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Abstract: In the present study, water-soluble hybrid selenium-containing nanocomposites have been synthesised via soft
oxidation of selenide-anions, preliminarily generated from elemental bulk-selenium in the base-reduction system ‘NoH;—NaOH'.

The nanocomposites obtained consist of Se?NPs (4.6—24.5 nm) stabilised by k-carrageenan biocompatible polysaccharide. The
structure of these composite nanomaterials has been proven using complementary physical-chemical methods: X-ray diffraction
analysis, transmission electron microscopy, optical spectroscopy, and dynamic light scattering. Optical ranges of ‘emission/
excitation’ of aqueous solutions of nanocomposites with SeONPs of different sizes are established and the most important
parameters of their luminescence are determined. For the obtained nanocomposites, the expressed antiradical activity against
free radicals 2,2-diphenyl-1-picrylhydrazyl and 2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid has been found, the value
of which depends on the size of selenium nanoparticles. It is experimentally revealed that all obtained nanocomposites are low
toxic (LDsg >2000 mg/kg). It is also found that small selenium nanoparticles (6.8 nm), in contrast to larger nanoparticles (24.5

nm), are accumulated in organisms to significantly increase the level of selenium in the liver, kidneys, and brain (in lesser

amounts) of rats.

1 Introduction

Selenium is one of the most important microelements [1]. It is met
in active centres of selenium-containing enzymes involved in the
metabolism of nucleic acids, lipids, and hormones. Selenium also
performs the function of antioxidant protection of cells from a
number of aggressive free radicals that are constantly formed in the
body due to both natural metabolic processes and in elevated
amounts in the case of cell interaction with pathogenic agents
(viruses, microbes, toxins, inflammatory factors, and tumour
growth and decay factors) [2, 3]. The animal organism is extremely
sensitive to disorders of selenium homeostasis. Selenium
deficiency leads to such diseases as exudative diathesis, liver
necrosis, Keshan and Kashin-Bek diseases [4]. Therefore, the
prevention of selenium deficiency represents an urgent challenge.
Among the popular compounds used to compensate selenium
deficiency in the organism are sodium selenite and selenate, as well
as selenomethionine [5]. However, the high toxicity of inorganic
forms of selenium and extremely high reactivity of organic forms
of selenium, leading to cell damage, limit their biological
applications and stimulate the search for less toxic sources of
selenium. As an alternative, it is possible to employ nanoparticles
of the elemental selenium (SeNPs), which have low toxicity and
possess high biological activity, in particular, very important
antioxidant action [6-8]. In addition, small-sized Se?NPs exhibit
luminescence in the spectral region of the ‘window of tissue
transparency’. They can be used as imaging agents for cancer
diagnostics [9, 10]. Good water solubility, bioavailability, and
stability of Se?NPs, which depend upon the synthesis conditions,
are the key factors for biomedicine application of these
compounds. Be the moment, numerous studies have convincingly
demonstrated the antioxidant effects of SeNPs on various free
radicals [11, 12]. However, known and most common methods for
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their synthesis include either chemical reduction of inorganic
compounds of selenium (Na,SeOs, SeO,, H>SeO; etc.) by active
reducers (sodium borohydride, hydrazine hydrate etc.) or various
plant extracts and products of microbial metabolism [13-16] or
physical action using powerful energy sources (laser, radiation
reduction etc.) [17, 18]. The main disadvantages of these methods
are the employment of the special expensive equipment (in the case
of physical synthetic methods), as well as various reducing agents.
In the latter case, unreacted residues and various by-products
contaminate the target compounds, thus requiring sophisticated
purification of the resulting nanomaterials. All of the above
determines the high cost and prolonged duration of Se’NPs
synthesis by these methods, as well as the negative effect of
products obtained after purification of the target material on the
environment. In addition, these disadvantages may limit the
biomedical application of these valuable nanomaterials. This
problem could be addressed by the synthesis of Se?NPs directly
from the elemental bulk selenium, which is an inexpensive and
available chemical precursor, and also using natural water-soluble
sulphated polysaccharide k-carrageenan (k-CG). Previously, k-CG
has shown itself as an effective stabiliser of the inorganic
nanoparticles (Ag, Au, CdSe, and NH4;MgPO,) [19-22]. At the
same time, k-CG is a renewable natural raw material widely
employed in the food and pharmaceutical industries [23]. It
possesses various biological activities (anticoagulant [24], antiviral
[25], immunomodulatory [26] etc.) [27]. The incorporation of the
SeONPs in the k-CG polysaccharide matrix can lead to the
formation of the hybrid nanocomposites, which combine the
properties of their inorganic component (optical and antioxidant
properties) and those of k-CG. Moreover, valuable biological and
optical properties of these nanocomposites can be directly
controlled by the size characteristics of the obtained Se?NPs.
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This study is focused on the synthesis of selenium nanoparticles
from elemental bulk-selenium powder using x-CG as a capped
agent. Also, the composition and structure of the obtained
nanomaterials are characterised in detail. Furthermore, the
relationship between the size of the selenium nanoparticles and
their properties, including the effect on a living organism,
biodistribution, toxicity, and antiradical properties has been
established.

