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A B S T R A C T   

The synthesis of covered nanoparticles provides new properties to the materials for biomedical 
applications. This fully applies to iron oxide nanoparticles. The research aim was to study features 
of the magnetite nanoparticles synthesized by electron beam technology as well as to investigate 
their functionalization and cytotoxicity. Nanoparticle characteristics were determined by stan
dard methods. Cytotoxiciy of nanoparticles was studied using erythrocyte model. It was shown 
that the original magnetite nanoparticles in the sodium chloride matrix can be functionalized 
with polyvinylpyrrolidone and ethylmethylhydroxypyridine succinate, an antioxidant. All 
investigated nanoparticles were non-toxic for erythrocytes at concentrations up to 100 μg Fe/ml. 
At 100-200 μg Fe/ml, they increased the amount of cells expressing phosphatidylserine on the 
outer membrane, the count of pathological forms of erythrocytes and hemolysis. These phe
nomena were less pronounced if the nanosystem included the antioxidant. Therefore, magnetite 
nanoparticles can be obtained by electron beam technology and functionalized to form non-toxic 
nanosystems.   

1. Background 

The synthesis of varied nanoparticles (NPs) provides additional functional properties to the obtained materials [1]. This fully 
applies to NPs of metals and their oxides [2], in particular magnetic oxides based on physical methods of fabrication [3]. 
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NPs of magnetite (Fe3O4) have attracted the attention of researchers from the point of view of the biomedical applications. This is 
due to their common properties, such as biocompatibility [4], biodegradation [5], magnetic behavior [6] and the presence of the iron 
(Fe), which can be included in the normal metabolism of this element [7]. 

They are biocompatible because magnetite NPs demonstrate the ability to perform with an appropriate host response in specific 
situations [8]. These situations are diagnosis, treatment of the cancer or combating the iron deficiency for which some iron oxide NPs 
have already been approved for [9,10]. Other promising fields of their application include catalysis, environmental remediation, and 
electronics [11–13]. 

The factor that limits the use of newly created magnetite NPs is their potential toxicity, so toxicological studies are widely con
ducted [14]. Safety assessment of magnetite NPs on cell lines is a simple and inexpensive in vitro method [15,16]. The most widely used 
options for analyzing the viability, proliferation, and differentiation of cells under the influence of NPs are optical, electron, and atomic 
force microscopy [17]. Analysis of gene expression, proteomics, and metabolomics are new methods that facilitate the study of the 
magnetite NPs cytotoxicity [18,19]. Studying the cell in all these parameters is valuable for assessing the interaction between magnetic 
NPs and the cell, however, research results vary widely and are often contradictory. 

It is believed that the toxicity of magnetite NPs relates to the concentration, exposure period, surface modification, size, and shape 
[20–22]. 

In particular, the dependence of toxic effects on the nature of NPs was demonstrated in a study where uncoated magnetite NPs, 
sodium oleate-coated NPs, and silicon dioxide NPs were used to assess toxicity parameters on the placental barrier cell model [23]. The 
results showed that cytotoxicity of magnetite NPs was more obvious and occurred at lower doses and shorter exposure compared to 
silica particles. 

In another work, uncoated magnetite NPs were used to treat the NRK-52E cell line. Using comparative proteomics, it was shown 
that such NPs mobilized cellular protection to eliminate apoptosis [24]. The influence of the surface modification on the cytotoxicity of 
magnetite NPs was confirmed in a study where uncoated magnetite NPs (hydrophilic) and NPs coated with n-octyltriethoxysilane 
(hydrophobic) were tested on PC12 and ReNcell VM cells. For both cell lines, the hydrophobic coating weakened the cytotoxic effects 
[25]. Similarly, testing cationic magnetite NPs without coating, magnetite NPs functionalized with starch or dextran, and anionic 
maghemite NPs on PC12 rat pheochromocytoma cells showed that different types of NPs interact differently with the cells [26]. 
Uncoated magnetite NPs were on the outer surface of cells and did not show a cytotoxic effect at low concentrations. Magnetite NPs 
with starch or dextran formed aggregates and reduced cell viability. But maghemite NPs demonstrated penetration into cells without a 
cytotoxic effect at any studied concentrations. 

The toxicity of magnetite NPs for cells depends not only on the presence of coating, but also by its characteristics, which emphasizes 
the importance of chemical design in the construction of magnetic NPs [27]. For example, the cytotoxicity of NPs with a short 
polymeric chain in the coating was much higher compared to long chains [28]. 

