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Abstract. Selenium and its compounds are promising immunomodulatory agents. We studied the ability of selenium 

nanoparticles (Se NPs) and their combination with immunoglobulins (IgG) to influence the functional responses of 

immune cells and the expression profile of “stress associated”. The cytotoxic effect of Se NPs was also studied in pri-

mary and immortalized cell cultures. Se NPs were obtained by laser ablation in water followed by fragmentation. Frag-

mentation control was performed using acoustic and optical methods of size estimation. The size distribution of Se NPs 

was narrow and an average size was 100 nm. The Se NPs did not exhibit cytotoxicity against fibroblasts, hepatocytes 

and cell line L-929. Weak cytotoxicity was found for the HL-60 granulocyte-like culture. On a surviving culture of 

mouse granulocytes, no cytotoxic effect was found. The addition of Se NPs in combination with IgG can modulate the 

maximum and total production of ROS by murine granulocytes induced by W-peptide and PMA and modulate the 

proportion of granulocytes with calcium responses to Wp. Se NPs modulate the action of IgG on the physiological 

responses of granulocytes. In the study of gene expression, similar patterns were found. Se NPs increase the expression 

of HSP90, NFkb, Xrcc4, SOD2 genes; IgG enhances the effect of Se NPs, while IgG decreased the expression of these 

genes. This phenomenon can be explained by the interaction between Se NPs and IgG. Data of spectral methods showed 

the binding of IgG to Se NP surface and a partial change in the spatial structure of IgG. 

Keywords: selenium nanoparticles, immunoglobulin, laser fragmentation, innate immune cells, reactive oxygen spe-

cies, gene expression, calcium activity of non-excitable cells. 

List of Abbreviations 

DLS – dynamic light scattering 

FPR2 – receptors of formylated peptides 2 

IgG – immunoglobulin G 

IP3 – inositol triphosphate 

GPCR – G protein-coupled receptor 

LED – light emitting diode 

NETs – neutrophil extracellular traps 

NF-κB – nuclear transcription factor κB 

NP – nanoparticles 

PBS – phosphate-buffered saline 

PIP2 – phosphatidylinositol 4,5-bisphosphate 

PLC-β – phospholipase C 

PKC – protein kinase C 

PMA – phorbol myristate acetate 

ROS – reactive oxygen species 

RT PCR – reverse transcription polymerase 

chain reaction 

TEM – transmission electron microscopy 

Wp – peptide WKYMVM   

Introduction 

Polymorphonuclear cells (granulocytes) are 

a population of leukocytes with a large seg-

mented nucleus and specific granules in cyto-

plasm. Among the granulocytes, three large 

subpolations (neutrophils, eosinophils and ba-

sophils) are distinguished, depending on the 

characteristics of granules staining (Lin & Loré, 

2017). In most cases, the granules are large or 

altered lysosomes and peroxisomes (Fingerhut 

et al., 2020). Granulocytes play key role in in-

nate immune responses. They provide primary 

protection against infectious agents or host's 

cancrine cells. Granulocytes are also involved 

in the regulation of processes associated with 
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the regulation of inflammation (Peiseler & 

Kubes, 2019). Granulocytes can eliminate a 

pathogen via two groups of mechanisms. The 

first group of mechanisms includes phagocyto-

sis, accelerated reactive oxygen species (ROS) 

generation “respiratory burst”, release of neu-

trophil extracellular traps (NETs) (Stoiber et 

al., 2015). The second group of mechanisms 

mainly associated with the secretion of a large 

number of different signal molecules, including 

cytokines (Lehman & Segal, 2020). The func-

tioning of granulocytes is usually accompanied 

by migration to the site of inflammation 

(Phillipson & Kubes, 2011). 

The functioning of granulocytes, like any 

other immune cells, must be strictly regu-

lated. Regulation occurs via small signaling 

molecules and proteins, including immuno-

globulins (Chiu et al., 2019; Gál et al., 2017; 

Vinolo et al., 2011). In the case of patholog-

ical processes (autoimmune disorders and 

oncology), the regulation of granulocyte 

functioning may be disturbed. In this case, 

granulocytes can cause serious damage of 

tissues and organs due to excessive cytotoxic 

activity, overproduction of ROS and the de-

velopment of chronic inflammation due to 

improper functioning of the NET system 

(Galvão et al., 2019; Kang et al., 2021). 

Selenium is essential microelement for liv-

ing organisms. The human body contains about 

10–14 mg of selenium, and human’s daily need 

for selenium is 70–100 μg/day (Janghorbani et 

al., 1990). Selenium is involved in maintaining 

an adequate redox balance in a cell and partici-

pates in the regulation of metabolism. Selenium 

is included in amino acids selenocysteine. This 

amino acid plays key role the functioning active 

sites of enzymes (Zhang et al., 2022). Selenium 

promotes the assimilation of iodine, acts as an-

tioxidant (Siddik et al., 2022; Veisa et al., 

2021). In addition, the radioprotective and radi-

omitigatory properties of selenium are de-

scribed (Gudkov et al., 2015; Proshin et al., 

2017). It is described, that selenium deficiency 

interferes immune system functions (Guillin et 

al., 2019). The adequate intake of selenium is 

important for adequate activity of most cells of 

innate immunity (Xia et al., 2021; Zhang et al., 

2021). A supposed mechanism of immuno-

mod-ulatory activity of selenium is its antiox-

idant properties. In some case, selenium is can 

prevent the development of oxidative stress 

and protect cells from damage to nucleic ac-

ids, proteins, and other biomolecules by reac-

tive species (Kuropatkina et al., 2022; 

Varlamova et al., 2021b). At the present day, 

scientists pay great attention on nanoscale 

forms of selenium: selenium nanoparticles 

(Se NPs) and nanofibers. Selenium nanopar-

ticles can be used in biomedicine and agricul-

ture (Bora et al., 2022; Varlamova et al., 

2021c). Nanoparticles commonly consist of 

selenium in nonoxidased form Se0, which is 

insoluble in water. Selenium can slowly oxi-

dize and transform into selenium oxides, 

which are highly soluble in water and are able 

to quickly enter into biological cycles 

(Khurana et al., 2019). Therefore, Se NPs can 

show significant toxicity and create a power-

ful prolonged effect on living systems 

(Hosnedlova et al., 2018). Se NPs show more 

toxicity against cancer cells compared to nor-

mal cells (Varlamova et al., 2021a). In addi-

tion, Se NPs have chemical stability and can 

to adsorb a lot of small molecules on threir 

surface. These properties made Se NPs a can-

didate for the manufacture of drug delivery 

systems (Maiyo & Singh, 2017). The size of 

50–100 nm is a significant competitive ad-

vantage of selenium nanoparticles, since, due 

to the size, Se NPs are not absorbed by the 

reticuloendothelial system, and they are not 

filtered out in the kidneys (Hosnedlova et al., 

2018). Se NPs can modulate activity of im-

mune cells, for example, production of cyto-

kines by macrophages (Pi et al., 2020). There 

are data about potential using of Se NPs to re-

duce the growth and development of tumors 

via activating specific T-cells and tumor-as-

sociated macrophages (Gautam et al., 2017). 

Se NPs are also being considered for the role 

of an agent preventing immunosuppression in 

chemotherapy. It has been shown that in cy-

toxan-induced immunosuppression, daily in-

take of Se NPs in a polymeric carbohydrate 

matrix stimulated the production of immune 

factors by immune cells (Dung et al., 2021). 