2 Experimental
2.1 Materials

In this work, we used x-CG (Mw=1100kDa) from CP Kelco
(USA), powder selenium, sodium hydroxide, hydrazine-hydrate
(64%), and ethyl alcohol (96%) were purchased from Vecton
(Russia). 2,2'-Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid)
(ABTS) and 2,2-diphenyl-1-picrylhydrazyl (DPPH) were
purchased from Sigma-Aldrich. All chemicals were used as
received without additional purification

2.2 Synthesis of Se?NPs-containing nanocomposites

Synthesis was carried out in accordance with the previously
described technique [28] with minor experimental changes that
allowed to obtain a wider range of nanocomposites with different
content of Se’NPs, as well as to overcome diffusion difficulties in
the migration of selenium atoms in the process of nucleation and
growth of nanoparticles due to the aggregation and gel formation
of k-CG macromolecules in the presence of potassium ions.
Briefly, in a three-necked flask equipped with a reflux condenser
and a thermometer, 1 g NaOH and 0.5 ml N,H4-H,O were placed
under constant stirring, then the temperature of this reaction
medium was brought to 70°C and 0.98 g of elemental bulk-
selenium was added under an argon atmosphere. The synthesis
time was 30 min. The formation of highly reactive Se? anions was
accompanied by the appearance of a characteristic red-maroon
stain and complete dissolution of selenium. Next, an aliquot of the
obtained reaction mixture containing Se? -anions (V 5-25 ul) was
added to the previously obtained x-CG solution (1.0 g x-CG in 80
ml water) and stirred at room temperature for 20 min. The isolation
of the target nanocomposites and their purification from impurities
was performed by precipitation with a four-fold excess of EtOH,
followed by repeated washing with ethanol and drying in air at
room temperature. The content of Se® in the obtained
nanocomposites was 0.3, 0.6, 1.0, and 1.5% by mass. Yield 80—
96%.

In addition, for a comparative study of the biological effect of
selenium nanoparticles of different sizes, we obtained a
nanocomposite sample containing selenium particles with an
average size of 24.5nm. It was synthesised using a similar
procedure for the preparation of other nanocomposites, with the
only exception that the volume of an aliquot of the reaction
medium containing Se?~ ions was 50 pl. The content of selenium
was 3.0% and the yield was 94%.

2.3 Characterisation and measurements

2.3.1 Infrared spectroscopy (IR) of native k-CG and SeONPs-
containing nanocomposites: IR spectra were recorded by using a
Fourier transform-infrared (RAM 1II) Bruker Vertex 70
spectrometer in potassium bromide pellets in the range of 4000—
400 cm ™.

2.3.2 X-ray diffraction (XRD) analysis: XRD study was carried
out on a Bruker D8 ADVANCE X-ray diffractometer with Cu Ka
radiation mode locked coupled. The exposure time was 1 s for the
phase analysis, and 3 s for the cell parameters and coherent lengths.

2.3.3 Transmission electron microscopy (TEM): TEM
measurements were performed on a Leo 906 E microscope
operated at an accelerating voltage of 120 kV. The size distribution
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of nanoparticles was determined by the statistical processing of
TEM microphotographs.

2.3.4 Elemental analysis: The elemental composition was
determined with a Thermo Scientific Flash 2000 CHNS analyser
and by X-ray energy dispersive microanalysis with a Hitachi TM
3000 scanning electron microscope equipped with a SDD XFlash
430-4 X-ray detector. The sulphatation degree of k-CG and its
nanocomposites was determined by elemental analysis (according
to the ratio of sulphur to carbon, hydrogen, and oxygen contents).
Elemental analysis of k-CG: C (33.1%), H (6.1%), S (6.8%), Na
(3.36%), and K (3.6%).

2.3.5 Optical and Iluminescent spectroscopy: All optical
spectral measurements were performed with a water solution of
SeONPs in a quartz cuvette. The optical absorption spectra were
obtained on a Perkin-Elmer Lambda 950 ultraviolet/visible/near-
infrared spectrophotometer. Photoluminescence (PL) and PL
excitation spectra of water solution Se?NPs were obtained with a
Perkin Elmer LS-55 instrument.

2.3.6 Dynamic light scattering analysis (DLS) and
measurement of (-potential: DLS measurements were
performed using a Photocore Compact-Z equipment at 23+0.1°C.
A software package DynalS v2.0 (ALANGO) was used to
calculate the correlation time distributions. Scattering angle was
90°, laser 654 nm, and power 20 mV. The solutions were prepared
at least 10 h before the measurements. To dispose of dust, the
scattering cells were rinsed with benzene, vacuumised, and filled
with dust-free air. Taking into account the polyelectrolyte character
of «-CG, its nanocomposites were studied in water-salt solutions
0.1 M NaCl. Then the solutions were filtered through a cellulose
acetate filter with 0.45 um pores.

The polyelectrolyte velocity v under external electric field £
was measured. The electrophoretic mobility wuE=v/E was
converted into the (-potential (the potential of electrical double-
layer at the surface of hydrodynamic shear) by the Smoluchovsky
equation wuFE =c¢eol/ns, where e and eo are the dielectric
permittivities of the solvent and vacuum, respectively. Each
measurement was performed three times, the results were
averaged.

