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Abstract
The physical synthesis of iron oxide nanoparticles obtained from the vapor phase using the electron beam physical vapor 
deposition method is considered. The results of studying the structure of porous condensates of iron—sodium chloride 
compound, chemical and phase compositions, as well as nanoparticles size are presented. With a rapid removal from 
vacuum, iron nanoparticles are oxidized in the air to magnetite. In the initial state, they have significant sorption capacity 
with respect to oxygen and moisture, therefore, with further heating in the air, the porous condensate mass decreases 
up to the temperature 650 °C, primarily due to the desorption of physically sorbed moisture. Physically adsorbed oxygen 
participates in oxidation of Fe3O4–Fe2O3 in the range of 380–650 °C. An increase in condensation temperature is accom-
panied by an increase of nanoparticle size, as a result of which the total surface area of nanoparticles is significantly 
reduced, and, consequently, their sorption capacity is decreased. Even without stabilization, such nanoparticles studied 
as ex tempore prepared aqueous dispersion have characteristic anti-anemic effect in the laboratory animals that can be 
used in medicine.
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Abbreviations
DLS	� Dynamic light scattering
DTA	� Differential thermal analysis
EB-PVD	� Electron beam physical vapor deposition
EDS	� Energy-dispersive X-ray spectroscopy
Fe3O4	� Magnetite, iron(II, III) oxide
Fe2O3	� Hematite, iron(III) oxide
γ-Fe2O3	� Maghemite, iron(III) oxide
Hb	� Hemoglobin
Hct	� Hematocrit
m/m0	� Relative change of mass of TGA​
MCH	� Mean corpuscular hemoglobin
MCHC	� Mean corpuscular hemoglobin concentration
MCV	� Mean corpuscular volume
NaCl	� Sodium chloride

NPs	� Nanoparticles
p	� P-value, used in statistical hypothesis testing
RBC	� Red blood cells count
RDW	� Width of erythrocytes distribution curve
Rt	� Reticulocytes
SEM	� Scanning electron microscope
SPIONs	� Superparamagnetic iron oxide nanoparticles
T	� Temperature
TEM	� Transmission electron microscopy
TGA​	� Thermogravimetric analyzer
Tm	� Melting temperature
TS	� Substrate temperature
XRD	� X-ray diffraction
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1  Introduction

The most studied are nanoparticles (NPs) of iron (Fe) 
oxides–magnetite (Fe3O4) and maghemite (γ-Fe2O3) 
which are applied in electronics and medicine [1–3]. The 
greatest number of works is devoted to the investigation 
of magnetite NPs of up to 20 nm size which are in super-
paramagnetic state at room temperature [4, 5]. They are 
characterized by practically zero residual magnetization 
that is especially important for medical and biological 
applications, for example, at transport of drugs through 
small-diameter blood vessels when particles aggrega-
tion is highly undesirable [6].

Multifunctional Fe5C2 NPs exhibit high functional 
properties in magnetic resonance imaging and photo-
thermal therapy due to their unique core/shell structure 
with a magnetic core and carbon shell [7]. In [8] synthe-
sized monodisperse Au–Fe2C Janus NPs, which are mul-
tifunctional entities for cancer theranostics and showed 
a significant photothermal effect with 30.2% calculated 
photothermal transduction efficiency under 808  nm 
laser irradiation in vitro.

In recent years many works have been devoted to 
studying core–shell superparamagnetic iron oxide nan-
oparticle (SPIONs) clusters of about 80 nm size [9, 10]. 
The authors have investigated the magnetic properties 
of such a cluster of 10 nm maghemite NPs in amorphous 
15 nm thick silicon dioxide shell. It turned out that along 
with superparamagnetic properties the cluster registers 
high magnetic moment which is especially important 
for control by an external magnetic field. Magnetic 
N-enriched Fe3C/graphitic carbon instead of Pt is also 
very interesting as an electrocatalyst for the oxygen 
reduction reaction. It has higher selective operational 
properties, than commercial Pt/C catalysts in 0.10% KOH 
solution. The materials exhibit excellent magnetic prop-
erties and oxygen reduction reaction activities [11].