STUDY OF THE EFFECTS OF SELENIUM NANOPARTICLES AND THEIR COMBINATION WITH IMMUNOGLOBULINS 

ON THE SURVIVAL AND FUNCTIONAL STATE OF POLYMORPHONUCLEAR CELLS 

  Opera Med Physiol. 2022. Vol. 9 (4)  |  139 

Immunosuppression during chemotherapy 

seriously increases the risk of developing in-

fec-tious diseases in cancer patients. Moreo-

ver, in-fections can be caused by including 

opportunistic pathogens. There are a suffi-

cient number of works in which Se NPs is 

considered as a universal new therapeutic 

agent for neutralizing immune system dys-

function in bacterial infections, cancer, and 

immunosuppression-associated pathologies 

(Ferro et al., 2021; Gao et al., 2021; Zeng et 

al., 2021). 

In general, a lot is known about the immuno-

modulatory properties of Se NPs. This study is 

mainly focused on the modulation of the physi-

ological state of granulocytes due to Se NPs, as 

well as the ability of Se NPs themselves and in 

combination with antibodies to influence the in-

nate immune cell functional status. 

 

Materials and Methods 

Selenium nanoparticles fabrication 

Se NPs were obtained by laser ablation fol-

lowed by laser fragmentation. Solid Se (Sigma 

Aldrich) was used as a target. Ytterbium-doped 

fiber laser (YLPM-1) with wavelength 1060-

1070 nm was used to ablation and fragmenta-

tion. Laser pulses had average power 20 mV, 

duration 80 ns and repetition 20 kHz. More de-

tailed description can be found in previous 

work (Simakin et al., 2021). 

 

Animals 

The study was performed on male 8-10 

weeks old BALB/c mice weighing 21-24 g. The 

animals were purchased at the Stolbovaya 

Nursery (Stolbovaya Branch of the Scientific 

Biomedical Technology Centre of the Federal 

Medico-Biological Agency (Moscow region, 

Russia)). All procedures of primary cells isola-

tion performed in accordance with the Euro-

pean Communities Council Directive (Novem-

ber 24, 1986; 86/609/EEC) and the Declaration 

on Humane Treatment of Animals. The proto-

col of experiments was approved by the Com-

mission on Bioethics (no. 12306, 2006) of the 

Institute of Cell Biophysics of Russian Acad-

emy of Sciences. The animals received drink 

and feed accesso libero. 

Bone marrow granulocytes isolation 

Isolation of granulocytes from mouse bone 

marrow was performed by centrifugation on a 

percoll density gradient according to the stand-

ard method (Filina et al., 2014). Mice were im-

mobilized by cervical dislocation. The femur, 

tibia and ulna were extracted, the epiphyses 

were cut off and washed with RPMI-1640 

(Gibco, USA). The cell suspension was layered 

on a Percoll gradient in PBS (78%, 62.5%, 

55%, vol/vol) and centrifuged at 1500 g, 35 

min, 4 ℃. The cells were collected from the 

border of 62.5% and 78%, washed in RPMI-

1640, then in PBS and diluted in a Hanks solu-

tion without calcium to a concentration of 107 

cells/ml. The cells were kept on ice for 1 hour 

for resting. 

The survival of the obtained cells was eval-

uated by trypan blue staining. The polymorphic 

morphology of nucleus was confirmed by 

Hoechst 33258 staining, maturity was evalu-

ated by staining with PE-conjugated monoclo-

nal anti-Ly-6G/Ly-6C (Gr-1) antibodies (Ther-

moFisher, USA) clone RB6-8C5. The evalua-

tion was performed using a DM 6000 fluores-

cence microscope (Leica, Germany). Samples 

of cells with a survival rate at least 98% and a 

proportion of polymorphonuclear and Gr-1+ 

cells at least 90% were taken into the experi-

ment. 

 

ROS production measurement 

Concentration of ROS production by granu-

locytes were evaluated by chemiluminescent 

method using chemiluminometer Chemilum-12 

(IBC RAS, Pushchino, Russia). Samples 

(2×106 cells in 200 μl a Hanks solution with 1 

mM calcium chloride) were incubated in meas-

uring wells during 20 min at 37 °C in the pres-

ence of 0.35 mm luminol, 0.1 mm NaN3, 1 u/ml 

horseradish peroxidase type IV, pH 7.38. After 

incubation, the samples were placed in a chem-

iluminometer measuring chamber. The baseline 

of luminescence level was recorded for 4 

minutes. Further the corresponding stimulus 

1010/ml Se NP and/or 0.5 mg/ml of polyclonal 

human immunoglobulins IgG (Microgen, Rus-

sia) was added, luminescence was recorded for 

20 minutes, after which respiratory explosion 
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inducers were added: 1 µM synthetic peptide 

WKYMVM (Wp) or protein kinase C (PKC) 

activator 1 µM phorbol myristate acetate 

(PMA) (Hao et al., 2020; Sokolov et al., 2018). 

The intensity of chemiluminescence of cells 

was recorded for 250 seconds. Each sample was 

measured in duplicates. A detailed description 

of the experimental procedures can be found in 

the previous work (Safronova et al., 2021). 

 

Assay of granulocytes calcium activity 

The concentration of calcium cations in the 

cytoplasm of murine granulocytes was evalu-

ated by fluorescence microscopy. Granulocytes 

(106 cells/ml in a drop of 100 µl Hanks solution) 

were applied to a round cover glass Ø 25 mm, 

placed in a wet chamber and incubated during 

15 min at 37 ℃ for adhesion.  

Further cells were loaded by Fura2-AM rati-

ometric fluorescent dye (ThermoFisher, USA) 

45 min at 37 ℃ in a wet chamber. Cover glasses 

with cells were placed in commercially availa-

ble chamber-holder RC-40LP (Warner Instru-

ments, USA). The cells were immediately 

washed twice with 1 ml of a complete Hanks 

solution preheated to 37 ℃, 1 ml of a heated 

Hanks solution was added to the washed cells 

and placed on a thermostatically controlled ob-

jective table at 37 ℃. 

Fluorescent signals were recorded using an 

imaging installation based on an inverted 

AE31E microscope (Motic, Spain), an SDU-

285 digital camera (SpecTeleTechnika, Russia) 

and an LED lighting system. Fura 2AM fluores-

cence was recorded in radiometric mode at 

wavelengths of exciting light of 340 and 380 

nm. The concentration of calcium in the cyto-

plasm of granulocytes was estimated by the ra-

tio of fluorescence F340/F380. Background 

values of fluorescence intensity were prelimi-

nary subtracted in each sample before analysis 

(Turovsky et al., 2012). The settings of the cur-

rent strength of the LED illuminator, the expo-

sure time and gain were constant for all variants 

of the experiment. 

Cell fluorescence was recorded at base con-

ditions during 4 minutes, then 1010/ml Se NP, 

0.5 mg/ml IgG or a combination thereof were 

added in appropriate samples. Further fluores-

cence was recorded for 15 minutes, then the 

proinflammatory agent W-peptide (1 µM) was 

added in each sample and fluorescence were 

recorded for 5 minutes. In control samples, ster-

ile PBS was used as the first additive. Win-

FluorXE acquisition software (J. Dempster, 

Strathclyde Electrophysiology Software, Uni-

versity of Strathclyde, UK) was used for data 

collection. A more detailed description of the 

measuring setup, data collection mode can be 

found in the previous work (Serov et al., 2021). 

