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Abstract: Red elemental nano-selenium, which is an
important biological form of selenium, exhibits very low
toxicity and remarkable biological properties and thus has
several positive effects. For instance, it shows antioxida-
tion and antistress characteristics, promotes growth and
improves immunity. However, owing to its nanoscale size,
it is very difficult to disperse and stabilize during synthesis
and storage. In this study, nanoscale selenium with a mass
content of 2.06% and an average particle size of 49 nm was
prepared by the chemical reduction method. The analysis
demonstrated that the surface phospholipids formed lamellar
structures after directional freezing, and the nano-selenium
particles were distributed in the middle of the lamellar. The
nano-selenium particles were efficiently dispersed due to
their lamellar structure and amphiphilicity. The particles dis-
played excellent stability and remained relatively unchanged
after 20 days of storage in solution or solid state. The diffi-
culties associated with the dispersion and storage stability of
nanometer selenium during preparation were solved.

Keywords: nanoscale selenium, SEM imaging, UV-Vis
absorbance, stability, nanoparticle aggregation

1 Introduction

Selenium is an essential trace element for animal growth
and is an important part of selenoproteins. Selenium
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deficiency may lead to immune deficiency, muscular dys-
trophy and exudative inflammation. Different forms of
selenium exhibit different functions, including antioxi-
dant ability, promoting cell growth, improving immunity,
resisting heat stress, improving intestinal health and reg-
ulating body metabolism. Thus, the different forms can
be used as selenium supplements for animals [1,2].

In the animal diet, selenium mainly exists in the form
of inorganic selenium (selenate and selenite), organic
selenium (yeast selenium, selenomethionine and seleno-
cysteine) and nano-selenium (selenium in a simple form).
The different forms of selenium are absorbed by animals
with different efficiencies through different mechanisms.
Under normal physiological conditions, the absorption
rate of organic selenium is 70-90%, while the direct
absorption rate of selenite is lower than 60%. Because of
its small particle size and large specific surface area, nano-
selenium can interact with the physiological system rapidly
and better maintain the morphology of the intestinal mucosa
than yeast selenium. Specifically, it can increase intestinal
mucosal permeability and improve intestinal absorption
efficiency by forming nano-emulsion droplets. Thus, nano-
selenium is used in animal feed because of its high bioavail-
ability and low toxicity [3].

At present, the methods available for synthesizing
nano-selenium primarily include chemical and biological
routes [4]. The biological methods involve the use of sub-
stances produced during microbial growth (such as meta-
bolites and enzymes) as well as plant extracts (such as
proteins, flavonoids and vitamins) to reduce selenium
salts (sodium selenite and selenite, among others) for
synthesizing red nano-selenium particles [5,6]. However,
microbial culture and plant extracts require specialized
equipment to prepare, involve complex processes that are
not environmentally friendly and are present in low con-
tents [7]. Moreover, their presence in higher contents can
cause toxicity in the microorganisms themselves. Thus,
scaling their production from the laboratory scale to the
industrial scale is a major challenge.

The chemical methods involve directly synthesizing
nano-selenium by reducing a selenium salt (sodium sele-
nite or selenite) using a reducing agent [8,9]. Generally, a
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surfactant or stabilizer is added during the synthesis pro-
cess to ensure that the size of the synthesized nano-sele-
nium particles is 0-1,000 nm so that they can exist stably
without forming aggregates [10]. However, this requires a
high degree of dispersion and can result in instability
during long-term storage, resulting in their agglomera-
tion. Thus, most chemical methods use large amounts of
dispersants in concentrations of up to 1% [11]. However,
dispersants and stabilizers are not conducive to matrix
absorption and cause environmental pollution. This limits
the use of chemical methods for the large-scale production
of nano-selenium in high concentrations.

For example, Blinov et al. [10] prepared nano-sele-
nium by using quaternary ammonium salt for dispersion
and vitamin C for reduction. The electrostatic action of
quaternary ammonium salt was used to disperse nano-
selenium. However, due to the low selenic acid dispersion
concentration (0.036 mol-L™), only the solution state was
studied. Salem et al. [12] used orange peel waste for sele-
nium nanoparticles with a concentration of 2 mM Na,SeOs.
This concentration was extremely low and only the solution
state was investigated.

Therefore, red nano-selenium particles were synthe-
sized using sodium selenite as the selenium source,
vitamin C as the reducing agent, soybean phospholipid
and water-soluble starch as the stable dispersant. In
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addition to the solution state, the storage stability was
investigated. Because of their unique molecular structure,
phospholipids readily form molecular layers [13,14]. Thus,
we attempted to disperse and encapsulate the nano-sele-
nium particles between two films of phospholipids by
directional freezing to prevent their agglomeration and
ensure their stability and synthesis in a high concentra-
tion. Moreover, this method uses a phospholipid and
water-soluble starch as stabilizers. Both exhibit good bio-
compatibility and thus do not prevent matrix absorption,
in contrast to surfactants.