Many works are devoted to development of new 
methods for obtaining and stabilizing metal NPs. Chemi-
cal methods of particle synthesis are the leading tech-
niques. Among them liquid-phase chemical condensa-
tion method proposed by Elmore is the most common 
[12]. In this method, the nucleation and growth of par-
ticles occurs in the volume or on the surfaces of differ-
ent nature, shape and sizes that come into contact with 
the liquid phase [13–15]. Sol–gel combustion synthesis 
to produce SPIONs is also notable [16, 17]. It allowed 
producing NPs with high magnetization and magnetic 
moment.

The first mention of producing magnetic NPs by 
physical method (molecular beam method) was made 
in references [18, 19]. It is based on physical processes 

of evaporation or sputtering of substances with subse-
quent deposition of the vapor phase in vacuum, atmos-
phere of inert or active gases. In this case, radiation, elec-
tron beam, laser, and ion-plasma heat sources are used 
for evaporation and sputtering respectively. Methods for 
obtaining magnetic NPs and their practical applications 
are described in the relevant reviews, for example [20, 
21].

The method of electron beam evaporation of various 
substances in vacuum with subsequent condensation 
of vapor flows, which has been applied at deposition 
of functional and structural coatings with micro- and 
nanoscale structure, is also used for synthesis of metal 
NPs [22–26]. This method, in addition to high productiv-
ity, is also notable for its versatility at selection of various 
inorganic and organic matrices for the conservation of 
metal NPs and their oxides. The choice of sodium chlo-
ride (NaCl) as a matrix was justified by the fact that this 
material, when condensed in the temperature range 
T < 0.3 Tm (Tm is melting temperature), is characterized 
by open porous structure [27]. Condensing in vacuum 
in the open pores of this matrix, iron NPs freely oxidize 
to magnetite in the air. Moreover, NaCl is widely used 
in medicine as an ingredient of many drugs due to its 
biological compatibility with living tissues and good 
solubility in water.

As was noted, biology and medicine are one of the 
main directions of practical application of magnetite 
NPs [28, 29]. This is due to magnetic properties and the 
presence of iron in their composition. Therefore, such 
NPs have anti-anemic effect due to the replenishment 
of total iron pool in the body, ability to influence the 
relaxation time of surrounding protons that improves 
visualization of certain structures in magnetic resonance 
imaging, hyperthermic action, as well as the transport 
effect, consisting in medicinal drugs delivery to target 
cells by active targeting [30–33].

Medical use of magnetite NPs requires their stabi-
lization in liquid medium that causes some problems 
because of the fact that stabilizing substances are capa-
ble of modifying the pharmacokinetics of iron oxide NPs 
and their interaction with the cells [34–36]. According to 
this point of view, magnetite NPs, which were deposited 
in porous, easily soluble and biocompatible matrix, are 
of considerable practical interest.

The aim of presented research was to synthesize 
superparamagnetic iron oxide NPs by simultaneous 
evaporation of iron and sodium chloride and to investi-
gate the effects of iron concentration and condensation 
temperature on the sorption properties, size and phase 
composition of these NPs, as well as to study the biologi-
cal activity of such particles at anemia caused by acute 
blood loss.
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2 � Methods

Synthesis of NPs was carried out by condensation of 
mixed molecular flows of iron and salt in vacuum elec-
tron beam installation [37]. An iron ingot was placed 
into a water-cooled crucible of 50 mm diameter, and 
pressed cylinder of NaCl was placed in the adjacent 
crucible. Vacuum of (1.3–2.6) × 10−2 Pa was created in 
the chamber. Surfaces of the ingot and crucible were 
heated by electron beam guns up to melting. As a result, 
a mixed vapour flow of iron and NaCl was formed. It 
was condensed on a water-cooled substrate, where 
the temperature was maintained at 40–50 °C. After air 
intake and complete depressurization of the chamber, 
the condensate was stripped from the substrate and NPs 
were examined both in dry powder and in the colloidal 
solution.