Most authors agree that up to a certain concentration of magnetite NPs, cytotoxicity is not detected [26,29,30]. In particular, 
dimercaptosuccinic acid-coated magnetite NPs had no significant effect on the viability, oxidative stress, cell cycle, or apoptosis of 
non-parenchymal hepatocytes at a concentration of 0.5 mg/ml [31]. 

In some cases, the toxicity of magnetite NPs was studied using blood cells. It was shown that these NPs do not cause damage of 
blood cells when incubated at +20◦C for 2 h [32]. It was also described that iron oxide NPs coated with dextran did not show any toxic 
effect when interacting with human monocytes and macrophages at a concentration of 1 mg/ml [33]. At the same time, according to 
other data, magnetite NPs stabilized by citric acid contributed to the release of significantly more hemoglobin from erythrocytes than 
in the control and a hemolytic effect was dose-dependent [34]. 

The ambiguity of research results on the cytotoxicity of magnetite NPs and its dependence on numerous factors justify the need to 
determine the toxicity parameters in each case of the fabrication of new iron oxide NPs that have prospects for biomedical application. 
In vitro methods are available, relatively cheap and acceptable from the point of view of bioethics [35]. There is no single protocol for 
determining the NPs toxicity, and preference is given to the assessment of cytotoxicity. 

As mentioned above, different cells serve model systems for determination of the NPs cytotoxycity, and erythrocyte model attract 
our attention because it was shown that eryptosis indices may be highly informative in the evaluation of magnetite NPs cytotoxicity, no 
worse than viability tests in cell cultures [36]. In addition, the results of cytotoxicity in relation to erythrocytes can be extrapolated to 
processes in the circulatory bed in vivo [36]. 

We use this approach to study the cytotoxicity for erythrocytes of magnetite NPs obtained by electron beam technology and 
functionalized with sodium chloride (NaCl) or with it together with ethylmethylhydroxypyridine succinate (EMHPS), poly
vinylpyrrolidone (PVP), and both of these substances simultaneously. EMHPS was selected for NPs surface modification as potent 
synthetic antioxidant [37]. It is known as a drug with the non-patented international name "Mexidol", which is characterized by a wide 
safety margin and is widely the use in Ukraine for neurological and cardiological diseases [38]. For NPs functionalization, it has never 
been used before. Low molecular weight PVP is a water-soluble polymeric substance, an ingredient of the infusion colloidal solution 
"Hemodez-N", which is approved for clinical use in Ukraine [39]. PVP is also known as coating agent for iron oxide NPs [40,41]. It was 
assumed that the combination of both mentioned substances can ensure the stability of NPs, enhance the effect of nano-iron on he
matopoiesis, and reduce the potential generation of reactive oxygen species to improve safety of this material. 
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2. Methods 

2.1. Synthesis of magnetite nanoparticles 

For the synthesis of ligand-free NPs, the method of electron beam simultaneous evaporation of iron and NaCl in vacuum through 
their liquid bath with physical vapor deposition (EB PVD) of mixed vapor streams on a water-cooled substrate was chosen [42]. Iron 
NPs in the porous NaCl matrix after opening the vacuum chamber were oxidized in air to magnetite. The starting iron ingot was 
obtained by double electron beam refining of armco-iron and had the shape of a cylinder. Purity of the starting iron was 99.9%. Block 
of NaCl was obtained by pressing salt of the highest grade. 

2.2. Identification of original nanoparticles 

The size and phase composition of NPs were confirmed by the transmission electron microscopy (TEM) and X-ray diffraction (XRD) 
analysis. TEM studies were performed on fresh condensate fracture and on samples after repeated washing of NPs in the condensate 
from salt in distilled water. The study took place at a transmission electron microscope HITACHI H-800 (Japan) at an accelerating 
voltage of 100 kV. 

XRD analysis of finely ground condensate of NPs was carried out at a DRON-UM1 diffractometer with cobalt (Co Kα) radiation and a 
graphite monochromator in the reflected beam in the angle range of 10-85 degrees. The average crystallite size was estimated ac
cording to the Scherrer equation. Semi-quantitative phase analysis was performed using Match! 

2.3. Functionalization of magnetite nanoparticles 

We used a condensate of magnetite NPs deposited in NaCl matrix that, in fact, is in situ functionalization with the formation of 
Fe3O4@NaCl NPs. To obtain other NPs, additional functionalization of Fe3O4@NaCl NPs after the synthesis was carried out with 
EMHPS and (or) PVP in a liquid medium. 