2.4 Estimation of antioxidant activity

2.4.1 DPPH radical-scavenging activity: The scavenging
activity of nanocomposites Se®-CG and native k-CG against
DPPH radical was measured by Yamaguchi's method [29] and
according to the recommendation of Molyneux [30] with slight
modifications. Briefly, 2.5 ml of the sample solution at different
concentrations (0.25-10 mg/ml) was mixed with 2.5 ml of 1.26 x
1074 mol/l DPPH solution in the phosphate buffer (pH 5.5). The
mixture was shaken vigorously and incubated for 30 min at 33°C
in the dark. Finally, the absorbance was measured at 515 nm in 1
cm quartz cuvette. Ascorbic acid was used as a reference. The
DPPH radical inhibition (%) was calculated by the following
equation:

A—A
DPPH scavenging ability (%) = [1 —( d ") x100% (1)

A

where A, is the absorbance of the sample mixed with DPPH
solution, A, is the absorbance of the sample without DPPH
solution, and 4. is the absorbance of DPPH solution without the
sample as a blank control.

2.4.2 ABTS radical-scavenging activity: The scavenging
activity of nanocomposites Se%/k-CG and native k-CG against
ABTS cation-radical was measured as described by Cai et al. [31]
and according to the recommendation of Re er al. [32] and Erel
[33] with some modifications. Generally, 7.34 mmol/l of ABTS
solution reacted with 20 mmol/l of potassium persulphate to obtain
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Fig. 1 TEM images of nanocomposites Se¥/i-CG containing
(a) 1.5% Se, (c¢) 3.0% Se, (b, d) Diagrams of their size distribution

ABTS cation-radical (ABTS'"). The mixture was kept in the dark
for 12-16 h at room temperature, then the ABTS"" solution was
diluted to a stable absorbance of 0.70 £0.01 at 734 nm. Next, 1.4
ml of the sample solution at various concentrations (0.25-3 mg/ml)
was mixed with 0.7 ml of the diluted ABTS'" solution. After
reaction for 6 min at 30°C, the absorbance was measured at 734 nm
in 1 cm quartz cuvette. Ascorbic acid was used as a reference. The
ABTS cation-radical inhibition (%) was calculated by the
following equation:

A—A
ABTS scavenging ability (%) = [1 —( d ”) x100%  (2)

A

where A4, is the absorbance of the sample mixed with ABTS
solution, A, is the absorbance of the sample without ABTS
solution, and A, is the absorbance of ABTS solution without the
sample as a blank control.

2.5 In vivo investigation of biological effects and
biodistribution of selenium nanoparticles of different size

The studies were performed on 40 outbred white male rats with a
weight of 180-200 g. The animals were divided into four groups
containing 10 animals each. Animals of experimental groups were
given (per-oral) 500 ng/kg of body weight for 10 days. The animals
of the first (control) group were administered with distilled water.
The animals of the second group were administered with
nanocomposite Se/k-CG with an average size of particles 6.8 nm.
The animals of the third group received the nanocomposite Se/k-
CG with the average size of particles 24.5. The fourth group of
animals was given pure k-CG. After exposure, the animals were
decapitated. Macroscopic analysis of the experimental animals'
organism and microscopic analysis of the state of brain tissue,
liver, and kidneys of the experimental animals were carried out.
Analysis of selenium content in these organs was also performed
for groups treated with selenium nanocomposite. Selenium content
in biological tissues was determined by atomic absorption
spectroscopy.

2.6 Investigation of toxicity of selenium nanocomposites

General toxicity was studied by determining the mean lethal dose
(LDsg) of the nanocomposite, which was injected intragastrically
by an atraumatic catheter at doses of 2000 mg/kg diluted in
distilled water (0.5 ml) to 20 white mice males (10 mice in each
group for the nanocomposites with a selenium particle size of 6.8
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and 24.5 nm) using the Litchfield—Wilcoxon method. Animals
were fed 3 h after administration of the compound and were
observed for 14 days. The general condition (appearance, skin
condition, hyper salivation, and death) and changes in behaviour
were assessed. The control group received equivalent volumes of
distilled water. At the end of the observation period, an autopsy of
animals was performed to macroscopically examine the state of the
internal organs of animals. The hazard category was determined
according to GOST 12.1.007-76 ‘Noxious substances,
classification and general safety requirements.’

All animals were divided into groups by the randomisation
method. The absence of external indications of diseases and
homogeneity over the body weight were considered as criteria of
appropriate randomisation. The operation with laboratory animals
was performed according to the Guiding Principles for Biomedical
Research Involving Animals (Geneva, 1985), the Helsinki
Declaration on the Human Attitude to Animals (Helsinki, 2000),
the European Convention for the Protection of Vertebrate Animals
Used for Experimental and Other Scientific Purposes (Strasbourg,
1986), and the Rules for Laboratory Practice (order no. 708 n of
the Ministry of Health Protection and Social Development of the
Russian Federation of 23 August 2010).