2 Materials and methods

2.1 Synthesis of nano-selenium

As shown in Figure 1, 13.5 g of water-soluble starch was
added to 180 mL of deionized water, and the mixture
was heated to 90°C. Next, the temperature was reduced
to 50°C, and 4.0 g of a soybean phospholipid (Beijing
Chinaholder Biotech Co., Ltd) was added to the solution
under magnetic stirring. Subsequently, 0.9 g of sodium
selenite was dissolved in the solution. The solution
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Figure 1: Synthesis of nano-selenium: (a) digital picture of synthesized solution sample and (b) digital picture of freeze-dried sample.
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temperature was reduced to 10°C and 20 mL of a vitamin
C (VC) solution (0.1g-mL™") was slowly added. The reac-
tion proceeded for 1h to obtain a nano-selenium suspen-
sion, as shown in Figure 1a. Finally, directional freezing
was performed followed by freeze-drying to obtain the
desired product, as shown in Figure la. The yellow
arrows in the figure point to the layers or sheets of the
final product.

2.2 Determination of nano-selenium
concentration

To determine the concentration of nano-selenium in the
obtained product, 0.1000 g of the product was weighed
and digested using nitric acid and perchloric acid. The
solution was then diluted with 50% hydrochloric acid to
the corresponding concentration. Next, the solution was
analyzed using a dual-channel atomic fluorescence spec-
trometer, and the selenium content was determined using
the expression given below:

Selenium content (%) = CxVXN 1
m x 10%
where c is the concentration of nano-selenium in the test
solution (ng-mL7"), V is the volume of the test solution
(mL), N is the dilution multiple of the test solution and m
is the quantity of the sample to be weighed (g).

2.3 Structural characterization and
performance evaluation

A scanning electron microscopy (SEM) system (EVO 18,
Carl Zeiss, Jena, Germany) was used to evaluate the par-
ticle size, morphology and distribution of the nano-sele-
nium particles in the obtained sample. Energy-dispersive
X-ray spectroscopy (EDS, EVO18) was used to analyze the
elemental distribution of the sample. An ultraviolet—
visible (UV-Vis) absorption spectrophotometer (Lambda
25, PerkinElmer, America) was also used to characterize
the nano-selenium particles. The analysis was performed
for the wavelength range of 200-500 nm. Finally, a dual-
channel atomic fluid spectrometer (AFS-2000, Beijing
Kechuang Haiguang Instrument Factory) was used to
determine the concentration of selenium in the obtained
sample. X-ray diffraction (XRD) patterns were measured
using a D8 Advance (Brucker, Germany) diffractometer
(Cu Ka radiation) at a generator voltage of 40 kV. The
thermal performance of our samples was analyzed using
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a differential scanning calorimeter (DSC, Q2000, TA Instruments,
New Castle, DE, USA) at a scanning rate of 10°C-min".
Thermogravimetric analysis (TGA) curves were obtained
with a TGA2 (Mettler Toledo, Columbus, OH, USA) at a
heating rate of 10°C-min~" in a nitrogen atmosphere.

3 Results and discussion

After freezing the nano-selenium-containing solution shown
in Figure 1la and thawing it to room temperature, a flaky
solid was obtained, as shown in Figure 2a. Subsequently,
after freeze-drying, the flaky material shown in the yellow
box in Figure 2b was obtained. SEM analysis showed that the
material is lamellar (Figure 2c), with a large number of nano-
selenium particles attached to the sheets (Figure 2d). Gen-
erally, the nanoparticles are coated with phospholipids to
form a microcapsule. And in this study, the synthesized
nanoparticles exhibited homogenous morphologies. How-
ever, during directed freezing, the phospholipids in the solu-
tion interact with and realign along the surface of the ice
crystals, resulting in the development of lamellar phospho-
lipids, due to the frame-induced effect [15]. The average
particle size was approximately 49 nm, as determined using
the software Image]. Thus, it was confirmed that nano-
selenium particles were synthesized successfully using
the proposed method. Moreover, the use of the phospho-
lipid resulted in the formation of a lamellar structure after
directional freezing, with the nano-selenium particles dis-
persed within these lamellar structures.

