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ABSTRACT

Aim. To analyze the structural, magnetic, and cytotoxic features of magnetite nanoparticles (MNPs) prepared by
the exploding wire method and stored in a dark place at ambient temperature (65 £ 15% humidity, air pressure 760
+ 20 mm Hg., temperature 22 & 4 °C) for 10 years.

Materials and methods. The properties of MNPs were analyzed by X-ray diffraction (XRD), transmission electron
microscopy (TEM) and selected area electron diffraction (SAED), and vibrating-sample magnetometer (VSM).
Viability of human blood mononuclear leukocytes was determined using 0.4% trypan blue staining after 24-hour
culture with the nanopowder.

Results. The calculated size of the particles remained almost unchanged after 10 years of storage. The XRD and
SAED patterns showed that crystallinity was preserved for 10 years. The diameter of the crystalline component
of MNPs (D, ) was close to the particle size determined by TEM. It confirms high crystallinity of the tested
nanoparticles. Saturation magnetization (M) of the MNP powder after 10 years of storage was unexpectedly higher
than that of the as-prepared MNP powder. Reduced remanent magnetization (M, / M) was equal for both samples
within the margin of error. No cytotoxic effect of MNPs in vitro was detected in the long-term study.

Conclusion. No dramatic changes in the structural, magnetic, and cytotoxic features of MNPs were noted after
10 years of storage. It indicated 10-year stability of MNP powder that may be a useful feature for environment
safety and biomedical applications.
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HdecaTnneTHAA ctabUIbHOCTb HAHOMOPOLUKA MarHeTuTa,
NPUroTOBJIEHHOIO METOAOM 3JIEKTPOB3pPbiBa NPOBOAHNKOB: NONIe3HOe
CBOWICTBO 1A 3KoNlornyeckom 6esonacHocTy n 6uomegnLNHCKOro
ncnonb3oBaHNA?

XnycoB U.A.', OmenbaHuuk A.C.%2, PognoHosa B.B.?, Llynneyosa B.B.%,
Xasmnaxmartosa O.I'.2, lOpoBa K.A.%, JlutBuHoBa J1.C.2, HopkuH U.K.?

"' Cubupcruii 2ocydapcemeennoiii meouyunckuil ynugepcumem (Cu6I MY)
Poccus, 634055, ¢ Tomck, Mockosckuit mpaxkm, 2

2 Banmuiickuil gpedepanvviii ynusepcumem (BDY) um. U. Kanma
Poccus, 236016, . Karununepao, yar. A. Hescxoeo, 14

PE3IOME

Heus. [IpoBecTy aHanN3 CTPYKTYPHBIX, MATHUTHBIX U IUTOTOKCHYECKUX CBOWCTB HaHOouacTul MmarHetuta (MHUY),
MPUTOTOBJIEHHBIX METOJOM 3JI€KTPOB3PbIBA MPOBOJHUKOB U XPAHSMIUXCS B 3alMIIEHHOM OT CBETa MECTE NpHU
KOMHATHOH TemIiepatype (BlIaxHOCTb 65 + 15%, armocdepHoe naBineHue 760 + 20 MM pr. CT., TeMneparypa 22 +
4 °C) B Teuenue 10 ner.

Marepuansl n Meroabl. Coiictea MHY m3ydanu ¢ moMomp0 peHTreHOCTpyKTypHOTOo aHanmu3a (PCA), mpo-
cBeumBaronel 1eKTpoHHol Mukpockonuu ([I9M) ¢ uccnenoBaHneM 3JI€KTPOHHOM AM(PAKIUK Ha BHIOpaHHON
obmactu (SAED) u marautomeTpun ¢ Bubpupyromum oopasinom (VSM). KusHecrnocoOHOCTh MOHOHYKJICAPHBIX
JICMKOIIUTOB KPOBU 4eJIOBEKa onpeaessin okpamuBanueM 0,4%-M pacTBOPOM TPUIIAHOBOIO CHHETO Hocie 24-ya-
COBOT'0 COKYJIbTUBHUPOBAHUS C HAHOIIOPOILIKOM.

