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Abstract

Background and purpose: Metallic nanoparticles (NPs) can be applied in various biomedical fields, such as
antibacterial and anti-cancer agents. Synthesizing metallic NPs by green chemistry procedures makes
them eco-friendly and easier to prepare. This study aimed to develop 3 different gold (Au) NPs, using plant
extracts including Artemisia absinthium (AA) aerial parts, Morus nigra (MN) fruits, and Peganum harmala
(PH) seeds.

Experimental approach: Green AuNPs were synthesized by mixing plant extracts and HAuCl4.3H,O and
heating the mixture at 60 °C. Cytotoxic activity of synthesized AuNPs was evaluated using the MTT assay,
followed by flow cytometry to assess its mechanism. Synthesis of plant AuNPs was confirmed by relevant
color change, DLS, Zeta potential, and were characterized by a relevant surface plasmon resonance peak for
AuNPs between 500 to 600 nm.

Findings/Results: AA-AuNPs, MN-AuNPs, and PH-AuNPs were cytotoxic against cancer cell lines in a dose-
dependent manner. Results also revealed that PH-AuNPs were the most potent NPs (ICso values of 7.7, 16.7,
30, and 40 pg/mL against HeLa, HT-29, OVCAR3 and MCF-7 cell lines, respectively). HeLa cells were the
most sensitive cell line toward all tested NPs, significantly. Flow cytometry results confirmed that the cytotoxic
effects of AuNPs were mediated through apoptosis induction.

Conclusion and implications: Using plants to formulate metallic NPs is inexpensive, easily accessible, and
renewable. Additionally, due to their considerable cytotoxicity, their applications as a cancer treatment option
is a promising approach that warrants further investigation. Thus, the rapidly synthesized AuNPs can play a
role in nanotechnology and biomedical applications.
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INTRODUCTION an interesting approach to diffusion and
interaction with target molecules (3).
Synthesis of metallic nanoparticles (NPs) by

green chemistry procedures has been recently

considered by scientists because of their eco- Access this article online

friendliness, easy preparation, and various
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Among noble metals, using gold (Au) and
silver (Ag) for the preparation of NPs is more
common because they are more applicable and
compatible with biological systems. For
instance, AgNPs have been most widely
applied as antimicrobial agents, whereas
AuNPs have been utilized in the detection and
treatment of cancers (4-6). It has been
shown that AuNPs can enhance the quality of
cancer treatment through increased
permeability and maintenance of therapeutic
agents in cancerous cells (7). In addition,
AuNPs can be applied in photodynamic
therapy because they absorb visible
light and emit wavelengths with high energy
toward the target tissue precisely and
efficiently (8).

Nowadays, the most used and conventional
method for the preparation of NPs is the
chemical approach, followed by physical and
biological procedures. Making NPs by
chemical synthesis results in lower toxicity in
the case of Au and/or equal toxicity in the case
of Ag compared to bulk chemicals (3,9).
The disadvantages of chemical-based synthesis
of NPs, when considered for cellular
applications, are their toxicity toward cells
because they release chemicals gradually. The
toxic effects could be reduced by the
development and use of effective alternatives,
such as NPs produced with the aid of plant
extracts.

Plant-based active biological ingredients
with antioxidant properties, such as phenolic
compounds, terpenoids, and alkaloids, serve as
both reducing and capping agents for NPs.
Therefore, they are considered biomedical
effective compounds (10-12).

Peganum harmala (PH) L. is a member of
the family Zygophyllaceae, commonly known
as Syrian rue in the world and Esfand in Iran,
and grows in the middle parts of Iran. PH
composition has been studied previously. Its
ripe fruit (3.12%) and flower (3.27%) contain
alkaloids, including harmine, peganine, and
harmaline. PH seed essential oil composition
consists of 2,3-dimethyl benzofuran, cis-
linalool oxide, [2E]-decenal, 4aa,7B,7aa-
nepetalactone, 3-oxo-p-menth-1-en-7-al and
trans-B-terpineol (13,14). Its seeds are rich
in carbolin alkaloids with a wide spectrum
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of  pharmacological actions, including
antispasmodic, antipyretic, analgesic, and
anticancer activities (15). Esfand has been
used in a pharmaceutical product called
Spinal-Z (Darupakhsh Company), which has
cytotoxic, anti-inflammatory, analgesic, anti-
bacterial, and anti-viral effects and is used for
the treatment of non-metastatic gastro-
esophageal cancers (16).

