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ABSTRACT

The effect of magnetic nanoparticles coated with arabinogalactan on the viability of Ehrlich ascites carcinoma (EAC) cells was studied. The
nanoparticles were studied by transmission electron microscopy, Mossbauer spectroscopy, IR spectroscopy, and ferromagnetic resonance.
A correlation between the proportion of dead EAC cells in suspension and the intensity of the EPR signal of dinitrosyl iron complexes was
found. This result may be due to the presence of NO molecules.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/9.0000165

. INTRODUCTION

Currently, nanoparticles (including non-magnetic) are attract-
ing special attention for use in tumor immunotherapy. Nanopar-
ticles can affect the phagocytic activity of macrophages, the yield
of nitric oxide (NO) and reactive oxygen species.' Nitric oxide is
capable of both stimulating the growth of tumor cells and exerting
a cytotoxic effect.” NO in cells and tissues can form paramagnetic
dinitrosyl iron complexes (DNIC). Polysaccharide-coated magnetite
nanoparticles have shown a promising antitumor effect by activat-
ing tumor-associated macrophages from a tumor-promoting phe-
notype to a tumor-suppressing phenotype.” The authors of Ref. 4
have demonstrated that magnetite nanoparticles are more effective
than hematite nanoparticles in polarizing macrophages and sup-
pressing tumors. Among the magnetic nanoparticles involved in
the metabolism of living organisms, ferrihydrite with the nomi-
nal formula Fe;O3nH,O plays a special role. It is formed in the
nucleus of the ferritin protein complex, which is a capsule of the
protein apoferritin and serves as the storage of iron in the body.
The size of ferrihydrite nanoparticles lies in a narrow range from
1 to 8 nm. With an increase in the particle size, the transformation
Fe;03-nH,0 — hematite occurs.” Ferrihydrite is an antiferromagnet
with a Néel temperature of ~ 350 K.° Structure, resonance proper-
ties and biomedical applications of ferrihydrite nanoparticles were
studied in Ref. 7-13.

This work aims to synthesize and study the magnetic properties
of ferrihydrite nanoparticles coated with the natural polysaccharide
arabinogalactan, as well as to study the possible effect of ferrihydrite
nanoparticles on the suppression of Ehrlich ascites carcinoma (EAC)
tumor.

Il. EXPERIMENTAL

Nanoparticles were prepared by precipitation with an ammo-
nium hydroxide solution under conditions of ultrasonic cavita-
tion. To a solution containing 0.4% iron nitrate Fe(NO3); and
0.5% arabinogalactan, a solution of ammonium hydroxide NH,;OH
(2.5% vol) was added dropwise. During the synthesis, the solution
was treated with ultrasound (50 W/cm?, 22 kHz).

Structural studies were performed using a Hitachi HT7700
transmission electron microscope. The Mossbauer spectra were
measured on an MS-1104Em spectrometer with a source of
57Co(Cr) on powder samples with a thickness of 5-10 mg/cm? on
the basis of the natural iron content. The FTIR absorption spec-
tra were obtained on a Vertex 80 spectrometer (Bruker). Resonant
absorption curves at a frequency of 9.4 GHz were recorded on an
Elexsys E580 spectrometer (Bruker) at temperatures from 120 to
360 K.

We used the Ehrlich’s ascites carcinoma (EAC). This is a pop-
ular inoculated undifferentiated cancer model for studying various
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aspects of tumor destruction in mice due to the high sensitivity of
EAC to external influences.'"

EAC cells were collected from the peritoneal cavity of mice
after 10 days of the tumor inoculation. Further, the suspension of
tumor cells was divided into groups - control and experimental. The
cells of the experimental groups were incubated in vitro with mag-
netic nanoparticles of ferrihydrite coated with arabinogalactan for
60 min at 34 °C. The EAC cells viability was determined using a light
microscope, which is part of the unique scientific unit “Complex of
equipment for regulated cultivation of isolated organs”. To assess the
viability of EAC cells, staining with a 1% trypan blue solution was
performed. For magnetic resonance studies, the following samples
were prepared: EAC suspension (control), ascites plasma, and EAC
and MNP suspension. EPR spectra were recorded at a temperature
of 85 K.