The microstructure and content of elements in the 
condensate were investigated by scanning electron 
microscopes VEGA 3 (Tescan, Czech Republic) and 
CamScan (Cambridge CamScan SEM) with the INCA-
200 Energy X-ray imager (Oxford Inca Energy 200 EDS 
system). Investigation of the particles morphology and 
phase composition was carried out by transmission elec-
tron microscopy (TEM) method using HITACHI H-800 
microscope (Hitachi, Japan) at the accelerating voltage 
of 100 kV. X-ray diffraction (XRD) was studied by DRON-
UM1 diffractometer with cobalt (CoKα) radiation and 
graphite monochromator in reflected beam with the 
angle range of 10–85 degrees. The average crystallite 
size was estimated by the Scherrer equation. Semi-quan-
titative phase analysis was performed using Match! pro-
gram. The processes of iron oxidation in the salt matrix in 
air were studied by increasing the temperature to 650 °C 
at a rate of 10 °C/min using a thermogravimetric analyzer 
TGA-7 (Perkin Elmer, USA). The size of NPs in the colloidal 
system was determined by the method of dynamic light 
scattering (DLS) [38, 39] in Zeta Sizer-3000 laser correla-
tion spectrometer (Malvern, UK).

Condensate with magnetite NPs was dissolved in 
deionized water at a ratio of 1 mg/1 ml and was studied 
for stability and hydrodynamic particle size using the 
DLS method, as described above.

Obtained magnetite NPs were used in the experi-
ments on laboratory animals aimed to determine their 
biological activity. These experiments were performed 
on 28 abino male Wistar rats (Rattus norvegicus) with 
body weight 183–221  g. The rats were randomized, 
labeled, divided into groups and kept in the standard 
conditions. The experiments were approved by Com-
mission on Bioethics of Higher State Educational Estab-
lishment of Ukraine “Ukrainian Medical Stomatological 

Academy”. Acute blood loss was simulated by puncture 
of the heart and removal of 25% of circulating blood 
volume under the ether anesthesia (3–4 ml/kg of body 
weight) at the surgical stage [40].

Magnetite NPs deposited in NaCl matrix were used for 
pharmacological correction of this experimental pathol-
ogy. They were dispersed ex tempore in the water for injec-
tions and administered to the rats intraperitoneally in a 
dose of 25 mg/kg body weight (6.75 mg Fe/kg) immedi-
ately after the blood loss. Blood samples were obtained 
from the heart of animals under the ether anesthesia 3 and 
72 h (h) after the blood loss. Hematological parameters 
were studied: red blood cells count (RBC), hematocrit (Hct), 
hemoglobin, (Hb), mean corpuscular volume (MCV), mean 
corpuscular hemoglobin concentration (MCHC), mean 
corpuscular hemoglobin (MCH), as well as the width of 
erythrocytes distribution curve (RDW). These indices were 
examined using hematology analyzer MicroCC-20Plus 
Vet (High Technology Inc., USA) programmed for blood 
parameters of albino rats [41]. Reticulocytes (Rt) content 
was determined using supravital staining with methylene 
blue during which ribonucleic acid-containing structures 
appear as granular mesh substance [42]. Painted smears 
were examined by microscope AmScope T490B-10MT 
(United Scope LLC, USA) with × 100 lens. Digital findings 
were statistically processed by standard software package 
Statistica for Windows 8.0. The mean M, and its standard 
error m were calculated, and the significance of differences 
between groups was evaluated using one-way ANOVA 
analysis with post hoc test Fisher LSD.

3 � Results and discussion

The appearance (Fig.  1a) and the surface of obtained 
Fe-NaCl condensates (Fig. 1b) corresponded to the first 
zone of low-temperature formation of the nanocrystalline 
structure [43]. Studies of the macrostructure and content 
of elements on transverse cleavage of porous Fe-NaCl con-
densate showed the presence of large amount of oxygen 
(O) adsorbed by NPs from the air after depressurization of 
vacuum chamber (Fig. 2, Table 1).