The essential oil and extracts of Artemisia
absinthium (AA) L. (Asteraceae), commonly
known as wormwood in the world and
Afsantin in Iran, contain compounds with
antioxidant and antibacterial properties.
Iranian wormwood essential oil is characterized
by the predominance of B-pinene and B-thujone
(17). The chemical structure of AA showed
that it contains caryophyllene oxide (25.3%),
p-cymene (16.8%), 1,8-cineole (8.9%),
and (Z)-lanceol acetate (7.3%) (18). In addition,
it has been reported that the extract of the AA
aerial part induced anti-proliferative effects on
human breast cancer cells (19).

Morus nigra (MN) L. commonly
known as black mulberry, named shahtoot
(King of mulberry), native to Iran, belongs to
the family of Moraceae. It has long been
cultivated for its edible fruit. Black mulberry
trees are thought to have originated in the
mountainous areas of Mesopotamia and Persia
and are now introduced from Iran to most
Middle Eastern countries. This deep-colored
fruit contains riboflavin (vitamin B2), niacin
(vitamin B3), and ascorbic acid (vitamin C).
It is also rich in phenolic, flavonoid, and
alkaloid contents (20-22).

The present study used the extracts of
AA aerial parts, MN fruits, and PH seeds in the
biosynthesis and characterization of Au-NPs
against cancer cells. Some studies have used the
plants in the synthesis of Au-NPs for their
antibacterial effects (23,24). However, to the
best of our knowledge, they have not
previously been used for their cytotoxic effects
against cancer cells. The objective of this
study was to develop an eco-friendly,
simple, cost-effective, and single-step
method for the synthesis of 3 different AuNPs
as anti-cancer agents, using plant extracts
including AA aerial parts, MN fruits,
and PH seeds.



MATERIALS AND METHODS

Plant extract preparation

AA aerial parts, MN fruits, and PH seeds were
the medicinal plant parts used in the studies. The
plants were characterized by the Department of
Pharmacognosy, School of Pharmacy and
Pharmaceutical Sciences, Isfahan University of
Medical Sciences (Isfahan, Iran). Voucher
specimens were made and deposited in the
Herbarium of the School of Pharmacy and
Pharmaceutical Sciences (Isfahan, Iran). Voucher
numbers were 2310, 2519, and 1381 for PH, MN,
and AA, respectively. Powdered plant materials
(10 g) were extracted in 200 mL of deionized
water by the maceration technique (25). The
suspended plant material was initially heated at
60 °C for 10 min to avoid any possible
degradation of the active biomolecules. The
suspension was then stirred for 1 h at room
temperature (24 °C). The extracted biomass was
then centrifuged at 5000 rpm for 5 min to remove
the bulk plant material. Finally, the obtained
supernatant was filtered through Whatman No.1
filter paper. This filtered extract was directly used
for the synthesis of NPs.

Synthesis of AUNPs

To synthesize AuNPs, the various volumes of
the plant extracts (0.5-4 mL) were mixed
separately with 10 mL of gold salt (HAuCls.3H20)
solutions (1-4 mM). The reaction mixture was
heated in a water bath at 60 °C until the reaction
was completed. Synthesis progress was followed
by visual observation of the color changed from
yellow to deep purple within a few min (26). The
synthesis mechanism of NPs has been explained
previously (27).

Synthesis optimization of NPs

Various parameters that affect the synthesis
of NPs were optimized to achieve the best final
product. A fractional design (with 4 factors and
3 levels) was developed to explore the optimum
level of the wvariables. Four independent
variables, including the volume of extract (0.5-
4 mL), HAuCls.3H20 concentrations (1-4
mM), pH (4-8), and reaction time (10-100 min)
were studied at 3 different levels. The coded
and actual values of the variables for MN, AA,
and PH extracts were given in Tables S1-S3.
Aliquots obtained from the reaction mixture
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were scanned at wavelengths between 350 to
750 nm. Optimized formulations were selected
for toxicity evaluation by 3-[4,5-dimethylthiazol-
2yl]-2,5 2,5-diphenyl tetrazolium bromide
(MTT) assay, followed by flow cytometry against
MCF-7, HT-29, OVCAR-3, and HeLa cells.