The substance of EMHPS was obtained from the manufacturer (NVF LLC Microhim, Ukraine). To functionalize Fe3O4@NaCl NPs, 
this agent was dissolved together with the NPs condensate in deionized water in the ratio of 1 mg of condensate/20 mg of EMHPS/1 ml 
of water for 2 h at +60◦C and constant shaking. 

PVP (8000±2000 D) was obtained from Novofarm-Biosyntez LLC (Ukraine). 3% solution of PVP (w/v) was prepared and powdered 
condensate of Fe3O4@NaCl was dissolved in it under the conditions described above. The ratio of condensate and PVP was 1 mg/30 mg 
in 1 ml of solution. 

When functionalizing Fe3O4@NaCl simultaneously with EMHPS and PVP, the condensate of the NPs and EMHPS were dissolved in 
the 3% solution of PVP under the same conditions and ratio of ingredients as in the previous cases. 

This made it possible to compare the effects of four types of functionalized magnetite NPs: Fe3O4@NaCl, Fe3O4@NaCl@EMHPS, 
Fe3O4@NaCl@PVP, Fe3O4@NaCl@EMHPS@PVP, hereinafter referred to as nanosystems 1-4, respectively. The working concentra
tions of these nanosystems were obtained by introducing the appropriate amount of basic solutions into the model media on the basis 
that 1 mg of the condensate contains 290 μg Fe. 

2.4. Determination of the nanoparticles size distribution in solutions of nanosystems 1-4 

After functionalization, the hydrodynamic diameter (D) of NPs in nanosystems 1-4 was determined by the dynamic light scattering 
(DLS) method [43]. The obtained results were processed in the program PCS Size Mode v.1.61 in the Contin approximation. Number 
and volume particle size distributions were obtained from three consecutive measurements. The research was carried out at a laser 
correlation spectrometer Zeta Sizer-3 (Malvern Instruments Co. Ltd., UK). 

2.5. The method of erythrocytes obtaining 

The experiments were performed on the blood of 25 intact albino rats, obtained by puncture of the heart according to the generally 
accepted method [44], which did not cause objections of the Bioethics Commission of the Poltava State Medical University. Blood 
samples were stabilized with EDTA. Erythrocytes, washed twice with sterile isotonic NaCl solution, were suspended in the isotonic 
NaCl solution, buffered with the phosphate buffer to pН=7.4, in a ratio corresponding to hematocrit. Each erythrocyte suspension was 
prepared from the blood of one rat. For incubation with NPs to 0.310, 0.655, 0.966, 0.983 and 0.997 ml of erythrocyte suspension, 
respectively, 0.690, 0.345, 0.034, 0.017 and 0.003 ml of the basic solution of each type of NPs were added. Basic solution contained 1 
mg of Fe3O4@NaCl per 1 ml (beside coating agents when studying nanosystrms 2-4). This formed a series of samples with concen
trations of 200, 100, 10, 5 and 1 μg Fe/ml. Suspensions without NPs served as controls. 

2.6. Study of the pathology of erythrocyte shape 

Experimental and control suspensions were incubated for 24 h at +20◦C. After that, they were centrifuged for 5 min at 1000 rpm. 
From the sediment, smears were made on glass slides, fixed, stained according to Pappenheim and used to count erythrocytes with the 
shape pathology [45]. Light microscopy was performed under a microscope MICROmed XS-3320 (China). In the testing of each type of 
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NPs for each tested concentration, there were 5 observations. 

2.7. Study of erythrocyte hemolysis 

To determine the effect of the studied NPs on hemolysis, erythrocytes were incubated with nanosystems 1-4 at concentrations 1-200 
μg Fe/ml for 24 h at +20◦C. Erythrocytes, incubated with deionized water and isotonic NaCl solution, were used as positive and 
negative controls, respectively. After centrifugation at 1000 rpm for 3 min, the supernatants were collected for spectrophotometry at 
spectrophotometer Ulab-102 (Ulab COMPANY: LLC Chemlaboreaktiv, China). The optical density was analyzed at 570 nm and the 
percentage of hemolysis was calculated [36]. In the testing of each type of NPs for each concentration, there were 5 observations. 

2.8. Determination of annexin V binding 

The changes of erythrocyte membrane asymmetry were studied in suspensions prepared as described above. The concentration of 
NPs was 100 μg Fe/ml. Incubation lasted 24 h at +20◦C. The degree of asymmetry of the erythrocyte membrane was assessed by the 
binding of annexin V to phosphatidylserine on the outer surface of the membrane [46]. The BD Annexin V-FITC detection KIT I kit was 
used in accordance with the Annexin V-FITC staining protocol. The samples were analyzed at a flow cytometer FACSCalibur (Becton 
Dickinson, USA). The results of measurements were evaluated using the software company BD - CELLQuest Pro. Every group contained 
3 samples. 