Calcium activity of cells was evaluated as by 

the proportion of cells with calcium responses 

in the total population after each addition. This 

approach is based on the calculation of skew-

ness (asymmetry, As) of the F340/F380 values 

for each cell under each experimental condi-

tions. This method was developed by us earlier 

to evaluate the calcium activity of electrically 

non-excitable cells. A detailed description of 

the principle of the method can be found in 

study (Serov et al., 2019). 

 

Micronucleus Assay 

Cytogenetic damage of cells was assessed by 

the proportion of polychromatophilic red cells 

with micronucleus in all population of poly-

chromatophilic red cells. Isolation of red bone 

marrow, obtaining of preparations for micros-

copy and their staining are described in detail in 

the previous work (Sharapov et al., 2017). The 

maximum yield of polychromatophilic red cells 

with micronucleus is observed about a day after 

exposure. Therefore samples were prepared af-

ter 24 hours of nanoparticles influence. The 

counting of polychromatophilic red cells with 

micronucleus was carried out using a light mi-

croscope with an immersion lens at a magnifi-

cation of ×1000. Details are described earlier 

(Gudkov et al., 2009). 

 

Cytotoxicity assay  

Acute cytotoxicity studies were performed 

using standard in vitro test systems: primary 

cultures of mouse hepatocytes and fibroblasts, 

as well as permanent cell lines L929 (mouse 

connective tissue, ATCC №CCL-1) and HL-60 

(human leukemia cells, ATCC № CCL-240). 

The cells were grown in DMEM (Biolot, Rus-
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sia) supplemented by 10% (primary cell cul-

tures and L-929 line) or 20% (HL-60 line) 

embryonic bovine serum (Gibco, USA), 2 

mM L-glutamine, 100 U/ml penicillin, and 

100 μg/ml streptomycin (PanEco, Russia), at 

37 ℃ and 5% carbon dioxide atmosphere in 

a CO2 incubator (Binder, Germany). Initially 

cells 3×104 cells/dish in 3 ml were placed in 

Petri dishes Ø 35 mm. 1010/ml Se NP, 0.5 

mg/ml IgG or a combination thereof were 

added in appropriate samples. The cells were 

cultured for 3 days. After incubation cells 

were rinsed 3 times by BPS and stained with 

fluorescent dyes 2 micrograms/ml Hoechst 

33342 (Sigma, USA) and 2 micrograms/ml 

propidium iodide (Sigma, USA) to determine 

the number of living and dead cells, respec-

tively. Hoechst 33342 stains all cells (living 

and dead). Propidium iodide dye penetrates 

into living cells extremely slowly, so in a 

short incubation time (we used about 10 

minutes) it stains only cells with a damaged 

plasma membrane. A plasma membrane with 

ruptures leading to dye penetration was one 

of the main criteria for cell death. Micro-

scopic analysis of the samples was carried 

out using an imaging system based on Leica 

DMI6000 (Leica, Germany). ImageJ (HIN, 

Table 1 

Primers used for qRT-PCR 

 

№ Genes 
GenBank 

accsession # 
Oligonucleotide 5’-3’ Amplicon Size, bp 

1 Actb NM_007393.4 
CCTTCCTTCTTGGGTATGGAATCC  

115 
CACCAGACAGCACTGTGTTGGCA 

2 HSP90  NM_011631 
GTCCGCCGTGTGTTCATCAT 

168 
GCACTTCTTGACGATGTTCTTGC 

3 KEAP-1 NM_016679 
TGCCCCTGTGGTCAAAGT 

104 
GGTTCGGTTACCGTCCTGC 

4 NFkb  NM_008689 
CCACGCTCAGCTTGTGAGGGAT 

106 
GGCCAAGTGCAGAGGTGTCTGAT 

5 
NRF2 

 
NM_010902 

CTCGCTGGAAAAAGAAGTG  
240 

CCGTCCAGGAGTTCAGAGG  

6 Catalase NM_009804 
AGCGACCAGATGAAGCAGTG  

181 
TCCGCTCTCTGTCAAAGTGTG  

7 SOD2  NM_013671 
GCGGTCGTGTAAACCTCAT  

240 
CCAGAGCCTCGTGGTACTTC  

8 Prx6 NM_007453 
TAAGGACAGGGACATTTCCATCC 

145 
CCGTGGAGTTAGGGTAGAGGA 

9 Xrcc4 NM_028012 
GAGACACCGAATGCAGAAGA 

121 
GGTGCTCTCCTCTTTCAAGG 

10 Xrcc5 NM_009533 
GAAGAACAGCGCTTCAACAG 

92 
TCCTGAACAACAATTTCCCA 

11 LigIV NM_176953 
ATGGCTTCCTCACAAACTTCAC  

103 
TTTCTGCACGGTCTTTACCTTT  

12 TNFa NM_013693 
ATGAGAAGTTCCCAAATGGC  

125 
CTCCACTTGGTGGTTTGCTA  

13 AP-1 NM_010591 
CACGGAGAAGAAGCTCACAA  

126 
ACTTGTTACCGGTCCTCTGG  

14 Ki67 NM_001081117 
ATCATTGACCGCTCCTTTAGGT 

104 
GCTCGCCTTGATGGTTCCT 

15 IL6 NM_031168 
TAGTCCTTCCTACCCCAATTTCC 

76 
TTGGTCCTTAGCCACTCCTTC 

 



 

USA) was used to data analysis. Survival, 
cells area and area of the nucleus were cal- 
culated. At least 500 cells were analyzed on 
the surface of each sample for analysis. 

 
Gene expression 
Real-time RT PCR was applied to analyze 

gene expression in surviving murine granulo- 
cytes cultures. Total RNA from cells was ex- 
tracted using ExtractRNA reagent. The quality 
of RNA was assessed by electrophoresis in 2% 
agarose gel in TAE buffer in the presence of 
ethidium bromide (1 µg/ml). RNA concentra- 
tion was measured on NanoDrop 1200c spec- 
trophotometer (Metler Nolledo, USA). To 
avoid possible contamination with genomic 
DNA, the isolated RNA was treated with RQ1 
DNAse. For reverse transcription (RT) 2 µg of 
total RNA was used with MMLV RT kit. The 
obtained cDNA was subsequently used in PCR 
with gene-specific primers (Table 1) synthe- 
sized by “Evrogen” (Russia). Real-time PCR 
was run in thermocycler QuantStudio 5 
(Thermo Fisher Scientific, USA) using 
qPCRmix-HS kit, which contains fluorescent 
intercalating dye SYBR Green II. Results were 
calculated according to a standard method. All 
details have been previously described 
(Sharapov et al., 2020). 

 
Assay of IgG solutions optical properties 
Absorption spectra were measured on a Cin- 

tra 4040 (GBC Cintra 4040, Australia) in quartz 
cuvettes with an optical path length of 10 mm 
at room temperature (~22 °C). The BSA con- 
centration was 0.5 g/L. The absorption spectra 
were measured with at least 6 samples for each 
group. 

