetic properties (Khan et al. 2017). Metallic nanopar-
ticles are readily taken up by the cells owing to their high
density, which could help in the management of cancer
(Odularu, 2018; Sharma et al. 2018). Among the metallic
nanoparticles, the attributes of silver metal-based nano-
particles exhibited exceptional characteristics including
exceptional physiochemical and biological properties,
which make them unlike their macroscale counterparts
(Sharma et al. 2009).

Moreover, silver is a nontoxic metal/element that
shows high electrical and thermal conductivity as well as
stability at ambient temperature. Also, it displays a wide
array of absorption of visible and far IR regions, surface-
enhanced Raman scattering, chemical stability, and non-
linear optical behaviors (Zhang et al. 2016; Chouhan,
2018; Jain et al. 2021). These properties of silver metal
made it more valuable than other metallic nanoparti-
cles. However, silver nanoparticles prepared by physical
and chemical methods may contain harsh and unfriendly
environmental compounds and solvents that cause toxic-
ity (Kharissova et al. 2019). Thus, an alternative nanopar-
ticle synthesis method was envisioned, which led to the
development of the green synthesis of metallic nanopar-
ticles. The approach overcame some problems associated
with physical and chemical methods of metallic nanopar-
ticle toxicity.

The green synthesis of silver nanoparticles uses vari-
ous parts of plants, algae, and microorganisms, which
contain phytochemicals/secondary metabolites and com-
pounds containing functional groups such as aldehyde,
alcohol, and ketone, which cause the reduction of Ag* to
Ag® (Zuhrotun et al. 2023). The chain propagation led to
the synthesis of AgNPs. Further, these secondary metab-
olites cause the stabilization and capping of AgNPs. The
prepared AgNPs are economical and eco-friendly. The
extraction of compounds from the plants or their parts
depends on the nature of the solvents owing to the physi-
ochemical properties of the phytochemicals present in
the plant (Bitwell et al. 2023). AgNPs were synthesized
by extracting the phytoconstituents of plants and their
parts in various organic solvents, and their anticancer/
biological properties were evaluated (Das et al. 2013;
Chitsazi et al. 2016; Heidari et al. 2018; Antropova et al.
2021). The synthesized AgNPs showed effective antican-
cer properties against some cancer cell lines (Das et al.
2013; Heidari et al. 2018). Kis et al. synthesized AgNPs
from ethanolic extract of Populi gemmae extract and
observed a significant decrease in the growth of MCE-7
and A549 cancer cell lines (Kis et al. 2022). Citrus medica
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(citron) is a big and rough-surfaced lemon-like fruit
belonging to the family Rutaceae (Davidson, 2006). The
extensive research focus on its antipathogenic capabili-
ties undoubtedly stems from its remarkable abundance
of phytochemicals known for their potent antimicrobial
effects (Benedetto et al. 2023).

Herein, we have prepared AgNPs from methanolic
and ethanolic extracts of C. medica fruit separately and
characterized them through various biophysical tech-
niques. The anticancer efficacy of these formulations was
checked on the breast cancer cells (MCF-7) to compre-
hend the influence of solvent in the extraction of second-
ary metabolites from the fruit and their influence in the
synthesis of AgNPs. Further, the molecular mechanisms
of cancer cell growth inhibition of these AgNPs-treated
cells were evaluated by DNA fragmentation analysis and
quantification of proapoptotic, anti-apoptotic, proto-
oncogene of the cell cycle, mitochondria, and tumor sup-
pressor gene by real-time PCR.

Material and methods

Material

The C. medica (citron) fruit was procured from the local
market of Lucknow, Uttar Pradesh, India. Reagents, such
as sulforhodamine B (SRB), 2,2-diphenyl-1-picrylhydra-
zyl (DPPH), silver nitrate, and potassium bromide, were
procured from Sigma Aldrich (Sigma-Aldrich Chemi-
cals Pvt. Ltd., Bangalore, India). Penicillin, gentamy-
cin, streptomycin, DMEM/F-12, trypsin—EDTA (0.5%),
FBS, and Verso cDNA synthesis kit were obtained from
Thermo Scientific (Waltham, MA, USA). Methanol and
ethanol were purchased from Qualigens Fine Chemicals,
Maharashtra, India. Milli-Q and distilled water were pre-
pared in the laboratory, using the Millipore purification
system. A breast cancer cell line (MCF-7) was obtained
from ATCC, whereas MDA-MB-231 was procured from
the NCCS, Pune, India, and other chemicals used that are
not mentioned were also of analytical grade.

Methods

Silver nitrate (AgNO,) solution preparation

Silver nitrate solution (10 mM) was prepared in Milli-Q
water under a magnetic stirrer for 2 h, and the solution
was further filtered with Whatman paper no. 1 to remove
any impurities. The prepared solution was kept in an
amber-colored reagent bottle to avoid photodecomposi-
tion of AgNO;.

Methanolic and ethanolic C. medica fruit extract preparation
The C. medica fruit was cleaned thoroughly in running
water followed by rinsing with Milli-Q water. Then, it was
dried in a hot air oven under controlled 45-50 °C for 48
h. Next, the fruit was chopped into small pieces using a
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surgical blade and further dried at the same temperature
for 24 h. Subsequently, the dried fruit was made into fine
powder by mortar and pestle. Then, 50 mL of methanol
and ethanol (70%) was added into 5 g (10% w/v) of each
dried powder in a separate Erlenmeyer flask and kept
overnight (in the dark) at room temperature. Next, the
prepared mixtures (10% w/v) were sonicated using a son-
icator (Branson CPX5800H, Richmond, VA, USA) for 1 h
and passed through a Whatman filter paper (Grade 1).
The filtrates were stored at 4°C and used (within 2 weeks)
to synthesize AgNDPs.

Biosynthesis and isolation of AgNPs from methanolic

and ethanolic extract

The solubility of biochemical compounds depends on the
polarity of the solvent. Thus, we have extracted the sec-
ondary metabolites/phytochemicals of C. medica fruit in
two different organic solvents, viz., methanol and ethanol
(70% v/v) that were used to synthesize AgNDPs.

For methanolic extract-based green synthesis of sil-
ver nanoparticles (Met-AgNPs), we have prepared (10%
w/v) methanolic extract of C. medica fruit. The influence
of different parameters such as concentration of AgNO,
solution, quantity of extract, temperature, pH, rotation
(rpm), and incubation time was carefully evaluated to
prepare small size AgNPs. After varying each param-
eter, the UV-Vis spectrum of the reaction mixture was
analyzed to ascertain whether nanoparticles were syn-
thesized or not. Once we got the designated peaks of
the reaction mixture, then subsequently, the size of the
particles was analyzed using Zetasizer. By varying these
parameters, we successfully synthesized the smallest size
of AgNPs when 10 mM of 30 mL AgNO; and 1 mL of
extract (30:1) were allowed to continuously rotate at 500
rpm at 70 °C for 2 h on a magnetic stirrer (DAIHAN Sci-
entific, South Korea). A gradual time-dependent change
of color from a colorless solution to pale yellow and then
light brown was observed. However, a distinct brown
color appeared after 1 h. This optical color change advo-
cates that biomolecules/secondary metabolites present
in the C. medica fruit extract reduced the silver ions into
AgNPs.