X-ray phase analysis (Fig. 3a) showed that iron particles 
in the salt matrix are conserved in two forms: α-Fe and 
Fe3O4. When the particles are removed from the matrix by 
salt dissolving in the water, oxidation of pure iron to Fe3O4 
and FeOOH oxide-hydroxide takes place (Fig. 3b, Table 2). 
Before dissolving in water and preparing colloidal solu-
tions, the condensate was ground into a powder to the 
micron size. Figure 4 shows the granulometric analysis 
of the resulting powder after many hours of condensate 
grinding in the agate mortar.
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TEM of thin cleavages of the condensate revealed the 
presence of nanoscale substance with advantageous 
phase composition corresponding to magnetite (Fe3O4). 
Consequently, when the condensate is extracted from 
the vacuum into the air, oxygen and moisture of the air 
freely penetrate and actively interact with developed 
open surface of iron NPs interspersed in the micro- and 
nanoscale pores of salt matrix porous structure [27]. When 

the condensate is quickly removed from vacuum, iron 
oxide is formed with the release of heat that is confirmed 
by heating of the condensate separated from the substrate 
and placed on paper.

Moreover, iron oxide NPs can additionally adsorb physi-
cally bound oxygen and moisture to their surface [22]. Tak-
ing into account that high adsorption capacity for oxygen 
is inherent in greater degree to NPs of small size, it can 
properly affect the study of oxygen content in the con-
densate with different amounts of iron. Indeed, the ratio of 
oxygen atomic percentage to the iron atomic percentage 
depends on the amount of iron, decreases with increase 
of its content in the condensate and exceeds this value for 
stoichiometric composition of Fe3O4, equal to 1.33 (Fig. 5, 
40 °C curve); and this ratio approaches the stoichiometric 
one only at about 30 at. % content of iron in the conden-
sate, when the probability of collision of NPs in the mixed 

Fig. 1   3D image (a) and surface view (b) of the initial condensate 29 wt% Fe + NaCl obtained by the EB-PVD method at substrate tempera-
ture of 40 °C

Fig. 2   Microstructure of the transverse cleavage of the initial con-
densate (29 wt% Fe + NaCl) obtained by the EB-PVD method at sub-
strate temperature of 40 °C (see Table 1)

Table 1   Elemental composition of transverse cleavage of porous 
condensate 29 wt% Fe + NaCl, obtained at substrate temperature of 
40 °C (see Fig. 2)

Spectrum wt%

Fe O Na Cl

Spectrum 1 28.6 23.3 19.8 28.3
Spectrum 2 29.1 20.1 19.7 31.1
Spectrum 3 34.8 22.4 17.2 25.6
Spectrum 4 29.0 25.0 19.4 26.6
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vapor flow and during condensation on the substrate is 
high, leading to some increase in NPs size (Fig. 5, curve 
40 °C).

This is another indication of the high adsorption 
capacity of small NPs [13]. One of the main reasons for 

the change in physical and chemical properties of small 
particles at reduction of their size, is an increase in the rela-
tive fraction of surface atoms which are under other con-
ditions (coordination number, symmetry of local environ-
ment, etc.) than the atoms inside the bulk phase. Particle 
size reduction leads to the increase in the role of surface 
energy.

However, the condensation temperature has a greater 
influence on NPs size (Fig. 6). TEM study of particles sus-
pension obtained by condensate dissolving in the aque-
ous medium revealed the presence of a nanosized sub-
stance (Fig. 7a, c, e). The average particle size increases 
from 3–4 nm up to 15–20 nm as the substrate temperature 
rises from 20 to 200 °C (Fig. 6). As the particle size grows, 
the diffraction rings become clear (Fig. 7b, d, e). The phase 
composition of the particles corresponds to Fe3O4.

As the temperature of substrate rises, the size of NPs 
increases, resulting in significant reduction of NPs total 
surface area that leads to decrease in the ratio of oxy-
gen atomic percentage to the atomic percentage of iron 
depending on the amount of iron (Fig. 5, 400 °C curve).

The kinetics of relative change in the mass of Fe-NaCl 
porous condensate heated to 650 °C and cooled in the 
air, studied by thermogravimetric analysis (TGA), allows 
us considering these sorption processes in greater detail. 
As the temperature rises, the mass of Fe-NaCl porous con-
densate decreases up to the temperature of 650 °C (Fig. 8, 
curve 2), whereas the kinetics of relative change in the 
mass of porous NaCl (no Fe) condensate heated to 650 °C 
and cooled in the air shows (Fig. 8, curve 1) practically no 
mass change connected with moisture adsorption.

