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Abstract: Selenium nanoparticles (SeNPs) have attracted considerable interest for their
promising biomedical applications, particularly in cancer therapy. In this study, an
environmentally friendly approach was developed to synthesize SeNPs using an aqueous leaf
extract of Catharanthus roseus (L.), which served as both the reducing and stabilizing agent
for converting H».SeOs into elemental selenium nanoparticles. The extraction process was
optimized at a leaf-to-water ratio of 20 g per 100 mL of double-distilled water, with boiling for
70 min. The optimal conditions for SeNP synthesis were 12 mL of leaf extract mixed with 30
mL of 5 mM H.SeOs at pH 8 and 80 °C for 105 min. Morphological analysis revealed that the
biosynthesized SeNPs were predominantly spherical, with an average particle size of
approximately 50 nm. GC-MS and FTIR analyses demonstrated the presence of
phytochemicals in the leaf extract that participated in nanoparticle formation while providing
surface capping and stabilization. The biological activity of the synthesized SeNPs was
evaluated against SK-LU-1, Hep-G2, and MCF-7 cancer cell lines. After 72 h of treatment, the
nanoparticles exhibited potent cytotoxicity, with half-maximal inhibitory concentration (ICso)
values of 5.54 pg/mL, 4.45 pg/mL, and 4.93 pg/mL, respectively. These findings indicate that
Catharanthus roseus (L.)-mediated SeNPs represent a simple, sustainable, and effective
nanomaterial with promising potential for anticancer applications.

Keywords: green synthesis; Catharanthus roseus (L.) leaf; selenium nanoparticles; anticancer;
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1. Introduction

Green synthesis has emerged as an environmentally friendly strategy for
producing metal nanoparticles by employing plant extracts as both reducing and
stabilizing agents. Compared with conventional physical and chemical approaches,
such as chemical reduction, thermal reduction, irradiation, and other energy-intensive
techniques, plant-mediated synthesis offers a simpler, safer, and more sustainable
alternative. During the biosynthesis process, phytochemicals including flavonoids,
terpenoids, polyphenols, alkaloids, and reducing sugars donate electrons to metal ions
(M), converting them into their elemental state (M°). These reduced atoms
subsequently nucleate and grow into nanoparticles, while biomolecules present in the
extract adsorb onto the particle surface, preventing aggregation and improving
colloidal stability. Owing to its mild reaction conditions, low environmental impact,
and elimination of hazardous reducing agents, plant-assisted nanoparticle synthesis
has attracted considerable attention as a green alternative to conventional fabrication
methods [1-3].

Among various nanomaterials, selenium nanoparticles (SeNPs) have received
increasing attention because of their unique physicochemical characteristics and broad
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biomedical potential. Green-synthesized SeNPs have demonstrated promising
performance in catalysis as well as antibacterial and anticancer applications [4—10].
Several studies have reported that SeNPs exhibit selective cytotoxicity toward cancer
cells while causing minimal damage to normal cells. For example, Sonkusre et al.
reported the remarkable therapeutic potential of SeNPs against cancer cells [11],
whereas Ali et al. demonstrated their inhibitory activity toward lung cancer cells [12].
A wide variety of plant materials have been investigated as reducing agents for SeNP
biosynthesis, including lemon leaves [13], raisin leaves and Catharanthus roseus
flowers [14,15], garlic [16-20], Aloe vera leaves [21], broccoli [22], hawthorn fruits
[23], Java tea [24], cocoa beans [25], ginger roots [26], hibiscus flowers [27], and
neem leaves [28]. These studies collectively demonstrate that plant-derived
metabolites can effectively mediate SeNP formation while imparting desirable
biological properties to the resulting nanoparticles.