Pe3yabTaThl. PacueTHbIil pa3zMep 4acTHIl MPAKTHYECKH He m3MeHmcs nocie 10 et xpanenus. KapTus! smex-
TPOHHOI U PEHIeHOBCKON TU(PAKINK MOKa3alIH, YTO KPUCTAIINYECKas IPUPOJIa COXpaHsIach B TeueHne 10 ier.
Juametp kpucrammyaeckoil wacth MHY, onpenensiemsli, kak 00J1acTh KOT€PEHTHOTO PAcCEHBAHUS PEHICHOB-
ckoro usnyuenns (D, ) 6bu1 6:1130K K pasmepy 4acTuLl, onpeAeneHHomy ¢ nomousio IIOM (D), uto cBuze-
TENCTBYET 00 MX BBICOKOH KpUCTANTMIHOCTH. HamarnndenHocTs Hackimenus (M) as mopomka MHY mocne
10 neT XxpaHeHHs OKa3anach HEOXKHUJAHHO BBIIIE, YeM ISl CBeXKeNpUroToBieHHoro nopomka MHY. [Ipusenennast
OCTaToYHas HaMarHUYeHHOCTh (M, /M) ObLIa OIMHAKOBOI B TIPE/IENax MOTPENTHOCTH U3MEPEHHH [T 000HX 00-
pasnos. [Ipn [utnTensHOM HCCIIeIOBAHNH in Vitro mUToTOKCcHYeckoe Biamssnine MHY He ycTaHoBIICHO.

3axirouenue. KapannanpHble N3MEHEHUS CTPYKTYPHBIX, MAarHUTHBIX cBoiicTB MHUY nocine 10-neTHero xpanenus
He oOHapysxeHbl. Caenad BeIBOJ O 10-1eTHeH CTaOMIBbHOCTH 3JEKTPOB3PHIBHOIO HAHOMOPOIIIKAa MarHETUTA, KOTO-
past MOXKET OBITh IOJIC3HA B IIAHE €r0 SKOJIOIHYECKON 0e30MaCHOCTH U OMOMEANIIMHCKHUX TIPUIIOKEHUH.

KiaroueBble c10Ba: HAHOYACTHIILI MarHe€Ttura, KOMHAaTHBIC YCJIOBUA, CTaOMIIBHOCTD HaHOIIOPOIIIKa, JICHKOLIUTBI
KpOBHU Y€JIOBCKA, HTUTOTOKCUYHOCTDH in vitro

KongaukTt naTepecoB. ABTOPHI 3asBIISIIOT 00 OTCYTCTBHU KOH(MINKTA HHTEPECOB.

Hcrounnk ¢puHancupoBanus. VcciieqoBaHue BBITONHEHO U (GHHAHCOBOM moyiepxkke CHOMPCKOro rocyaap-
CTBEHHOT'O MEIMIIMHCKOTO YHHBEPCHTETa B paMkax IIporpaMMbl CTPATErHYECKOro aKajaeMHYECKOro JHACpPCTBA
«IIpuoputer — 2030%».

CooTBeTcTBHE NPUHIMIIAM 3THKH. VcciaenoBanne 0100peHO JTOKIBHBIM ATHYECKUM KOMUTETOM IHHOBaIOH-
Horo napka banrtuiickoro ¢enepansaoro ynusepcurera um. M. Kanra (3axmouenue Ne 2 ot 06.03.2017).

Jnsa umurupoBanus: XmycoB M.A., Omenssnuuk A.C., Pommonosa B.B., Illymnenosa B.B., Xasmaxmato-
Ba O.I',, IOposa K.A., Jlureunosa JI.C., Hopxur WU.K. [decsatunerHsas cTaOMIbHOCTh HAHOTIOPOIIIKA MAarHETHTA,
MIPUTOTOBJIEHHOTO METOJIOM 3JICKTPOB3PHIBA MTPOBOAHUKOB: TIOJIE3HOE CBOMCTBO ISl SKOJIOTHYECKOI Oe30macHo-
CTH ¥ OMOMEIUIIMHCKOTO HCIONBb30BaHuA? broiemerns cubupckot meduyunsl. 2023;22(1):96—102. https://doi.
org/10.20538/1682-0363-2023-1-96-102.
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INTRODUCTION

Since 1989, about 100 nanomedical applications
and products have been approved by the US FDA
and entered the global market. Since 2010, the
development of nanomedicines and the number of
marketed nanomedicines have significantly increased
due to the resulting healthcare benefits [ 1, 2]. Magnetic
nanoparticles (MNPs) are of interest due to their unique
magnetic properties and are widely used in different
fields, such as nanomedicine, engineering, agriculture,
energy, and environmental remediation [3].