Structural features of plant-AuNPs

Plant-AuNPs were visualized by color
changing, and absorbance spectra were detected by
ultraviolet-visible (UV-Vis) spectrophotometer
(Lambda 25, PerkinElmer, USA) between 350-
750 nm wavelength ranges. The powder obtained
from freeze-dried plant-AuNPs was further
subjected to different analyses to confirm the
anticipated NPs formation. A field emission
scanning electron microscope (FESEM,
TeScan-Mira III, Czech Republic) was used to
monitor the shape of the synthesized plant-
AuNPs. Hydrodynamic size distribution and zeta
potential (ZP) of plant-AuNPs were measured by
dynamic light scattering (DLS; Malvern Zeta-
seizer, ZEN-3600, United Kingdom). Finally,
Fourier-transform infrared (FT-IR) spectroscopy
(FT/IR-6300,JASCO, Japan) was used to analyze
the functional groups involved in the formation of
plants-AuNPs.

Biological evaluation of plant-AuNPs

MCF-7, HT-29, OVCAR3, and HeL a cell lines
derived from breast, colon, ovarian, and cervical
cancers, respectively, were purchased from the
Pasteur Institute (Tehran, Iran). All cell lines were
grown in RPMI1640 (Bio-Idea, Iran) except for
HT-29, which was cultured in Dulbecco’s
modified eagle's medium (DMEM) high glucose
(Bio-Idea, Iran) supplemented with 1% essential
amino acid (Gibco, USA), 1% antibiotics (5000 [U
of penicillin and 50 pg/mL of streptomycin,
Gibco, USA), and 10% fetal bovine serum (FBS)
(Bio-Idea, Iran). Cells were maintained in a
humidified incubator with 5% CO2 at 37 °C.

MTT assay

The cytotoxic activity of the plant-AuNPs
was analyzed by MTT assay. Briefly, cells were
implanted in 96-well culture plates (5 x 10*
cells/mL) and allowed to attach for 24 h, then
treated with different concentrations (5, 10, 15,
20, 25, 30, 40, 80, and 160 pg/mL) of
synthesized NPs, followed by a further 48 h
incubation. After that, 20 pL of MTT solution
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(5 mg/mL) was added to each well and
incubated for 3 h. To dissolve the formed purple
formazan crystals, 150 pL of media was
replaced with dimethyl sulfoxide (DMSO), and
the absorbance of each well was determined at
570 nm using a multi-well ELISA plate reader
(EIx808, BioTech, USA) (28,29). Results were
expressed as the percent of cell survival using
the following equation:

Cell cervival (%) =

Abtreated sample — Abblank % 100

Abnegative control — Abblank

where, Ab was put instead of the absorbance
mean.

Flow cytometry assay

To evaluate the cell death mechanism
induced by plant-AuNPs, an apoptosis assay
was performed by flow cytometer (BD
FACSCalibur, BD Biosciences, USA) based on
the manufacturer’s protocol using fluorescein
isothiocyanate (FITC) Annexin V-propidium
iodide (PI) staining kit (BioLegend, USA). In
this regard, MCF-7, HT-29, OVCAR3, and
HeLa cells were seeded in 12-well plates and
then separately treated for 24 h at an ICso
concentration of the plant-AuNPs. Briefly, cells
were washed twice with phosphate-buffered
saline (PBS), and 100 pL of cell suspension
(5 x 10° cells/mL) was transferred to the test
tube, followed by adding 5 pL. of FITC Annexin
V solution and incubating for 15 min at room
temperature. Then, the cells were washed with
400 pL of binding buffer. Finally, 5 uL of PI
solution was added to the cells and subjected to
flow cytometry. CellQuest Pro software
(version 5.1, BD Biosciences, USA) was used
for the interpretation of flow cytometry results.

Supplementary materials

The supplementary materials for this
article can be found online at
https://github.com/Mirian1361/supplementary-
materials.