3 Results and discussion
3.1 Synthesis and characterisation of nanocomposites

The nanocomposites Se%-CG with selenium content 0.3, 0.6, 1,
1.5, and 3.0% were synthesised by oxidation of Se?™ to Se¥ in the
water solution of k-CG. Se?™ ions were generated previously by the
reduction of elemental bulk-selenium with hydrazine hydrate in an
alkaline medium. As a result, the selenium is dissolved, and highly
reactive selenide anions were formed according to (3)

2Se + 4NaOH + N,H, - H,O — 2Na,Se + N, 1 + 5H,O 3)

The formation of selenium nanoparticles is the result of a multi-
stage process of nucleation of a new phase, one stage of which is
the sequential coalescence of selenium atoms formed as a result of
oxidation by molecular oxygen of Se?” ions with further
stabilisation of nanoparticles by k-CG macromolecules [28, 34].
According to the data of TEM, nanocomposites Se%/x-CG are
produced in the form of spherical nanoparticles dispersed in the
polysaccharide matrix of k-CG (Fig. 1). Sizes of Se’NPs vary 3—
37 nm. It is found that an increase of the quantitative content of
selenium in the nanocomposites from 0.3 to 3.0% augments the
average size of the formed Se’NPs from 4.6 to 24.5nm,
respectively, as well as leads to the broadening of their disperse
distribution. The diagrams of the size distribution of particles in the
obtained nanocomposites are unimodal. Also, the log-normal type
of dispersion distribution shows that the growth and aging of
SeONPs occur due to the sequential coalescence of selenium atoms
and small nanoparticles to large ones, and not due to the massive
aggregation of formed nanoparticles.

The size of the largest fraction of forming Se®NPs ranges 5-7,
7-14, and 1624 nm for samples with 0.6, 1.5, and 3.0% Se,
respectively. The wider disperse distribution of Se?NPs in the
sample with high selenium content is caused by differences in the
synthesis conditions of nanocomposites. In particular, due to the
fact that the concentration of formed nuclei of a new phase in the
reaction medium during the synthesis is theoretically constant, the
growth of nanoparticles occurs owing to sorption of the generated
selenium atoms on the surface of the nuclei (or growing
nanoparticle) [34]. This process is stochastic and is determined by
local conditions of the reaction medium (the number of selenium
atoms and nuclei, the conformation of stabiliser macromolecules in
a unit of volume and at that moment). Consequently, the increase in
the concentration of the selenium precursor in the reaction medium
is accompanied by the growth of selenium nanoparticles and the
broadening of their disperse distribution due to the growth of the
formed nuclei. However, the literature contains precedents of both
increasing and decreasing the size of nanoparticles with
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Fig. 2 Ry-distributions of water-salt solution nanocomposites SeNPs/i-
CG containing: (1) 0.3% Se, (2) 1.5% Se
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Fig. 3 Optical and X-ray Characteristics of nanocomposites
(a) Absorption, (b) Emission, (¢) Excitation spectra of 0.2% water-solution
nanocomposites SeV-cG containing: (1) 0.3% Se, (2) 1% Se, (3) 1.5% Se; (d) XRD

of (1) native k-CG, (2) nanocomposites se¥-CG containing 0.6% Se, (3) 1% Se, (4)
1.5% Se

augmentation of the precursor's concentration [35, 36]. The
direction of change in particle size depends on the selected
synthetic method and the initial reagents (mainly, the stabiliser). In
our case, we employed macromolecules of sulphated
polysaccharide k-CG as a stabiliser, which are present in the
reaction medium in excess in comparison with the selenium
precursor. As a result, the observed growth of the selenium
nanoparticles size and the broadening of their polydispersity may
also be due to the changes in diffusion characteristics of the
reaction medium upon addition of a large amount of Se?™ ions (and
consequently Na*). The polyelectrolyte nature of k-CG causes the
interaction of its macromolecules with Na* ions (under conditions
of their excess) leading to the structuring of macromolecules in a
solution and the loss of part of the diffusion mobility. Eventually,
the viscosity of the reaction medium increases and the diffusion of
selenium atoms to the surface of growing nuclei and nanoparticles
is hampered. This enhances the degree of stochasticity of the
nanoparticles formation and broadens their polydispersion. In
addition, the increased concentration of Se?” ions in the reaction
medium at the same concentration of k-CG (and, accordingly, the
increase of the solution ionic strength) leads to a decrease in the
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aggregate stability of the obtained nanoparticles and their further
uneven growth.

Previously, it was shown in [37, 38] that in the presence of
potassium ions the k-CG macromolecules transform from a state of
a ball to a spiral structure. These spirals are grouped together
through interaction with the potassium ion to afford a number of
macromolecular aggregates, which are also involved in the
synthesis of nanocomposites. This leads to a pronounced
polydispersity of the obtained nanomaterials and generation of
nanoparticles aggregates identified by TEM and DLS. The
replacement of potassium hydroxide by sodium hydroxide allows
neutralising the ion-mediated aggregation processes in the reaction
medium. However, the introduction of large amounts of sodium
ions is still accompanied by a partial structuring of k-CG
macromolecules, but to a lesser degree than in the case of
potassium ions [39].