2.9. Statistical analysis 

All data of biomedical experiments were expressed as mean M ± m (the error of the mean). The results were analyzed using 
Statistica for Windows v.6.0. p-value < 0.05 was considered statistically significant. 

Fig. 1. TEM images (a, c) and electron diffraction pattern (b, d) of the initial 29 wt% Fe-NaCl condensates (a, b) and after rinsed in distilled water 
from salt (c, d). 
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3. Results 

3.1. Characteristics of nanoparticles condensate obtained by EB PVD 

The results of a TEM study were shown in Fig. 1. As can be seen from Fig. 1a, on a salt background iron NPs did not have a clear 
image. This was due to the instability of the image under the influence of the electron beam of the microscope on the loose structure of 
the NaCl matrix. The fact is that for the synthesis of iron NPs, the ratio of the intensities of NaCl and iron vapor streams during electron 
beam deposition from two sources should be at least 5:1. Then, due to the shadow effect of the iron metal particles, a porous structure 
of NaCl is formed, which does not have a single crystal lattice, is highly defective and inhomogeneous. This was confirmed by the 
diffraction pattern of Fig. 1b, where clear reflections from salt single crystals were observed against the background of solid lines from 
amorphous salt. The lines from iron were difficult to identify due to their overlap with the salt line and the low content. To identify the 
presence of the iron in the condensate, the salt was washed in a large amount of water and the dried sediment was examined. In this 
way, a clear image of NPs (Fig. 1c) and a diffractogram of only magnetite (Fig. 1d) were obtained. 

TEM image analysis of 308 washed magnetite NPs (Fig. 1c, Fig. 2) gave an average size of 14.7 nm with a particle size range of 
4.7–31.9 nm. 

XRD analysis confirmed the size and phase composition of both the Fe-NaCl condensate and the salt-washed powder. With a 
significant content of iron in the condensate, NPs of large sizes did not have time to completely oxidize to magnetite, so XRD analysis 
along with magnetite recorded the remains of the pure Fe phase. However, during further crushing of the condensate and washing it 
from salt, complete oxidation of iron to magnetite occurred. Thus, the main studies were performed on the condensates with a size of 
NPs of 5-32 nm and a phase composition of Fe3O4. 

3.2. DLS characteristics of nanosystems 1-4 

Number (Fig. 3a, c, e, g) and volume (Fig. 3b, d, f, h) particle size distribution was obtained from three consecutive measurements. 
Nanosystem 1 when studying the particle size distribution by volume (Fig. 3b) showed two fractions. The first fraction was formed 

by particles with an average size of 22 nm and a volume fraction of 54% (Fig. 3). Their number was 99.9% (Fig. 3a). The second 
fraction had a maximum at 870 nm (Fig. 3b). The number of particles of this fraction was 0.1% (Fig. 3a), and the volume share was 
46%. 

In nanosystem 2, two fractions of particle distribution were revealed (Fig. 3c, d). The specific gravity of the first of them was 0.1% 
(Fig. 3d) with an average particle size of 39 nm at a number content of 99.9% (Fig. 3c). The second peak contained 99.9% of particles 
whose average size was outside the nanorange (19500 nm), but with a number content of 0.1%. 

When studying nanosystem 3, the peak of the number distribution of particles fell on 72 nm (Fig. 3e). Their amount in the liquid 
was 99.9%, and the volume fraction was 0.1%. In the volume distribution, the peak with a maximum at 21600 nm (Fig. 3f) gave 99.9% 
of particles with a number of 0.1%. 

Two fractions of particles were determined in nanosystem 4. The first fraction contained NPs with a maximum of 65 nm (Fig. 3g). 
Their number share exceeded 99.9%, and the volume share was 0.1%. Larger particles (the second fraction) in the liquid had an 
average diameter of about 7100 nm (Fig. 3h). These large particles predominated by volume (about 99.9%), but their number was less 
than 0.1%. 

Thus, DLS studies confirmed the presence of particles in the nanoscale range in all investigated nanosystems 1-4. 

Fig. 2. TEM images of the 29 wt% Fe-NaCl condensates after rinsed in distilled water from salt.  
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Fig. 3. Number (a, c, e, g) and volume (b, d, f, h) size distribution of magnetite particles in nanosystems 1 (a, b), 2 (c, d), 3 (e, f), 4 (g, h) in Contin 
approximations for three consecutive measurements (red, blue, green). 
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3.3. Nanoparticles effect on the pathology of erythrocyte shape 

In suspensions of erythrocytes, prepared in a 0.9% buffered solution of NaCl, all types of the erythrocyte shape pathology with a 
prevalence of acanthocytes were detected (Table 1). This may be associated with the damage of a part of erythrocytes, especially their 
membranes, during the preparation of model systems and their incubation. 

