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Selenium, an essential micronutrient with potent anticancer and antioxidant properties, the inorganic form of
selenium is highly toxic, while organic and elemental nanoforms are more bioavailable and less toxic and have
gained attention owing to their dietary and clinical relevance. This study aims to optimize conditions for the
biosynthesis and production of elemental selenium nanoparticles for selenium supplements using marine
microalgae, Nannochloropsis oceanica CASA CC201. The 10 mM precursor solution treated with 1 % of the algal
extract (10:1 ratio of precursor and algal extract, respectively) was shown to be the optimal concentration for
synthesizing highly stable selenium nanoparticles with a size of 183 nm and a zeta potential of —38.5 mV. AFM
and TEM analysis suggest that the spherical-shaped nanoparticles with smooth surfaces were polydispersely
distributed. The nanoparticles are well characterized using various analytical and advanced techniques,
including Raman spectroscopy and X-ray photoelectron spectroscopy. FT-IR analyses reveal the presence of
microalgae proteins and peptides as stabilizing and fabricating agents of Se-NPs to further understand the mode
of bioreduction. The synthesized elemental nanoform (Seo) has been validated for its biological functions,
showing enhanced radical scavenging activity (74 % in a concentration-dependent manner). Subsequently, algal-
mediated selenite reduction and nanoparticle synthesis is an eco-friendly, non-toxic, and sustainable method for

the large-scale production of highly stable Se-NPs for niche applications as dietary and feed supplements.

1. Introduction

In recent years, selenium has gained great importance among the
scientific community due to its potent anticancer and antioxidant
properties [1,2], and it has been considered an essential micronutrient
involved in various biological functions. The trace metal selenium is
added to animal feed as selenium supplementation promoting animal
growth and development [3]. Currently, selenium supplementation in
animal feed is the mostly inorganic form (sodium selenite) of selenium;
moreover, the inorganic form of selenium is highly toxic and has
negative impacts. Whereas the organic form of selenium (selenocys-
teine, selenomethionine) is more bioavailable, less toxic, and thus
appropriate for therapeutic and food/feed supplements, Selenium
toxicity is dose-dependent, and it will be highly toxic at certain con-
centrations. At present, the application of selenium nanoparticles as
selenium supplements in animal diets has been widely gaining attention
because of their high bioavailability and low toxicity [4,5]. Recent
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studies suggest that Se-Np possesses less toxicity than other forms of
selenium compounds; it improves the oxidative stress of animals, in-
creases the level of antioxidant enzymes like GSH-Px, SOD, and AOC,
and decreases the level of lipid peroxidation [6-8]. Presenting selenium
nanoparticles as a selenium supplementation in a diet exhibiting it and
there is need to metabolize them before being incorporated into sele-
noproteins; hence, the body can take up the selenium source much faster
than inorganic selenium [9-11]. The nanoparticles are synthesized by
three common methods. Physical [12-14], chemical [15], and biological
[16] methods. Among these,the biological method is most preferred
because of its properties, like being simple, non-toxic, cost-effective, and
eco-friendly. The biological method emphasizes the use of microor-
ganisms like bacteria [17], plants [16,21], microalgae [18,19], sea-
weeds [20], etc., as a green chemistry approach. The algae are
photoautotrophs, the largest primary producers of the planet Earth, and
have several potential resources within them. These organisms play a
significant role in the nutrient cycle in aquatic ecosystems as food for
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invertebrates and fish.