Similarly, the smallest size of AgNPs was prepared from
the ethanolic extract (Eth-AgNPs) by varying the param-
eters mentioned above. We could prepare the smallest
size of Eth-AgNDPs from the same ratios of AgNO; and
ethanolic Citron fruit extract, temperature, and rotation.
However, the Eth-AgNPs are formed at a lower AgNO,
solution (1 mM) and require a longer duration, viz., 2 h.
A gradual color change of the solution (from light brown
to dark brown) was observed within 2 h time which sug-
gests AgNP synthesis owing to the reduction of Ag" —
Ag by secondary metabolites of the fruit extract. The
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biosynthesized AgNPs were separated by centrifuga-
tion for 10 min at 13,500 X g by a centrifuge (Eppendorf,
Hamburg, Germany). The AgNPs pellet was washed
three times with MQ water. Then, the isolated AgNPs
were dried by placing them into a vacuum oven at 45 °C,
0.8 bar (DAIHAN Scientific, South Korea), for 2 h and
frozen at — 80 °C until further applications.

Biophysical characterization of synthesized AGNPs

For the characterization (size, shape, and charge) of pre-
pared AgNPs, various techniques were used including
UV-Vis spectroscopy, FTIR, Zetasizer, XRD, and TEM
imaging. Initially, the UV-Vis spectra of the Met-AgNPs
and Eth-AgNPs were acquired by adding the 200 uL of
the formulations in microtiter plate wells and scanned
from 300 to 700 nm range with 1 nm resolution through
a multimode reader (Varioskan LUX, Thermo Scientific,
USA). Next, the FTIR spectra of the Met-AgNPs and Eth-
AgNPs ere were scanned within a wavelength 4000-500
cm™! range with 1 cm™ spectral resolution (Bruker,
Optik GmbH, Karlsruhe, Germany). Further, the Met-
AgNP’s size (average), polydispersity index (PDI), and
zeta potential were determined (at 25 °C temperature)
by the Malvern Zetasizer Pro-blue instrument (Malvern
Analytical Ltd., Malvern UK). To comprehend the phase
and crystalline structure of the Met-AgNPs and Eth-
AgNPs, an XRD pattern was noted using a Rigaku D/
Max-IIIC diffractometer applying CuKa monochromatic
radiation and AXIS Supra by a monochromatic source
(Al anode Ka: 1486.6 €V) between 260 of 10 to 80°. TEM
images of either Met-AgNPs or Eth-AgNPs AgNPs were
acquired to analyze their actual sizes and morphologies.
Before imaging, the samples were sonicated (5 min) in
a sonicator (Branson, 5800). The respective AgNPs (100
uL) were added to Milli-Q water (900 pL), and samples
(5 uL) were gently positioned on a carbon-coated copper
grid, and samples were dried in the air using a lamp heat.
The TEM evaluation of both AgNPs was accomplished
at an accelerating voltage of 200 kV (FEI Tecnai G* 20
S-TWIN).

Analysis of antioxidant activity

The antioxidant action of C. medica fruit extracts (meth-
anolic/ethanolic) and their respective extract-based
AgNPs (Met-AgNPs and Eth-AgNPs) was determined
by the DPPH assay (Bhakya et al. 2016). Briefly, 100 uL
of different concentrations of extracts and synthesized
AgNPs prior dissolved in an 80% ethanol solution was
added into 96 well plates (in triplicate). Varying concen-
trations of ascorbic acid (100 pL) were used as a positive
control. Afterward, 0.2 mM DPPH reagent was pre-
pared in ethanol (80%) and added to each well. The plate
was incubated for 30 min (no light exposure) at room
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temperature, and the plate was read at 517 nm by a mul-
timode reader (Varioskan LUX, Thermo Scientific). The
free radical scavenging activity was determined by the
below-mentioned equation.

DPPH — free radical scavenging activity =

Abs (control) — Abs (sample) y
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at room temperature. The purified DNA was dissolved
in 200 pL of buffer (10 mM Tris—HCl, 1 mM EDTA, pH
8.0). Finally, agarose gel electrophoresis was performed
to observe isolated DNA.

100

Abs (control)

Evaluation of anticancer analysis

Analysis of antiproliferative activity against breast cancer
cells To measure the cytotoxic activity of Met-AgNPs and
Eth-AgNDPs, the SRB assay was accomplished as defined
earlier by Vichai et al. (2006) with few changes (Vichai
and Kirtikara, 2006). The cells (MCF-7/MDA-MB-231)
were seeded (10* cells/well) in culture plates (96 wells) and
incubated in a CO, incubator for 24 and 48 h at 37 °C. The
DMEM medium was replaced with fresh medium (100 pL/
well), and different concentrations of either Met-AgNPs or
Eth-AgNPs ranging from 3.125 to 100 pg/mL prepared in
DMEM medium were supplemented to the corresponding
wells in triplicates. After incubation (24 and 48 h), the cells
were washed with PBS and fixed using trichloroacetic acid
(10%) for 1 h at 4°C. Then, the plates were washed four
times with sterile distilled water and dried. A total of 100
uL of SRB solution (0.057%) was added for 30 min at room
temperature. The plates were immediately rinsed four
times with acetic acid (1%) and kept for drying at room
temperature. Finally, 10 mM Tris base buffer (pH 10.5)
was added (200 pL/well) to the wells, and absorbance at
564 nm was taken by a microplate reader (SPECTROstar
Nano, BMG Labtech, Ortenberg, Germany).

Analysis of DNA fragmentation

MCEF-7 cancer cells were grown on 6-well plates and
incubated with the ICy, of AgNPs for 24 h. Later, the
cells were harvested after washing with PBS and col-
lected in the microcentrifuge tube by centrifuging at
4000 x g for 5 min. The lysis buffer (600 uL/tube) com-
prising Tris—HCl (10 mM, pH-7.4), NaCl (400 mM),
EDTA (100 mM), and SDS (6%) was added to the tubes.
Then, RNase solution (10 uL/tube) treatment was per-
formed to remove any RNA contaminant. Further, the
solution was incubated at 37 °C for 5 min, and proteins
were precipitated by adding 200 pL of 6 M NaCl solution.
Then, the solution was centrifuged (13000 xg, 10 min)
at ambient temperature. The supernatant was collected
in the microcentrifuge tube and mixed with isopropanol
(600 pL/tube). The mixture was placed on ice for 15 min.
The same steps were repeated by adding isopropanol and
incubated for 20 min. Then, the DNA (precipitate) was
carefully cleaned with 70% ethanol (600 uL) and dried