In recent years, many studies by various authors have investigated the synthesis
of selenium nanoparticles using plant extracts for biomedical applications such as
antimicrobial, antioxidant, antibacterial, cytotoxic, and photocatalytic activities.
Vetrivel et al. [29] reported one of the pioneering studies on the green synthesis of
SeNPs using Ceropegia bulbosa Roxb. tuber extract. The biosynthesized
nanoparticles were predominantly spherical and demonstrated multiple biological
activities, including antimicrobial, selective cytotoxic, mosquitocidal, and
photocatalytic properties. These findings suggest that plant-derived biomolecules not
only facilitate the reduction of selenium ions but also form a bioactive surface coating
that enhances the functional properties of SeNPs. Ecem and Aydin [30] synthesized
SeNPs using Calluna vulgaris extract and demonstrated their potent antioxidant
activity through DPPH and ABTS radical scavenging assays, together with significant
antibacterial effects against both Gram-positive and Gram-negative bacteria. Similarly,
Georgia et al. [31] employed Euphorbia tirucalli aqueous extract for SeNP
biosynthesis and reported promising antimicrobial activity as well as cytotoxic effects
against cancer cell lines, highlighting their potential biomedical applications. A
comprehensive review by Krystyna [32] emphasized the versatility of plant extracts
for producing naturally functionalized SeNPs. The review concluded that the
phytochemical composition of each plant extract plays a critical role in determining
the reduction efficiency, particle size, morphology, surface charge, and stability of the
synthesized nanoparticles. Polyphenols and flavonoids were identified as the primary
reducing agents, whereas proteins and polysaccharides mainly contributed to
nanoparticle  stabilization through surface capping, thereby improving
biocompatibility and preventing particle aggregation. In addition to selecting suitable
plant sources, recent studies have focused on optimizing synthesis parameters to
improve the physicochemical characteristics of SeNPs. Hua et al. [33] synthesized
SeNPs using grape seed extract synergistically combined with ascorbic acid to
enhance the reduction process. Key synthesis parameters, including pH, temperature,
precursor concentration, and extract-to-precursor ratio, were optimized to obtain
uniformly distributed nanoparticles with smaller particle sizes and superior
antioxidant capacity. The incorporation of ascorbic acid significantly improved both
the synthesis efficiency and colloidal stability of the nanoparticles. Beyond biomedical
applications, plant-mediated SeNPs have also attracted considerable attention in
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sustainable agriculture. Le et al. [34] synthesized SeNPs using Rosa rugosa extract
and demonstrated their effectiveness against several phytopathogenic microorganisms.
The study further elucidated the biosynthesis mechanism, showing that phenolic
compounds and flavonoids in the extract were actively involved in selenium reduction.
The biosynthesized SeNPs not only exhibited strong antimicrobial activity but also
enhanced plant defense responses, suggesting their potential as eco-friendly
alternatives to conventional chemical pesticides. Mohamed et al. [35] prepared SeNPs
from Balanites aegyptiaca extract and comprehensively evaluated their antimicrobial,
anticancer, cytogenetic, and molecular docking properties. The nanoparticles
exhibited potent inhibitory effects against various pathogenic microorganisms and
significantly reduced the viability of cancer cells, primarily through oxidative stress
induction and apoptosis-mediated pathways. Likewise, Sama et al. [36] synthesized
SeNPs using olive (Olea europaea) leaf extract and demonstrated remarkable
antimicrobial and antibiofilm activities. The inhibition of biofilm formation is
particularly significant because biofilms are closely associated with increased bacterial
resistance to antibiotics. The synthesized SeNPs effectively disrupted bacterial cell
membranes, induced oxidative stress, and interfered with essential metabolic
processes, thereby suppressing both bacterial growth and biofilm development. Halvin
and Subramani [37] reported the green synthesis of SeNPs using broccoli (Brassica
oleracea var. italica) extract. The resulting nanoparticles exhibited strong antioxidant
and antimicrobial activities against a broad spectrum of pathogenic microorganisms.
In addition to experimental validation, molecular docking analysis was performed to
elucidate the interactions between SeNP-associated phytochemicals and microbial
target proteins, providing mechanistic insights into their antimicrobial effects at the
molecular level. Aya et al. [38] synthesized SeNPs using Aloe vera leaf extract and
investigated their biomedical potential. The biosynthesized nanoparticles exhibited
excellent antioxidant, antibacterial, antifungal, anti-inflammatory, wound-healing,
and selective anticancer activities while displaying minimal toxicity toward normal
cells. These findings indicate that the naturally occurring phytochemicals adsorbed on
the nanoparticle surface substantially enhance the biocompatibility and therapeutic
potential of plant-mediated SeNPs.

Compared with silver and gold nanoparticles, selenium nanoparticles offer
several advantages for biomedical applications. Selenium is an essential trace element
involved in antioxidant defense and immune regulation, resulting in lower biological
toxicity than many other metallic nanomaterials when administered at appropriate
concentrations. Unlike silver nanoparticles, which are primarily valued for their
antimicrobial activity but may present toxicity concerns at elevated doses, SeNPs
provide both biological functionality and therapeutic potential. In comparison with
gold nanoparticles, SeNPs are generally more economical to produce and possess
intrinsic biological activity through their participation in selenoprotein-associated
antioxidant systems. These characteristics make SeNPs attractive candidates for the
development of biocompatible nanomaterials for biomedical applications.

Vietnam possesses abundant medicinal plant resources, many of which contain
bioactive phytochemicals suitable for green nanoparticle synthesis. Catharanthus
roseus (L.), commonly known as Madagascar periwinkle, is a medicinal herb
belonging to the Apocynaceae family and is widely cultivated throughout Vietnam
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because of its adaptability to tropical climates. Beyond its ornamental value, the plant
is recognized as a rich source of pharmacologically active compounds, particularly the
alkaloids vincristine and vinblastine, which are widely used in cancer chemotherapy.
In addition, its leaves contain flavonoids, terpenoids, carotenoids, and polyphenols
that exhibit antioxidant, antibacterial, and antiproliferative activities. These
phytochemicals can also function as natural reducing and stabilizing agents during
nanoparticle biosynthesis. Consequently, the surface functionalization of SeNPs with
these naturally occurring biomolecules may enhance their stability and improve their
biomedical performance.

Based on these considerations, the present study aimed to synthesize selenium
nanoparticles using an aqueous leaf extract of Catharanthus roseus as both the
reducing and stabilizing agent. The synthesis conditions were optimized, the
physicochemical characteristics of the biosynthesized SeNPs were comprehensively
characterized, and their anticancer activities against selected human cancer cell lines
were systematically evaluated.

2. Materials and methods

2.1. Materials

Analytical-grade selenious acid (H2SeOs), n-hexane (CsHui4), chloroform (CHCls),
ethyl acetate (CH:COOC:Hjs), ethanol (C2HsOH), sulfuric acid (H2SO4), and sodium
hydroxide (NaOH) were purchased from Merck (Darmstadt, Germany). Fresh leaves
of Catharanthus roseus (L.) were collected from Da Nang City, Vietnam. Double-
distilled water was used for the preparation of all aqueous solutions throughout the
study.