Statistical analysis

Cell toxicity data were expressed as the
mean =+ standard deviation (SD). Microsoft
SPSS 21 software was used to analyze data
using one-way ANOVA, followed by LSD
post-hoc. P-values < 0.05 were considered
statistically significant.
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RESULTS

Characteristics of extracts

To produce NPs, the plant extracts were
mixed with the HAuCl4.3H2O solution at room
temperature. The process of biosynthesis of
plant-AuNPs was monitored by changes in the
color during the reaction. Initially, when
reducing agents (plant extracts) were added to
the aqueous solution of HAuCls.3H20, the
solution completely changed from yellow to a
deep purple color within minutes.

Particle size and ZP of NPs

Particle size (PS), polydispersity index
(PDI), and ZP of the examined formulation for
each extract and the effect of different variables
on the characteristics of NPs are shown in
Tables S1-S3. For MN-AuNPs, PS was
significantly increased with an increase in the
amount of extract, pH, and reaction time. An
increase in Au concentration from 1 mM
to 2 mM decreased PS, while an increase
to concentrations higher than 2 mM enhanced
it. As for ZP, it was decreased by the
elevation of the extract and increased by an
increase in the concentration of Au. The time
and pH values did not show significant effects
on ZP. PDI for MN-AuNPs ranged from
0.4 to 0.6 and was increased by increasing in
amount of extract and the concentration of Au
(Table 1). The characteristics of AA-AuNPs,
including PS, ZP, and PDI, were found to be
very similar to the characterization of
MN-AuNPs (Table 1). As for PH-AuNPs, all
formulations precipitated but one, and it was
not included in Table 1.

Finally, the optimized formula was obtained
based on the data from  Design
Expert. Optimized formulations for AA-AuNPs
and PH-AuNPs were achieved by the
addition of 500 pL of plant extract to 10 mL
of HAuCl.3HO0 (IM) at pH 4. To
synthesize MN-AuNPs, 500 pL of plant extract
was added to 10 mL of HAuCl4.3H20 (2 M) at
pH 4. The reaction mixtures were heated in a
water bath at 60 °C until the reaction started
(the color of the AuCla solution changed to deep
purple). Table 2 shows the results of PS, ZP,
and PDI for the optimized formulation of
each extract.
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Table 1. PS, PDI, and ZP of examined formulations of plant AuNPs. All formulations for PH-AuNPs precipitated, so data were not included.

Plant . Volume of extract (mL) Concentration of HAuCl4 (mM) pH Time (min)
Variables
AuNPs 0.5 1 2 1 2 4 4 7 8 10 50 100
PS (nm) 75.1 112.9 118.6 133.6 63.2 109.7 84.8 104.1 117.7 67.1 108.9 1305
A“u“NNI',S ZP (mV) 38 -10.5 -10.0 8.5 6.8 57 -84 53 -10.6 92 77 74
PDI 0.4 0.6 0.5 0.4 0.5 0.6 0.6 0.5 0.4 0.6 0.5 0.5
Plant Volume of extract (mL) Concentration of HAuCl4 (mM) pH Time (min)
Variables
AuNPs 0.5 2 4 1 2 4 4 7 8 10 50 100
PS (nm) 138.4 127.8 128.5 116.0 122.8 155.9 94.2 143.4 157.2 97.1 167.0  130.6
AA-
AuNPs ZP (mV) -4.9 -4.5 -5.4 -3.9 -5.9 -4.8 -33 -6.6 -4.8 -5.4 -5.6 -3.7
PDI 0.4 0.3 0.3 0.4 0.3 0.3 0.4 0.3 0.3 0.4 0.3 0.3

PS, Particle size; PDI, polydispersity index; ZP, zeta potential; AuNPs, gold nanoparticles; AA, Artemisia absinthium; MN, Morus nigra; PH, Peganum harmala.

Table 2. DLS analysis results of optimized formulations.

Plant AuNPs Volume of extract AuNPs (uL) Concentration of HAuCl4 (mM) pH PS (nm) PDI ZP (mV)
AA-AuNPs 500 1 4 65.18 0.401 -8.0
MN-AuNPs 500 2 4 69.13 0.123 -26.6
PH-AuNPs 500 1 4 217.80 0.291 -19.8

PS, Particle size; PDI, polydispersity index; ZP, zeta potential; AuNPs, gold nanoparticles; AA, Artemisia absinthium; MN, Morus nigra; PH, Peganum harmala.