RNA extraction and cDNA construction

RNA was isolated from untreated cells (control) and Met-
AgNPs- or Eth-AgNPs-treated MCF-7 using the TRIzol
method. Briefly, the cell pellet was washed two times
with chilled PBS and homogenized in TRIzol reagent fol-
lowed by the addition of chloroform (200 pL) and then
incubated at RT for 15-20 min. The tubes were centri-
fuged (12,000 rpm, 4°C, 15 min), and the upper aque-
ous phase was collected into another microcentrifuge
tube. The isopropanol (1 mL) was added to the tubes and
incubated for 2 h at —20 °C followed by centrifugation
(12,000 rpm, 4°C, 15 min). The precipitate (RNA) was
washed two times with 70% ethanol. Then, nuclease-free
water was added to the pellet and kept at —80 °C for fur-
ther processing. The Verso cDNA synthesis kit was used
for cDNA synthesis from the isolated RNA. A master
mix reaction (20 pL/tube) was prepared using reaction
buffer (5x), dNTPs mix (5 mM each), anchored Oligo dT
primer (0.5 pg/pL), random hexamer (0.4 pg/pL), Verso
enzyme mix, and template RNA (1 ng). To verify the for-
mation of the cDNA strand, it was subsequently ampli-
fied using glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) housekeeping gene primer pairs. The thermal
cycler conditions include initial denaturation (95 °C,
5 min), 35 cycles of denaturation (95 °C,30 s), annealing
(60 °C, 35 s), and extension (72 °C, 35 s) followed by a
final extension step (72 °C, 7 min). The amplified prod-
ucts were resolved on agarose gel (2%), and synthesized
c¢DNA was stored at — 20 °C for further use.

Quantitative PCR for mRNA expression analysis The
expressions of apoptotic genes (TP53, CYCS, BCL2L1I,
BAX, and CCNDI) and caspases (CASP9, CASP8, and
CASP3) were assessed by using the specific primer pairs
(Table 1). A housekeeping gene, GAPDH, was used as an
internal control. The total reaction volume was made 10
pL by adding 1 x SYBR green dye, 10 pM each of forward
and reverse primer, and 100 ng/pL ¢cDNA. Thermal cycler
conditions comprise a denaturation step (95 °C, 5 min)
followed by annealing and extension steps at 53 °C for 30
s for 40 cycles. The PCR reaction for gene-specific prim-
ers and the internal control (GAPDH) was carried out in
triplicate. To minimize the rate of error, a non-template
control was also included in each reaction. Finally, the
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Table 1 Primer sequence of genes along with their annealing temperature and amplicon size

Genes Primer sequence Annealing temp (°C)  Amplicon

— — size (bp)
Forward (5" -3") Reverse (3'—=5")

TP53 AAGTCTGTGACTTGCACGTACTCC GTCATGTGCTGTGACTGCTTGTAG 57 152

cYes TGGGTGATGTTGAGAAAGGC ATTGGCGGCTGTGTAAGAG 55 158
BCL2L1 GGTTGACTTTCTCTCCTAC CGATTCAGTCCCTTCTG 54 103

BAX GCTGCAGAGGATGATTG CCTTGAGCACCAGTTTG 53 146
CCNDT CGAAGTGGAAACCATCC CTCCTTCTGCACACATT 54 130
GAPDH AGCGAGATCCCTCCAAA CTTGAGGCTCTTGTCATACT 60 200
CAPS9 GGCTCTTCCTTTGTTCATCTCC TCACCAAATCCTCCAGAACCA 58 210

CAPS8 GATGTTATTCCAGAGACTCCAG GGTAGGTAATCAGCAAATCCA 58 110
CASP3 ATGGAAGCGAATCAATGGAC AAACATCACGCATCAATTCC 57 240

analysis of the melting curve was performed to verify
template specificity, and the relative fold change was esti-
mated by the 2722 formula.

Analysis of MCF-7 cells apoptosis by flow cytometry

MCE-7 cells that were present in the logarithmic growth
phase were seeded (1 x10° cells/well) in a 6-well plate
and exposed to varying concentrations of Eth-AgNPs and
Met-AgNPs (5, 10, and 25 pg/mL). The DMSO (0.01%)
treatment was given to control cells as a vehicle control.
After 24 h of incubation, apoptotic cells induced by Eth-
AgNPs and Met-AgNPs were identified with the help of
an Annexin V/PI staining kit (BioLegend, USA). In brief,
the cells were collected, washed, and mixed with a bind-
ing buffer (100 uL) provided with the kit. Then, a mixture
(1:1) of Annexin-FITC and PI was added to the tubes.
After 30 min, binding buffer (400 uL) was supplemented
to the labelled cells. Subsequently, cells were acquired in
a Flow Cytometer (Cytomics FC 500; Beckman Coulter,
Brea, CA, USA).

Analysis of apoptotic cells morphology
Morphological changes in the MCEF-7 cell following
treatment with either Met-AgNPs or Eth-AgNPs were

(37 °C, 24 h). Then, the cells were washed with PBS, and
images of each well were captured by inverted fluores-
cence microscopy.

Analysis RBC hemolysis

The RBC hemolysis test was performed to comprehend
the toxicity of the synthesized Met-AgNPs and Eth-
AgNPs. The RBC hemolysis test was performed by fol-
lowing the published procedure (Bansal et al. 2015).
Briefly, human blood was centrifuged at 2500 rpm for 10
min, and plasma and buffy coat were carefully removed.
The RBC cells were washed twice with phosphate-buft-
ered saline. One-hundred microliters of 4% RBC cells was
taken in microfuge tubes. Then, 100 pL of varying con-
centrations of Met-AgNPs or Eth-AgNPs, such as 200,
100, 50, and 25 ug/mL, was added in respective tubes in
triplicate, while 100 pL of 1% (v/v) Triton solution and
PBS was taken in separate tubes as a positive and nega-
tive control, respectively. The reaction tubes were incu-
bated at 37 °C for 1 h. Once the incubation was over,
tubes were centrifuged at 2000 rpm for 10 min. Then, 100
uL of supernatants from the tubes was carefully taken
and placed in the respective 96 wells in the ELISA plate.
The absorbance of the supernatant was measured at 540
nm. The % lysis of RBC was calculated using the follow-
ing formulas as below:

Absorbance of sample — Absorbance of negative control

% RBC hemolysis =

Absorbance of positive control — Absorbance of negative control

directly observed using an inverted fluorescence micro-
scope (Optica, Italy). The cells were placed (0.1 X 10°
cells/well) into tissue culture plates (6 wells) and allowed
to grow overnight in a CO, incubator at 37 °C. The next
day, the media was discarded, and different concentra-
tions of treatment for either Met-AgNPs or Eth-AgNPs
were given, and the plates were placed in a CO, incubator

Statistical analysis

Analysis of variance (ANOVA) test was practiced to
determine the statistical differences between a pair of
data sets. The p-value< 0.05 was treated as statistically
significant between a pair of data sets.
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Result and discussion

The extraction of phytochemicals/secondary metabo-
lites from the plants/parts of the plant depends on the
polarity of solvents and their physiochemical proper-
ties (Nawaz et al. 2020). Both methanol and ethanol are
polar organic compounds; however, methanol is more
polar than ethanol due to the absence of —CH2 —elec-
tron pumping groups, which reduce the partial negative
charge on oxygen molecules. This decreases the partial
charge difference between oxygen and hydrogen in the
hydroxyl group of ethanol. Moreover, methanol is among
the prominent solvents used to extract phytochemicals
from herbs and spices. Ethanol 70% (v/v) contains 30%
water molecules, which increases its polarity, leading to
an increase in the extraction of more polar compounds/
hydrophilic secondary metabolites.