Hydrodynamic particle diameters was eval- 
uated by dynamic light scattering (DLS) with 
Zetasizer ULTRA Red Label (Malvern Panalyt- 
ical Ltd., Malvern, UK). A 1 ml solution of IgG 
with a concentration of 5 mg/ml was measured 
in a plastic cuvette at 25 °C. Five independent 
experiments were carried out for the control and 
samples with different Se NPs concentration. 
The intensity distributions of the hydrodynamic 
diameters were calculated using the ZS Xplorer 
program and algoritm (Penkov, 2020). 
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Fluorescence of samples in water was stud- 
ied on a Jasco FP-8300 spectrometer (JASCO 
Applied Sciences, Canada). Measurements of a 
2 ml solution of IgG with a protein concentra- 
tion of 5 mg/ml were carried out in quartz cu- 
vettes with an optical path length of 10 mm at 
room temperature (~25 °C). Each sample was 
measured in triplicate. The intensity maxima 
change by several percents (Sarimov et al., 
2021b). 

Refractive index measurements were carried 
out on a Multiwavelengths Refracto-meter: Ab- 
bemat MW (Anton Paar, Graz, Austria). The 
IgG solution (5 mg/ml, 1 ml) was added into the 
cell of the device and measurements were made 
at a wavelength of 435.8, 589.3 and 632.8 nm 
at a temperature of 25 °C (Nagaev et al., 2022). 

 
Statistics 
Statistical processing was performed with 

Sigma Plot and MS Office Excel software. All 
data were presented as mean ± standard error. 
At least 3 independent experiments were car- 
ried out for each study conditions. The statisti- 
cal significance of differences between the sam- 
ples was assessed using the Mann-Whitney test 
or signed rank test (Z-statistic). 

 
Results 
Se NPs were obtained by laser ablation with 

further laser ablation fragments to obtain the 
narrowest possible size distribution. During la- 
ser fragmentation of nanoparticles, the charac- 
teristic processes occurring in the experimental 
cell were controlled by recording acoustic os- 
cillations and the nature of plasma formation 
(Fig. 1). It is shown that the dependence of am- 
plitude of acoustic oscillations on Se NPs con- 
centration can be approximated by two linear 
functions in the presented coordinates (Fig. 1a). 
The first is in the concentration range from 
5×106 to 108 NPs ml, the second is in the con- 
centration range from 108 to 1010 NPs/ml. The 
interpolation accuracy will be quite high due to 
the small measurement variability. The optical 
changes in the experimental cuvette during la- 
ser fragmentation can be described by one lin- 
ear function in the presented coordinates (Fig. 
2b), but not by two functions. This phenomenon 
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is unusual to NPs colloids. The interpolation ac-

curacy will be somewhat lower. 

We achieved rather narrow size evolution of 

Se NPs via controlling the physicochemical 

processes in the experimental cell (Fig. 2a). The 

obtained Se NPs were studied using the dy-

namic light scattering method. Average hydro-

dynamic diameter of Se NPs is about 100 nm. 

The half-width of size distribution is about 35 

nm (70-105). TEM-assisted data support these 

results (Fig. 2b). 

Cytotoxicity of Se NPs was studied (Fig. 3). 

Se NPs in concentrations 107-1011 did not 

change number of non-viable cell in case of pri-

mary cultures fibroblasts (Fig. 3a), hepatocytes 

(Fig. 3b) and epithelial-like L-929 cells 

(Fig. 3c). 

Se NPs had weak cytotoxic effect against 

granulocyte-like cells LH-60 (Fig. 4d). Se NPs 

dose-dependent increase amount of non-viable 

cells from 5% (control) to 9 and 15% at Se NPs 

1010/ml and 1011/ml respectively 

It has been established that after addition of 

Se NPs decrease area of nucleus in L-929 and 

HL60 cells (Fig. 4). In L-929 cell culture reduc-

tion (about 15% compare with control) of nu-

cleus area began from concentration 1010 

NPs/ml. The HL60 cells were more sensitive to 

Se NPs. Addition of 108 NPs/ml reduced nu-

cleus area on 25–30% compare with control 

(Fig. 4b). At concentrations 1010 and 1011 

NPs/ml similar effect was observed. 

As shown earlier Se NPs had more pro-

nounced effect against granulocyte-like HL-60 

cell line. Tendency to a decrease in viability 

was observed at 108 NPs/ml. Separately, exper-

iments were carried out on a surviving culture 

of murine granulocytes. It was shown that no 

loss of viability was observed even at a concen-

tration of 1011 NPs/ml. We proposed that ma-

ture granulocytes are more resistant to environ-

mental changes than progenitor cells. The ques-

tion arises whether nanoparticles can affect pro-

genitor cells in vivo (red bone marrow cells). 

Micronuclear test was carried out to evaluate 

Se NPs influence on progenitor blood cells 

(Fig. 5). 

We observed that Se NPs up to 1010/ml did 

not affect the formation of micronuclei, alt-

hough there is a tendency to increase the num-
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Fig. 1. Dependence of acoustic oscillations amplitude (a) and average distance between optical breakdowns 

at laser fragmentation (b) on Se NPs concentration. Data are presented as means ± SE (n = 3). The dotted 

lines show the linear approximation 
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Fig. 2. Distribution of Se NPs by size obtained by DLS (a). TEM-image of individual Se NPs (b). Scale bar 

is 200 nm 
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Fig. 3. Influence of Se NPs in different concentrations on number of non-viable cells in primary cultures of 

fibroblasts (a) and hepatocytes (b), cell lines lines L-929 (c) and LH-60 (d). Results are presented as means 

± standard errors (n = 5). * – p < 0.05, compared with control, Mann-Whitney test 
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Fig. 4. Influence of Se NPs in different concentrations on nucleus area in L-929 (a) and LH-60 (b) cell lines. 

Results are presented as means ± standard errors (n = 5). * – p < 0.05, compared with control, Mann-Whitney 

test 
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Fig. 5. The effect of Se NPs injected intravenously on the formation of polychromatophilic red cells with 

micronuclei in the red bone marrow of mice. The data are presented as average values ± standard error  

(n = 5). * – p < 0.05, compared with control, Mann-Whitney test 

 

 

ber of cells containing micronuclei. The per-

centage of cells with micronuclei increased by 

12% relative to the control at a concentration of 

1010 NPs/ml. At the concentration of  

1011 NPs/ml, the number of cells with micronu-

clei increased by almost 20% (p < 0.05). Thus, 

Se NPs cannot affect normal granulocytes, 

while had moderate cytotoxic activity against 

myeloid granulocyte progenitor cells and gran-

ulocyte-like cell line. 

Granulocytes as other innate immune cell 

play a role of “first line of defense” of the host. 

The main functions of granulocytes are the 

elimination of bacteria or other pathogen by 

generating ROS in the site of infection. There-

fore, the effect of Se NPs on the rate of ROS 

generation by murine bone marrow granulo-

cytes was researched. Recently, a lot of infor-

mation has appeared in the literature about the 

interaction of granulocytes with antibodies, 

therefore, we studied effects of Se NPs and their 

combination with IgG immunoglobulin. The 

addition of Se NPs did not change base produc-

tion of ROS by granulocytes (Table 2). Addi- 
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Table 2 
 

Quantitative characteristics of the «respiratory burst»  

of murine bone marrow granulocytes caused by 1 µm Wp or 1 µm PMA 

 

Parameter PBS Se NP 1010/ml 
Se NP 1010/ml + 

+ 0.5 mg/ml IgG 
0.5 mg/ml IgG 

Base level, a.u. 