Notably, humans do not have a metabolic system to synthesize Se,
but it is essential; thus, it must be supplemented through diet. The
biological functions of selenium are accomplished through seleniopro-
teins. Se has an important clinical significance to human health, and it
involves regulating the Se-dependent enzymes. Its deficiency leads to an
imbalance in the antioxidant defense system. Thus, an adequate amount
of Se is required to improve the antioxidant system and immunity. In
addition, Se is also involved in the physiopathological conditions of
many diseases, like anti-aging, cardiovascular, and cerebrovascular
diseases [28]. Recently, our group decoded the selenium protein T and
associated SECIS machinery from Microalgae [31]. We also developed a
patented bioprocess to augment the bioconversion of organic selenium
in an edible marine microalgae [29] and validated its applicability in the
murine model [30]. However, organic selenium-enriched edible
microalgae has wide applications in the therapeutic and feed industries.
The nanoform of selenium is more bioavailable and less toxic. Thus, the
synthesized elemental nanoform (Seo) is validated for its biological
functions. Primarily, selenium and selenoproteins are involved in the
perpetuation of cellular redox balance through their antioxidant prop-
erties. Also, it has an attractive commercial demand in the feed industry,
particularly in poultry and aquaculture niche markets.

In this study, marine microalgae Nannochloropsisoceanica CASA
CC201 was chosen as the organism of interest for the extracellular
synthesis of selenium nanoparticles since it is an oleaginous microalga, a
rich source of essential fatty acids. There are several reports on the
biosynthesis of selenium nanoparticles from bacteria [17], blue-green
algae [18,19], as well as plant extracts [16,21]. However, this is the
first report on the green microalgae-mediated synthesis of selenium
nanoparticles. Therefore, the present study aims to optimize conditions
for the biosynthesis and production of selenium nanoparticles for sele-
nium supplements. Further, the selenium nanoparticles were bio-
synthesized by using algal extract as a bioreductant and characterized by
various analytical techniques like UV-visible spectroscopy (UV-VIS),
dynamic light scattering (DLS), Zeta potential measurement (ZP),
high-resolution transmission electron microscopy (HR-TEM), energy
dispersive spectroscopy (EDX), atomic force microscope (AFM), Fourier
transformed infrared spectroscopy (FT-IR), Raman spectroscopy, and
X-ray photoelectron spectroscopy (XPS) for the size, shape, structural
nature, stability, elemental composition, and surface chemistry of
SeNPs. Thus, in the present study, we examined the antioxidant poten-
tial of the synthesized SeNPs. The results demonstrate that the SeNPs
show radical scavenging activity (RSA) in a concentration-dependent
manner. The synthesized SeNPs have applications as a regular health
supplement and for specific therapeutic applications. the microalgae
mediated biosynthesis of seNps is environmentally friendly process for
producing extremely stable Se-NPs on a wide scale for specialized uses as
feed and dietary supplements.

2. Materials and methods
2.1. Culture, growth conditions and maintenance

Nannochloropsisoceanica CASA CC201 was cultured on Walne’s
medium, and it was sub-cultured by using 10 % of the inoculum and
maintained at 24 °C with 14 h of light period by fluorescent white light
with an intensity of 50 p mol/m2/s, alternating with 10 h of the dark
period. The light and dark periods were regulated by an automatic timer
fixed to the culture chamber in the algal culture room equipped with an
air conditioner. The growth of the algae was estimated by measuring
optical density at 680 nm at regular intervals. After the cells reached the
exponential phase, the biomass was collected by centrifugation (8000 g
for 15 min), and the cell pellets were washed three times with distilled
water to remove the remaining media traces. The cell pellets were
subjected to lyophilization and stored in a deep freezer for further use.
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2.2. Preparation of algal extract

Aqueous extract (1 % solution) was prepared by incubating 500 mg
of lyophilized algal biomass with 50 mL of Milli-Q-water for 1 h at 90°C
on the water bath and sonicated the sample, for a few minutes, and
centrifuge the sample at 8000 g for 15 min to obtain the cell-free extract.
The supernatant obtained after centrifugation contains cell-free extract
that was filtered through a Whatman No.1 filter paper and stored at 4°C
until further use.

2.3. Synthesis of selenium nanoparticles and purification

For the synthesis of selenium nanoparticles, different concentrations
(0.0 mM, 1 mM, 2.5 mM, 5 mM, and 10 mM) of sodium selenite
(Na2Se03) were added in a 1 %-5 % cell-free extract of Nannochloropsis
oceanica CASA CC 201 for each flask containing 50 ml of Milli-Q water.
The reaction mixture was incubated in dark conditions for 130 rpm at
37 °C on an orbital shaker. The pH of the reaction mixture was also
recorded at regular intervals. After 72-96 h of incubation, the color of
the reaction mixture changed from pale green to ruby red, then red, as
shown in Fig. 1. The color change from green to red is a visible indica-
tion of selenite reduction into selenium and the formation of selenium
NPs. After the color change, selenium NPs are purified by centrifugation
and further characterized by various techniques.