Plants contain various secondary metabolites or phy-
tochemicals like carbohydrates, amino acids, proteins,
flavonoids, alkaloids, tannins, polyphenols, and sapo-
nins (Roy et al. 2019). The differences in solvent polarity,
including the addition of 30% water to ethanol (70% v/v),
led to varying levels of phytochemical extraction. This, in
turn, resulted in differences in the compounds and their
quantities, affecting the reduction of Ag™ to Ag® and the
subsequent stabilization and capping during the synthe-
sis of AgNPs. As a result, AgNPs synthesized from dif-
ferent extracts contain distinct surface functional groups,
leading to variations in their antioxidant properties and
anticancer efficacy against MCF-7 cells. In contrast to
traditional chemical synthesis techniques, this method
avoids the usage of toxic compounds and high tempera-
tures, providing a secure and more justifiable alternative.
Thus, the current study provides pragmatic evidence that
the AgNPs synthesized employing 70% ethanol extract
exhibit better anticancer activity against MCF-7 cells as
compared to the methanol extract-based AgNPs.
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Silver nanoparticles characterization

UV-Vis spectroscopy analysis

The mixing of methanolic extract (1 mL) with 10 mM
AgNO; solution (30 mL) causes a gradual color change
from pale yellow to light brown, which is the best primary
noticeable index of the formation of AgNPs. Similarly,
previous studies observed a color change during the syn-
thesis of AgNPs (Dehghanizade et al. 2018; Masum et al.
2019), which confirmed the completion of the reaction
between the phytochemicals present in the methanolic
extract and AgNO; solution. Further, the absorption
spectrum of the formed AgNPs (light brown color) dis-
played maximum absorption between 300 and 400 nm,
suggesting the reduction of Agt — Ag’ in the presence
of phytochemicals from C. medica fruit extract and the
synthesis of AgNPs (Fig. 1A).

Similarly, the absorption spectrum of the synthesized
Eth-AgNPs was analyzed and observed absorbance max-
ima between 320 and 380 nm (Fig. 1B). The high absorb-
ance between 320 and 380 nm was due to the surface
plasmon phenomenon of the electron cloud present on
the surface of AgNPs as evident from the previous obser-
vations of ethanolic extract-based synthesis of AgNPs
(Mahmoud et al. 2020; Samuggam et al. 2021).

Analysis of AgNPs by FTIR

The Ag ions reduction by the phytocompounds present in
the plant extract is attributed to the synthesis of AgNDPs;
subsequently, these compounds can cause stabilization
and capping of AgNPs. The functional groups of these
phytocompounds present on the surface of AgNPs were
identified by the FTIR technique. The FTIR spectrum of
the Met-AgNPs exhibited major absorption peak shifts at
3468.51, 2927.3, 2854.5, 2090.89, and 1749,1634.89 cm ™.
Moreover, new absorption peaks appeared at lower wave
numbers, such as 1385, 1304, 1250, 1096, 1022, 680, and
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Fig. 1 UV-visible spectrum of the AgNPs synthesized from C. medica fruit extract. A Met-AgNPs. B Eth-AgNPs
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Fig. 2 FTIR spectrum of biosynthesized AgNPs. A Methanolic extract and Met-AgNPs. B Ethanolic extract and Eth-AgNPs

456 cm™! (Fig. 2A). The peak shifts, as well as the appear-
ance of new peaks, indicate the reducing, stabilizing, and
capping actions of the phytocompounds of C. medica.
A shift in the peak from 3369.32 cm™! to 3468.2 cm™
was due to either O—H or N-—H stretching of the phe-
nols available in the plant extract (Bilal et al,. 2019). The
occurrence of C—H stretching belonging to the aliphatic
functional group/methylene group is designated by the
peak at 2927.3 cm™!, This peak, 2927.3 cm™}, also indi-
cates the existence of triterpenoid saponins (Qais et al.
2019). The peak at 2854.5 cm™! demonstrated the pres-
ence of alkenes’ asymmetric and symmetric stretches.
The absorption peak at 1634.89 cm™! matches the C= C
group of aromatic compounds (Raghunandan et al. 2010).
The peak at 1385 cm™! signifies the incidence of germinal
methyl groups. The peak at 1022 cm™ simplifies the C—O
stretching of the ether group (Dehghanizade et al. 2018).
On the other hand, the peak at 680 cm ™! was owing to the
presence of the =CH group of the aromatic compounds.

ssc) B

Likewise, Met-AgNPs, the major absorption peaks of
the ethanolic extract, were observed at 3468.78, 2922,
2852.3, 2087, and 1639.04 cm™! (Fig. 2B). The biosynthe-
sized Eth-AgNPs showed a very minor change in the shift
of the major spectrum peaks. However, at the lower wave
number, the spectrum showed new absorption peaks at
1463.6, 1377.3, 1341, 1320.5, 1120.5, 1100, and 523.25
cm L, Of these peaks, some of the absorption peaks like
1120.5, 1100, and 523.25 cm™' were absent in the Met-
AgNPs spectrum. The result can be concluded that most
of the secondary metabolites were common in both
extracts; however, some metabolites are different in both
extracts.

Size and zeta potential analysis

The mean size and PDI of the Met-AgNPs were
observed to be 154.8 nm and 0.206, respectively
(Fig. 3A). The small PDI value suggests that the size dis-
tribution of the particle was narrowed down, suggesting

s
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Fig. 3 AgNPs size analysis using DLS. Methanolic extract-based biosynthesized AgNPs. A Mean size, B (-potential, and E size vs. percentage
of Met-AgNPs. Ethanolic extract-based biosynthesized AgNPs, C mean size, D -potential, and F size vs. percentage of synthesized Eth-AgNPs
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uniformity of the particles. Similarly, the mean size and
PDI of the Eth-AgNPs were measured to be 163 nm and
0.37, respectively (Fig. 3C). The observed {-potential of
the methanolic and ethanolic extract-based synthesized
AgNPs were —23.6 mV and —16.75 mV, respectively,
advocating the stability of these synthesized AgNPs
(Fig. 3B & D). The negatively charged functional groups
of the various phytocompounds attached to the nano-
particles’ surface ascertained the colloidal capability of
the prepared AgNPs (Ahn et al. 2019). Further, a graph
between particle size and their percent distribution to
better comprehend the size distribution was shown
(Fig. 3E & F).