(before stimulus) 
1.7 ± 0.3 1.8 ± 0.3 4.1 ± 0.9 *§ 3.9 ± 0.8 *§ 

Wp 1 μM 

Maximum  

amplitude, % 
100 97 ± 4 118 ± 6 *§ 119 ± 2 *§ 

ROS production 

(Integral Wp 100s/Integral base 100s) 
5.7 ± 0.4 5.9 ± 0.3 5.2 ± 0.1 6.4 ± 0.2 

PMA 1 μM 

Maximum  

amplitude, % 
100 121 ± 18 55 ± 19 *§ 66 ± 18 *§ 

ROS production 

(Integral PMA 100s/Integral base 

100s) 

21.9 ± 4.5 23.4 ± 5.6 2.8 ± 0.9 *§ 3.7 ± 1.3 *§ 

 

Note: * – p < 0.05, compared with stimulus on the background of PBS, one-sample signed rank test Z-statis-

tical (n = 4). § – p < 0.05, compared with stimulus on the background of Se NP 1010/ml, Mann-Whitney test 

(n = 4). 
 

 

tion IgG or combination of IgG with Se NPs in-

creased base level of ROS generation (Table 2). 

Se NPs did not significantly modify the Wp- or 

PMA-induced respiratory burst of granulocytes 

(Fig. 6, Table 2). The addition of IgG did not 

change the total production of ROS (Fig. 6b), 

but increased the maximum amplitude of the re-

sponse (Fig. 6a, Table 2). 

The combination of IgG with Se NPs also 

enhanced the maximum amplitude of Wp-in-

duced ROS generation (Fig. 6a, Table 2), but 

did not change the total ROS generation in 250 

seconds (Table 2). The effect of combination of 

Se NPs + IgG on Wp-induced ROS generation 

was equal to influence of IgG added alone 

(Fig. 6a, Table 2). Se NPs did not change of 

maximum amplitude and total PMA-induced 

ROS generation by granulocytes (Fig. 6b, Ta-

ble 2). The addition of combination Se 

NPs+IgG or IgG desreasesd total PMA-induced 

ROS production and maximum ROS generation 

(Fig. 6b, Table 2). The presence of Se NPs did 

not modify the PMA-induced ROS generation 

in the presence of IgG. The addition of IgG or 

Se NPs+IgG independently increased the basic 

production of ROS (Table 2). However, as in 

the case of a response to PMA, there were no 

synergistic effects between Se NPs and IgG, 

therefore, in both cases the effect is due to IgG. 

Intracellular calcium plays an important role 

in regulating the functioning of granulocytes, 

therefore, at the next stage of the study, we 

evaluated the effects of IgG and Se NPs on the 

calcium activity of granulocytes at rest and in 

response to a pro-inflammatory stimulus, the 

W-peptide (Wp). 

In base state after PBS application ~10% of 

granulocytes generated calcium spikes 

(Fig. 7a), other 90% cell stay “silent”. The ad-

dition of Se NPs addition, both with and with-

out the addition of IgG, did not change the num-

ber of cells with calcium spikes in base condi-

tions (Fig. 7b). IgG supplementation reduced 

the number of cells with calcium spikes in base 

conditions compared to controls. The addition 

of the «respiratory burst» inducer Wp increased 

the number of cells with calcium spikes in tree 

times compared to the control. The addition of 

Se NPs reduced the number of cells responding 

to Wp by up to ~10%. IgG did not affect the 
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Fig. 6. The effect of Se NPs (1010/ml) and/or IgG (0.5 mg/ml) on ROS production by murine bone marrow 

granulocytes in response to 1 µm Wp (a) or 1 µm PMA (b). The data are presented as a difference in chemi-

luminescence intensity in different experimental variants (Se NP 1010 NPs/ml, IgG 0.5 mg/ml or their com-

bination) and intensity values obtained in control (PBS, blue line). The addition times of the corresponding 

substances are shown by arrows. All data is presented as Mean ± SE (n = 4) 
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Fig. 7. Evaluation of calcium activity of murine bone marrow granulocytes. (a) Examples of typical indi-

vidual records: cell without calcium response to stimulus Wp 1 μM (top) and cell response to Wp 1 μM 

(bottom). The amount of cytoplasmic calcium is proportional to the F340/F380 ratio. (b) proportions of 

cells with calcium responses in different variants of the experiment. Blue bar correspond to the proportions 

of cells with calcium activity in response to PBS, Se NP, IgG or their combination before addition of Wp. 

Orange bar correspond to proportions of cells with calcium activity after addition of Wp. Data are presented 

as Mean ± SE (n = 4). * – p < 0.05, compared with PBS without, Mann-Whitney test (n = 6). § – p < 0.05, 

compared with Wp 1 μM against the background of PBS, Mann-Whitney test (n = 6). 

 

 

calcium activity of granulocytes to Wp. The ef-

fects of Se NPs with IgG combination and Se 

NPs on calcium activity of murine granulocytes 

were same. 

Our results indicate that Se NPs are able to 

modulate the functional response of granulo-

cytes against the background of IgG. Com-

monly, such effects are associated with the ef-
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fects on the intracellular signaling mechanisms. 

We study cell expression profile of granulo-

cytes in presence of IgG, Se NPs or their com-

bination. The main results are presented in 

Fig. 8. 

Incubation of granulocytes with Se NP at a 

concentration of 1010/ml during 24 hours 

changed expression level of most studied genes 

weakly (between 25 and 50%) (Fig. 8). How-

ever, expression of some genes changed more 

noticeably. Expression of genes HSP90, SOD2 

and NRF2 genes increased by 3, 4 and 7 times 

respectively. We proposed that the introduction 

of Se NPs leads to an increase in intracellular 

redox homeostasis, which is associated with an 

increase in the level of NRF2, which play im-

portant role in regulation of cell antioxidant re-

sponse. In addition, NRF2 levels can be in-

creased by elevation of NF-κB levels. Expres-

sion of NF-κB significantly elevated 24 hours 

after Se NP administration. Increasing of ex-

pression level of NF-κB can also lead to in-

crease of the expression level of IL-6. Changes 

in levels were much less pronounced and often 

did not differ from control values. Noticeable 

changes of expression of all studied genes were 

observed at Se NPs concentrations of 1010/ml. 

Administration of Se NPs at concentrations of 

109/ml did not change gene expression level 

(data not shown). 

Incubation of granulocytes with Se NPs at a 

concentration of 1010/ml during 24 hours 

changed expression level of most studied genes 

weakly (between 25 and 50%) (Fig. 8). How-

ever, expression of some genes changed more 

noticeably. Expression of genes HSP90, HO-1 

and Catalase genes increased by 2.5, 7 and 6 

times respectively. 

Administration of combination of Se NPs 

with IgG during 24 hours changed the expres-

sion level of most granulocyte genes. The ex-

pression level of the SOD2 and HSP90 genes 

increases 6 and 4 times respectively. The ex-

pression levels of NFkb, IL6, Xrcc4 and Xrcc5 

increased by >2 times. Expression of the HO-1 

was decreased in ~2 times. Interestingly, direc-

tion of effects of combination Se NPs and IgG 

usually coincides with effect of Se NPs, but is 

numerically significantly different from the ef-

fect Se NPs without IgG. For example, the ef-

fect of the combination Se NPs with IgG is 

greater than the addition of Se NPs alone for 

SOD2 by 50%, for NF-κB by 45%, for IL6 by 

60%, for Xrcc4 and Xrcc5 by more than 50%. 