2.2. Preparation of leaf extract

Fresh Catharanthus roseus (L.) leaves were thoroughly rinsed with double-
distilled water to remove surface impurities and subsequently air-dried at room
temperature. The cleaned leaves were then cut into small pieces prior to extraction. To
optimize the extraction procedure, the influence of the leaf-to-water ratio and
extraction time on the quality of the aqueous extract was systematically evaluated.
After boiling under the selected conditions, the resulting extract was filtered through
Whatman No. 1 filter paper to remove plant residues. The filtrate was either used
immediately for the biosynthesis of selenium nanoparticles or stored at 4 °C until
further use.

2.3. Phytochemical screening of aqueous extract of Catharanthus roseus
(L.) leaf

The aqueous leaf extract of Catharanthus roseus (L.) was qualitatively screened
for major classes of phytochemicals, including terpenoids, flavonoids, alkaloids,
tannins, and saponins, using standard colorimetric assays as previously described [39].
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2.4. Chemical constituents of aqueous extract of Catharanthus roseus (L.)
leaf

The aqueous leaf extract was fractionated by liquid-liquid extraction using n-
hexane, chloroform, and ethyl acetate to obtain the corresponding solvent fractions.
The residual aqueous phase was subsequently concentrated and redissolved in ethanol
to prepare the ethanol fraction. All fractions were analyzed using a GC-MS 7890B—
5977B system (Agilent Technologies, Santa Clara, CA, USA). Individual constituents
were identified by comparing their Kovats retention indices and mass spectral data
with those reported by Adams (1989) and the National Institute of Standards and
Technology (NIST 98) mass spectral library.

2.5. Synthesis of selenium nanoparticles

Selenium nanoparticles (SeNPs) were synthesized by mixing a predetermined
volume of Catharanthus roseus (L.) leaf extract with 5 mM H.SeOs solution in a 100
mL Erlenmeyer flask. The reaction mixture was subsequently incubated under the
experimental conditions specified for each synthesis experiment.

2.6. Characterization of selenium nanoparticles

The formation of selenium nanoparticles was initially confirmed by UV—Visible
spectroscopy. Prior to analysis, the nanoparticle suspension was diluted tenfold with
double-distilled water, and the absorption spectra were recorded over the wavelength
range of 300-600 nm using a Lambda 365 UV-Visible spectrophotometer
(PerkinElmer) at a spectral resolution of 1 nm.

For scanning electron microscopy (SEM), the samples were sputter-coated with
gold using a JFC-1600 ion sputter coater (JEOL, Japan) and subsequently examined
with a ZEISS EVO MA10 scanning electron microscope (Oberkochen, Germany).
Transmission electron microscopy (TEM) analysis was performed by depositing a
drop of the SeNP suspension onto carbon-coated copper grids followed by air drying
at room temperature. TEM imaging and energy-dispersive X-ray (EDX) analyses were
carried out using a Tecnai G2 F20 high-resolution transmission electron microscope
(FEI).

The crystalline structure of the synthesized SeNPs was determined by powder X-
ray diffraction (XRD) using a PANalytical X'Pert PRO diffractometer. Diffraction
patterns were collected over a 20 range of 10—70°. Fourier transform infrared (FTIR)
spectra were recorded using a JASCO FT/IR-6800 spectrometer to identify the
functional groups associated with the reduction, surface capping, and stabilization of
the biosynthesized SeNPs.

2.7. Evaluation of in vitro cytotoxic activity

The in vitro cytotoxic activity of the synthesized SeNPs was evaluated against
three human cancer cell lines, including SK-LU-1 (human lung carcinoma, RRID:
CVCL 0629), Hep-G2 (human hepatocellular carcinoma, RRID: CVCL 0027), and
MCF-7 (human breast carcinoma, RRID: CVCL 0031). Cytotoxicity assays were
performed at the Institute of Biotechnology, Vietnam Academy of Science and
Technology, using the sulforhodamine B (SRB) assay.
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The as-synthesized SeNP colloidal suspension was serially diluted with culture
medium to obtain the desired treatment concentrations. The concentrations are
reported as nominal selenium concentrations (ug Se/mL), calculated from the initial
amount of H2SeQs used in the optimized synthesis.

Ellipticine was employed as the positive control at concentrations of 10, 2, 0.4,
and 0.08 pg/mL, whereas 1% DMSO (final concentration of 0.05% in each well)
served as the negative control.

All cytotoxicity experiments were performed in three independent experiments,
and the results are expressed as the mean = standard deviation (SD). ICso values were
estimated by nonlinear regression of the dose—response curves using TableCurve 2D
v4 software.[40].

3. Results and discussion

3.1. Optimization of Catharanthus roseus (L.) leaf extraction

The composition of the Catharanthus roseus (L.) leaf extract plays an important
role in the biosynthesis of selenium nanoparticles, as it determines the availability of
phytochemicals responsible for the reduction and stabilization of SeNPs. Therefore,
the extraction process was optimized by evaluating the effects of the leaf-to-water ratio
and extraction time on the quality of the obtained extract. To assess the extraction
efficiency, each extract was used for SeNP synthesis by reacting 10 mL of the extract
with 20 mL of 5 mM H:SeOs in a 100 mL Erlenmeyer flask at 70 °C for 60 min. The
characteristic color change of the reaction mixture initially confirmed the formation
of SeNPs.