The stability and hydrodynamic radius of Se?NPs-containing
nanocomposites have been assessed by (-potential and DLS
analysis. In the present study, {-potential of all nanocomposites
varies from —28 to —32 mV. Negative {-potential of the initial k-CG
and its Se-containing nanocomposites are originated mainly from
negatively charged sulpho-groups of the x-CG. The obtained
values indicate sufficiently pronounced stability of aqueous
solutions of the obtained nanocomposites.

The DLS data (Fig. 2) show that the obtained nanocomposites
in aqueous solutions represent stable colloidal particles with
average size (hydrodynamic radius — Rp) of 120-160 nm in
dependence on the synthesis conditions. The increase of the
amount of Se?NPs in the nanocomposite is accompanied by the
growth of Ry, and widening of the degree of particles polydispersity
in solution. This can probably be due to both an increase in the
average size of selenium nanoparticles in the course of introduction
of higher amounts of the selenium precursor into the reaction
medium and the enhancement of the ionic strength of the precursor
solution containing, apart from Se?~ and Na® ions. In the presence
of the latter (in high concentrations) a partial aggregation of CG
macromolecules occurs, which causes an increase of Ry, particles in
aqueous solutions of nanocomposites.

The optical properties of the obtained nanocomposites have
been investigated by optical spectroscopy in the visible region of
the spectrum. The absorption, emission, and excitation spectra have
been measured at room temperature. No bands are detected in the
absorption spectra of aqueous solutions of the Se%-CG
nanocomposites (Fig. 3). A monotonous rise from the low- to high-
energy spectral region and a wide peak at about 260 nm are
observed in all absorption spectra (Fig. 3a). Also, a lower intensity
plateau appears at ~530 nm. The peak of absorption in the 260 nm
region can be attributed to the interband and core electronic
transitions, while the plateau in the visible region is probably due
to surface plasmon resonance [18]. The excitation spectra of
aqueous solutions of nanocomposites are characterised by the
presence of several bands of different intensities (Fig. 3c¢).

In accordance with previous studies, the excitation bands in the
short wavelength region most likely belong to the k-CG
polysaccharide matrix [21]. The band at 527 nm presumably
corresponds to the electron transitions from low to higher energy
levels in the Se’NPs [18]. This is confirmed by the explicit
concentration dependence of the excitation band intensity on the
content of Se?NPs in the composite. Luminescence properties of
water solutions of Se?NPs stabilised by k-CG have been studied. It
is found that a band has a peak at about 660 nm (Fig. 3b). An
increase of the quantitative content of selenium in the
nanocomposite from 0.3 to 1.5% is accompanied by a slight shift of
the luminescence maximum to a longer wavelength region, as well
as a decrease in the intensity and quantum yield of luminescence
(Table 1). This effect is due to a higher luminescence intensity of
small-sized Se’NPs, which are the predominant component of
nanocomposites with 0.3% SeY, as well as by the concentration
factor of luminescence quenching.

By X-ray diffraction analysis, it has been established that all
obtained Se%x-CG nanocomposites are X-ray amorphous
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substances. Their diffraction pattern follows the X-ray patterns of
the native polysaccharide matrix of k-CG (Fig. 3d).

The available free radicals DPPH" and cation-radical ABTS**
have been employed to evaluate the total antiradical activity of the
resulting Se-containing nanocomposites. These radicals are very
often used as test systems to quantify the antioxidant activity of the
studied objects. As a control, aqueous solutions of a known
antioxidant, ascorbic acid, as well as the initial polysaccharide k-
CG have been used. The study of the damaging effect of the
synthesised nanocomposites on the free radical of DPPH" reveals
that the initial k-CG in the concentration of 0.25-9.3 mg/ml almost
does not have an inhibitory effect (Fig. 4a). The anti-radical
activity of k-CG against DPPH" does not exceed 1.9%. This
enables us to conclude that k-CG is a substance with extremely low
anti-radical activity. In contrast, Se%-CG nanocomposites in the
same concentrations show a strong antiradical effect (up to 50%).
The increase in the quantitative content of Se’NPs in
nanocomposites from 0.3 to 1.5% is accompanied by a decrease of
the inhibitory concentration value (IC) ICpppy” from 9.3 to 5.2

mg/ml, thus confirming direct participation of Se® in DPPH"
inhibition reactions.

The anti-radical activity of the ascorbic acid, used as a standard,
in the same concentrations is higher and reaches 95.4-96.7%.
Considering the effect of selenium on the antioxidant activity of
nanocomposites and low content of selenium in the
nanocomposites (0.3—1.5%), as well as the total ratio of moles of
the substrate and free radical DPPH", it can be assumed that the
found values of antioxidant activity of the obtained
nanocomposites are comparable with those of the well-known
antioxidant, ascorbic acid.