2.4. Characterization of bio-transformed selenium nanostructures

2.4.1. UV-visible spectroscopy

After the visible confirmation of selenite reduction and the formation
of selenium nanoparticles in the reaction mixture, it was further char-
acterized in UV-visible spectroscopy by analyzing its corresponding
surface plasmon resonance (SPR) peaks. The UV-visible spectrum was
recorded in the 200-800 nm range by using the UV-Vis 1601Shimadzu
spectrophotometer.

2.4.2. Dynamic light scattering and zeta-potential measurement

The dynamic light scattering analysis will reveal the size and dis-
tribution of the particles in the fluid suspension and show the average
hydrodynamic diameter of the nanoparticles. The charges that are pre-
sent on the surface of the nanoparticles were measured and expressed as
a zeta potential. The zeta potential values will also reveal the stability of
the nanoparticles, and they were estimated by how the charged particles
respond in an electric field. They were measured using Zeta-sizer Nano
ZS equipment. The size, distribution, and zeta potential of synthesized
selenium nanoparticles were measured using a Zeta-sizer Nano ZS Par-
ticle Analyzer (Malvern Instruments, Malvern, UK), and the zeta po-
tential was measured in the range of —200 to + 200 mV.

2.4.3. High resolution - transmission electron microscopy

The shape, morphology, size, and elemental composition of the
synthesized nanoparticle were characterized by transmission electron
microscopy coupled with energy-dispersive X-ray (EDX). Selected-Area
Electron Diffraction (SAED) is also analyzed to identify the nature
(crystalline or amorphous) of synthesized selenium nanoparticles. The
purified Se-NPs were drop-casted on a carbon-coated copper grid and
allowed to completely dry, then the TEM images and their correspond-
ing selected area electron diffraction were taken in the JOEL JEM F200
with STEM EELS operating at 200 kV.

2.4.4. Atomic force microscopy

The synthesized Se-NPs were investigated by an atomic force mi-
croscope to obtain the height, three-dimensional morphological infor-
mation, surface topography, and porosity of the nanoparticles. The
purified Se-NPs were drop-casted on the cover glass and allowed to
completely dry at room temperature, then AFM photomicrographs were
procured from Multimode SPM (Bruker Nanoscope V) operating in
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Fig. 1. Biosynthesis of Selenium Nanoparticles. Color change of reaction mixture from pale green into red varying concentrations (1-10 mM). A) 0 h (initial
condition of reaction) B) condition of the reaction mixture after the incubation period. (For interpretation of the references to color in this figure legend, the reader is

referred to the Web version of this article.)

tapping mode, and the resonant frequency of 300 kHz and spring con-
stant of 40 Nm-1 were used.

2.4.5. Fourier transformed infrared spectroscopy

Fourier-transformed infrared spectroscopy is a very useful technique
to investigate the surface chemistry of particles. It will reveal the surface
residues, functional groups, and functional moieties that are present on
the nanoparticles, as well as the biomolecules that are involved in the
selenite reduction and stabilization of the nanoparticles. The lyophilized
selenium nanoparticle, algal extract, and the precursor sodium selenite
were analyzed using the Shimadzu IRTracer-100 (Shimadzu Corpora-
tion, Kyoto, Japan), and the spectrum was collected in a frequency range
of 400-4000 cm ™ .

2.4.6. Raman spectroscopy

For Raman spectroscopic analysis, a small suspension of selenium
nanoparticles was placed on a glass coverslip and allowed to completely
dry at room temperature, then the Raman spectra were collected in the
spectral range between 200 and 2400 cm1 by using WITec, Inc., Ulm,
Germany: ALPHA 300R, with an excitation source of 633 nm.