3.1.1. Effect of the leaf-to-water ratio

The influence of the leaf-to-water ratio on SeNP biosynthesis was investigated
while maintaining a constant extraction time of 60 min under boiling conditions. The
amount of Catharanthus roseus (L.) leaves was varied from 5 g to 25 g per 100 mL of
double-distilled water (5 g/100 mL, 10 g/100 mL, 15 g/100 mL, 20 g/100 mL, and 25
g/100 mL). The resulting extracts were subsequently employed for SeNP synthesis
under identical reaction conditions. As presented in Figure 1, the UV—Visible spectra
reveal that the leaf-to-water ratio markedly influenced the formation of selenium
nanoparticles from the 5 mM H2SeOs precursor solution.
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Figure 1. UV—Visible spectra of SeNPs synthesized using Catharanthus roseus (L.) leaf extracts prepared at different
leaf-to-water ratios. The spectra are arranged from top to bottom based on the mass-dependent influence
corresponding to A-values, ordered from highest to lowest to facilitate interpretation. Wavelength range of 300—-600
nm and absorbance scale of 0.0-0.4 AU.

Figure 1 illustrates the UV—Visible spectra of SeNPs synthesized using leaf
extracts prepared with different leaf-to-water ratios. As the amount of Catharanthus
roseus (L.) leaves increased from 5 g to 20 g per 100 mL of water, the absorbance
intensity gradually increased, indicating enhanced formation of selenium
nanoparticles. The highest absorbance was observed at a leaf concentration of 20 g/100
mL, suggesting that this extraction condition provided an adequate amount of
phytochemicals capable of reducing H.SeOs and stabilizing the resulting nanoparticles.

When the leaf content was further increased to 25 g/100 mL, the absorbance
intensity decreased. A possible explanation is that the higher concentration of plant-
derived compounds accelerated the reduction process, promoting rapid nucleation
followed by particle growth and partial aggregation. The formation of larger
nanoparticles or aggregates may reduce the characteristic absorbance intensity of the
colloidal suspension. Similar behavior has been reported in plant-mediated
nanoparticle synthesis, where excessive concentrations of reducing biomolecules can
alter nanoparticle growth kinetics and colloidal stability. Therefore, a leaf-to-water
ratio of 20 g per 100 mL was selected as the optimum condition for subsequent
experiments.

3.1.2. Effect of extraction time

The influence of extraction time on the biosynthesis of selenium nanoparticles
was investigated using Catharanthus roseus (L.) leaf extract prepared with a leaf-to-
water ratio of 20 g/100 mL under boiling conditions. The extraction time was varied
from 50 min to 90 min (50 min, 60 min, 70 min, 80 min, and 90 min), while all other
extraction parameters were kept constant. The resulting extracts were subsequently
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used for SeNP synthesis under identical reaction conditions. The corresponding UV—
Visible spectra are presented in Figure 2.
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Figure 2. UV—Visible spectra of SeNPs synthesized using Catharanthus roseus (L.) leaf extracts prepared at different
extraction times. The spectra are arranged from top to bottom based on the extraction time-dependent influence
corresponding to A-values, ordered from highest to lowest to facilitate interpretation. Wavelength range of 300—-600
nm and absorbance scale of 0.0-0.7 AU.

As shown in Figure 2, the absorbance intensity of the synthesized SeNPs
gradually increased as the extraction time was extended from 50 min to 70 min,
reaching a maximum at 70 min. This result suggests that prolonging the extraction
process enhanced the release of phytochemicals, including flavonoids, polyphenols,
and other reducing compounds, thereby improving the reduction of H2SeOs and
promoting SeNP formation.

When the extraction time was further increased beyond 70 min, the absorbance
intensity decreased. A possible explanation is that prolonged heating may lead to the
degradation or oxidation of certain bioactive compounds, reducing their reducing
capacity. In addition, excessive extraction of plant constituents may alter the
nucleation and growth processes of SeNPs, resulting in particle aggregation and a
corresponding decrease in absorbance intensity. Similar observations have been
reported in plant-mediated nanoparticle synthesis, where excessive extraction can
adversely affect nanoparticle formation and colloidal stability. Therefore, an
extraction time of 70 min was selected as the optimum condition for preparing
Catharanthus roseus leaf extract.

Based on the optimization results, the optimum extraction conditions consisted
of a leaf-to-water ratio of 20 g/100 mL, an extraction time of 70 min, and extraction
under boiling conditions. These parameters were adopted for all subsequent
experiments.
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3.2. Phytochemical screening of the aqueous leaf extract of Catharanthus
roseus (L.)

Qualitative phytochemical screening was performed to identify the major classes
of bioactive metabolites present in the aqueous leaf extract of Catharanthus roseus
(L.). The extract was examined for the presence of flavonoids, terpenoids, alkaloids,
saponins, and tannins using standard phytochemical assays. The results of the
qualitative screening are summarized in Table 1.

As shown in Table 1, the aqueous leaf extract of Catharanthus roseus (L.) tested
positive for flavonoids, terpenoids, alkaloids, saponins, and tannins. The presence of
these phytochemicals indicates that the extract contains a diverse range of bioactive
compounds capable of participating in the green synthesis of selenium nanoparticles.
These metabolites can act as natural reducing agents by converting Se(IV) ions into
elemental selenium, while simultaneously serving as capping and stabilizing agents
that enhance the stability of the synthesized SeNPs.