MNPs are a class of materials with unique physical
and chemical properties, which may affect the
environment [4] and biological systems. Therefore,
determining hazards and risks associated with their
application is relevant. Risk assessment is crucial for
developing recommendations on MNP effects and
application [5]. Circulation of nanochemical agents
in the industry, environment, and among customers,
as well as their wastes and storage time are essential
for understanding the balance between efficiency and
safety of nanotechnologies.

In this regard, more attention should be paid to
concerns related to long-term stability of magnetic
iron oxide nanoparticles ex vivo, since nanoscale
magnetite (Fe,0,) oxidizes to maghemite (y-Fe,0,)
in ambient conditions. However, the duration of this
process has not been well described. There are very
few studies focused on MNP aging, for example, one
study showed that the process lasts 18 months in an
aqueous suspension [6]. We analyzed the structural,
magnetic, and cytotoxic properties of MNPs prepared
by the exploding wire method and then stored in a dark
place at ambient temperature (65 + 15% humidity, air
pressure 760 + 20 mm Hg., temperature 22 + 4 °C) for
10 years.

MATERIALS AND METHODS

The nanopowder was obtained by V.S. Sedoi
(the Institute of High Current Electronics, Siberian
Branch of the Russian Academy of Sciences, Tomsk,
Russia) by the exploding wire method (EWM) in
2007. A detailed methodology and experimental
setup used in the present study for structural and
magnetic evaluation were described earlier [7, §].
EWM makes it possible to obtain nanoparticles of
various compositions, including metallic iron (o-
Fe) and its oxides with good crystallinity, which is
confirmed by the high saturation magnetization value
of the obtained nanoparticles [9].

The crystal structure and phase composition of the
samples were examined by X-ray diffraction (XRD).
The morphology and microstructure were determined
by transmission electron microscopy (TEM) with
selected area electron diffraction (SAED). Magnetic
properties were studied using a vibrating sample
magnetometer (VSM) at room temperature (295 K) in
a field range of 1.1 T.

The cytotoxicity of MNPs was tested in vitro
using human blood mononuclear leukocytes (MNLs)
collected from the venous blood of healthy volunteers
(Protocol No. 948 of 09.02.2009; the local Ethics
Committee of Siberian State Medical University,
Tomsk, Russia; Protocol No. 5 of 16.05.2016; the
local Ethics Committee of Immanuel Kant Baltic
Federal University, Kaliningrad, Russia) [10].

Aseptic MNP ferrofluid in isotonic (0.9%) saline
(30 mg / 1, pH = 6.9) was prepared by ultrasonication
for 30 min at a power output of 100 W. No stabilizers
(sodium citrate, chitosan, etc.) were added because
of their possible effect on the cells. Moreover,
even stabilized ferrofluids demonstrated unequal
distribution of MNPs in the cell culture [11].

The MNL suspension in plastic tubes contained
1 x 10° viable cells per 1 ml of the synthetic nutrient
medium (Sigma-Aldrich, USA) containing RPMI-
1640, 10% fetal bovine serum, 50 mg /1 gentamicin, and
280 mg/1L-glutamine. This suspension was mixed with
the MNP ferrofluid immediately after ultrasonication at
a ratio of 10 : 1 to preserve the pH value of 7.2-7.3 in
the cell culture. The final MNP concentration in the cell
culture was ten maximum tolerated doses (10 MTDs =
3 mg /1) of MNPs in relation to iron ions. One MTD of
iron in water is equal to 0.3 mg / 1. Cell viability was
calculated on the Countess Automated Cell Counter
(Invitrogen, USA) using 0.4% trypan blue solution
(Invitrogen, USA) according to ISO 10993-5 after
24 hours of culturing at 5% CO,, 100% humidity, and
37 °C. The main antigen profile of MNLs (CD45, CD3,
CD14) was analyzed by flow cytometry [10].

The results were analyzed using Statistica 13.3 for
Windows. The data were presented as the mean and
the standard deviation M £+ SD. Due to non-normal
distributrion of variables (the Shapiro — Wilk test),
the Mann — Whitney U-test (p ,) was used to evaluate
statistical differences in the samples.