2.4.7. X-ray photoelectron spectroscopy

The lyophilized Se-NPs were examined under X-ray photoelectron
spectroscopy for characterizing surface chemistry, binding energy, and
bonding pattern of biomolecules on the nanoparticles by XPS (PHI 5000
Versa Probe II, ULVAC-PHI Inc., USA) equipped with a micro-focused
(200 pm, 15 kV) monochromatic Al-Ka X-ray source (h v = 1486.6
eV). The overall survey spectra and narrow scans (high-resolution
spectra) were recorded. Survey scans were recorded with an X-ray
source power of 50W and a pass energy of 187.85 eV. High-resolution
spectra of the major elements were recorded at 46.95 eV pass energy.
The binding energy was referenced to the Cls peak at 284.8 eV [33].

2.5. Antioxidant activity of selenium nanoparticles

The free radical-scavenging processes are well-known mechanisms
for determining the radical-scavenging activity and inhibition of lipid
oxidation [32]. To replace the antioxidants derived from synthetic ones,
the antioxidants from natural sources are seeking much attention, and
efforts have been put into identifying more suitable antioxidant com-
pounds. The radical scavenging activity of selenium nanoparticles was
carried out by a 1-diphenyl-2-picrylhydrazyl (DPPH) assay. The DPPH
assay is a very familiar assay for evaluating the antioxidant activity of
many biological samples, including plant extract, microalgae, bacterial
samples, etc. All samples were prepared at a 1 mg/mL concentration.
Dried powdered samples of selenium nanoparticles were used for this
assay in different concentrations like 50, 250, 500, 750, and 1000
pg/ml. The DPPH assay was referred to according to Refs. [25,26]. In
brief, a DPPH solution of 0.4 mM was prepared, followed by a dilution
with 99 % methanol. After that, different concentrations of selenium
nanoparticles were added with methanol, and DPPH solutions were
thoroughly mixed, and absorbance was recorded at 517 nm by a
UV-visible spectrophotometer. The solutions of DPPH and methanol
were used as controls and blanks, respectively, and ascorbic acid was
used as a standard. By this assay, we observed 74 + 2 percent of RSA
activities in selenium nanoparticles. The scavenging activity was
calculated as % inhibition of DPPH radical by the following method
[24].

Percentage of Scavenging activity = (Ag — A1)/Ag X 100

Where Ag, the absorbance values of DPPH control OD, and A;, the
absorbance values of test sample OD.
2.6. Selenium NPs stabilizing proteins

To analyze the associated proteins with the selenium NPs, the syn-
thesized nanoparticles using aqueous extract of Nannochloropsis
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oceanica which contains proteins as well. The biosynthesized SeNPs
were sonicated using a Vibracell™ Ultrasonicator (Model VCX130) for
10 min (2 s pulse on, 10 s pulse off at 30 % amplification) on ice. The
resulting SeNPs associated proteins were collected through centrifuga-
tion at 10000 rpm for 10 min at 4 °C. The supernatant containing the
SeNPs associated microalga proteins were denatured at 95 °C for 5 min
in a Laemmle buffer. Subsequently the proteins were resolved through
12 % SDS-PAGE at a constant voltage of 100 V and silver stained.

3. Results
3.1. Synthesis of selenium nanoparticles and Purification

The selenium nanoparticles were successfully synthesized by using
an aqueous extract of Nannochloropsis oceanica CASA CC201 as a bio-
reductant to reduce sodium selenite (Fig. 1). The optimized concentra-
tion for synthesizing highly stable selenium nanoparticles was observed
in a 10 mM precursor solution treated with 1 % algal extract (10:1 ratio
of precursor and algal extract, respectively). It is believed that the pro-
tein, carbohydrate, fatty acids, and other biomolecules that are present
in the aqueous extract are involved in the reduction of an inorganic form
of sodium selenite (Se'V) to elemental selenium (Seo), and it is stabilizing
the Se nanoparticles with various biomolecules by capping the nano-
particles. For characterizing the phyco-synthesized selenium nano-
particles, they were purified by centrifugation. (8000 g for 15 min) from
the reaction mixture and washed three times with ethanol, followed by
milli-q water.