Table 1. Phytochemical screening of aqueous extract of Catharanthus roseus (L.)
leaf.

Phytochemical Catharanthus roseus (L.) leaf extract
Flavonoids +
Terpenoids +
Alkaloids +
Saponin +
Tannin +

Note: + indicates present.

3.3. Chemical constituents of Catharanthus roseus (L.) leaf aqueous
extract identified by GC-MS

The chemical composition of the aqueous leaf extract of Catharanthus roseus (L.)
was analyzed by GC-MS, and the identified constituents are summarized in Table 2.

As shown in Table 2, the aqueous extract contained several phytosterols,
including campesterol, stigmasterol, and vy-sitosterol. The presence of these
phytosterols, together with other phytochemicals identified in the qualitative screening,
suggests that the extract is a rich source of bioactive compounds involved in
nanoparticle biosynthesis. These metabolites may contribute to the reduction of
selenium ions and subsequently adsorb onto the nanoparticle surface, acting as
capping and stabilizing agents that improve the stability of the synthesized SeNPs.
Similar roles of plant-derived phytochemicals in the green synthesis of metal
nanoparticles have been reported previously [41].
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Table 2. GC-MS analysis of Catharanthus roseus (L.) leaf aqueous extract.

Compound Chemical formula
1-Hydroxy-3-methyl-9H-carbazol CisHuNO
n-Hexadecanoic acid Ci6H3202
Phytol C20H400
Isovindolinine CsH7/NO
Vindolinine C25H32N206
Squalene CsoHso
4-((1E)-3-Hydroxy-1-propenyl)-2-methoxyphenol Ci0H1203
Campesterol C2sHas0
Stigmasterol C29H4s0
y-Sitosterol C29Hs00
Vitamin E

3.4. Effect of factors on the synthesis of selenium nanoparticles

The effects of several experimental parameters, including the volume ratio of
Catharanthus roseus (L.) leaf extract to H2SeOs solution, reaction temperature, pH,
and reaction time, on the biosynthesis of selenium nanoparticles (SeNPs) were
systematically investigated. These parameters were optimized to identify the
conditions that favor efficient nanoparticle formation and improve the quality of the
synthesized SeNPs.

3.4.1. Effect of the volume ratio of Catharanthus roseus (L.) leaf extract

The influence of the volume ratio between the Catharanthus roseus (L.) leaf
extract and H.SeOs solution on the biosynthesis of selenium nanoparticles was
investigated under fixed reaction conditions. The synthesis was carried out using 30
mL of 5 mM H:SeOs solution at 70 °C for 60 min, while the volume of leaf extract
was varied from 6 mL to 14 mL. All other reaction parameters were kept constant
throughout the experiments. The UV—Visible spectra of the synthesized SeNPs
obtained under different extract volumes are presented in Figure 3.

As shown in Figure 3, increasing the volume of Catharanthus roseus (L.) leaf
extract from 6 mL to 12 mL resulted in a gradual increase in the absorbance intensity
of the characteristic SeNP band. The highest absorbance was obtained at an extract
volume of 12 mL, suggesting that this condition provided a sufficient amount of
phytochemicals to reduce H.SeO; and promote the formation of selenium
nanoparticles efficiently.

Further increasing the extract volume beyond 12 mL led to a decrease in
absorbance intensity. A possible explanation is that an excessive concentration of
plant-derived biomolecules accelerated the reduction process, resulting in rapid
nucleation followed by particle growth and partial aggregation. The formation of
larger particles or aggregates may reduce the characteristic absorbance of the colloidal
SeNP suspension. Similar effects have been reported in green nanoparticle synthesis
when an excess of reducing and capping agents alters nanoparticle growth kinetics

10
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[41]. Therefore, an extract volume of 12 mL per 30 mL of 5 mM H:SeOs solution was
selected as the optimum condition for subsequent experiments.
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Figure 3. UV—Visible spectra of SeNPs synthesized using different volumes of Catharanthus roseus (L.) leaf extract
with 30 mL of 5 mM H2SeO:s solution. The spectra are arranged from top to bottom based on the extraction time-
dependent influence corresponding to A-values, ordered from highest to lowest to facilitate interpretation. Wavelength
range of 300-600 nm and absorbance scale of 0.0-1.0 AU.

3.4.2. Effect of temperature on the biosynthesis of selenium nanoparticles

Temperature is one of the key parameters influencing the biosynthesis of metal
nanoparticles because it affects both the reduction kinetics of metal ions and the
growth of nanoparticles. In this study, the effect of reaction temperature on SeNP
formation was investigated under fixed reaction conditions, including a synthesis time
of 60 min and a leaf extract-to-H.SeOs volume ratio of 12 mL:30 mL. The reaction
temperature was varied from 60 °C to 100 °C (60 °C, 70 °C, 80 °C, 90 °C, and 100 °C),
while all other experimental parameters were maintained constant. The corresponding
UV-Visible spectra of the synthesized SeNPs are presented in Figure 4.