After incubation of erythrocyte suspensions with Fe3O4@NaCl NPs at concentrations of 1-100 μg Fe/ml, the total count of 
erythrocytes of pathological shape and the distribution of their individual types remained the same as in the control. At a concentration 
of 200 μg Fe/ml, Fe3O4@NaCl NPs increased the content of acanthocytes in the suspension by 1.5 times (p<0.05), the number of 
ovalocytes by 2.2 times (p<0.01) and spherocytes by 2.3 times (p<0.05) compared to the control. The total number of pathological 
forms of red blood cells increased in this group by 1.6 times (p<0.05). 

Under the same conditions, Fe3O4@NaCl@EMHPS in none of the used concentrations had any effect on individual types of 
damaged erythrocytes and the total number of their pathological forms compared to the control (Table 2). 

A similar picture occurred when Fe3O4@NaCl@PVP NPs were added to the erythrocyte suspensions at the concentrations of 1-100 
μg Fe/ml (Table 3). 

In this series of experiments, the introduction of NPs with NaCl and PVP into the erythrocyte suspension up to 200 μg Fe/ml caused 
an increase in the total count of pathological forms by 1.4 times (p<0.05) compared to the control. An increase in the content of 
acanthocytes by 1.4 times (p<0.05), ovalocytes by 2.5 times (p<0.05) and a tendency to an increase of the number of spherocytes 
(p<0.1) was observed. 

Fe3O4@NaCl@PVP@EMHPS in none of the used concentrations had any effect on individual types of damaged erythrocytes and the 
total count of their pathological forms compared to the control (Table 4), which was similar to the effects of nanosystem 2 
(Fe3O4@NaCl@EMHPS). 

3.4. Effect of nanosystems 1-4 on hemolysis of erythrocytes 

It was established that in all samples, a probable increase in hemolysis was observed only at high concentration of NPs (Fig. 4). At a 
concentration of up to 100 μg Fe/ml, NPs did not change hemolysis level compared to the control. 

When erythrocytes were incubated with NPs of magnetite with NaCl coating at a concentration of 100 μgFe/ml, hemolysis 
increased on average to 3.3% versus 1.8% in the control (p<0.1), and at a concentration of 200 μg Fe/ml, this parameter elevated on 
average to 4.4% (p<0.005). When erythrocytes were incubated with Fe3O4@NaCl@EMHPS, at a concentration of 200 μg Fe/ml, 
hemolysis increased to 3.6% (p<0.05). When applying PVP-modified magnetite-NaCl NPs at a concentration of 100 μg Fe/ml, there 
was a tendency to the increase of hemolysis up to 3.2% (p<0.1), and at a concentration of 200 μg Fe/ml - its probable enhance to 5.1% 
(p<0.001) compared to the control. Fe3O4@NaCl@PVP@ caused a tendency to the increase of hemolysis up to 2.8% (p<0.25) at 100 
μg Fe/ml or its significant increase up to 3.4% (p<0.05) at 200 μg Fe/ml. Nanosystems 2 and 4 with an antioxidant EMHPS in the 
maximum concentration 1.2-1.3 times less damaged erythrocytes compared to nanosystem 1, containing Fe3O4@NaCl NPs (p<0.25 
and p<0.05, respectively). A similar relationship was observed when comparing with the effect of nanosystem 3. 

Therefore, magnetite NPs functionalized with NaCl, EMHPS, and PVP caused not only an increase in the count of pathological forms 
of erythrocytes, but also hemolysis only at a concentration greater than 100 μg Fe/ml, and the presence of EMHPS in the nanosystem 
reduced these processes. 

3.5. Expression of phosphatidylserine on erythrocytes under the action of nanoparticles 

The expression of phosphatidylserine located on the outer surface of the membrane was quantified using flow cytometry when 
erythrocytes were exposed to the nanosystems at 100 μg Fe/ml. Examples of the received graphic images of cells distribution in 
samples of the each group are presented in Fig. 5. 

The content of erythrocytes expressing phosphatidylserine on the outer surface of the cell membrane was 0.037±0.005% after 
incubation of these cells in an isotonic medium without NPs (control) (Fig. 5a and b). When Fe3O4@NaCl NPs were added to the 
samples, the number of cells expressing phosphatidylserine after 24 h of incubation was equal to 0.05±0.001% and exceeded the 

Table 1 
The content of erythrocytes with pathological shape in model systems under the action of magnetite nanoparticles with NaCl coating (M±m), per mill.  