3.2. Characterization

3.2.1. UV-visible spectroscopy

The phyco-synthesized selenium nanoparticles are extensively
studied with various analytical techniques for characterization. Pri-
marily, it starts with UV-visible spectroscopy. After the incubation
period, the color of the reaction mixture turned red from pale green,
indicating the selenite reduction and formation of selenium nano-
particles. This is further validated by UV-visible spectroscopy, with the
samples showing the corresponding absorption maxima at the 260 nm
range shown in Fig. 2A, indicating surface plasma resonance of the se-
lenium nanoparticles [18,22]. Among all, the 10 mM concentration
shows the highest absorption maxima; hence, it has been chosen as an
optimal concentration in further experiments.
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Fig. 2. A) UV-vis spectrum of Se-Np after the incubation period.
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3.2.2. Dynamic light scattering and zeta-potential measurement

The size and distribution of synthesized selenium nanoparticles were
analyzed by the DLS method. From Fig. 2B, the size of the nanoparticles
ranges from 78 to 396 nm, in which 122 nm particles are predominantly
distributed among all. This was further interpreted and confirmed with
TEM results, and the average size was measured at 183 nm. The results
demonstrated that the nanoparticles are distributed in a polydisperse
manner with a PDI of 0.075. The stability of the nanoparticles in a so-
lution was estimated by their zeta potential, which is measured at 38.5
mV with the net negative charge shown in Fig. 2D. Generally, the zeta
potential values fall between —25 and + 25 and are considered unstable
and tend to aggregate in colloidal solutions. In our experiment, the zeta
potential was measured at —38.5 mV, indicating a highly stable
nanoparticle.

3.2.3. Raman spectroscopy

The selenium nanoparticles are investigated by Raman spectroscopy
for structural characterization. In Fig. 2C, the Raman spectra of purified
selenium nanoparticles show a single, strong, narrow absorption peak at
252 cm1 in a low-frequency range. This corresponds to the A1 stretching
of Se-Se mode.

3.2.4. High resolution - transmission electron microscopy and EDX

The transmission electron micrograph of purified Se-NPs revealed
the shape, size, and organic shell layer wrapped around the particles. As
it is very clear from the electron micrograph shown in Fig. 3A, the se-
lenium nanoparticles have an electron-dense structure in a spherical
shape with particle size in conformation with the DLS result and are
distributed in a slightly polydisperse manner. It also shows the presence
of the organic shell layer around the particle. Various biomolecules that
are present in the extract are responsible for the selenite reduction,
capping and stabilizing the nanostructure, and also preventing their
aggregation. The SAED pattern suggests the amorphous nature of syn-
thesized selenium nanoparticles. Additionally, the TEM-EDX elemental
analysis of phyco-synthesized Se-Np exhibits the selenium signal along
with carbon, oxygen, and copper; among these, the copper signal arises
from the copper-coated grid. The EDX spectrum shown in Fig. 3B con-
firms the presence of an elemental form of selenium.

3.2.5. Atomic force microscopy

Through atomic force microscopic analysis, the three-dimensional
profile of the selenium nanoparticle revealed the shape, porosity, sur-
face topography, and height of the Se-NPs. The (Fig. 4) atomic force
photomicrograph depicts the spherical-shaped nanoparticles distributed
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Fig. 2. B) DLS analysis of Se-Np.
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Fig. 2. C) Typical Raman spectrum of purified selenium nanoparticle.

in a polydisperse manner, which also correlates with TEM results. It is
very clear from the 3D profile of Se-NPs that the surface of the nano-
particle was smooth, and the average height of the nanoparticles was
measured at 98 nm.