At the same time, when one IgG was added for 

these genes, a decrease in the level of expres-

sion was observed. Thus, IgG enhances the ef-

fect of Se NPs, while IgG itself leads to a de-

crease in the level of expression. Based on the 

data obtained, we assume that Se NPs and IgG 

can interact with each other. 

To test the assumption about the interaction 

of IgG and Se NPs molecules, we performed a 

study using optical methods of analysis. 

The influence of Se NPs at concentrations of 

109-1011/ml on the optical absorption of IgG in 

solution was investigated (Fig. 9a). Se NPs in 

concentration of 109-1010/ml increased absorp-

tion at local maximum ~280 nm by about 5% 

compare with control. Se NPs in concentration 

of 109-1010/ml did not change absorption of the 

IgG solution at wavelengths >300 nm. Se NPs 

in concentration of 1011/ml increased absorp-

tion at a local maximum ~280 nm by more than 

20% compare with control and increased ab-

sorption at wavelengths of more than >300 nm 

by 30–35%. 

The effect of Se NPs (109-1011/ml) on refrac-

tive index of IgG solution was researched (Fig. 

9b). The refractive index was measured at three 

laser wavelengths of 435.8nm, 589.3nm and 

632.9 nm. Addition of 109/ml Se NPs did not 

change of refractive index at all three wave-

lengths. The addition of 1010/ml Se NPs re-

duced the refractive index by (6-8)×10-5 at all 

three wavelengths. The addition of 1011/ml Se 

NPs decreased the refractive index by more 

than 10-3 at all three studied wavelengths. 

Se NPs at a studied concentration did not 

significantly change the optical absorption and 

refractive index of IgG solutions. We study in-

fluence of Se NPs on the fluorescence of IgG 

molecules (Fig. 10a, b). We observed local 

maximum in fluorescence spectrum of solution 

of 0.5 mg/ml IgG at a wavelength close to 

330 nm (327–329 nm) at excitation wavelength 

280 nm (Fig 10a). The addition of Se NPs  

de creased in fluorescence intensity in region
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Fig. 8. Changes of the expression of stress-associated genes in granulocyte culture. The effect of the addition 

of Se NPs and/or IgG on the change in the amount of mRNA copies of corresponding genes after 24 hours. 

Changes in the number of mRNAs of the most variable genes (P < 0.05) relative to the expression level of 

the same genes in the control are presented. The average values are presented as mean ± SD (n = 5) 
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Fig. 9. The influence of Se NPs in different concentrations on the optical properties of IgG solution. (a). 

Optical absorption differences between IgG solutions with Se NPs 109-1010/ml and IgG without Se NPs (con-

tro, blue line). (b) Refractometry of IgG solutions containing and not containing Se NPs at wavelengths of 

435.8 (cyan dots), 589.3 (yellow dots) and 632.9 (red dots) nm. All data is presented as Mean ± SE  

(n = 3) 
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Fig. 10. The influence of Se NPs on fluorescence and the rotational–vibrational spectra of IgG. Fluores-

cence spectra of IgG in control (a). Differences between emission spectra of IgG solutions with Se NPs at 

concentrations 109-1011/ml and control IgG solutions (without NPs, blue line) (b). All data is presented 

as Mean ± SE (n = 3). Influence of Se NPs at concentrations 109-1011/ml on the rotational–vibrational 

spectra of aqueous IgG solutions. Data presented as differences between rotational–vibrational spectra of 

solutions IgG with Se NPs at concentrations 1010-1011/ml and rotational–vibrational spectra of control so-

lution of IgG (without NPs) 

 

Table 3 

 

Size evolution of IgG in presence of Se NPs in different concentration  

or without NPs (control) obtained by DLS method 

 
Peak Hydrodynamic diameter, nm Intensity, % 

Control 

1 12.2 5.59 ± 0.46* 

2 42.9 3.89 ± 0.73 

Se NPs 1010/ml 

1 13.1 2.97 ± 0.27 

3 99.2 7.54 ± 2.12 

Se NPs 1011/ml 

1 106.4 16.07 ± 11.09 

2 122.4 9.5 ± 8.4 

 

Note: * – data is presented as Mean ± SE (n = 3). 

 

310–330 nm in dose-dependent manner 

(Fig. 10b). Se NP 1010/ml reduced fluorescence 

intensity decreased by >25 a.u. or ~2%. Se NP 

at concentration of 1011/ml decreased fluores-

cence intensity by ~19%. 

The effect of Se NPs on the change in the 

rotational–vibrational spectra of aqueous IgG 

solutions was studied (Fig. 10c). Se NPs signif-

icantly increases the IgG absorption in amide I 

(1650 cm-1) and amide II (1550 cm-1) bands. 

Administration of Se NP 1010/ml lead to in-

creasing of absorption intensity in amide I and 

amide II bands by ~4 and ~ 3 times respec-

tively. Administration of Se NP 1011/ml lead to 

increasing of absorption intensity in amide I 

and amide II bands by ~8 and ~ 2 times respec-

tively (2 time more than 1010/ml). 

The influence of Se NPs on the size distribu-

tion of particles in IgG solutions was evaluated 

(Table 3). Two peaks ~12 nm and ~43 nm were 

detected in control IgG solution. First peak cor-

responds to individual molecules of IgG. Sec-

ond peak corresponds to aggregates of IgG. 

New peak ~100 nm appeared after Se NPs ad-

ministration. This peak corresponds to avarage 

size of Se NPs (Fig 2). Addition of 1010/ml Se 
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NPs reduced amount of individual molecules 

IgG by ~40% and removed peak of IgG aggre-

gates. In presence of 1011/ml Se NPs peak of in-

dividual IgG was not found in a solution. Two-

humped peak with maxima at ~110 and  

~120 nm were found. 

 

Discussion 

In present work, Se NPs were synthesized by 

laser ablation with the subsequent by laser frag-

mentation. Two methods were used to control 

the fragmentation of Se NPs. The first method 

based on evaluation of acoustic oscillations am-

plitude (Fig. 1a). The second method based on 

determination of optical average distance be-

tween optical breakdowns (Fig. 1b). Using 

fragmentation control, we synthesized Se NPs 

with narrow range (~100 nm) of size distribu-

tions (Fig. 2). 

Acute cytotoxicity of obtained Se NPs was 

tested (Fig. 3). Se NPs at concentration 107-1011 

NPs/ml did not influence of cell viability in pri-

mary cultures of fibroblasts and hepatocytes, as 

well as to the epithelial-like cell line L-929 

(Fig. 3a-c). Se NPs decreased cell viability in 

granulocyte-like culture HL-60 at concentra-

tions 1010-1011 NPs/ml (Fig. 2d). Obtained re-

sults indicate a difference of Se NPs cytotoxi-

city level between primary cultures and immor-

talized cell lines, as well as between two im-

mortalized cell lines. Our results are consistent 

with literature data on the dependence of the 

toxicity of NPs of metals and metal oxides on 

cells line (Gudkov et al., 2022a). In present day, 

way to increase toxicity of NPs of metals and 

their oxides against cancer cells and decrease 

toxicity of NPs against normal cells are 

searched (Gudkov et al., 2022b). In this in-

stance, the greater toxicity of Se NPs against the 

human leukemia cell line HL-60 compared to 

normal primary cultures of fibroblasts and 

hepatocytes makes Se NPs an interesting candi-

date for the role of a potencial anticancer agent. 