11
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Figure 4. UV—Visible spectra of SeNPs synthesized at different reaction temperatures. The spectra are arranged from
top to bottom based on the reaction temperatures -dependent influence corresponding to A-values, ordered from
highest to lowest to facilitate interpretation. Wavelength range of 300-600 nm and absorbance scale of 0.0-1.2 AU.

As shown in Figure 4, the absorbance intensity of the synthesized SeNPs
increased with increasing reaction temperature and reached a maximum at 80 °C. This
result indicates that elevating the reaction temperature accelerated the reduction of
H.SeOs by the phytochemicals present in the Catharanthus roseus (L.) leaf extract,
thereby promoting the formation of selenium nanoparticles. However, a further
increase in temperature resulted in a decrease in absorbance intensity. A possible
explanation is that excessive heating enhanced particle growth and aggregation,
leading to the formation of larger SeNPs with reduced colloidal stability and,
consequently, lower absorbance. Therefore, 80 °C was selected as the optimum
reaction temperature for the biosynthesis of SeNPs.

3.4.3. Effect of pH on the biosynthesis of SeNPs

The pH of the plant extract is an important factor influencing the green synthesis
of selenium nanoparticles because it affects both the ionization state of phytochemicals
and the reduction kinetics of selenium ions [42]. The influence of pH on SeNP
biosynthesis was investigated by adjusting the pH of the Catharanthus roseus (L.) leaf
extract while maintaining all other reaction conditions constant. The resulting UV—
Visible spectra of the synthesized SeNPs are presented in Figure 5.

12
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Figure 5. UV—Visible spectra of SeNPs synthesized at different pH values. The spectra are arranged from top to
bottom based on the reaction temperatures -dependent influence corresponding to A-values, ordered from highest to
lowest to facilitate interpretation. Wavelength range of 300-600 nm and absorbance scale of 0.0-1.4 AU.

As shown in Figure 5, the absorbance intensity of the synthesized SeNPs
increased as the pH was raised from 6 to 8, reaching a maximum at pH 8. This
observation suggests that mildly alkaline conditions enhanced the reducing ability of
the phytochemicals present in the Catharanthus roseus (L.) leaf extract, thereby
promoting the formation of selenium nanoparticles. At higher pH values (9 and 10),
the absorbance intensity decreased. A possible explanation is that the elevated
alkalinity accelerated the reduction of selenium ions, resulting in rapid nucleation
followed by particle growth and partial aggregation. The formation of larger
nanoparticles or aggregates reduced the colloidal stability of the suspension and
consequently decreased the absorbance intensity. Therefore, pH 8 was selected as the
optimum pH for SeNPs biosynthesis.

3.4.4. Effect of reaction time on the biosynthesis of selenium
nanoparticles

Reaction time is another important parameter affecting the biosynthesis of
selenium nanoparticles, as it influences both the reduction of selenium ions and the
growth of nanoparticles. The effect of reaction time on SeNP formation was
investigated by varying the reaction duration while maintaining all other experimental
conditions constant. The resulting UV—Visible spectra of the synthesized SeNPs are
presented in Figure 6.

As shown in Figure 6, the UV—Vis spectra exhibited a characteristic absorption
band in the range of 320-330 nm throughout the reaction. As the reaction time
increased, the absorbance intensity gradually increased, indicating the progressive
reduction of Se(IV) ions by phytochemicals in the Catharanthus roseus (L.) leaf
extract and the formation of SeNPs. Notably, the position of the absorption maximum
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remained essentially unchanged, suggesting that the nanoparticles formed with
relatively consistent optical characteristics during the synthesis process. No further
significant increase in absorbance was observed after 105 min, indicating that the
reaction had reached a stable stage under the experimental conditions.

Based on the optimization results, the optimum conditions for the biosynthesis of
SeNPs were an extract-to-H2SeOs volume ratio of 12 mL:30 mL (5 mM H.SeO:s), pH
8, a reaction temperature of 80 °C, and a reaction time of 105 min. These conditions
were used in all subsequent experiments.

1 — t=105min, A=1.673
'\ t =120 min, A= 1.605
h t=90 min, A = 1.503
\ t=75 min, A = 1.457

\ t =60 min, A=1.329

Absorbance(AL )

300 310 320 330 340 350 360 370 380 3090 400 410 420 430 440 450 480 470 480 490 500 510 520 530 540 550 560 570 580 590
Wavelength (nmj)

Figure 6. UV—Visible spectra of SeNPs synthesized at different reaction times. The spectra are arranged from top to
bottom based on the reaction temperatures -dependent influence corresponding to A-values, ordered from highest to
lowest to facilitate interpretation. Wavelength range of 300—-600 nm and absorbance scale of 0.0-1.7 AU.

3.5. FE-SEM, TEM, DLS, Zeta potential, EDX, and XRD
characterization of selenium nanoparticles

The morphology and microstructure of the biosynthesized SeNPs were examined
by FE-SEM and TEM, and the corresponding images are presented in Figure 7. Both
FE-SEM and TEM observations revealed that the synthesized nanoparticles were
predominantly spherical and well dispersed, with an average particle diameter of
approximately 50 nm. The relatively uniform particle morphology indicates that the
phytochemicals present in the Catharanthus roseus (L.) leaf extract effectively
regulated nanoparticle growth and contributed to the stabilization of the colloidal
SeNPs.
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Figure 7. FE-SEM and TEM micrographs of SeNPs biosynthesized using the aqueous leaf extract of Catharanthus
roseus (L.).

