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COMPARATIVE STUDY OF ANTITUMOR 
EFFECT Fe2O3 AND Fe3O4 NANOPARTICLES 
IN NANOCOMPLEX WITH DOXORUBICIN 
DURING ELECTROMAGNETIC IRRADIATION 
AND MODIFICATION OF HUMAN 
HEPATOCELLULAR CARCINOMA CELLS 
(HepG2) WITH INTERFERON-ALPHA

Conducted experimental studies in human hepatocellular carcinoma cell line 
HepG2 showed that highest cytotoxic effect was observed when nanocomplex 
(NC) which consisted of Fe2O3 nanoparticles (NP) with doxorubicin (DR) was used, 
as well as Fe3O4 NP or a mixture Fe2O3+Fe3O4 with DR after prolonged exposure 
to interferon-alpha (IFN). The number of apoptotic cells increased when NC which 
consisted of Fe3O4 and/or Fe2O3 NP with DR was used after electromagnetic ir-
radiation (EI) and prolonged exposure to IFN compared to the experiments when 
EI was not used. The number of topoisomerase II alpha-positive cells decreased 
when NC with Fe3O4 NP and DR was used after EI and long-term exposure to IFN 
compared with experiments when Fe2O3 NP and DR were used.

INTRODUCTION
Significant efforts of researchers in on-

cology is currently focusing on developing 
magnetosensitive nanocomplexes (NC) 
based on the synthesis of iron oxide nanopar-
ticles (NP) with cytostatic drugs. NC have 
additional advantages over traditional drugs 
because of its ability to integrate with a va-
riety of substances due to the high specific 
surface area [1]. NC synthesized from low 
magnetite (Fe3O4) or hematite (γ-Fe2O3) 
with antineoplastic antibiotic doxorubicin 
(DR) can be used as anticancer agents in ra-
dio frequency hyperthermia [2].

It is known that hematite Fe2O3 is the most 
stable oxygen compounds of iron, conversely 
magnetite Fe3O4 (FeO · Fe2O3) is more easily ox-
idized and it is a good conductor of current and 
has a large amount of redox standard electrode 
potential [3]. NC iron oxides include ions with 
unpaired electrons on the inner membrane (e.g. 
3d shell of Fe ions in Fe3O4), which determine 
the magnetic properties of magnetite. Fe2+ ion 
has a lower number of unpaired electrons (four) 
than the ion Fe3+, for which this value is five [4]. 
In the process of NC formation which includes 
DR, there are conditions for transitions between 
internal and partially filled outer orbitals, which 
leads to a change in the reactivity of NC [5].

Antitumor activity of NC under the 
influence of electromagnetic irradiation (EI) 
is associated with an increase in the ability 
of anthracyclines in the presence of iron oxide 
cells metabolized with the formation of free 
radicals. Quinone part of DR tetracycline ring 
becomes a free radical semiquinone involv-
ing mitochondrial, nuclear and microsomal 
NADP-oxidoreductases of cells [6]. This 
initiates apoptosis and necrosis of tumor cells.

Interferon (IFN) in nowadays is one 
of the well known cytokines, which are used 
in biotherapy of cancer patients because 
it has pluripotential effects on tumor cells, 
such as modifier of phenotype and may 
increase the sensitivity of tumor cells to an-
ticancer chemotherapy [7, 8]. In experiments 
on cell lines of colon cancer SW480, COLO 
and WiDr also shown that the antiprolifera-
tive effect of IFN enhanced iron chelate [9]. 
Based on the above it can be assumed that the 
antitumor effect of NC DR at EI and modi-
fication of cell by IFN probably can depend 
on the type of compounds of iron and oxygen 
in NC and different action on tumor cells.

The aim of the work was compara-
tive study of the features of antitumor 
effect of Fe3O4 and Fe2O3 NP in NC with 
DR on cell line HepG2 human hepatocarci-
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nomas at EI under their long-term (30 days) 
exposure to IFN-alpha.

MATERIALS AND METHODS
Cell  cul ture and exposi t ion with 

IFN. Human hepatocellular carcinoma cells 
(HepG2 line) obtained from the Collection 
of Cell Lines of R.E. Kavetsky Institute 
of Experimental Pathology, Oncology and 
Radiobiology (Kyiv, Ukraine) were cultured 
in complete DMEM culture medium supple-
mented with 10% embryonal calf serum and 
40 µg/ml gentamycine. The cells were cul-
tivated in humidified 5% СО2 atmosphere 
at 37 �����������������������������������°С. �������������������������������R������������������������������ecombinant �������������������IFN-alpha-2b������� («����Bio-
Pharma», Ukraine) was used for cells modi-
fication with cytokine�����������������������. ���������������������The cells were culti-
vated for 30 days in increasing concentration 
of cytokine (from 500 to 10 000 U/ml). The 
range of doses was chosen after determination 
of IC 50 (50% inhibition concentration). 