It is worth noting, that 1010/ml is quite a high 

concentration. In this case, Se NPs take up  

~10–5 part of all solution volume with calcu-

lated average distance of ~4.5 μm from each 

other. If a eukaryotic cell will have average di-

mensions 20×20×20 μm, ~100 nanoparticles 

with size 100 nm will contact with a it. It is be-

lieved that granulocyte progenitor cells are 

much more susceptible to the action of damag-

ing factors (Lombaert et al., 2006). The obtain-

ing of micronuclei in cells after division is con-

sidered as a marker of DNA damage (Zaichkina 

et al., 2004). The effect of Se NPs injected in-

travenously on the formation of polychromato-

philic red cells with micronuclei in the red bone 

marrow of mice was studied (Fig. 5). Genotoxic 

effect of Se NPs was shown only at a concen-

tration 1011/ml. Thus, it has been shown that 

granulocyte-like cell culture, surviving granu-

locyte culture and myeloid granulocyte progen-

itor cells are quite resistant to the action of Se 

NPs, but interaction of Se NPs with cells is not 

excluded. 

Granulocytes are a subpopulation of leuco-

cytes. Granulocytes have large segmented nu-

cleus and the presence of specific granules in 

the cytoplasm, the main functions of which are 

the generation of ROS «respiratory burst», 

phagocytosis of pathogens, regulation of adap-

tive immune response etc. (Cartwright et al., 

1964). It is obvious that before the loss of via-

bility or damage to DNA occurs in granulo-

cytes, a large number of signal-regulatory pro-

cesses associated, including those with the gen-

eration of ROS (Bratton & Henson, 2011), must 

occur. Therefore we studied effect of Se NPs on 

ROS generation by bone marrow granulocytes. 

Different results were obtained on the effects of 

Se NP and IgG on the kinetics of ROS genera-

tion by murine granulocytes (Fig. 6, Table 2). 

The effect of combination of Se NP with IgG 

and individual IgG in the case of stimulation by 

Wp and PMA concurred. The effect of combi-

nation Se NP with IgG was more pronounced 

compared with individual IgG molecules. The 

influence of pure Se NP was opposite in sign. 

The administration of individual IgG increased 

the maximum amplitude Wp-induced ROS gen-

eration by murine granulocytes. This phenome-

non may be explained by IgG-dependent cell 

priming (Khawaja et al., 2019). The ability of 

antibodies to increase ROS production via 

FcγR receptors was described in the literature 

for human neutrophils and granulocytes from 

murine bone marrow (Fossati et al., 2002; 
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Llewellyn et al., 2014; Robinson et al., 1992). 

In case PMA-induced “respiratory burst” we 

observed reduction of total ROs production in 

response to PMA after administration of IgG 

and IgG+Se NPs. Pure Se NPs did not signifi-

cant change the total ROS production. The abil-

ity of antibodies to reduce «respiratory burst» is 

described to some rage of stimulus (include 

Wp) on the example of human fibroblasts 

(Napolitano et al., 2018). The mechanism of 

this phenomenon stays unclear.  

Considering the above, we proposed three 

possible explanation: 1). Se NPs do not interact 

with IgG. The functional activity of IgG does 

not change. In this case, the binding of Se NPs 

with IgG should completely neutralize the in-

fluence of Se NP; 2). IgG molecules completely 

«cover» the Se NPs. It must lead to elimination 

of Se NPs activity. This does not explain why 

the effect of combination of Se NP with IgG is 

greater than that of IgG; 3). IgG molecules in-

teract with the Se NPs, «cover» they and change 

their properties and activities. 

The effect of combination of Se NPs with 

IgG on the «respiratory burst» depended on 

the nature of stimulus. The maximum ampli-

tude increased in the case of Wp. In the case 

of PMA, the total ROS production decreased. 

Wp is a specific ligand for high affinity recep-

tors of formylated peptides (FPR2) 

(Christophe et al., 2001; He & Ye, 2017). 

FPRs are metabotropic receptors associated 

with G-proteins (G protein-coupled receptor, 

GPCR), the activation of which leads to a va-

riety of cell responses, including the assembly 

of active complex of NADH oxidase on the 

cell membrane, which is involved in synthesis 

of superoxide anion radical, which lead to 

generation of other ROS (Forsman et al., 

2011). PMA is a direct activator of protein ki-

nase C (PKC). PKC is major intracellular sig-

nal molecule. Direct activation of PKC by 

PMA leads to functional responses of cells 

without participation of membrane GPCR re-

ceptors and cytoplasmic calcium (Belambri et 

al., 2018). The results obtained suggest that 

Se NP + IgG or IgG modulate both the recep-

tor-dependent «respiratory burst» stage and 

the its stage caused by PKC activation. 

In the next stage of our work we evaluated 

the influence of Se NPs and/or IgG on calcium 

activity of granulocytes. In the control, about 

10% of granulocytes generated calcium spikes 

(Fig. 7), which is consistent with the data of our 

previous studies and other authors (Jaconi et al., 

1988; Safronova et al., 2021; Serov et al., 

2019). An increase in the concentration of cy-

toplasmic calcium in response to Wp is well de-

scribed in the literature and is one of the mech-

anisms of its activity. Activation of FPRs in re-

sponse to Wp leads to an increase in the level of 

cytoplasmic calcium through the GPCR-de-

pendent activation of PLC-β, which leads to hy-

drolysis of PIP2 to IP3. IP3 lead to opening of 

IP3R calcium channels on the endoplasmic re-

ticulum (Dahlgren et al., 2020; Forsman & 

Dahlgren, 2010). We have found the ability of 

Se NPs to block Wp-induced calcium responses 

in mouse granulocytes. Se2+ cations are capable 

of block the IP3-dependent release of Ca2+ from 

the cytoplasmic reticulum (Uğuz & Nazıroğlu, 

2012; Zheng et al., 2005). 

Clearly, Se NPs can release Se2+ ions into 

the surrounding solution, but the concentra-

tions of Se+ ions should be extremely low. At 

least, we did not register a decrease in the hy-

drodynamic radius of nanoparticles or their 

number with the measurement accuracy avail-

able to us during the entire period of work. 

Potentially, Se+ ions are able to inhibit cal-

cium signaling of cells. Thus, selenium ions 

inhibit the calcium responses of mouse gran-

ulocytes to Wp, while not affecting Wp-in-

duced ROS production. ROS production is 

regulated by Ca2+-dependent and Ca2+-inde-

pendent pathways (Belambri et al., 2018; 

Dahlgren et al., 2020; Forsman & Dahlgren, 

2010). Probably, Se NPs can be considered as 

a potential inhibitor of Ca2+-dependent pro-

inflammatory pathways, which allow main-

taining the functional activity of immune cells 

during the treatment of pathological inflam-

matory processes. Thus, Se NPs are able to 

significantly modulate the immunogenic re-

sponse of granulocytes against the back-

ground of IgG induction. It is usually as-

sumed that such effects are associated with an 

influence on the signaling regulatory mechan-



STUDY OF THE EFFECTS OF SELENIUM NANOPARTICLES AND THEIR COMBINATION WITH IMMUNOGLOBULINS 

ON THE SURVIVAL AND FUNCTIONAL STATE OF POLYMORPHONUCLEAR CELLS 

  Opera Med Physiol. 2022. Vol. 9 (4)  |  153 

isms of cells. For this, the cell expression pro-

file was studied. The main results are pre-

sented in figure 8. 