RESULTS AND DISCUSSION

The values for average particle size distribution (D)
are presented in Table 1. According to TEM, MNPs have
a spheroid or polyhedral shape with rounded edges (Fig.
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1). TEM images for the as-prepared samples performed
in 2007 showed that the particles had smoothed edges,
which may be attributed to poorer crystallinity of
the surface or to the fact that the equipment used 10

a

years ago had lower resolution. TEM images were
processed using ImageJ software. To analyze MNP
size distribution, the obtained distribution was fitted
with the lognormal distribution [11].

_p 2

1
; As-prepared
After 10-year storage

Frequency

100

Size

Fig. 1. TEM images of iron oxide powder: a — as-prepared; b — after 10 years of storage in ambient conditions, ¢ — histogram of size
distribution: scale bar is 100 nm.

The calculated MNP size remained almost the
same after 10 years of storage. MNPs demonstrated
lognormal size distribution with similar average
diameters for the as-prepared and long-stored samples
(Table 1).

The SAED pattern showed that crystallinity
persisted for 10 years (Fig. 2, a). Bright rings are
formed by spots related to the (111), (220), (311),
(400), (422), (511), and (440) axis of the face-centered
cubic structure of Fe O,. One weak intensity ring

marked as 110, was associated with a small content
of metallic a-Fe.

The quantitative phase analysis was performed with
Rietveld refinement (Table 1). The results of the XRD
measurements of iron oxide powder demonstrated that
the predominant phase in the particles was magnetite
(X-ray scan 04-015-3102), with a value of approximately
96—97 wt.%. In addition, a small amount of metallic
a-Fe (X-ray scan 04-014-0360) was observed with a
value of approximately 2—3 wt.% (Fig. 2, b, Table 1).

Table 1

Phase composition, particle size, and magnetic properties of the MNP powder, M (SD)

Phase composition, wt.% Structural properties Magnetic properties (295 K)
Year . .
Fe,0,/v-Fe,O, a-Fe Unidentified phases D,y nM D\ M M /M M, Am’/kg
2007 96 3 ~1 31(3) 34 (0.6) 0.14 (0.01) 71.1(0.9)
2017 97 2 ~1 32(4) 33 (0.7) 0.16 (0.01) 79.8 (0.4)*

* P, <0.05; the measurements were carried out in Tomsk in 2007, as well as in Tomsk and in Kaliningrad in 2017.

It should be noted that two ferrimagnetic iron
oxides magnetite and maghemite both have an inverse
spinel structure with similar lattice constants, and due
to peak broadening at the nanoscale, they cannot be
distinguished with conventional X-ray diffraction
techniques [12]. The average size of the coherent
scattering domain (D) was calculated with the Scherrer
equation (1).

D, ., =kA/ (B x cosb),

where the shape factor £ is 0.9 for spherical shape, A is
the wavelength of Cu Ko radiation (1.54178 A) and

is the full width at half-height [13]. For nanoparticles
with good crystallinity, this size was close to the
particle size determined by TEM (Table 1).

The saturation magnetization (M) for the aged
MNPs calculated according to Fig. 3 was slightly
greater than that for the as-prepared MNPs (Table 1).
Reduced remanent magnetization (M, / M) was equal
for both samples within the margin of error.

Two magnetic iron oxides, magnetite and
maghemite, have different values of saturation
magnetization (M".°, =92-100 and M *¢ . = 60—80
Am/ kg [14]).
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Fig. 2. SAED pattern of MNP powder stored for 10 years (a); XRD pattern of the as-prepared sample and the sample after 10 years
of storage (b) in ambient conditions
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Fig. 3. Hysteresis loop of MNPs powder at T = 295 K after 10
years of storage in ambient conditions

Obtained M, values were closer to the maghemite
phase, however, some decrease in magnetization can
be also related to the size effects (e.g. the presence
of a fraction of canted surface spins or antiphase
boundaries) [15, 16].

The cytotoxic effect of MNPs was not detected in
vitro using a cell counter (Fig. 4) for any year of a
long-term study (Table 2). The mean number of living
MNLs within the min — max spectrum of diameters
(7—18 pum) did not differ significantly after adding the
same MNPs at 10 MTDs in 2007 and 2017.