The decrease in mass may be due to the competitive 
nature of adsorption from the air of different gases hav-
ing different adsorption times [44–46] and/or large range 
of binding energies of water molecules to oxides surface 
[47, 48]. For example, water molecules have adsorption 
time of at least an order of magnitude greater than that of 
the main components of the air—oxygen and nitrogen. 
This means that penetration of water molecules into the 
condensate to nanoscale particles lags behind in time by 
an order of magnitude relative to the main components 

10 20 30 40 50 60 70 80
2θ, 

2θ, 

degr.

NaCl 75-306

Fe
3
O

4
 88-315

α−Fe 87-721
10 20 30 40 50 60 70 80

0

2

4

6

I x
 1

0 
- 3

, s
ec

 - 1

a

10 20 30 40 50 60 70 80
degr.

α-FeOOH 81-462

Fe
3
O

4
 88-315

γ-FeOOH 73-2326

10 20 30 40 50 60 70 80

0

2

4

6

I x
 1

0 
- 3

, s
ec

 - 1

b

Fig. 3   Diffraction patterns of condensate samples (29  wt% 
Fe + NaCl) initially (a) and after NaCl washing out (b)

Table 2   Phase composition of 
the initial condensate 29 wt% 
Fe + NaCl and after washing 
with NaCl

Sample Phase composition Mean crystallites size 
(nm)

Phase 
content 
(wt%)

Condensate NaCl JCPDS # 75-306 20 89
α-Fe JCPDS #87-721 20 2
Fe3O4 JCPDS # 88-315 11 9

Condensate washed out 
from NaCl

Fe3O4 JCPDS # 88-315 10 84
γ-FeOOH JCPDS # 73-2326 8 9
α-FeOOH JCPDS # 81-462 8 7
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granules count * 7107 units

mean size † 15.1 µm
standard deviation 8.9 µm

variation (dispersion) 59.0 %

minimum 2.8 µm
maximum 94.9 µm
dispersion 92.1 µm
asymmetry 54.9549
width 94.6455

* measurement area 4 mm2

† 95% confidence interval for mean 
granule size 15.12 ± 0.21 µm
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Fig. 4   The microstructure (a), granules size distribution (b) and volumetric distribution (c) of the particle size in the powder after the grind-
ing of condensate (29 wt% Fe + NaCl) processed by Statgraphics program
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of the air [44]. Thus, at the first moment of condensate 
contact with air, oxygen of the air is consumed to form 
iron oxide with high heat release. In their turn, the iron 
oxide NPs can additionally adsorb oxygen, nitrogen and 

moisture onto their surfaces. During the lagging of water 
molecules, the vacancies on the adsorbent surface are 
occupied by nitrogen and oxygen molecules, but after 
the arrival of additional water molecules they are also 

Fig. 7   Microstructure (a, c, e) and X-ray diffraction patterns (b, d, f) of Fe3O4 nanoparticles in aqueous colloids of Fe-NaCl condensates as a 
function of substrate temperature TS: a, b—40 °C; c, d—100 °C; e, f—220 °C
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displaced due to the longer adsorption time of the water. 
Since the molecular weight of water is almost half that 
of nitrogen and oxygen, and the areas occupied by mol-
ecules are comparable, it is logical to expect a decrease in 
the total mass of adsorbates [44].

Consequently, at the first stage (Fig. 8), when the porous 
condensate is heated to the temperature of 200 °C, desorp-
tion of physically sorbed water occurs. On the Differential 
Thermal Analysis (DTA) curve, this process corresponds to 
the observed endoeffect with a peak at 100–120 °C (Fig. 8, 
curve 3). Then, in the range of 200–650 °C, there is a further 
change of mass due to removal of chemically bound water 
(crystallization moisture) and other adsorbates from the 
structure of Fe-NaCl condensate. Simultaneously, in the 
range of 380–650 °C, oxidation [22] of Fe3O4 to Fe2O3 takes 
place due to the remaining fraction of oxygen physically 
adsorbed by Fe3O4 NPs.