The comparative analysis of both Met-AgNPs and Eth-
AgNPs suggests that there is no significant difference in
the mean size of AgNPs synthesized from either metha-
nolic extract or 70% ethanolic extract; however, a signifi-
cant difference in the PDI was observed. The high PDI of
Eth-AgNPs might be due to the inference of ethanol pre-
sent in the reaction mixture, which was not completely
evaporated owing to the synthesis being performed at 70
°C, while the boiling point of ethanol is ~78 °C. On the
contrary, methanol has a lower boiling point (~64 °C).
Thus, during the synthesis at 70 °C, most of the metha-
nol was evaporated; hence, it did not interfere with size
measurement. Earlier, Esfanddarani et al. synthesized
AgNPs from methanolic extract and 70% ethanolic
extract of Malva sylvestris and observed that ethanolic
extract-based AgNPs showed smaller particle size distri-
bution as compared to methanolic extract-based AgNPs
(Mahmoodi Esfanddarani et al. 2018).

The DLS technique measures the hydrodynamic size of
the AgNPs which include an additional hydration layer
around the nanoparticles. Hence, the size of the nano-
particles appears larger in comparison to the actual size
as determined by the TEM imaging (Zia et al. 2017).
Additionally, the hydrodynamic size of AgNPs can also
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be influenced by the adsorption of phytocompounds on
the synthesized AgNPs surface. The small variation in the
AgNP hydrodynamic size could be due to the attachment
of varying amounts of the phytocompounds on the parti-
cle’s surface (Vanlalveni et al. 2021).

XRD analysis of AgNPs

The crystalline property of the prepared AgNPs was
examined by the X-ray diffraction (XRD) analysis. The
XRD spectrum of the Met-AgNPs synthesized from the
methanolic extract showed prominent six 20 peaks at
27.8, 38.6, 46.3, 54.8, 64.9, and 77.1° (Fig. 4A). Besides
these peaks, some other minor additional peaks were evi-
dent, which were due to noise or organic solvent contam-
inants. These Bragg’s diffraction angles correspond to the
lattice planes [122], [111], [200], [120], [220], and [311],
respectively (Fig. 4A). Ojha et al. have synthesized AgNPs
from Ricinus communis var. Carmencita leaf extract, and
XRD diffraction was performed to ascertain the polycrys-
talline nature of the synthesized AgNPs. They observed
diffraction angles at 27.81°, 32.19°, 38.16°, 44.43°, 46.23°,
54.93°, 64.65°, and 77.61°. These diffraction angles cor-
respond to Bragg’s diffraction planes [210], [122], [111],
[200], [231], [142],[241], [220], and [311], which suggest
a face-centered cubic structure (Ojha et al. 2017). Thus,
the lattice planes of our experimental data suggest that
the synthesized Met-AgNPs are polycrystalline in nature,
with a face-centered cubic structure.

In contrast, XRD of the Eth-AgNPs showed five 20
peaks at 27.8°, 32.2°, 46.3°, 57.4°, and 76.6° (Fig. 4B),
which correspond to Bragg’s lattice planes [210], [122],
[231], [241], and [311], respectively. Meng et al. have syn-
thesized AgNPs from Ficus altissima Blume leaf extract
and have characterized its polycrystalline nature by per-
forming X-ray diffraction analysis. They observed dif-
fraction angle 20 values at 27.81°, 32.16°, 38.12°, 44.3°,
46.21°, 54.83°, 57.39°, 64.42°, and 77.45°, corresponding to

(Al
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2 theta (Degree

Fig. 4 XRD spectrum of the biosynthesized AgNPs. A Met-AgNPs. B Eth-AgNPs
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Bragg’s diffraction planes [210], [122], [111], [200], [231],
[142], [241], [220], and [311] (Meng, 2015). Similarly,
Hemlata et al. have observed XRD peaks at 32.18°, 38.04°,
46.13°, 54.63°, and 77.08° of the AgNPs prepared from R.
communis var. Carmencita leaf extract, which correspond
to the [111], [200], [120], [202], and [311] Bragg’s diffrac-
tion planes, respectively. Such planes are in agreement
with the face-centered cubic structure and polycrystal-
line nature of the prepared Eth-AgNPs (Hemlata et al.
2020). Thus, the XRD diffraction angle of Eth-AgNPs
confirmed the polycrystalline nature with a face-centered
cubic structure.

TEM nalysis of AGNPs

HR-TEM pictures were captured at different magnifica-
tions for the size and morphology of the AgNPs (Fig. 5).
Met-AgNPs TEM images suggest that the majorly formed
particles were spherical with dimensions of 15-20 nm;
however, some particles portray cylindrical morphology
(Fig. 5A, B, C, D, E, F). Many authors synthesized AgNPs
from methanolic extracts of different plants and observed
similar sizes and morphologies (Singh and Navneet,
2021; Bawazeer et al. 2021). On the other hand, the TEM
images of the Eth-AgNPs formed were relatively smaller
in size, i.e., ranging from 5 to 7 nm (Fig. 5G, H, I, J, K,
L). The ethanolic extract-based AgNPs showed mostly
spherical morphology, while a few of them were also
observed as cylindrical. Esfanddarani et al. have shown
that AgNPs prepared from 70% ethanolic extract showed
smaller size and a narrow polydispersity index com-
pared to methanolic extract-based AgNPs (Mahmoodi
Esfanddarani et al. 2018). At very high magnification
(650,000x), the fringes were also visible on the particle’s
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surface of both Met-AgNPs and Eth-AgNPs, suggesting
a uniform distribution of phytochemical constituents on
AgNPs (Fig. 5D).

SAED image analysis of AgNPs SAED images give cru-
cial information regarding the polycrystalline nature
of the synthesized AgNPs (Rani et al., 2020). The result
of the SAED image of both Met-AgNPs and Eth-AgNPs
showed five bright electron diffraction rings, as seen in
Fig. 5F and K, respectively. The presence of a bright ring
suggests the pattern of crystal of Ag atom arrangement
in the AgNPs. Our obtained data on crystal planes aligns
with previous findings (Soshnikova et al. 2018; Yap et al.
2020). The Ag ions reduction in the presence of extracts
(methanolic/ethanolic) of C. medica fruit led to the cor-
responding AgNPs synthesis, suggesting the polycrystal-
line nature of the formed AgNPs, which correlates well
with the obtained XRD data. Following our data, an ear-
lier study observed a similar face-centered cubic struc-
ture of the prepared AgNPs with five electron diffraction
rings, which correspond to the lattice arrangement of
[111], [200], [220], [311], and [222] (Kanniah et al. 2023).