3.2.6. FTIR analysis

The purified selenium nanoparticles were examined under FTIR
spectroscopy to determine the presence of biomolecules on the surface
of the particle, which are involved in the fabrication and stabilization of
the nanoparticle. The FTIR spectra of the control sample of sodium
selenite (precursor) and algal cell extract, as well as purified selenium
nanoparticles, were recorded and shown in Fig. 5. The spectrum of so-
dium selenite shows a strong absorption peak at 705 cm1, exhibiting the
symmetric Se-O stretching vibration. This observation is similar to the
recent report of Alipour 2021 synthesizing Se-Np from spirulina extract

Biochemistry and Biophysics Reports 39 (2024) 101760

[19]. The FTIR spectrum of phyco-synthesized selenium nanoparticles
indicates the presence of absorption peaks at 3275 cm1 and 2922 c¢ml,
which correspond to the O-H stretching vibration of alcohol and the
C-H stretching vibration of alkanes, respectively. Further, the presence
of a strong characteristic peak at 1631 cm1 is mainly because CO-NH
stretching vibration corresponds to amide-I (the characteristic region of
proteins), and the peak at 1533 cml is N-H bending vibration, which
corresponds to amide-II (the characteristic region of proteins). The ab-
sorption peaks at 1390 cm1, 1230 cm1’ and 1055 cml correspond to
symmetrical stretching of C-H, C-O stretching vibration of the carboxyl
group, and C-O-C bending solid vibration in a characteristic region of
polysaccharides, respectively. From Figs. (b and c), the characteristic
absorption peaks in the infrared spectrum of Se-Np are similar to the
spectrum of algal extract, indicating the presence of some algal com-
pounds, including proteins (Fig. 5d), on the surface of nanoparticles,
which are responsible for selenite reduction, fabrication, and stabilizing
the nanoparticles. The presence of proteins coated over the SeNPs was
resolved by SDS-PAGE (Fig. 5d); their identity and putative role are yet
to be validated.

3.2.7. XPS analysis

The XPS analysis was performed to reveal surface chemistry, binding
energy, and bonding patterns in nanoparticles. Fig. 6A XPS spectrum of
the survey scan shows the presence of O 1S, N 1S, C 1S, and Se 3D signals
under EDX results, except N. The N signals were detected in the XPS
spectrum, while they were not detected in EDX. This is because of the
overlapping of C and O signals on the N peak of the EDS spectrum. The
overall composition of particles determined by the survey scan suggests
the nanoparticles tend to be organic. The literature suggests the sele-
nium 3D signal is composed of two sub-peaks, Se 3d*?2 and Se 3d5/2,
and the metallic selenium (Se0) is expected to be at 55.1 eV in Se 3d% 2;
Se I'is approximately at 57.7 eV; Se IV is expected to appear at
approximately 59.4 eV; and Se"! is expected to have a binding energy of
61 eV [23].

The high-resolution XPS spectrum of selenium nanoparticles is
shown in Fig. 6, exhibiting the Se-3d peak signal typically at 56.75 eV
binding energy, and the 3D selenium signal is very weak when compared
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with other signals in the spectrum. Moreover, the Se 3d, composed of
two sub-peaks of binding energy at 55.18 and 57.65 eV, corresponds to
Se 3d>2 and Se 3d3/2, respectively. The results from XPS analysis reveal
binding energy at 55.18 eV from the purified selenium nanoparticles
conforming to the presence of elemental selenium (Seo). There is no
signal detected corresponding to Se IV, which indicates the reduction of
sodium selenite (Se V) into elemental form (Se®).

3.3. Antioxidant activity of selenium nanoparticles

The results of the DPPH assay confirm the antioxidant activity of

selenium nanoparticles synthesized from the aqueous extract of Nan-
nochloropsis Oceanica CASA CC201. The SeNPs have shown radical
scavenging activity (Fig. 7). Results show that antioxidant activity was
directly proportional to the concentration of selenium nanoparticles.
The Se-NPs have potent antioxidant activity compared to L-ascorbic
acid. The synthesized selenium nanoparticles have 74 % of RSA activity
at 1 mg/ml sample concentration (Fig. 7), and this percentage of inhi-
bition gradually increases from 50, 250, 500, and 750 pg/ml concen-
trations to 1000 pg/ml concentrations. The results obtained in this study
consistent investigation report the antioxidant activity of SeNPs [19,27].
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4. Discussion