Table 1 Dimensional and luminescent parameters for Se/k-
CG nanocomposites
% Se0 Average size of Average

the particle (the quantum yield

date of TEM),
nm

0.3% 4.6 0.047 £0.005 663.5
1% 8.2 0.028 £0.002 665.5
11.0 0.026 + 0.004 666.5

Maximum
wavelength
luminescence, nm
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Fig. 4 Concentration dependence of the value of antioxidant activity
against

(@) DPPH", () ABTS™* of (1) the initial k-CG, (2) Seo—containing nanocomposites:
0.3% Se, (3) 0.6% Se, (4) 1% Se, (5) 1.5% Se

So, it is found that for 50% neutralisation of 3.2 x 10~7 mole of
the DPPH" 8.8 x 1077-2.4 x 107 mole of Se® is sufficient. These
data correlate well with ICsq, for ascorbic acid (2.4 x 107% mole)
(Table 2).

As follows from Table 2, the increase in the average size of
SeNPs is accompanied by a slight growth of selenium moles,
which are needed to achieve 50% neutralisation of DPPH". Most
likely, this pattern is due to the less pronounced antioxidant activity
in larger nanoparticles present in samples with increased selenium
content in their composition. Previously, information about the
effect of nanoparticle size on their biological properties (size
effect) has been reported [40] data obtained in the present work
confirms once again the findings of the determining influence of
nanoparticles size on their properties (including biological ones).

The free cation-radical ABTS™ is more reactive than DPPH*
and much more sensitive to potential antioxidants. Respectively,
the concentration of aqueous solutions of selenium nanocomposites
is significantly lower than for DPPH" when inhibition of 50% of
the ABTS™ is observed. It is found that the initial k-CG solution
(taken for comparison) has a weak inhibitory effect on ABTS™, the
value of antioxidant activity being 4.8% at the highest
concentrations. This confirms the low antioxidant activity of the
polysaccharide matrix, whereas Sel-containing k-CG-derived
nanocomposites exhibit a strong antioxidant effect on ABTS™". An
increase in the quantitative content of selenium in the
nanocomposites from 0.3 to 1.5% decreases the 1Csq0, ABTS™
value from 2.3 to 1.4 mg/ml (Fig. 4b). These data once again
evidence the key role of SePNPs in the antioxidant activity of
nanocomposites.

We have also employed ascorbic acid solutions in
concentrations similar to those of aqueous solutions of the tested
nanocomposites as control. The ascorbic acid shows higher activity
(up to 98%) than nanocomposites in experiments with ABTS*".
However, the calculations have allowed establishing the molar
ratio between the antioxidant tested and ABTS*". It is found that
50% neutralisation of 1.5 x 1077 mol of the ABTS™ requires 8.9 x
1078-2.6 x 1077 mol of the Se’. The obtained values are well
correlated with an amount of moles of the ascorbic acid (5.1 X
1077) that are necessary for 50% neutralisation of the ABTS'
(Table 3).

This confirms the pronounced antioxidant effect of the obtained
nanocomposites. Like in the case of DPPH', an increase in the
nanoparticles’ size is accompanied by the growth of Se? amount
required for ABTS" neutralisation from 8.9 x 1078 to 2.6 x 1077
moles, and, respectively, by a decrease in antioxidant activity of the
nanocomposites.

It can be assumed that the anti-radical activity of the
nanocomposites is based on the known high chemical reactivity of
selenium, which can participate in a number of reactions, including
redox ones. The inhibition of the model-free radicals DPPH and
ABTS is promoted either by the proton transfer reaction (if
ascorbic acid is used as an antioxidant) or by single-electron
transfer. The latter is most probable when selenium nanocomposite
is employed for inhibition of these radicals [41].

According to the literature data, the surface of selenium
nanoparticles, even in the presence of the stabilising agent,
contains uncompensated atom-ionic selenium states, which can

Table 2 Quantitative and dimensional characteristics of the Se%/k-CG nanocomposites at 50% ICppp-value as compared with

ascorbic acid

% Se0 Particle size, nm Specific surface area mz/kg C, mg/ml Mass of Se, mg mol Se@ (AA) Mol DPPH AOA, %
0.3 4.6 3x105 9.3 0.07 8.8x1077 3.2x1077 50.0
0.6 6.8 2.0x 105 8.5 0.13 1.6x1076 3.2x1077 50.0
1 8.2 1.7x10° 7.1 0.18 2.2x1076 3.2x1077 50.0
15 11.0 12.6 x 104 5.2 0.19 24x10°6 32x10~7 50.0
ascorbic acid (AA) 0.17 — 24x1076 3.2x10~7 50.0
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Table 3 Quantitative and dimensional characteristics of the Se%/k-CG nanocomposites at 50% ICagTs value as compared with

ascorbic acid

% Se0 Particle size, nm Specific surface area m2/kg C, mg/ml Mass of Se, mg mol Se® (AA) mol ABTS AOA, %
0.3 4.6 3x 109 23 0.007 8.9x1078 15%x10~7 50.0
0.6 6.8 2.0x10% 2.0 0.012 1.5%x10~7 15x10~7 50.0
1 8.2 1.7%10° 1.8 0.018 23%x107 15%x10~7 50.0
1.5 11.0 12.6 x 104 14 0.021 26%x10~7 15%x10~7 50.0
ascorbic acid (AA) 0.09 — 5.1x10~7 1.5%x1077 50.0
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Fig. 5 Histological slides of