Used agent Acanthocytes Ovalocytes Spherocytes Target cells Total amount 

Control, n=5 231±36 11.4±3.8 7.0±3.6 4.2±1.3 254±47 
Fe3O4@NaCl, 1 µg Fe/ml, n=5 229 ±15 7.2±0.9 2.8±1.6 5.8±1.7 245±23 
Fe3O4@NaCl, 5 µg Fe/ml, n=5 223±34 8.8±5.4 4.2±2.1 6.8±1.6 243±37 
Fe3O4@NaCl, 10 µg Fe/ml, n=5 227±26 5.4±2.2 4.8±0.8 2.2 ± 0.5 239±31 
Fe3O4@NaCl, 100 µg Fe/ml, n=5 264±43 16.4±1.9 8.4 ± 1.7 9.2±4.3 298±48 
Fe3O4@NaCl, 200 µg Fe/ml, n=5 351±17* 25.6±2.4* 16.4±3.4* 6.0 ±1.4 399±40* 

Footnotes: In Tables 1-4: 
1. n - number of observations. 
2. The content of normocytes is not given; it is equal to 1000 minus the total number of pathological forms. 
3. * – p<0.05 as compared to control. 
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control probably (p<0.05) (Fig. 5c and d). In other model system with the addition of Fe3O4@NaCl@EMHPS, this parameter was 0.043 
±0.007% and did not differ from that in the control and in the previous group (Fig. 5e and f). After incubation of erythrocytes with 
Fe3O4@NaCl@PVP, the content of erythrocytes with disturbed membrane asymmetry was 0.057±0.005% (Fig. 5g and h). This is 1.5 
times more compared to the control (p<0.05). Incubation of erythrocytes with Fe3O4@NaCl@PVP@EMHPS NPs produced a tendency 
to increase the content of cells expressing phosphatidylserine on the outer membrane (p<0.25) in comparison with control samples 
(Fig. 5i and j). It was equal to 0.047±0.003%. 

Therefore, an increase in the number of erythrocytes with phosphatidylserine on the outer surface of the membrane was 
demonstrated by Fe3O4@NaCl and Fe3O4@NaCl@ PVP NPs at a concentration of 100 μg Fe/ml. 

Table 2 
The content of erythrocytes with pathological shape in model systems under the action of magnetite nanoparticles with NaCl coating, additionally 
functionalized with ethylmethylhydroxypyridine succinate (M±m), per mill.  

Used agent Acanthocytes Ovalocytes Spherocytes Target cells Total amount 

Control, n=5 257±31 6.4±1.7 8.6±2.3 11.6±1.7 284±13 
Fe3O4@NaCl@ EMHPS, 1 µg Fe/ml, n=5 227±35 6.2±2.6 6.4±1.3 8.8±1.7 247±38 
Fe3O4@NaCl@ EMHPS, 5 µg Fe/ml, n=5 232±20 8.2±3.7 4.8±2.3 7.8 ± 2.7 253±21 
Fe3O4@NaCl@ EMHPS, 10 µg Fe/ml, n=5 234±14 10.4±3.7 3.8±1.8 6.6 ± 3.5 255±17 
Fe3O4@NaCl@ EMHPS, 100 µg Fe/ml, n=5 286±32 9.6±3.5 4.6±1.7 4.2 ± 2.4 304±35 
Fe3O4@NaCl@ EMHPS, 200 µg Fe/ml, n=5 313±19 11.8±3.5 2.4 ± 1.1 8.4 ± 2.4 336±32  

Table 3 
The content of erythrocytes with pathological shape in model systems under the action of magnetite nanoparticles with NaCl coating additionally 
functionalized with PVP (M±m), per mill.  

Used agent Acanthocytes Ovalocytes Spherocytes Target cells Total amount 

Control, n=5 248±30 9.0±2.5 14.8±4.8 11.0±1.8 283±30 
Fe3O4@NaCl@PVP, 1 µg Fe/ml, n=5 254±43 9.4±1.4 9.0±1.4 13.0±1.5 285±46 
Fe3O4@NaCl@PVP, 5 µg Fe/ml, n=5 232±24 11.6±3.5 8.6±2.4 10.2±2.6 262±23 
Fe3O4@NaCl@PVP, 10 µg Fe/ml, n=5 250±21 12.4±3.6 8.8±3.2 10.0±2.4 281±24 
Fe3O4@NaCl@PVP, 100 µg Fe/ml, n=5 277±18 19.0 ±5.4 13.0±1.4 16.6±1.9 326±33 
Fe3O4@NaCl@PVP, 200 µg Fe/ml, n=5 338±25* 26.4±4.8* 23.2±2.9 14.1±1.8 402±42*  

Table 4 
The content of erythrocytes with pathological shape in model systems under the action of magnetite nanoparticles with NaCl coating, additionally 
functionalized with ethylmethylhydroxypyridine succinate and PVP (M±m), per mill.  