In our present study, the highly stable selenium nanoparticle with
antioxidant properties is bio-synthesized extracellularly in a simple and
effective method by using an aqueous extract of marine microalgae
Nannochloropsis oceanica CASA CC201 as a bio-reductant for reducing
highly toxic sodium selenite into elemental selenium and characterized
by various analytical methods. Although, several chemical and physical
approaches are practiced to synthesis the bioactive Selenium nano-
particle [34], unsuitable for biocompatible applications due to

aggregation and unstable nature. Whereas, biosynthesis of SeNPs using
plant, algal and microbial resources are more stable due to the presence
of biological active metabolites such as proteins, peptides, polyphenols
and peptides as stabilizing and capping agents. Also the synthesis pro-
cess is more sustainable and more reliable in nature [35].

The morphological and structural characterization of synthesized
selenium nanoparticles, like microscopic analysis (TEM, AFM, EDX) and
spectroscopic analysis (FTIR, XPS), conforms the shape, elemental
composition, and stability of nanoparticles and is fabricated with bio-
molecules (proteins and polysaccharides), which stabilize the nano-
particles. Similar, Selenium nanoparticle was characterized for its
morphological and structural aspects, also stability and biofunonalised
with bioactive metabolites are, comprehensively described in the to the
current study the recent review article [36].

The present study, investigated the antioxidant properties suggested
that the phyco-synthesized selenium nanoparticle has potential antiox-
idant activity and has 74 % RSA activity at a 1 mg/mL concentration.
Therefore, this algal-mediated selenite reduction and nanoparticle syn-
thesis is an eco-friendly, non-toxic, and sustainable method for the large-
scale production of highly stable Se-Nps feed supplements.

Similar to the present study, very recently Zn and Se dual Nanno-
particles were described by Somaghian et al. [37] using Rosmarinus
officinalis leaf extract with 90.6 % antioxidant activity. An eco-friendly
approach was adapted to systhesis the SeNPs using the aqueous
extract of Ulva fasciata macromolecules as a reducing and capping agent.
These SeNPs were evaluated for their anti-cancer activity by Shahza-
mani et al. [38], through inhibiting matrix metalloproteinase-2 and 9
(MMP-2 and 9) and also an enhanced lactate dehydrogenase leakage was
observed. In addition, SeNPs exhibited synergistic effect with a bacte-
riostatic antibiotics chloramphenicol at 10 pg/ml concentration against
S. aureus and P. aeruginosa [38].

A bimetallic silver-selenide chalcogenide nanostructure (Ag-Se NPs)
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were fabricated using Melilotus officinalis aqueous extract and charac-
terised for its material and biological properties. It is noteworthy to
mention that it is showing DPPH scavenging potential of 58.52 % [39]
which is a relatively lower when compared to the present finding. ZnSe
NPs were synthesized using the aqueous extract of seaweed, Gracilaria
corticata were and well characterised. ZnSe NPs exhibited about 67 %
antioxidant activity, biofilm inhibition and an antibacterial activity of
multiple bacterial strains [40].

5. Conclusion

This study focuses on optimizing conditions for the biosynthesis and
production of elemental selenium nanoparticles for selenium supple-
ments using marine microalgae, Nannochloropsis oceanica CASA
CC201. The optimal concentration for synthesizing stable nanoparticles
was found to be 10 mM with 1 % algal extract. Further, the bio-
synthesized SeNPs were characterized for its morphological and struc-
tural features by appropriate advanced analytical methods. AFM and
TEM analysis suggest that the spherical-shaped nanoparticles with
smooth surfaces were polydispersely distributed. Further, the synthe-
sized selenium NPs showed enhanced radical scavenging activity,
making algal-mediated selenite reduction and nanoparticle synthesis an
eco-friendly, non-toxic, and sustainable method for large-scale produc-
tion of highly stable Se-NPs for niche applications.
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