The samples were characterized by DSC, TGA and
XRD (Figure 3). There were no obvious crystal spectral
features according to XRD (Figure 3a). This indicates that
the prepared nano-selenium was amorphous, containing
only nano-selenium aggregates. As can be seen from
Figure 3b, when the sample exceeds 250°C, it began to
dissolve slowly, indicating that when the sample was
below 250°C, there was no other substance except partial
evaporation of water. The DSC analysis exhibits two heat-
absorbing peaks near 56.7°C and 229.7°C, which are,
respectively, attributed to the melting temperatures of
a-Se and t-Se (Figure 3c) [16]. The exothermic peak
appeared at 112.3°C, indicating that the crystallinity of
a-Se in the melting state increased, changing the crystal
type to tripartite t-Se.

The selenium concentration of the sample was deter-
mined using the method described in Section 2.2 and
found to be 2.06 wt%. To analyze the distribution of the
nano-selenium particles within the lamellae, EDS ana-
lysis was performed. After freeze-drying, lamellae were
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Figure 2: Digital and electron microscopy images of the synthesized sample: (a) digital pictures after freeze-thawing, (b) digital pictures of
samples after freeze-drying and (c and d) electron microscopic images after freeze-drying.

formed due to the frame-induced effect of ice crystals,
and nano-selenium particles were randomly distributed
on the lamellae (Figure 4a and b). During directional
freezing, the excess phospholipids in the solution formed
the lamellar layer while the phospholipids remained
wrapped on the nano-selenium, preventing aggregation.
The mass content of selenium was determined as 2.35% via
EDS (Figure 4c), which was consistent with the detected
concentration. The selenium nanoparticles were subjected
to another round of directional freeze drying and were
found to be evenly and randomly distributed.

Intenstiy (a.u.)

Next, to evaluate the particle size and stability of the
nano-selenium particles sandwiched within the phos-
pholipid lamellae, UV-Vis absorption spectrophotometry
was performed. According to the literature [17-19], an
increase in the size of nano-selenium particles increases
the UV absorption wavelength of the suspension. As per
previous reports, the average diameter corresponding to
the absorption peaks observed at wavelengths smaller
than 300 nm is less than 70.9 + 9.1nm (Figure 5). This
is consistent with the results of this study, wherein the
adsorption peak wavelength was determined to be
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Figure 3: XRD, TGA and DSC spectrogram of the sample: (a) XRD curve, (b) TGA curve and (c) DSC curve.
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Figure 4: EDS spectrum of synthesized sample and results of its elemental analysis: (a) distribution spectrum of selenium in the sample,
(b) energy spectra of each element contained in the sample and (c) content of each element in the sample.

264 nm and the average size of the nano-selenium parti-
cles was 49 nm. At the same time, the stability of the
sample was also verified. A newly prepared liquid sample
not subjected to freeze drying, a sample subjected to
freeze drying and a sample stored for 20 days after freeze
drying were subjected to UV-Vis absorption spectropho-
tometry. The results are shown in Figure 5. It can be seen
that the absorption peak did not move significantly, indi-
cating that the nano-selenium particles did not undergo
significant aggregation during the freeze drying and sto-
rage processes and thus exhibited good stability. The
stability of the nano-selenium particles in the liquid state
was also investigated. It can be seen from Figure 5 that
the absorption peak of the nano-selenium particles in a
non-lyophilized solution shifted to a higher wavelength
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Figure 5: UV absorption curves of various solutions.

after storage for 10 and 20 days. However, the shift was
not pronounced, indicating that while the nano-selenium
particles formed some aggregates, their absorption
peak wavelength remained lower than 300 nm even
after 20 days. Thus, the average particle size remained
smaller than 70 nm, indicating that the nano-selenium
particles were stable even in a solution.

4 Conclusions

In this study, inorganic selenium was reduced by VC and
dispersed using a phospholipid to obtain a suspension of
nano-selenium particles with a concentration of approxi-
mately 2.06% and an average particle size of approxi-
mately 49 nm. Because of the unique molecular structure
of the phospholipid, it readily formed a molecular layer,
which transformed into a lamellar structure after direc-
tional freeze drying. SEM imaging confirmed that the
nano-selenium particles formed an interlayer within the
lamellar structure of the phospholipid. UV-Vis absorption
analysis confirmed that the nano-selenium particles did
not form aggregates for up to 20 days both in solid and
solution forms and thus exhibited high stability. In com-
parison to earlier research, this study was characterized
by simple preparation and high stability. The dispersed
system utilized eco-friendly bio-derived raw ingredients.
Importantly, the concentration of nano-selenium synthe-
sized by this methodology was relatively high, approaching
industrial production levels, and had a wide range of
applications.
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