Used agent Acanthocytes Ovalocytes Spherocytes Target cells Total amount 

Control, n=5 267±31 5.4±1.7 7.6±2.3 8.6±1.7 289±13 
Fe3O4@NaCl@PVP@ EMHPS, 1 µg Fe/ml, n=5 245±35 6.2±2.6 8.4±1.3 8.8±1.7 268±28 
Fe3O4@NaCl@PVP@ EMHPS, 5 µg Fe/ml, n=5 252±20 8.2±3.7 6.8±2.3 7.8 ± 2.7 275±21 
Fe3O4@NaCl@PVP@ EMHPS, 10 µg Fe/ml, n=5 274±14 10.4±2.7 7.8±1.8 6.6 ± 2.5 299±27 
Fe3O4@NaCl@PVP@ EMHPS, 100 µg Fe/ml, n=5 280±32 9.6±3.5 6.6±1.7 4.2 ± 1.4 300±35 
Fe3O4@NaCl@PVP@ EMHPS, 200 µg Fe/ml, n=5 308±29 11.8±3.5 8.4 ± 1.9 8.4 ± 2.4 337±32  

Fig. 4. Dependence of erythrocyte hemolysis on the concentration of nanoparticles in the model system. * p<0.05 compared to the control 
(erythrocyte suspension without NPs) 
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Fig. 5. Annexin V – phosphatidylserine confocal images of erythrocytes incubated with magnetite NPs at a concentration of 100μg Fe/ml (a, c, e, g, 
i - "event" distribution, b, d, f, h, j – annexin V cofocal images). (a, b) control, (c, d) Fe3O4@NaCl, (e, f) Fe3O4@NaCl@EMHPS, (g, h) Fe3O4@
NaCl@PVP, (i, j) Fe3O4@NaCl@PVP@EMHPS. 
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4. Discussion 

The use of ligand-free methods in the synthesis of metal NPs and their oxides, to which the EB PVD method belongs, was used in the 
preparation of NPs for studies of cytotoxicity [47,48], antibacterial [49] or biological activity [50]. But this is poorly represented in the 
literature due to the labor-intensiveness and cost of the EB PVD process of NP synthesis and to the inaccessibility of the EB PVD process 
to most consumers. However, the need for the synthesis of pure, ligand-free NPs remains relevant, especially when used for medical 
and scientific purposes. 

All existing methods of mass synthesis of NPs, without exception, cannot guarantee the purity of the surface of NPs. In order to 
unequivocally guarantee the therapeutic properties of the NP itself, it is necessary to level the effect of contamination of the NP surface. 
This determined the choice for the study of pure ligand-free NPs synthesized by the EB PVD method. The conducted study showed that 
along with the more common chemical, physicochemical and biological methods of magnetite NPs synthesis [51], the use of EB PVD 
technology, which provides a high yield of ligand-free metal NPs with subsequent oxidation to oxide, is fully justified [42]. In the 
applied version of the technology, NPs were deposited in a porous matrix of NaCl which itself is a biocompatible hydrophilic material. 

Dissolving the condensate of magnetite NPs with NaCl in water created a nanosystem where there were NPs with a hydrodynamic 
diameter greater than that determined in solid samples washed from salt (Fig. 2). This may be due to the coating and/or formation of 
aggregates due to Van der Waals forces. This assumption is supported by the fact that the use of surface-active substances in the 
solution of NPs deposited by electron beam technology or heating allowed breaking the aggregates to a certain extent and approaching 
the actual size of NPs determined by TEM [42,52]. 

We have demonstrated that magnetite NPs with NaCl can be functionalized with a polymer (PVP) and an organic substance 
(EMHPS) or both of these agents. The size distribution of NPs in solutions of Fe3O4@NaCl@PVP (nanosystem 3) and Fe3O4@
NaCl@PVP@EMHPS (nanosystem 4) was characterized by a significant number of NPs up to 100 nm, which, together with coating by 
pharmaceuticals, created prospects for their application in medicine and required research safety and biocompatibility, in particular 
with blood cells. 