489



Sadeghi-Aliabadi et al. / RPS 2025; 20(4): 485-497

UV-Vis spectroscopy

Ultraviolet-visible spectroscopy was used to
determine the formation and stability of AuNPs
(31). The formation of Au ions in the reaction
mixture was visualized by changes in the color.
In addition, the maximum peaks in the visible
region were detected at 536.12, 546.93, and
553.13 nm for AA-AuNPs, MN-AuNPs, and
PH-AuNPs, respectively, which corresponded
to the intensity of surface plasmon resonance
(SPR) bands.

FT-IR spectroscopic analysis

FT-IR spectroscopy was used to analyze
the newly formed functional groups of
active biomolecules. The FT-IR spectra of AA
aerial parts, MN fruit, PH seed extracts,
and their AuNPs are shown in Fig. 1.
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The chromatogram of AA extract exhibited
major vibration stretches at 3365.17, 2927.41,
1633.41, 1402, 1261.22, 1066.44, and 616.145
cm™'. The major peaks of MN extract
were identified at 3398.92, 2925.48, 1725.98,
1623.77, 1420.23, 1260.25, 1053.91, and
630.61 cm'. PH  extract  showed
absorbance at 3361.07, 2932.23, 1781.9,
1630.52, 1405.85, 1051.98, and 616.14 cm™'.
Major vibration stretches were similarly
observed on synthesized AA-AuNPs at
3369.03, 2931.27, 1785.76, 1629.55, 1416.46,
1071.26 cm™'. MN-AuNPs peaks were observed
at 3387.35, 2924.52, 1731.76, 1644.02,
1419.35, 1055.84, and 590.11 cm”, and PH-
AuNPs absorbance bands were seen at 3369.03,
2931.27, 1785.76, 1629.55, 1416.46, 1071.26,
and 617.11 cm™.
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Fig. 1. Fourier-transform infrared spectra of plant extracts and synthesized AuNPs. (A;) AA extract, (A2) AA-AuNPs,
(B1) MN extract, (B) MN-AuNPs, (C;) PH extract, (C;), PH-AuNPs. AuNPs, Gold nanoparticles; AA, Artemisia

absinthium; MN, Morus nigra; PH, Peganum harmala.
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MN-AuNPs
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PH-AuNPs

Fig. 2. Typical SEM images of AuNPs formed by plant extracts of (A) AA-AuNPs, (B) MN-AuNPs, and (C) PH-AuNPs. AuNPs,
Gold nanoparticles; AA, Artemisia absinthium; MN, Morus nigra; PH, Peganum harmala; SEM, scanning electron microscope.
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Fig. 3. In vitro cell cytotoxicity of different concentrations of AA-AuNPs, MN-AuNPs, and PH-AuNPs against (A)
HT-29, (B) HeLa, (C) OVCARS3, and (D) MCF-7 cell lines. Untreated cells were used as the negative control. Data were
expressed as mean + SD, n = 3. "P < 0.05 indicates a significant difference in comparison to untreated cells. AuNPs, Gold
nanoparticles; AA, Artemisia absinthium; MN, Morus nigra; PH, Peganum harmala.

FE-SEM analysis

The FE-SEM image (Fig. 2) revealed
that AA-AuNPs, MN-AuNPs, and PH-AuNPs
were around 10-50 nm and mostly in
hexagonal or spherical shape, which

were smaller in size in comparison to the
DLS results.

In vitro cytotoxic assay

The MTT-based colorimetric assay was
applied to evaluate the cytotoxic effect of used
plant-based AuNPs. AA-AuNPs, MN-AuNPs,
and PH-AuNPs were shown to be cytotoxic
against HT-29, HeLa, OVCAR3, and MCF-7
cell lines in a dose-dependent manner.
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The wviability of treated cells was
significantly lower compared to control cells
(untreated cells with 100% viability) (Fig. 3).
The AA-AuNPs and MN-AuNPs showed lower
toxicity, whereas the PH-AuNPs were more
cytotoxic against cancer cells.