(a, ¢) Liver, (b, d) Brain of rats in the control (upper row) and experimental (lower

row) groups administrated 6.8 nm SeONPs

interact with both polar functional groups of the stabiliser
molecules and with other substances contained in their medium
[42]. Probably, in this case, these vacant ionic and, likely, unpaired
selenium states on the nanoparticles’ surface are involved in the
single-electron transfer reactions. As a result, DPPH and ABTS
lose their primary radical structure and the test solution (used for
detection of inhibition) changes its colour. Owing to the fact that
these uncompensated states are located exclusively on the surface
of the nanoparticle (interface), the surface area of the nanoparticles
exerts the determining effect on the anti-radical activity of
selenium nanoparticles.

The increase in the nanoparticles’ size from 4.6 to 11.0 nm is
accompanied by a decrease in the minimum inhibitory
concentration of the nanocomposites required to neutralise 50% of
free radical due to the total augmentation of the selenium
nanoparticles concentration in the nanocomposites. However,
recalculation of selenium moles required for this neutralisation
reveals that radical inhibition requires a higher amount of selenium
moles. Given the determinant role of the surface area of selenium
nanoparticles, it can be assumed that the growth of nanoparticles is
accompanied by a slight decrease in their surface area (Tables 2
and 3). Consequently, the number of uncompensated ionic and
unpaired selenium states, capable of interacting with DPPH and
ABTS, also diminishes. Probably, these factors slightly decrease
antioxidant activity. The obtained data are in good agreement with
other works and confirm the size dependence of the antiradical
activity of the selenium nanoparticles.

The experimental evaluation of the toxicity of the obtained
nanocomposites bearing selenium particles of different size reveals
no statistically significant abnormalities from the control in the
behaviour of animals and their appearance. After administration of
the maximum dose (2000 mg/kg) of the studied nanocomposites to
animals, as well as during 14 days of observation, all species
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remained neat, their reactions to stimuli did not change, and hyper
salivation was also not observed. Decapitation of the animals and
their macroscopic examination showed no changes in the structure
of their main internal organs and systems. In particular, the thoracic
and abdominal cavities contained no exudate and adhesions. The
position of the organs was normal. No changes in the size or shape
of the heart were observed, intima of the vessels and blood supply
were normal. The lumen of the trachea and bronchi was
satisfactory; there was no narrowing or obstruction. Lungs were of
natural colour and size with a uniform pale pink surface. The
thyroid gland had a normal size with moderately dense consistency.
The oesophagus also showed visible narrowing or obstruction; the
mucous membrane of the oesophagus was smooth and glitter. The
stomach was of normal size and colour. Food was evacuated from
the stomach with a normal rate. The intestine was of common
colour with clearly visible peristalsis. The liver had normal size,
colour, and consistency; its blood supply was moderate. The
pancreas was of natural size, colour, and consistency. The size,
colour, and density of the spleen were also within normal range.
The kidneys were of normal size and brown. The cortex and
medulla of the organ were clearly distinguishable in the section.
The adrenal glands were round, white, and moderately dense. The
urinary bladder was of common size, the evacuation of urine was
normal; the mucous membrane of the organ was smooth and glitter.
The colour and shape of the testicles were normal. The membranes
of the brain were glitter, thin and smooth. Ventricular dilatation in
the frontal section was not observed. There were no visible changes
in the internal organs and glands. Thus, taking into account the set
of indicators and the absence (during the observation period) of
animal deaths, the studied nanocomposites with selenium particle
sizes of 6.8 and 24.5 nm have been assigned to hazard class 5 and
are low-hazard substances.

The study of the biological effect of selenium nanoparticles
with an average size of 6.8 and 24.5nm, as well as their
biodistribution has shown that the state of rat organs after 10-day
administration of selenium nanocomposites and pure «-CG
nanocomposites did not differ from that of the control group. The
macroscopic picture of the main organs and systems of the
organism was within the normal range. The results obtained are in
good agreement with the experimental data on the toxicity of
selenium nanocomposites and indicate low toxicity of these
compounds. Microscopic examination of the liver, kidneys, and
brain of rats treated with nanocomposites and the original x-CG
revealed that the structure of these organs also did not have
statistically significant abnormalities from the control. Fig. 5 shows
histological samples of liver and brain of rats in the control and
experimental groups. The liver sections of experimental animals of
all groups were characterised by the normal blood supply to
sinusoidal capillaries, central veins, and portal tracts. The latter
were not expanded, without signs of sclerosis and inflammation.
The beam-radiary structure of the hepatic acinus is preserved. The
number of Kupffer's star macrophages had no statistically
significant differences (p = 0.4) from the control indicators: 123.0—
173.0 in the experimental groups and 145.0-177.0 in the control
group. The sections of kidneys revealed normal blood supply to the
cortex and medulla. The state of the renal artery wall and arterioles
is normal. The interstitial space is satisfactory. The structure of
renal glomeruli is preserved. The area of the Shumlyansky—
Bowman capsule did not have a statistically significant difference
(p=0.1-0.7) from the control indicators: 35,422.6-36,167.7 pm? in
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Table 4 Values various cell populations in brain tissue per
unit area (0.2 mm?)
Group A A number A numberof A number of
number of degenerated neuronophagia
of astroglial neurons per  acts per unit