Analysis of antioxidant efficacy of AgNPs

The antioxidant action of the extracts (methanolic/etha-
nolic) and the respective extracts-based AgNPs (Met-
AgNPs and Eth-AgNPs) was detected by the DPPH assay.
Met-AgNPs exhibited slightly higher scavenging capac-
ity than the Eth-AgNPs (Fig. 6). The methanolic extract
alone and Met-AgNPs demonstrated a dose-dependent
increase in scavenging activity (Fig. 6A). Similarly, the
ethanolic extract alone and its corresponding AgNPs
showed comparable free radical scavenging efficacy, also
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Fig. 5 TEM images of Met-AgNPs (A, B, C, D, F) with varying magnifications

(A, B, C). Dark-field image (D), HR-TEM image with fringes (E), and SAED

image of AgNPs (F). TEM images of Eth-AgNPs (G, H, 1, J, K, L) with varying magnifications (G, H, I). Dark-field image (J). HR-TEM image with fringes

(K) and SAED image of AgNPs (L)
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Fig. 6 Antioxidant activity of the biosynthesized AgNPs analyzed by DPPH assay. A Methanolic extract and Met-AgNPs. B Ethanolic extract

and Eth-AgNPs

displaying a dose-dependent scavenging effect (Fig. 6B).
Moreover, the scavenging efficacy of the methanolic
extract and methanolic extract-based AgNPs is signifi-
cantly higher than that of the ethanolic extract and eth-
anolic extract-based AgNPs. The ICy, values of the free
radical inhibition of the Met-AgNPs and Eth-AgNPs were
observed to be 424 ug/mL and 382.45 pg/mL, respec-
tively. This finding suggests that the methanolic extract
and the ethanolic extract and their respective AgNPs
could not show strong antioxidant activity.

Analysis of anticancer activity of the AgNPs

Treatment of cancer is still a challenging task for clini-
cians, especially in the advanced stages. Chemotherapy
in the form of monotherapy or combination therapy
received some success and prolonged patients’ lives
to some extent. However, anticancer drugs also cause
severe toxicities to healthy cells, leading to deleterious
side effects (Ahmad et al. 2021). This limits the patient’s
survival from a few months to a few years, depending on
age and health. To overcome the toxicity, various strate-
gies have been adopted, and the encapsulation of chemo-
therapeutics into nanocarriers is a promising approach.
However, the approach is complex, expensive, and still
causes some form of toxicity to the healthy cells (Ahmad
et al. 2021).

The green synthesis of AgNPs was developed, and its
potential is being extensively explored by many research
groups in the treatment of various cancers. The approach
has many attributes that enable it to be a potential candi-
date for the treatment of cancer (Ratan et al. 2020). Thus,
the anticancer efficacy of the developed Met-AgNPs and
Eth-AgNPs was analyzed at 24 h and 48 h of incuba-
tion on two different human breast cancer cells including
MCEF-7 and MDA-MB-231 cancer cells. Both formulations,
Met-AgNPs and Eth-AgNPs, showed cytotoxic effects in
a dose-dependent manner (Fig. 7). At a 50 pg/mL dose of

Met-AgNPs, nearly 45% growth inhibition was observed at
24 h of incubation, which was significantly enhanced to 75%
when the incubation was extended to 48 h, suggesting the
efficacy of Met-AgNPs against MCF-7 cells (Fig. 7A). As the
dose further increased to 100 pg/mL, nearly 72% of the cell
death was observed at 24 h, which increased to 94% with
the extension of incubation time to 48 h (Fig. 7A). Similarly,
Met-AgNPs treatment to MDA-MB-231 cells displayed a
significant (p< 0.0001) reduction in the growth of cancer
cells compared to the untreated group (control) with an ICy,
value of 37.10 pg/mL at 24 h and 38.91 ug/mL for 48 h incu-
bation (Fig. 7C). The result indicates that the Met-AgNPs
were noticeably effective against both breast cancer cells.
Muthukrishnan et al. have shown that methanolic extract-
based AgNPs inhibit the growth of Dalton’s lymphoma
ascites tumor (Muthukrishnan et al. 2018). Additionally, our
previous study showed that AgNPs synthesized from the
methanolic extract of Alpinia galanga exhibit high efficacy
against cervical cancer (Ahmad et al. 2024).

To understand whether AgNPs synthesized from
extracts in different organic solvents induce varying
levels of anticancer activity, and if so, to determine
the extent of these differences, we also evaluated the
anticancer activity of the AgNPs prepared from etha-
nolic extract against MCF-7 and MDA-MB-231 can-
cer cells. The result of the Eth-AgNPs also showed a
dose-dependent cell growth inhibition in both cell
lines (Fig. 7B, D). At 6.25 and 12.5 pg/mL doses, nearly
25% and 53% of the MCEF-7 cancer cell growth inhibi-
tion was observed, respectively. Further increase of
dosage to 25 pg/mL inhibited the growth of almost
87% of cancer cells after 24 h of incubation, which fur-
ther enhanced to 90% with the increased incubation
time (48 h). However, further increase of AgNP doses
showed no significant inhibition both at 24 and 48 h
of incubation time. The IC;, value of the Eth-AgNPs
was 11.58 pug/mL, suggesting that Eth-AgNPs are more
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Fig. 7 The anticancer activity of synthesized AgNPs was monitored against the MCF-7 and MDA-MB-231 breast cancer cells. The cells were treated
with different concentrations (1.56-100 pg/ml) of synthesized AgNPs, and cytotoxicity was determined by the SRB method after 24 and 48 h
of incubation. A Met-AgNPs effect on MCF-7 cells. B Eth-AgNPs effect on MCF-7 cells. € Met-AgNPs effect on MDA-MB-231 cells. D Eth-AgNPs effect

on MDA-MB-231 cells

effective (than Met-AgNPs) in inhibiting the growth of
MCE-7 cancer cells. Equivalently, Eth-AgNPs treatment
showed a significant (p < 0.0001) decrease in the MDA-
MB-231 cells viability as compared to the untreated
group (control) with an ICy, value of 29.28 pg/mL and
10.15 pg/mL for 24 h and 48 h incubation, respectively
(Fig. 7D). The high efficacy of Eth-AgNPs could be
attributed to the additional extraction of hydrophilic
secondary metabolites in 70% ethanol, which contains
30% water. Kis et al. synthesized AgNPs from the etha-
nolic extract of Populi gammae and observed signifi-
cant, dose-dependent growth inhibition in both MCEF-7
and lung carcinoma epithelial cell line A549 (Kis et al.
2022). The AgNPs synthesized by aqueous extracts of
Lasiurus scindicus (L-AgNPs) and Panicum turgidum
(P-AgNPs) seeds showed the cytotoxic effect on MDA-
MB-231 cells, and IC,, values were 141.6 pg/mL and

77.59 pg/mL (Alburae et al. 2024). The synthesized
AgNPs showed a better cytotoxic effect on MCEF-7 cells
compared to MDA-MB-231; therefore, further experi-
ments were performed on MCF-7 cells.