A total 0f 93—95% of MNLs with sizes of 7-11 um
(Fig.4) expressed CD45CD3 T cell antigens. Large
cells presented CD45CD14 markers of monocytes /
macrophages in 5—7% of the cases, which did not
depend on MNP use and year.
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Fig. 4. Calculation of cell viability (a) and size (b) using the
Countess Automated Cell Counter

Table 2

In vitro viability of MNLs after 24-hour co-culture with MNPs
at 10 MTDs, M = SD

Number of viable (not stained with tryptan
blue) cells, %, n=>5

N d
anopowder Control cell cultures Cell cultures
(without MNPs) with MNPs
:;é’rrﬁ%arzirs o 862+ 1.62 85.8 +3.02
y 87.5+2.06 85.6+2.71
storage
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CONCLUSION

The 10-year stability of the structural, magnetic,
and cytotoxic properties of electroexplosive magnetite
nanopowder, which was stored in the dark place at
ambient temperature, can be considered a useful
property to ensure a balance between its environmental
safety and biomedical properties as an inorganic
carrier for the diagnosis and treatment of cancer and a
wide variety of other diseases.

REFERENCES

1. Farjadian F., Ghasemi A., Gohari O., Roointan A., Karimi M.,
Hamblin M.R. Nanopharmaceuticals and nanomedicines cur-
rently on the market: challenges and opportunities. Nanomedi-
cine. 2019;14(1):93-126. DOI: 10.2217/nnm-2018-0120.

2. Halwani A.A. Development of pharmaceutical nanomedicines:
from the bench to the market. Pharmaceutics. 2022;14(1):106.
DOI: 10.3390/pharmaceutics14010106.

3. Al-Anazi A. Iron-based magnetic nanomaterials in environ-
mental and energy applications: a short review. Current Opin-
ion in Chemical Engineering. 2022;36:100794. DOI: 10.1016/j.
coche.2022.100794.

4. Kabir E., Kumar V., Kim K.H., Yip A.C.K., Sohn J.R. En-
vironmental impacts of nanomaterials. J. Environ. Manage.
2018;225:261-271. DOT: 10.1016/j.jenvman.2018.07.087.

5. Nel A., Xia T., Médler L., Li N. Toxic potential of materials
at the nanolevel. Science. 2006;311(5761):622-627. DOI:
10.1126/science.1114397.

6. Widdrat M., Kumari M., Tompa E. Keeping nanoparticles
fully functional: Long-term storage and alteration of magne-
tite. Chem. Plus Chem. 2014;79(8):1225-1233. DOI: 10.1002/
cplu.201402032.

7. Sedoi V.S., Ivanov Yu.F., Osmonaliev M.N. Study of ul-
tra-fine powders produced by the exploding wire method. In
book: DeLuca L.T., Galfetti L., Pesce-Rodriguez R.A. (ed).
Novel Energetic Materials and Applications. Grafiche G.S.S.,

Authors contribution

10.

11.

12.

14.

15.

16.

24040 Arzago d’Adda, BG, Italy; 2004:1-10. DOI: 10.1002/
prep.200300019.

. Khlusov L.A., Omelyanchik A.S., Rodionova V.V. Granu-

locyte-macrophage progenitor cells response to magnetite
nanoparticles in a static magnetic field. J. Magn. Magn. Mater.
2018;459:84-91. DOI: 10.1016/j.jmmm.2017.12.017.

. Omelyanchik A., Varvaro G., Gorshenkov M. High-quali-

ty a-Fe nanoparticles synthesized by the electric explosion
of wires. J. Magn. Magn. Mater. 2019;484:196-200. DOI:
10.1016/j.jmmm.2019.03.109.

Kurlyandskaya G.V., Litvinova L.S., Safronov A.P. Wa-
ter-based suspensions of iron oxide nanoparticles with elec-
trostatic or steric stabilization by chitosan: Fabrication, char-
acterization and biocompatibility. Sensors. 2017;17(11):2605.
DOI: 10.3390/s17112605.

Muscas G., Yaacoub N., Concas G. Evolution of the magnet-
ic structure with chemical composition in spinel iron oxide
nanoparticles. Nanoscale. 2015;7(32):13576-13585. DOI:
10.1039/c5nr02723c.