neurons cells per unitarea (un.)  area (un.)
per unit unit area
area (un.)
(un.)
control 358.5 3365  4.0(2.0-4.5) 25(0.5-4.5)
(342.0-  (319.0-
375.5) 364.5)
seONPs 3155 27852  55(3.5-7.0) 25 (2.0-4.0)
(6.8nm) (301.5-  (269.0-
334.5) 292.0)
SeONPs  385.0 3570  6.0(5.0-7.0)  3.5(2.0-4.0)
(24.5 (378.5-  (325.5-
nm) 392.5) 385.0)
k-CG 360.0 314.0 3.0 (1.0-4.5) 2.5(1.5-4.0)
(339.0-  (298.0-

371.5)  329.5)

AThe indicator differs from the control values.

Table 5 Selenium concentration in organs of rat (in
parentheses is the standard deviation)
Organ Selenium concentration, ug/g

Control group  First group (6.8 Second group

nm SeONPs)  (24.5 nm SeONPs)
liver 0.079+0.005 0.210+£0.016 0.096 + 0.006
(0.012) (0.036) (0.013)
kidney  0.035+0.003 0.151+0.002 0.036 +0.002
(0.006) (0.006) (0.004)
brain 0.030+0.002 0.061+0.003 0.027 £0.004
(0.004) (0.007) (0.001)

the experimental groups and 36,204.8 (30,303.4-39,741.2) pm? in
the control group. No foci of inflammation or necrosis of the renal
tissue were observed. The epithelium of the distal and proximal
renal tubules was normal.

An exception is the brain of rats from the group treated with a
nanocomposite having small particle size (6.8 nm). In this group, a
statistically significant (p =0.03) decrease of astroglial cells was
observed as compared to the control group. The results of the
microscopic examination of rat brain sections are shown in Table 4.

In addition, it was found that if rats were administrated with the
nanocomposite having small particle size, the level of selenium
concentration was increased in liver, kidneys, and brain compared
to the control group and the group treated with the nanocomposite
having a particle size of 24.5 nm (Table 5).

Probably, due to high chemical and biological activity, small-
sized selenium nanoparticles are more intensively involved in
biochemical interactions with organic compounds, including the
substitution of sulphur in sulphur-containing proteins, participate in
the synthesis of specific selenoproteins, and also form a renewable
supply of selenium in the organism. These facts explain the
increase in the selenium concentration in the tissues of animals
treated with nanoparticles of 6.8 nm in size. On the contrary,
significantly larger particles (24.5 nm), likely due to their low
reactivity, are partially eliminated from the organism through
natural mechanisms of enzymatic reduction to hydrogen selenide,
as well as reverse enzymatic methylation to sequentially afford
methylhydroselenide (Se-containing analogue of methanol),
dimethylselenide and trimethylselenonium cation. These Se
compounds are excreted with urine, and dimethylselenide is
eliminated in large amounts with sweat as well [43—45].

In addition, the observed significant increase of selenium
concentration in the brain results from the penetration of small
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selenium nanoparticles through the blood—brain barrier, which still
remains impermeable to large particles. At the same time, a
decrease in the number of astroglial cells is probably due to the
effect of selenium nanoparticles on the astroglial elements of the
sensorimotor cortex. Given the high importance of astrocytes in
maintaining of brain tissue homoeostasis, such selectivity can lead
to essential changes in the functional state of the sensorimotor
cortex in the long-term post-contact period. The revealed cell
selectivity of the studied nanocomposite with a selenium
nanoparticle size of 6.8 nm requires further detailed study.

4 Conclusion

In this study, a newly available and environmentally friendly
method for the synthesis of water-soluble selenium nanoparticles
stabilised by the k-CG shell has been developed. The potential anti-
radical and luminescent activity of the nanocomposites is studied.
The structure of Se"NPs is confirmed by TEM, DLS, XRD, PL,
and optical spectroscopy. It is found that the obtained
nanocomposites have a pronounced luminescence, the main
parameters of which (quantum yield and excitation—emission
range) depend on the size of selenium nanoparticles. With the use
of model-free radicals ABTS and DPPH, it is established that the
nanocomposites have high anti-radical activity, the value of which
is inversely related to the size of nanoparticles and is determined
exclusively by selenium nanoparticles incorporated in the
polysaccharide. In vivo testing of the biological effect of the
obtained nanocomposites made it possible to establish and confirm
the determining effect of the size of nanoparticles on their
properties, in particular, pronounced accumulation of selenium in
the body with an experimentally recorded decrease in astroglial
cells when administering small nanoparticles and the absence of
any effects of accumulation and biological effects of large
nanoparticles. Also, we found low toxicity of all obtained
nanocomposites. Together, this determines the prospects for further
research of the obtained nanomaterials for the development of
modern non-toxic biocompatible materials for design visualising
and therapeutic agents for biomedical applications.
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