Dynamic light scattering (DLS) analysis (Figure 8) was performed to evaluate
the hydrodynamic particle size distribution of the biosynthesized SeNPs dispersed in
an aqueous medium. The nanoparticles exhibited D10, D50, and D90 values of 28.8,
35.2, and 49.5 nm, respectively, indicating a relatively narrow size distribution. The
polydispersity index (PDI) was 0.277, further confirming the moderate uniformity of
the synthesized nanoparticles.
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Figure 8. Size distribution mean of biosynthesized SeNPs from Catharanthus roseus (L.) leaf extracts in nm.

The measured zeta potential of —15.4 mV (Figure 9) suggests that the
biosynthesized SeNPs possess moderate colloidal stability. Although nanoparticles
with absolute zeta potential values exceeding 30 mV are generally considered highly
stable due to strong electrostatic repulsion, the stability of plant-mediated SeNPs is
also influenced by steric stabilization provided by phytochemicals adsorbed on the
nanoparticle surface. The relatively low PDI value (0.277) further indicates a
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reasonably uniform particle size distribution, supporting the formation of a moderately
stable colloidal suspension.
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Figure 9. Zeta potential of SeNPs from Catharanthus roseus (L.) leaf extracts in mV.

The EDX spectrum (Figure 10) confirms the presence of selenium as the major
elemental constituent of the synthesized nanoparticles. Signals corresponding to
carbon and oxygen were also detected, which can be attributed to phytochemicals
adsorbed on the nanoparticle surface and the supporting carbon film used for
TEM/EDX measurements. These results support the successful formation of selenium
nanoparticles and indicate that selenium is the predominant elemental component of
the synthesized sample.

Spectrum 1
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Figure 10. EDX spectrum of SeNPs biosynthesized using the aqueous leaf extract of Catharanthus roseus (L.).

16



Characterization and Application of Nanomaterials 2026, 9(3), 026260023.

The X-ray diffraction (XRD) pattern of SeNPs biosynthesized using the aqueous
leaf extract of Catharanthus roseus (L.) is presented in Figure 11.
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Figure 11. XRD pattern of SeNPs biosynthesized using the aqueous leaf extract of Catharanthus roseus (L.).

The diffraction peaks observed at 20 = 23.7°, 29.8°, 41.4°, 43.9°, 45.5°, 51.8°,
56.3°, 61.9°, 65.2°, and 68.6° were indexed to the (100), (101), (110), (102), (111),
(201), (112), (202), (211), and (113) crystal planes, respectively, confirming the
crystalline nature of the synthesized SeNPs.

3.6. FTIR analysis of Catharanthus roseus (L.) leaf extract and
biosynthesized SeNPs

Fourier-transform infrared (FTIR) spectroscopy was employed to identify the
functional groups and bioactive compounds involved in the reduction and stabilization
of selenium nanoparticles. Particular attention was given to the phytochemicals that
may act as reducing, capping, and stabilizing agents during the biosynthesis process.
The FTIR spectra of the aqueous leaf extract of Catharanthus roseus (L.) (spectrum
A) and the biosynthesized SeNPs (spectrum B) are presented in Figure 12.
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Figure 12. FTIR spectra of the aqueous leaf extract of Catharanthus roseus (L.) (A) and biosynthesized SeNPs (B).

The FTIR spectra of the aqueous leaf extract and the biosynthesized SeNPs are
presented in Figure 12A and Figure 12B, respectively. The leaf extract exhibited
characteristic absorption bands at 3350.71, 2358.52, 1565.92, 1384.64, 1315.21, and
1073.19 cm™, whereas the corresponding bands of the SeNPs appeared at 3350.71,
2358.52, 1588.09, 1395.25, 1260.25, and 1075.12 cm™.

The broad absorption band centered at approximately 3351 cm™ is attributed to
the stretching vibration of hydroxyl (—OH) groups, indicating the presence of alcohols
and phenolic compounds in the plant extract. The absorption band near 2359 cm™ was
observed in both spectra and may be associated with atmospheric CO: or weak
stretching vibrations of organic functional groups. The bands located at 1565-1588
cm! are assigned to carbonyl- or aromatic-related functional groups, whereas the
absorption bands in the 1260-1395 cm™ region are associated with C—-O—C and C-O
stretching vibrations of oxygen-containing phytochemicals. The absorption band
around 1074 cm™! is attributed to C—O stretching vibrations of ester or alcohol groups.

Compared with the spectrum of the leaf extract, slight shifts in several absorption
bands were observed after nanoparticle synthesis. These spectral changes indicate that
the corresponding functional groups participated in the reduction of H.SeOs and
subsequently remained adsorbed on the nanoparticle surface as capping and stabilizing
agents. The preservation of the major absorption bands in the SeNP spectrum further
suggests that phytochemicals derived from the Catharanthus roseus (L.) leaf extract
contributed to the stabilization of the biosynthesized SeNPs and helped prevent
nanoparticle aggregation.

3.7. The mechanism of the formation of selenium nanoparticles by
aqueous extract of Catharanthus roseus (L.) leaf

Based on the results of phytochemical screening and determination of chemical
compositions by GC-MS, the aqueous extract of Catharanthus roseus (L.) leaf
contains campesterol, stigmasterol, y-sitosterol; these substances contain hydroxyl
groups will act as the reducing agent H,SeOs to Se [32].