In most cases, the assessment of hemocompatibility of NPs is based on hemolysis analysis [53], which is not sensitive enough to 
reflect the full range of erythrocyte damage. Therefore, we chose the approach recommended by [36], which takes into account both 
changes in the structure of the cell membrane and the level of hemolysis. 

Our data demonstrated that a safe and non-cytotoxic concentration of NPs is up to 100 μg Fe/ml, which is consistent with literature 
data. Only when the concentration of NPs increased to 200 μg Fe/ml, the level of hemolysis after the incubation of nanosystems 1-4 
increased, but this increase was not dramatic and did not reach 5.5%. Knowing the chemical composition of Fe3O4@NaCl condensate, 
it was possible to calculate that 100-200 μg Fe/ml, at which erythrocyte damage begins, corresponds to the NPs concentration 345-690 
μg/ml. This is consistent, for example, with the work, where the cytotoxicity of uncoated magnetite NPs or NPs coated with amino 
acids up to a concentration of 373 μg/ml was absent [54]. 

However, our data showed that the increase in the number of cells with the externalization of phosphatidylserine on the outer 
monolayer caused by two types of functionalized magnetite NPs (Fe3O4@NaCl and Fe3O4@NaCl@PVP) was detected already at 100 μg 
Fe/ml. This was consistent with the opinion of other authors that assessment of externalization is more sensitive than testing for 
hemolysis [55,56] or the content of pathological forms of erythrocytes determined by the light microscopy, the probable changes of 
which were registered at twice more concentration. It should also be noted that acanthocytes, the cells with membrane damage, 
predominated among erythrocytes of the abnormal shape. 

The detected binding of annexin V indicates changes in the characteristics of the cell surface, organization of phospholipids and 
membrane integrity and can be considered as an early sign of cytotoxicity of the investigated NPs. Phosphatidylserine plays a key role 
in the cell cycle signaling, especially in connection with apoptosis [57], so it is logical to assume that magnetite NPs induce this process 
at a certain concentration. Obviously, the externalization of phosphatidylserine and the associated transformation of the erythrocyte 
shape will lead to increased eryptosis in the body, contribute to changes in mechanical properties and phagocytic absorption of 
damaged erythrocytes, which will lead to changes in hematological and hemorheological parameters after the administration of high 
doses of magnetite NPs and certain their functionalization. 

There are reports that an increase in the intracellular reactive oxygen species can cause toxicity of NPs in erythrocytes [58], and 
antioxidant NPs are able to inhibit this negative effect [59]. Our results indirectly confirmed this opinion. After all, both the expression 
of phosphatidylserine and the pathology of the erythrocyte shape were less pronounced under the action of nanosystems 2 and 4, 
which included the antioxidant EMHPS. Analogical situation was also observed with a level of hemolysis at a concentration of 200 μg 
Fe/ml. 

In the conducted experiments, there was no clear correlation between the content of pathological forms and hemolysis of eryth
rocytes at the same concentration of 200 Fe μg/ml, which requires to agree with the opinion that under the influence of magnetite NPs, 
eryptosis, characterized by the appearance of pathological changes in the cell membrane of erythrocytes, does not cause acute he
molysis and release of hemoglobin, but occurs simultaneously with it [36]. 

5. Conclusion 

EB PVD technology makes it possible to obtain magnetite NPs that can be functionalized with various chemicals, including as 
pharmaceuticals. The dissolution of such functionalized NPs creates nanofluids convenient for biomedical applications. This appli
cation is related to the evaluation of the safety and biocompatibility of the obtained nanosystems. Estimates based on in vitro eryth
rocyte model reflect the risks associated with damage to these blood cells by magnetite NPs, which can be extrapolated to processes in 
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the circulatory system in vivo. All studied functionalized magnetite NPs had a low cytotoxicity and were completely hematocompatible 
at concentrations up to 100 μg Fe/ml. An increase in the number of erythrocytes with cell membrane asymmetry was observed for 
nanosystems based on magnetite, NaCl, and PVP at a lower concentration than increased hemolysis and an increase in pathological 
forms of erythrocytes. This study indicates that exposure to phosphatidylserine may serve as a sensitive predictor of erythrocyte 
damage by NPs. In all tests performed, the presence of an antioxidant in the nanosystem reduced the cytotoxicity of NPs, which may 
indirectly indicate the role of oxidative stress in the processes of nanotoxicity and, at the same time, allows controlling these processes 
by applying antioxidants to modify the surface of iron oxide NPs. 
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