Applied cell lines showed different cytotoxic
behaviors toward plant NPs. For example,
human  cervical  epithelial  carcinoma,
HeLa (ICso < 31.5 pg/mL) exhibited
maximum sensitivity to 3 types of plant-AuNPs
(Fig. 3). Moreover, among different
plant extracts, PH-AuNPs were the most
cytotoxic NPs against all tested cell lines,

especially HeLa cells (ICso < 9.15 pg/mL)
(Fig. 3).

Flow cytometry assay

Plant NPs mostly showed their cytotoxic
activity via the induction of apoptosis in a
concentration-dependent manner. According to
flow cytometry results, PH-AuNPs were the
most cytotoxic compound against all tested cell
lines at their ICso concentration, followed by
MN-AuNPs and AA-AuNPs. In addition, the
percentage of early/late apoptotic and necrotic
cells induced by PH-AuNPs were significantly
different from others (P < 0.05) (Fig. 4).
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Fig. 4. Analysis of cell death mechanism by flow cytometry. HeLa, MCF-7, HT-29, and OVCAR-3 cells were treated
with ICso concentrations of plant-AuNPs for 24 h and then stained with Annexin V/PI. Non-treated cells were considered
the negative control. (A) Annexin V/PI double-staining assay. HeLa cells were treated with AA-AuNPs, MN-AuNPs, and
PH-AuNPs at the concentrations of 21.16, 23.37, and 7.69 pg/mL, respectively. HT-29 cells were treated with AA-AuNPs,
MN-AuNPs, and PH-AuNPs at the concentrations of 71.24, 66.36, and 16.66 pug/mL, respectively. MCF-7 cells were
treated with AA-AuNPs, MN-AuNPs, and PH-AuNPs at the concentrations of 99.72, 191.85, and 40 pg/mL, respectively.
OVCAR3 cells were treated with AA-AuNPs, MN-AuNPs, and PH-AuNPs at the concentrations of 45, 58.33, and
30 pg/mL, respectively; cell proliferation in (B) HeLa, (C) HT-29, (D) MCF-7, and (E) OVCAR3 cell lines. Graphs B-E
were derived from the flow cytometry results read once. AuNPs, Gold nanoparticles; AA, Artemisia absinthium; MN,

Morus nigra; PH, Peganum harmala.
DISCUSSION

One of the interesting applications of plant
extracts is their use in preparing synthetic
metallic NPs. Using plant extracts is affordable,
simple, fast, and, more importantly,
environmental-friendly. The objective of this
research was to create 3 distinct types of AuNPs
utilizing plant extracts derived from the aerial
parts of AA, the fruits of MN, and the seeds of
PH.

Nowadays, the rate and the yield of reactions
applied in the production of green NPs are
comparable to chemical methods (30). The
reaction rate, PS, and morphology depend on
the plant type and its extract concentration, the
concentration of the metal salt, the pH,
temperature, and contact time (25). Many bio-
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reducing agents could be used to produce NPs.
Amongst them, the use of plant extracts in the
preparation of NPs is more advantageous over
other expensive methodologies because plants
are sustainable, renewable, and easily available
and also safe to handle and process in the
fabrication of NPs (31). In recent years, many
plants used for this purpose have shown
promising results (36,37). Many studies have
shown that plants, including AA, MN, and PH,
have cytotoxic effects; however, this effect has
not been reported for AuNPs prepared from
these plants (19,38,39). The extract of PH
seeds, including harmaline, showed
considerable cytotoxicity on cancer cell lines
such as B19, B65, and PC12, while it had very
low toxicity on normal cells (40). In addition,
the anti-angiogenesis and anti-growth effects of
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AA on breast cancer cells have been reported
(41). Moreover, previous studies have
documented that MN showed anticancer effects
via inducing apoptotic cell death on HT-29,
MCF-7, and HeLa cell lines (42-44).
Considering the findings, AA, MN, and PH were
selected for the biosynthesis of AuNPs due to
their considerable cytotoxic effects. Taken
together, 3 different AuNPs were prepared
using plant extracts and then characterized. The
FT-IR spectra showed that biomolecules were
involved in the formation of plant-AuNPs by
the reduction process, confirmed by the shifting
of the peaks. Bands in the range of 3500-3000
cm! represented NH and OH stretching. Peaks
at 2931, 2929, and 2924 cm’! could be
attributed to -CH2 asymmetric stretching for the
plant-AuNPs. The peaks ranging between 1070
and 1010 cm™ in the spectral analysis were
assigned to C-O and C-H chemical bonds. The
SPR results were indicative of the formation of
poly dispersed AuNPs (32-35). FE-SEM
analysis revealed that the size of the NPs was
smaller compared to DLS results. Ahmad et al.
stated that the size differences between FE-
SEM and DLS measurements could be
explained by the fact that DLS measures the
hydrodynamic radius of NPs in aqueous
medium, which includes the metallic cores and
any biological molecules attached to or
adsorbed on the surfaces of particles (45). The
biochemical compounds of the plant extracts
influenced the hydrodynamic diameters of the
synthesized plant AuNPs, which was indicated
by DLS analysis. The real mechanism behind
the formation of different-sized NPs is unclear
(46,47). As previously reported, the
polydisperse nature of AuNPs might be due to
the involvement of wvarious reducing
compounds that exist in the plant extract (47-
50).