It is known from the literature that the levels 

of ROS generated by granulocytes affect the ex-

pression of genes associated with the develop-

ment of inflammation. Main pathway, activa-

tion of nuclear transcription factor κB (NF-κB) 

(Hugejiletu et al., 2013). This nuclear transcrip-

tion factor is a pleiotropic regulator of a large 

number of genes associated with the develop-

ment of immune and inflammatory responses 

(Li et al., 2017). This is confirmed by changes 

in the expression level of genes involved in the 

regulation of inflammation, TNF-α, IL6, NF-

κB. Probably, the increased level of NF-κB sup-

presses the expression of NRF2, as was shown 

earlier (Li et al., 2008). This explains the de-

crease in the expression levels of genes respon-

sible for the expression of antioxidant enzymes, 

except for SOD2. It is possible that a reduction 

in SOD2 expression is associated with the level 

of HSP90 expression, which, in turn, may also 

be associated with a change in NF-κB expres-

sion (Dabravolski et al., 2022). It is known that 

an increasing of level of TNF-α expression oc-

curs when exposed to Se NPS, and depends on 

the concentration of nanoparticles and exposure 

time (Liu et al., 2017). It is believed, selenium 

decreases of expression levels of pro-inflamma-

tory gene by inhibiting of MAP-kinase-depend-

ing signaling pathways (Javdani et al., 2019). 

The addition of the IgG and combination of Se 

NPs with IgG to the cells also significantly af-

fected the expression profile of many genes. Of-

ten, IgG enhances the effect of Se NPs, while 

IgG without Se NPs decreased the level of ex-

pression of some genes (Fig. 8). This fact can 

only be explained by the presence of interaction 

between Se NPs and proteins. Recall that the 

data on the respiratory burst could most simply 

explain the interaction of nanoparticles and pro-

tein molecules. 

Using several optical methods, we examined 

the interaction of IgG molecules with Se NPs 

was analyzed. The increasing of optical density 

of IgG solutions is observed after Se NPs ad-

ministration (Fig. 9a). On the one hand, an in-

crease in optical density is observed in the ab-

sorption region of aromatic amino acid resi-

dues, mainly tryptophan, on the other hand, op-

tical density increases in the long-wave region 

(after 310 nm) in case of concentration 1011 

NPs/ml. This data indicate a change of protein 

structure (Sarimov et al., 2021a) associated 

with partial denaturation, chemical modifica-

tion, aggregation, and interaction with the na-

noparticle (Biswas et al., 2018). Partial denatur-

ation leads to significant increase of the amount 

of water molecules in the hydration shell of the 

protein. In its turn, an increasing of amount of 

water molecules in the protein hydration shell 

changes the refractive index (Sarimov et al., 

2018). The refractive index was measured with 

high accuracy at three wavelengths (Fig. 9b). 

The decreasing of refractive index by (6-8) × 

× 10-5 was recorded in presence Se NPs 

1011/ml. The fluorescence of a solution contain-

ing IgG and Se NPs was evaluated (Fig. 10a, b). 

We observed a maximum fluorescence inten-

sity at 276–279 nm which correspond to fluo-

rescence maximum of aromatic amino acids 

(Teale & Weber, 1957). After Se NPs admin-

istration fluorescence intensity of IgG de-

creases, but fluorescence emission maximum 

does not change. This indicates that, in presence 

of Se NPs weak degradation of aromatic amino 

acid residues probably occurs. The FTIR data 

indicate (Fig. 10c) that the addition of Se NP 

leads to an increase in absorption in the amide I 

(1650 cm–1) and amide II (1550 cm–1) bands. 

This may indicate partial melting of the protein 

structure and its aggregation. The evolution of 

the sizes of light-scattering particles in an aque-

ous solution of Se NPs and IgG was studied by 

DLS method (Table 3). Administration of Se 

NPs nanoparticles at concentration of 1010/ml 

reduced number of individual IgG molecules. 

Addition of Se NPs at concentration of 1011/ml 

completely removed individual IgG molecules 

from the solution. After the addition of nano-

particles, shift of the peak of individual mole-

cules to the region of smaller sizes did non ob-

served. It indicates that, there is no damage to 

the polypeptide chain. The proportion of indi-

vidual protein molecules after the addition of Se 

NPs is the light scattering intensity of individ-

ual protein molecules, but does not change po-
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sition. No formation of aggregates not associ-

ated with nanoparticles is observed. In the case 

of adding nanoparticles at a concentration of 

1011/ml, the right shoulder with a size of about 

150 nm appears in the size distribution. We pro-

posed, it is a projection of a dimer of nanopar-

ticles covered with antibodies ((110 nm +  

+ 110 nm + 220 nm)/3 = 146 nm) (Bunkin et 

al., 2016). 

Thus, it can be argued that immunoglobulins 

interact with Se NPs. Antibodies bind to the 

surface of Se NPs and are present in solutions 

in such a bound form. At the same time, in a 

significant part of the antibodies, a partial 

change in the tertiary and secondary structure is 

observed. This behavior of antibodies and Se 

NPs makes it possible to explain the results ob-

tained both at the level of granulocyte physiol-

ogy and at the level of expression of genes. 

 

Conclusion 

In present work, we studied the cytotoxicity 

of Se NPs and their effect on gene expression 

and functional responses of granulocytes. Se 

NPs were obtained by laser ablation in water 

followed by fragmentation, had a narrow size 

distribution with an average size of 100 nm. 

The resulting nanoparticles do not show acute 

toxicity to primary cultures of fibroblasts and 

hepatocytes, as well as to the epithelial-like cell 

line L-929. Se NPs at concentrations of 1010 

NPs/mL and more exhibited a weak cytotoxic 

effect on granulocyte-like HL-60 cultures. The 

genotoxic effect on myeloid progenitor cells 

was weak and manifested only at a concentra-

tion of 1010 NPs/ml. We found the ability of Se 

NPs to modulate ROS production and calcium 

activity of mouse granulocytes (expressed as 

the proportion of cells with calcium spikes 

upon Wp stimulation). At the same time, Se 

NPs can modulate the effect of IgG on the 

physiological responses of granulocytes. In the 

study of gene expression, similar patterns were 

found. Se NPs increased the expression of 

«stress associated» genes. Antibodies enhance 

the effect of Se NP, while IgG without the ad-

dition of nanoparticles leads to a decrease in 

the level of expression of the studied genes. 

This fact can be explained by the interaction 

between Se NPs and IgG. Using optical meth-

ods, we found that antibodies bind with Se 

NPs. Antibodies bind to the surface of Se NPs 

and are present in aqueous solutions in such 

bound form. At the same time, a partial change 

in the tertiary and secondary structure is ob-

served in a significant part of IgG in solution. 
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