Frison R., Cernuto G., Cervellino A. Magnetite-maghemite
nanoparticles in the 5-15 nm range: Correlating the core—shell
composition and the surface structure to the magnetic proper-
ties. A total scattering study. ChemMater. 2013;25(23):4820—
4827. DOLI: 10.1021/cm403360f.

. Sandler S., Fellows B.D., Mefford O.T. Best practices for

characterization of magnetic nanoparticles for biomedical ap-
plications. Anal. Chem. 2019;91:4159-14169. DOI: 10.1021/
acs.analchem.9b03518.

Teja A.S., Koh P.Y. Synthesis, properties, and applications
of magnetic iron oxide nanoparticles. Prog. Cryst. Growth
Charact. Mater. 2009;55(1-2): 22—45. DOI: 10.1016/j.pcrys-
grow.2008.08.003.

Feoktystov A. Mechanism of magnetization reduction in iron
oxide nanoparticles. Nanoscale. 2021;13(14):6965-6976.
DOI: 10.1039/DONR08615K.

Omelyanchik A. Effect of citric acid on the morpho-structural
and magnetic properties of ultra small iron oxide nanoparti-
cle. J. Alloys Compd. 2021;883:160779. DOI: 10.1016/j.jall-
com.2021.160779.

Khlusov I.A., Rodionova V.V., Litvinova L.S. — conception and design, interpretation of the results. Omelyanchik A.S. — carrying out
of the physical part of experiments, drafting of the manuscript. Shupletsova V.V., Khaziakhmatova O.G., Yurova K.A. — carrying out of

the biological experiments. Norkin [.LK. — statistical analysis of the data.

Authors information

Khlusov Igor A. — Dr. Sci. (Med.), Professor, Morphology and General Pathology Division, Siberian State Medical University,

Tomsk, khlusovia@ssmu.ru. ORCID 0000-0003-3465-8452

Omelyanchik Alexander S. — Cand. Sci. (Physics, Mathematics), Research and Educational Center “Smart Materials and Biomedical
Applications”, Immanuel Kant Baltic Federal University, Kaliningrad,

3876-8261

asomelyanchik@kantiana.ru, https://orcid.org/0000-0003-

Bulletin of Siberian Medicine. 2023; 22 (1): 96-102 101



Khlusov I.A., Omelyanchik A.S., Rodionova V.V. et al. 10-year stability of magnetite nanopowder prepared by the exploding

Rodionova Valeria V. — Cand. Sci. (Physics, Mathematics), Director of the Research and Educational Center “Smart Materials and
Biomedical Applications”, Immanuel Kant Baltic Federal University, Kaliningrad, =~ vvrodionova@kantiana.ru, https://orcid.org/0000-
0001-7793-538X

Shupletsova Valeria V. — Cand. Sci. (Biology), Center of Immunology and Cellular Biotechnologies, Immanuel Kant Baltic Federal
University, Kaliningrad, vshupletsova@mail.ru, https://orcid.org/0000-0001-7243-9731

Khaziakhmatova Olga G. — Cand. Sci. (Biology), Center of Imnmunology and Cellular Biotechnologies, Immanuel Kant Baltic Federal
University, Kalinigrad, olga_khaziakhmatova@mail.ru, https://orcid.org/0000-0002-5525-3529

Yurova Kristina A. — Cand. Sci. (Biology), Center of Immunology and Cellular Biotechnologies, Immanuel Kant Baltic Federal
University, Kalinigrad, kristina_kofanova@mail.ru, https://orcid.org/0000-0001-6146-3330

Litvinova Larisa S. — Dr. Sci. (Med.), Director of the Center of Immunology and Cellular Biotechnologies, Immanuel Kant Baltic
Federal University, Kalinigrad, larisalitvinova@yandex.ru, https://orcid.org/0000-0001-5231-6910

Norkin Igor K. — Laboratory Assistant, Center of Immunology and Cellular Biotechnologies, Immanuel Kant Baltic Federal University,
Kalinigrad, norkin_igor@mail.ru, https://orcid.org/0000-0002-5212-2435

(P<) Khlusov Igor A., khlusovia@ssmu.ru
(<) Omelyanchik Alexander S., asomelyanchik@kantiana.ru

Received 22.02.2022;
approved after peer review 17.03.2022;
accepted 19.03.2022

102 BionneteHb cMbupckoi meanumHbl. 2023; 22 (1): 96-102