The resulting condensate of Fe3O4 NPs was dissolved 
in water. The sample contained 1  mg of NPs conden-
sate in 1 ml of bidistilled water, was transparent and of 

a brownish color. Within 3–5 min after shaking, it formed 
a dark brown sediment. When studying the particle size 
distribution in the polymodal approximation, two frac-
tions were determined in the sample. The first one was 
formed by particles of 13–120 nm size with a maximum at 
23 nm. Their amount was 99.9%, and the mass fraction was 
equal to 46% of all detected NPs. The second fraction con-
tained particles ranging in size from 209 to 3300 nm with 
a maximum at 209 nm [27]. The number of such particles 
was 0.1%, and their mass fraction was 54%. So, aqueous 
dispersion of magnetite NPs after preparation contained 
nanosized particles in a predominating amount and could 
be administered to the laboratory animals as nanofluid.

Condensate of magnetite NPs obtained by electron 
beam physical vapor deposition (EB-PVD) was tested for 
its biological activity. When studying the biological activ-
ity of above described NPs, acute blood loss without the 
administration of nanofluid served as control pathology. 
In this control group 3 h after the removal of blood, RBC 
decreased by 18% (p < 0.001), Hb diminished by 40% 
(p < 0.001), and Hct decreased by 24% (p < 0.001), as com-
pared to intact animals (Table 3). These changes were 
accompanied by significant decrease in the mean vol-
ume of red blood cells (MCV index) (p < 0.05) without any 
changes of RDW. The MCH and MCHC indices which char-
acterize the saturation of erythrocytes with hemoglobin 
decreased by 27% and 21%, respectively (p < 0.001), as 
compared to those of intact rats. Such hematological 
changes are typical to early period of acute blood loss 
and testify the development of hypochromic anemic 
condition. In this period, magnetite NPs use increased 
RBC by 9% (p < 0.05) as compared to control pathol-
ogy (see Table 3). The level of Hb also increased by 25% 
(p < 0.005), and Hct—by 13% (p < 0.05) in comparison 
to those without NPs administration. These changes 
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Table 3   Effect of magnetite nanoparticles (6.75  mg Fe/kg) deposited in NaCl crystals on hematological parameters in acute blood loss 
(M ± m)

*p < 0.05 as compared to Intact animals; †p < 0.05 as compared to blood loss with solvent (control); n number of animals in the group

Parameters Groups of animals

Intact (n = 8) Acute blood 
loss + solvent
3 h (n = 5)

Acute blood loss + magnet-
ite nanoparticles
3 h (n = 5)

Acute blood 
loss + solvent
72 h (n = 5)

Acute blood 
loss + magnetite nano-
particles
72 h (n = 5)

RBC (× 1012/L) 7.79 ± 0.20 6.39 ± 0.13* 6.98 ± 0.12*† 5.71 ± 0.12* 6.42 ± 0.16*†
Hb (g/L) 136.6 ± 3.7 81.6 ± 4.1* 102.4 ± 3.1*† 91.0 ± 1.3* 105.0 ± 3.0*†
Hct (units) 0.42 ± 0.02 0.32 ± 0.01* 0.36 ± 0.01*† 0.32 ± 0.01* 0.37 ± 0.01*†
MCV (μm3) 54.3 ± 1.2 50.0 ± 1.0* 52.8 ± 1.6 56.9 ± 0.3 57.3 ± 1.4
MCH (pg) 17.55 ± 0.51 12.88 ± 0.46* 14.80 ± 0.46*† 15.84 ± 0.23* 16.30 ± 0.30
MCHC (g/dL) 324.1 ± 8.8 255.4 ± 4.41* 281.4 ± 7.1* 281.6 ± 3.5* 285.8 ± 2.2*
RDW (%) 11.08 ± 0.35 11.06 ± 0.52 10.56 ± 0.32 10.46 ± 0.13 10.88 ± 0.69
Rt (‰) 62.3 ± 5.9 42.2 ± 3.9* 82.2 ± 6.2*† 107.0 ± 2.0* 139.8 ± 7.4*†
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occurred against the background of the growth of eryth-
rocyte index MCH (p < 0.05) and the tendency to MCHC 
increase (p < 0.1) in the absence of significant changes 
in MCV and RDW.