Consistent with the current results, other
studies have also shown the cytotoxic effect of
biologically synthesized plant-AuNPs (51,52).
AgNPs from plant extracts could also show the
same cytotoxic results (53). The present results
also demonstrated the difference of plant NPs
on cell lines such as HeLa cells. One study has
also shown that HeLa cells were more sensitive
to plant-based AgNPs (54). Moreover, the most
significant cytotoxic effects were exhibited by
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PH-AuNPs on all tested cell lines, especially on
HeLa cells. Therefore, PH-AuNPs might be a
considerable cytotoxic agent against cervical
malignancies. Other green-based AuNPs have
also been shown to be cytotoxic to cancer cell
lines such as MCF-7 and HeLa, probably by
promoting cell cycle arrest and apoptosis
(55,56). In particular, using plant-based AuNPs
looks like a promising approach for killing
ovarian cancer cells, since ovarian cancer cells,
such as PA-1, SW-626, SK-OV-3, and HelLa
cells in our study, showed high sensitivity to
plant-based AuNPs (57). Interestingly, green
biologically synthesized AuNPs might have
better anti-tumor activities than chemically
synthesized ones, as one study showed that
AuNPs of Ocimum tenuiflorum were more toxic
to cancer cell growth (HeLa and MCF-7 cell
lines) compared to AuNPs capped with citrate
(56). The cytotoxic effect of plant-based NPs
can also be attributed to the bioactive
compounds, including alkaloids, flavonoids,
and phenols in the plants, which lead to cell
cycle arrest, cell death, and apoptosis in cancer
cells (58-60).

Many mechanisms have been discussed for
the cytotoxic effects of AuNPs capped by plant
extracts (55). Oxidative stress and the
generation of reactive species are found to be
the most accepted mechanisms involved in the
in vitro cytotoxic effects of NPs against cancer
cell lines, in particular HeLa cells. The
cytotoxic activity may also be due to the direct
action of Au ions released from NPs, which
may interact with mitochondrial functions,
initiating stress pathways and apoptosis (48).

CONCLUSION

The current study successfully developed an
eco-friendly procedure and synthesized AuNPs
with the aid of different plant extracts,
including AA aerial parts, MN fruits, and PH
seeds. The evaluation of the NPs revealed that
they were biosynthesized efficiently. FT-IR
characterization demonstrated the major
vibration stretches by the reduction process.
The FE-SEM images indicated that the AuNPs
ranged in size from 10-50 nm and were mostly
hexagonal or spherical, after green synthesis. In
this study, results exhibited a dose-dependent



cytotoxic activity of NPs against cancer cell
lines, namely HeLa, HT-29, MCF-7, and
OVCAR3 via an apoptotic mechanism. It was
found that PH-AuNPs were the most potent
NPs against all tested cancer cells, especially
HeLa cells. More studies should be done to find
out the active ingredient in the plants, such as
PH, which makes the NPs cytotoxic. The ability
of plants to act as capping and reducing agents
can be potentially exploited to formulate
metallic NPs since they are inexpensive, easily
accessible, and renewable  resources.
Additionally, due to their considerable
cytotoxicity, their application as a cancer
treatment option is a promising approach that
warrants further investigation.
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