Analysis of formulation toxicity by RBC hemolysis test

To analyze the toxicity of the synthesized Met-AgNPs and
Eth-AgNPs, RBC hemolysis was performed. The results
suggest that up to 50 ug/mL of either Met-AgNPs or Eth-
AgNPs caused <1% of RBC hemolysis (Fig. 8). The con-
centration of AgNPs further increased to 100 pg/mL; the
lysis was slightly increased in both extract-based AgNPs.
However, in further increase of AgNPs concentration
to 200 pg/mL, the RBC lysis is significantly increased
in both AgNPs, especially more prominently increased
in Eth-AgNPs. Importantly, our in-house formulations,
Met-AgNPs and Eth-AgNPs, showed high toxicity to the
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Fig. 8 RBC hemolysis (%) activity of the AgNPs treated for 1 h of methanolic and ethanolic extract-based AgNPs

cancer cells (MCF-7) at 100 ug/mL. However, this con-
centration causes little hemolysis to the RBC cells (< 2%).
It was reported that <5% RBC hemolysis of the formula-
tion is safe for in vivo study.

Analysis of the molecular mechanism

DNA fragment analysis

DNA fragmentation is one of the peculiar features of
apoptosis (Alharbi and Alsubhi 2022). DNA fragment
analysis revealed a thinner band in samples treated with
Met-AgNPs or Eth-AgNPs compared to the control, indi-
cating smaller DNA fragments. This was particularly evi-
dent in the smear in Eth-AgNP-treated cells. However, no
clear smear in Met-AgNPs-treated samples (lane 3) was
evident owing to relatively less fragmentation. This sug-
gests that Eth-AgNPs were more effective in breaking
intact DNA, corroborating the MTT assay of Eth-AgNPs

treated MCF-7 cells. A similar observation has been
reported in A549 cells treated with AgNPs prepared from
Azadirachta indica (Alharbi and Alsubhi 2022) (Fig. 9).

Analysis of the molecular mechanism of apoptosis

To unravel the molecular mechanism behind the induc-
tion of apoptosis of the MCF-7 cells treated with either
Met-AgNPs or Eth-AgNPs, the expression of some of the
genes involved in the intrinsic pathways, viz., CCND1
(cyclin D1) and CYCS (cytochrome C) (Fig. 10A). The
earlier gene implies the progression of the cell cycle’s
G1 phase to the S phase, while the later gene is a small
heme-regulating protein of the mitochondria. Also,
the extrinsic pathways, viz., proapoptotic TP53, BAX,
and antiapoptotic BCL2L1 were analyzed by using their
respective primers listed in Table 1. Earlier studies sug-
gest that the AgNPs promote tumor cell death primarily
through apoptosis, which is mediated by the activation

Fig. 9 DNA fragmentation study of the MCF cells treated with L1-Control, L2-Eth-AgNPs, and L3-Met-AgNPs (A). The image of RNA extracted
from the MCF-7 cells treated with AgNPs on 1.2% agarose gel, L1-Control, L2-Eth-AgNPs, and L3-Met-AgNPs (B)
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Fig. 10 A Relative mRNA expression of genes of MCF-7 cancer cell lines treated with either Met-AgNPs or Eth-AgNPs. A TP53 gene expression,
p-value between untreated vs. Meth-AgNPs <0.05. B CCDNT gene expression, p-value untreated vs. Met-AgNPs < 0.05; untreated vs. Eth-AgNPs
<0.05. C CYCS gene expression, p-value untreated vs. Met-AgNPs < 0.05, untreated vs. Eth-AgNPs <0.05. D and E BAX gene expression, p-value
between untreated vs. Met-AgNPs < 0.05 and untreated vs. Eth-AgNPs <0.05. E BCL2L1 gene expression, p-values untreated vs. Met-AgNPs
<0.05, untreated vs. Eth-AgNPs < 0.05. B Relative mRNA expression of genes CASP9 (A), CASPS (B), and CASP3 (C) of the MCF-7 cells treated
with either Met-AgNPs or Eth-AgNPs. The p-values are statistically not significant between groups

of the Bcl-2 protein family, encompassing both proap-
optotic and antiapoptotic proteins that regulate cellular
sensitivity at the mitochondrial level. Similarly, the key
members of the Bcl-2 family play a crucial role in how
tumor cells respond to the various AgNPs formulations
by which they are treated. For instance, Bax, a proapop-
totic protein target, p53, can trigger apoptosis in cancer
cells, while BCL2LI, an antiapoptotic protein, can inhibit
both autophagy and apoptosis, contributing to cancer cell
survival (Bao et al. 2022).

The mRNA expression of the proapoptotic BAX gene
either treated with Met-AgNPs or Eth-AgNPs displayed
significantly increased expression as compared to con-
trol (p< 0.05). However, the antiapoptotic BCL2L1 gene
mRNA expression of the MCF-7 cells either treated
with Met-AgNPs or Eth-AgNPs showed downregulation
as compared to the control. TP53, another tumor sup-
pressor gene, is essential for regulating cell cycle arrest,

senescence, and apoptosis, helping to eliminate severely
damaged cells. It directly impacts the intrinsic apoptosis
pathway by controlling mitochondrial outer membrane
permeabilization. It is activated through specific post-
translational modifications and majorly determines the
cell’s fate such as whether to repair DNA, halt the cell
cycle, undergo apoptosis, or enter senescence (Yuan et al.
2018). Similarly, our results suggest that the Met-AgNPs
showed relatively higher expression of the tumor sup-
pressor TP53 gene as compared to Eth-AgNPs -treated
MCE-7 cancer cells. Cyclin D1, an antiapoptotic gene
as well as an important regulator of the cell cycle, is
involved in promoting cancer by leading to uncontrolled
cell growth. In normal cells, the expression of Cyclin D1 is
controlled, but, in cancer cells, there is often an increase
in the activity of Cyclin D1 due to different mechanisms
(Montalto and De Amicis, 2020). Similarly, our results
also showed overexpression of mRNA of the CCNDI
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gene treated with either Met-AgNPs or Eth-AgNPs as
compared to control which aligns with the previously
established literature (Bao et al. 2022).

Another crucial gene in the process of apoptosis is
cytochrome c. It plays a pivotal role in the functioning
of mitochondria and is essential for the intrinsic path-
way of apoptosis. Cancer cells often impede the release
of cytochrome ¢ from the mitochondria, allowing them
to evade programmed cell death (PCD). This ability to
avoid apoptosis supports the growth and survival of
tumors (Pessoa, 2022). In the present study, it was found
that the CYCS gene was overexpressed when treated with
either Met-AgNPs or Eth-AgNPs when compared with
the control. However, it was observed that the expression
of the CCNDI gene in both Met-AgNPs and Eth-AgNPs
was not statistically significant. Thus, the above findings
suggest that the synthesized Met-AgNPs or Eth-AgNPs
induce the upregulation of proapoptotic TP53 and BAX
genes, an extrinsic pathway, which promotes PCD of
MCE-7 cancer cells.