I1l. RESULTS AND DISCUSSION

The results of high-resolution transmission electron micro-
scopy of iron oxide nanoparticles are shown in Figure 1. The aver-
age particle size is ~ 2nm. According to the diffraction image, the
nanoparticles are ferrihydrite.

Figure 2a shows the Mossbauer spectrum of nanoparticles mea-
sured at room temperature. The spectrum is a quadrupole doublet
characteristic of particles in the superparamagnetic state. An anal-
ysis of the distribution of quadrupole splitting leads to the con-
clusion that there are at least three nonequivalent iron positions
with an octahedral environment and one position with a tetrahe-
dral environment of the ligands. The result of the interpretation of
the Mossbauer spectra is summarized in Table 1. The parameters of
the model spectra are in good agreement with the results obtained
earlier for ferrihydrite powders.®!>!¢ Figure 2b shows the Moss-
bauer spectrum of nanoparticles measured at a temperature of 4K.
The number of detected sextets (Table 1) coincides with the results
of the analysis of the Mossbauer spectrum of ferrihydrite at 300 K.
The spectrum parameters agree with the parameters of the Mdss-
bauer spectra obtained from ferrihydrites of natural and artificial
origin."”

Note that these nanoparticles contain iron in tetrahedral coor-
dination, in contrast to biogenic and synthetic samples that we
studied earlier.*'>!° This can be attributed to the use of cavitation
ultrasonic treatment, which stimulates the release of iron ions from
the octahedral environment.

The IR absorption spectra of arabinogalactan and nanoparticles
coated with arabinogalactan are shown in Figure 3.
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FIG 2. Mossbauer spectra of ferrihydrite nanoparticles measured at 300K (a) and
4K (b).

The spectrum of arabinogalactan exhibits a broad band in the
range of 2900-3400 cm-1, in which the absorption bands of O-H
bonds (3400 cm™!) and CH, CH3-, CHz- (~2900 cm™) carbohydrate
units overlap. The vibration of 1640 cm™ corresponds to the vibra-
tions of the carbonyl group; 1370 cm™ is the deformation vibrations
of the diol alcohol groups 8-OH. In the region of 1200-1000 cm™,
we observe some bands belonging to stretching vibrations of the

TABLE 1. Mossbauer parameters.

ChemS HFF QuadrS WidthS AreaS Position
0.31 - 0.32 0.25 0.08 Fe(4)
300K 035 ... 0.58 028  0.32 Fel(6)
0.35 . 0.88 0.31 0.44 Fe2(6)
0.37 - 1.25 0.32 0.16 Fe3(6)
0.378 473 0.213 0.211 0.10 Fe(4)
4K 0.549 470 -0.227 0.368 0.31 Fel(6)
FIG. 1. TEM-image (a) and diffraction pattern (b) of ferrihydrite nanoparticles gjgz i;g gggi ggg; 8‘1% ieg(?
coated with arabinogalactan. ) ) ) : e3(6)
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FIG. 3. FTIR spectra at room temperature: a) arabinogalactan, b) ferrihydrite
nanoparticles coated with arabinogalactan.

C-O bond of the pyranose and furanose rings, as well as bending
vibrations of the cycles (714, 775, 882 cm'l).

The main difference between the IR spectrum of nanoparticles
and the IR spectrum of arabinogalactan is the absence of an absorp-
tion band in the region of 2900 cm™. In the spectrum of nanoparti-
cles, the maximum at a frequency of 3140 cm™ belongs to the =C-H
bond.

The most intense band in the spectrum of nanoparticles
belongs to the bending vibrations of the diol alcohol groups 6 OH
(1385cm™). The band 1000-1200 cm™ has a lower intensity than
in the spectrum of pure arabinogalactan. New absorption bands
appeared at frequencies of 1760 and 825 cm™. In the IR spectrum of
the nanoparticles, the 1760 cm”! band refers to the stretching vibra-
tions of the C=0 bond of the ionized carboxyl group formed as a
result of iron reduction. The 825cm™" band is related to the C-H
bond.