The oxidation reactions of the phytochemicals can be represented as follows:
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Campesterol — Campestenone + 2H" + 2¢
Stigmasterol — Stigmasterone + 2H" + 2¢
y-Sitosterol — y-Sitostenone + 2H" + 2¢

The reduction of selenous acid (H2SeOs) to elemental selenium (Se®) can be
represented by the following reaction:

H,SeOs + 4¢ + 4H" — Se + 3H,0

The biosynthesized SeNPs are likely stabilized through interactions between their
surface and the oxygen-containing functional groups of phytochemicals present in the
Catharanthus roseus (L.) leaf extract. In particular, the lone-pair electrons of oxygen
atoms and the n electrons of the carbonyl (C=0) groups in compounds such as
campestenone, stigmasterone, y-sitostenone, together with other phytochemicals, may
coordinate with the nanoparticle surface, thereby acting as capping and stabilizing
agents.

3.8. Anticancer activity of selenium nanoparticles

The in vitro cytotoxic activity of the biosynthesized SeNPs was evaluated against
three human cancer cell lines, namely SK-LU-1 (human lung carcinoma), Hep-G2
(human hepatocellular carcinoma), and MCF-7 (human breast carcinoma). Cell
viability was assessed after 72 h of treatment using the sulforhodamine B (SRB)
colorimetric assay.

Representative microscopic images showing the effects of SeNP treatment on the
tested cancer cell lines are presented in Figure 13, while the corresponding
cytotoxicity results are summarized in Table 3.

As shown in Table 3, the biosynthesized SeNPs exhibited significant cytotoxic
activity against all three tested cancer cell lines. The ICso values were 5.54 ug/mL for
SK-LU-1, 4.45 pg/mL for Hep-G2, and 4.93 pg/mL for MCF-7 cells. Among the
tested cell lines, Hep-G2 and MCF-7 cells showed slightly greater sensitivity to SeNP
treatment than SK-LU-1 cells.
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Figure 13. Anticancer activity of Catharanthus roseus (L.) leaf selenium nanoparticles against SK-LU-1, Hep-G2,

and MCF-7 cell lines.

Table 3. In vitro cytotoxicity effect of selenium nanoparticles from Catharanthus roseus (L.) leaf on cancer cell lines,
represented as cell inhibition percentage + standard deviation.

SK-LU-1 Hep-G2 MCF-7
Concentration (ug/mL)

% of inhibition SD % of inhibition SD % of inhibition SD
25 99.83 2.26 98.42 0.86 98.73 1.28
5 4548 1.97 55.08 1.20 52.52 1.41
1 27.03 0.96 21.42 1.78 20.80 0.35
0.2 9.71 0.84 10.62 0.85 11.89 1.31
1C50 5.54 +0.47 4.45+0.32 493 £0.39

SD = Standard deviation.

The ICso values obtained for MCF-7 cells (4.93 ng/mL) and Hep-G2 (4.45 pg/mL)
are lower than those reported for SeNPs synthesized using several other plant extracts
[38,43,44]. It is evident that the ICso values of synthesized SeNPs by Catharanthus
roseus (L.) leaf extract were significantly lower than that of the reported SeNPs. This
enhanced activity may be associated with phytosterols, including campesterol,
stigmasterol, and y-sitosterol, identified in the Catharanthus roseus (L.) leaf extract,
which have been reported to exhibit anticancer properties [45-47]. These
phytochemicals may remain associated with the green-synthesized SeNP colloidal
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system and contribute synergistically to the observed cytotoxic activity. However,
since the cytotoxic activity of the Catharanthus roseus (L.) leaf extract alone was not
evaluated, the relative contributions of the phytochemicals and the selenium
nanoparticles cannot be distinguished in the present study.

Overall, the results demonstrate that the SeNPs synthesized using the aqueous
leaf extract of Catharanthus roseus (L.) exhibit promising in vitro cytotoxic activity
against SK-LU-1, Hep-G2, and MCF-7 human cancer cell lines, supporting their
potential for further investigation as anticancer nanomaterials.

4. Conclusions

Selenium nanoparticles (SeNPs) were successfully biosynthesized using the
aqueous leaf extract of Catharanthus roseus (L.) as both the reducing and stabilizing
agent. The optimum synthesis conditions were an extract-to-H2SeOs volume ratio of
12 mL:30 mL (5 mM H2SeOs), pH 8, a reaction temperature of 80 °C, and a reaction
time of 105 min, using leaf extract prepared from 20 g of leaves per 100 mL of water
with an extraction time of 70 min.

The biosynthesized SeNPs were predominantly spherical with an average particle
size of approximately 50 nm. FTIR analysis indicated that phytochemicals present in
the leaf extract participated in the reduction of H.SeOs and subsequently acted as
capping and stabilizing agents, while XRD and EDX analyses confirmed the
successful formation and elemental composition of the SeNPs.

The synthesized SeNPs exhibited significant in vitro cytotoxic activity against
SK-LU-1, Hep-G2, and MCF-7 human cancer cell lines, with ICso values of 5.54, 4.45,
and 4.93 pg/mL, respectively. These findings suggest that Catharanthus roseus (L.)
leaf extract is a promising natural resource for the green synthesis of biologically
active SeNPs and that the resulting nanoparticles warrant further investigation for
potential biomedical applications, particularly in cancer therapy.
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