Yuan et al. have treated human cervical cancer with
AgNPs synthesized from sinigrin, a reducing and stabi-
lizing agent, and observed upregulation of TP53, CYCS,
BAX, and BAKI genes, suggesting that the synthesized
AgNPs induced apoptosis, leading to higher inhibition
of cancer cell growth (Yuan et al. 2018). Our result sug-
gests that the synthesized Met-AgNPs or Eth-AgNDPs,
besides inducing intrinsic pathways, can also activate
extrinsic pathways to promote apoptosis in MCF-7 can-
cer cell lines. BAX and CYCS gene expression were sta-
tistically significant in AgNP-treated groups, while TP53
and BCL2L1 gene expression showed no significant dif-
ference. Our data does not distinctly differentiate gene
expression levels between the AgNP-treated groups.
However, it indicates that the synthesized AgNPs were
highly effective in inducing both extrinsic and intrinsic
apoptosis pathways, significantly killing MCF-7 cancer
cells, as confirmed by the above cytotoxic assay (Fig. 7).
To strengthen the findings of apoptotic and anti-apop-
totic gene expressions, we evaluated the CASP3, CASPS,
and CASP9 mRNA expression in MCEF-7 cells (Fig. 10B).
We observed that cells treated with Met-AgNPs or
Eth-AgNPs showed comparatively higher expression
of CASP3 (executor caspase) compared to CASP8 and
CASP9. Our results suggest that the slightly higher
expression of CASP3 in Eth-AgNPs-treated cells is sup-
ported by higher expression of TP53, CYCS, and BAX,
which are important downstream molecules that initi-
ate the mitochondrial apoptotic pathway (Ullah et al.
2020). Thus, the findings correlate that the activated
molecules induce apoptosis, leading to cell death. The
observed increased mRNA expression of CASP3 implies
that Eth-AgNPs significantly activate the transcriptional
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machinery involved in apoptosis. Moreover, CASPS8
expression in Eth-AgNPs-treated cells is notably higher.
Thus, the findings suggest that Eth-AgNPs induces
apoptosis through the intrinsic mitochondrial pathway,
which is described by increased expression of P53, BAX,
CYCS, and downstream molecule CASP3 (Baharara et al.,
2015). In succinct, the AgNPs synthesized from ethanolic
extract promote apoptosis in MCF-7 cells, whereas Met-
AgNPs had less effect on these apoptotic genes.

Flow cytometry analysis of apoptosis

The process of apoptosis plays a pivotal role in the home-
ostasis of cells. Many morphological and biochemical
changes enable us to characterize this phenomenon. The
biosynthesized Met-AgNPs and Eth-AgNPs induce apop-
tosis in MCEF-7 cell death in a concentration-dependent
manner. Thus, Annexin V/PI was utilized to comprehend
the MCF-7 cell death mechanism, viz., apoptosis or non-
apoptosis. The result suggests that Met-AgNPs-treated
cells did not show a dose-dependent increase of cells in
the late stage of apoptosis; however, an increased num-
ber of cells were observed in the initial phase of apoptosis
from 5 to 25 pg/mL of treated dose. On the other hand, at
similar doses, Eth-AgNPs showed a consistent increase in
the number of cells in the early stage of apoptosis; how-
ever, at 25 pg/mL of dose, a significant increase of the
late stage of MCF-7 cell apoptosis (8.14%) (Fig. 11). This
result is in concordance with the cell proliferation assay.

Analysis of morphological change The morphologi-
cal changes of the MCEF-7 cells treated with different
doses, either Met-AgNPs or Eth-AgNPs, were analyzed
by inverted fluorescence microscopy. The treatment with
5, 10, and 25 pg/mL doses of Met-AgNPs to MCE-7 cells
showed a dose-dependent morphological change, high-
lighted with red circles (Fig. 12). On the other hand,
MCE-7 cells treated with Eth-AgNPs showed notable
changes in morphology in a concentration-dependent
manner. At 5 pg/mL, very few cells showed morphologi-
cal changes, while at 10 pg/mL, a remarkable number
of cells exhibit morphological changes, and only a few
cells are visible in a normal morphology. However, at 25
pug/mL of dose, almost all cells showed morphological
changes. The result is in concordance with the cell prolif-
eration assay.

Conclusion

The organic extracts of nutraceutical C. medica fruits,
viz., methanolic and ethanolic-based AgNPs, were syn-
thesized to evaluate the influence of different organic sol-
vent extracts on the physiochemical characteristics of the
particles and their anticancer efficacy against breast can-
cer cells. The functional metabolites of the C. medica fruit
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Fig. 12 Evaluation of morphological changes of MCF-7 cells (10x) after treatment with different concentrations of AgNPs. A Untreated MCF-7 cells.
B 5 pg/mL Eth-AgNPs. C 10 pg/mL Eth-AgNPs. D 25 pg/mL Eth-AgNPs. E 5 ug/mL Met-AgNPs. F 10 ug/mL Met-AgNPs. G 25 pg/mL Met-AgNPs
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were involved in the formation of both AgNPs and have a
polycrystalline nature. In addition, the size of Eth-AgNPs
was smaller than that of Met-AgNPs. The Eth-AgNDPs
showed high efficacy in inducing apoptosis in MCF-7
cancer cell lines compared to Met-AgNPs. Eth-AgNPs
showed extensive DNA fragmentation as compared to
Met-AgNPs-treated cells. The proapoptotic genes (TP53
and BAX) showed upregulation, while the antiapoptotic
gene (BCL1L2) showed downregulation, suggesting that
either Eth-AgNPs or Met-AgNPs activate the extrinsic
pathway to induce apoptosis in the MCF-7 treated cancer
cells. Moreover, these AgNPs also induce upregulation
of mRNA expression of CCND1 and CYCS genes. Thus,
besides inducing extrinsic pathways, these AgNPs can
activate the intrinsic pathway of apoptosis. Further, Eth-
AgNPs treatment induces extensive apoptosis in MCF-7
cells, which was further corroborated by morphological
analysis. Therefore, the synthesized AgNPs were effec-
tive in killing MCF-7 cancer cells. In succinct terms,
ethanolic extract-based AgNPs are more effective in
inducing apoptosis, which led to high efficacy in inhibit-
ing/killing MCE-7 breast cancer cells. Thus, we can con-
clude that preparing AgNPs from the organic extract of
either methanol or ethanol is necessary to evaluate their
anticancer efficacy. The addition of water to the ethanol
would prove to generate effective AgNPs to kill/inhibit a
higher number of MCEF-7 cells compared to methanolic
extract-based AgNDPs. Future studies are warranted to
decipher the role of effective plant metabolite extraction
methods in generating more efficient anticancer AgNP-
based therapeutics for tumors.

Limitation of the study

The plant extract containing phytocompounds is a better
reducing and stabilizing agent for the synthesis of AgNPs
compared to the chemically synthesized AgNPs (Nie
et al,, 2023). However, several factors including pH, tem-
perature, choice of reductant, capping agents, and zeta
potential determine the stability of AgNPs. Therefore, a
comprehensive stability assessment is required for the
synthesized AgNPs (Met-AgNPs and Eth-AgNPs). Fur-
ther, the toxicity of AgNPs was attributed to their size,
concentration, shape, surface charge, and surface chem-
istry. Therefore, the synthesized AgNPs (Met-AgNPs and
Eth-AgNPs) need to be inspected in vivo conditions for
their toxicity in biological environments.
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