The inset in Fig. 4 shows the ferromagnetic resonance curves
measured in the temperature range from 120 to 360 K. The absorp-
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FIG. 4. Temperature dependence of the ferromagnetic resonance linewidth of
ferrihydrite nanoparticles. The inset shows the ferromagnetic resonance spectra.

tion intensity in this temperature range decreases linearly, indi-
cating that the nanoparticles are in an unblocked, superparamag-
netic state. The values of the resonance fields Hr(T) monotonically
increases from 3.32 kOe to 3.38 kOe in the used temperature range,
reaching saturation at T~350K. Figure 4 shows the temperature
dependence of the ferromagnetic resonance linewidth AH(T) of fer-
rihydrite nanoparticles. The experimental curve AH(T) at T > 300 K
changes the functional dependence (the derivative passes through a
maximum). The observed features in the dependencies Hr(T) and
AH(T) of ferrihydrite nanoparticles are possibly due to the Néel
temperature of ferrihydrite.®

Figure 5(a) shows a characteristic curve of the resonant
absorption of an EAC suspension. Absorption due to transferrin,
cytochrome molecules, ceruloplasmin, and also Mo**-containing
molecules are observed. Absorbances with a g-factor of 2.01-2.04,
indicated in the figure by 4, are reliably recorded. These absorption
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FIG. 5. (a) EPR spectrum of the EAC.
Peaks: 1- transferrin; 2- cytochromes;
3- ceruloplasmin; 4-DNIC; 5-Mo®*-
containing molecules. (b) EPR spectra
of samples - control of the EAC, plasma,
and EAC + MNP.
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peaks are due to the presence of DNIC, which include endogenous
Fe and thiol (sulfur-containing) groups.'®

Figure 5(b) shows the high-field sections of three resonance
curves: isolated tumor (control), EAC cells cultured with used
nanoparticles and plasma obtained after centrifugation of the EAC
suspension.

A comparison of these curves indicates that ceruloplasmin
(and transferrin) are exclusively in the plasma, and the presence of
dinitrosyl iron complexes is associated with tumor cells and peri-
toneal macrophages present in the EAC suspension. Figure 5(b)
shows that the cultivation of a suspension of EAC with nanoparti-
cles leads to a noticeable decrease in the signal from ceruloplasmin
and an increase in the signal from dinitrosyl complexes.

The proportion of dead cells with the addition of ferrihydrite
nanoparticles (17.5%) was higher than in the control (11.5%) and
with the addition of arabinogalactan (10.7%). With an increase in
the intensity of the DNIC signal, i.e. an increase in NO concen-
tration, the proportion of dead cells increases. A unique feature
of EAC cells is that they are capable of producing nitric oxide,
which is associated with their defense mechanisms from the immune
system.” %2

Possibly, in our experiments, the main source of NO regulat-
ing the number of tumor cells is peritoneal macrophages present in
the EAC tumor cell suspension. The cultivation of ascites with mag-
netic particles increases the yield of nitric oxide NO [see Fig. 5(b)]."*
Higher concentrations of NO and, consequently, reactive nitrogen
species (RNS), lead to reactions that cause DNA damage,”’ activa-
tion of various transcription factors,”"*” due to which expression of
P53 protein can increase, for example causing apoptosis of cells and
their death.

IV. CONCLUSION

Magnetic nanoparticles coated with arabinogalactan have been
synthesized by chemical precipitation. According to the results of
transmission electron microscopy, Mossbauer spectroscopy and fer-
romagnetic resonance, it was determined that the synthesized mag-
netic nanoparticles are ferrihydrite. The increase in the proportion
of dead Ehrlich ascites carcinoma cells is due to an increase in the
yield of nitric oxide in the cell suspension during cultivation with
magnetic nanoparticles.
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