72 h after the blood removal without correction, signifi-
cant hematological changes persisted, namely: a decrease 
in RBC (p < 0.001), lowering in Hb (p < 0.001), and dimin-
ishing of Hct (p < 0.001) as compared to intact animals, 
that was similar to the previous observation period (see 
Table 3). There was a decrease in MCH (p < 0.02) and MCHC 
(p < 0.005) with no changes in other erythrocyte indices.

Corrective influence of NPs in this observation period 
was manifested by the increase in RBC by 12% (p < 0.02), 
Hb—by 15% (p < 0.02) and Hct—by 16% (p < 0.05) as com-
pared to similar parameters at acute blood loss without 
magnetite NPs administration (see Table 3), even though 
all the mentioned parameters stayed lower than in the 
intact animals. In this case, erythrocyte indices were the 
same as for control pathology.

Bone marrow regenerative reaction was evaluated 
by the count of Rt in the blood (see Table 3). Intact rats 
had Rt content 62.3 ± 5.9‰. 3 h after the blood loss, this 
parameter was significantly lower than that in the intact 
animals (p < 0.02). Such development of processes can be 
explained by both the loss of these cells with the removed 
blood and accelerated transformation of circulating Rt to 
mature red blood cells under the conditions of intense 
erythropoiesis provoked by blood loss. 72  h after the 
removal of blood, Rt content was increased by 1.7 times 
(p < 0.001) as compared to that in the intact animals, which 
is a natural reaction to compensate blood loss.

After the administration of magnetite NPs and inves-
tigation at 3  h from the removal of blood, Rt content 
increased and was 1.9 times (p < 0.001) greater than that 
in the control pathology group (see Table 3). After 72 h, the 
content of Rt in the animals which received magnetite NPs, 
also exceeded the control level significantly (p < 0.002).

The presence of protective effect within 3 h after the 
administration of aqueous dispersion of magnetite NPs 
may show that these non-stabilized NPs are rapidly distrib-
uted in the body, captured by the cells of reticuloendothe-
lial system and included into erythropoiesis. This does not 
contradict the known data on the pharmacokinetics of 
magnetite NPs of other origin [34, 49].

It should be noted that anti-anemic effect of the single 
dose of investigated magnetite NPs persists even in the 
last observation period when hematological parameters 
are higher than the analogous ones for the blood loss 
without pharmacological correction. In this case, more 
intensive increase in the content of Rt evidently supports 
the fact that used magnetite NPs provide the restoration of 
key parameters of “red” blood precisely due to the activa-
tion of erythron regenerative reaction.

This means that even without stabilization magnetite 
NPs deposited in the porous matrix of NaCl and used as 
ex tempore aqueous dispersion have a characteristic anti-
anemic effect associated with biomedical application.

4 � Conclusion

Physical synthesis of iron NPs from the vapor phase is pos-
sible using the EB-PVD method. With rapid recovery from 
vacuum, iron NPs are oxidized in the air to magnetite. In 
the initial state, they have considerable sorption capacity 
with respect to oxygen and moisture. When heated in the 
air to 650 °C, the mass of porous condensate decreases 
due to desorption of physically sorbed moisture. Physically 
adsorbed oxygen participates in the oxidation of Fe3O4 
to Fe2O3 (380–650 °C). An increase in the condensation 
temperature is accompanied by the increase in NPs size 
resulting in the reduction of total surface area of the nano-
particles and their sorption capacity.

Magnetite NPs deposited in NaCl crystals by EB-PVD 
technology can be dispersed in the water and used to 
correct anemia caused by acute blood loss. In a dose of 
6.75 mg Fe/kg, they produce protective effect on RBC, 
Hct and Hb and activate the regenerative response of the 
bone marrow of laboratory animals that is manifested by 
an increase in Rt content in the blood.
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