Magnetosensitive NC. As an independent 
parts or components of drugs NP of iron oxide 
Fe2O3 and Fe3O4 with diameter <50 nm («Sig-
ma») and DR («Pfizer Italy SRL», Italy) were 
used. Mass concentration of DR in NC was 
50%. NC received by the technology of mech-
ano-magneto-chemical synthesis [10].

EI. The prototype of apparatus «Mag-
niterm» («Radmir», Ukraine) was used for 
spatially inhomogeneous EI. EI options: 
frequency was 40 MHz, output power was 
60 W, applicator was the framework with di-
mensions of 2×2.5 cm and profile in the form 
of an arc with curvature radius of 2.3 cm.

Cytotoxicity. To determine the drugs 
sensitivity the standard method with vital 
dyes was used [11]. To assess the effect 
of combination of EI and investigated drugs 
cells were grown in Petri dishes (diameter 
was 40 mm, 2×105 cells/dish) under standard 
conditions for 24 hours, then added drugs 
and were irradiated for 30 min.

The number of living and dead cells  
was determined with haemocytometer after 
48 hours of irradiation, stained by trypan blue. 

Cytof luorimetry .  Flow cytometry 
was conducted to analyze the influence 
of DR and EI on the induction of apoptosis 
of tumor cells and the distribution of cell 

cycle phases. Flow cytometry was performed 
on a device FACalibur («Bekton Dickinson», 
USA) equipped with two lasers: argon and 
helium-neon with wavelengths of 488 and 
625  nm, respectively. The analysis was 
performed using CellQuest. To measure 
the fluorescence of propidium iodide was 
used filter with maximum transmission 
at 600 nm and a bandwidth of 35 nm. Us-
ing flow cytometry the percentage of cells 
that fall hypodiploidic area of DNA index 
histogram was assessed. 

Statistics. Statistical processing of the 
data was performed using the Student t-
test by the Statistica 6.0 (© StatSoft, Inc.)  
software with preliminary verification of the 
hypothesis of normal distribution on the 
Kolmogorov — Smirnov criterion.

RESULTS AND DISCUSSION
C y t o t o x i c i t y .  C o m p a r i s o n 

of direct antitumor effects of Fe2O3 and 
Fe3O4 NP in NC with DR at EI on tumor 
cells under long-term exposition with IFN 
had been conducted on HepG2 cell line 
(Fig.  1). Analysis of the data shows that 
the highest antitumor effect was observed 
in NC with DR combination, which in-
cluded Fe2O3 without EI and IFN (27% 
living cells) and in a case with Fe3O4 (26%) 
or a compound of Fe2O3+Fe3O4 (28%) us-
ing IFN without EI. In all experiments, the 
influence of NC with DR on the viability 
of HepG2 cells was statistically significant 
differed as compared to control. The NC ef-
fect on cell viability depended on the type 
of oxygen-containing compounds. 

Cytometry. For a more detailed under-
standing of the sensitivity of tumor cells 
to the drug we investigated an influence of EI, 
IFN and their combination on the presence 
of apoptotic cells and the effects of the division 
of the cell cycle phases by flow cytometry. 

Analysis of the apoptosis induction level 
of HepG2 cells performed by flow cytometry 
(Fig. 2). When we used NC with Fe3O4 the 
number of apoptotic cells was minimal, but 
showed a significant increase in the num-
ber of apoptotic cells after exposure with 
IFN. Thus, the number hypodiploid cells 

after exposure to NC with Fe3O4+DR was 
only 3.84%, and in IFN-modified subline 
increased to 61.62%. During EI and the ac-
tion of NC with Fe3O4 the smallest number 
of hypodiploid cells (28.4%) was observed, 
but after exposure to EI and long-term act-
ing IFN their number increased to 61.49%. 
In combination EI with NC, which included 
Fe2O3 with DR, and after prolonged cells 
exposure with IFN the number of apoptotic 
cells was significantly increased compared 
to the experiments without irradiation. 
In control HepG2 cells number of apoptotic 
cells did not exceed 10.99%.

Thus, Fe2O3 and Fe3O4 with EI under 
modified IFN initiated significant difference 
in the level of apoptotic cells.

Percentage division of HepG2 cells ac-
cording to the phases of the cell cycle (G0/G1, 
S and G2/M) are presented in Fig. 3. Gene
ralized comparative analysis of all conducted 
experiments concerned to the difference 
in the action of Fe2O3+DR, Fe3O4+DR,  
and Fe2O3+Fe3O4+DR on cell cycle phases 
division is shown in Table  1. Analysis 
of the data shows that the experiments with 
NC which included Fe3O4 the average num-
ber of cells in S-phase decreased to 26.3% 
and increased to 38.8% in G0/G1 phase, 
and to 35% in G2/M phase. In experiments 
with NP Fe2O3 similar indexes have cor-
responding values of 35.1, 32.3 and 31.9%. 
When we used NC Fe2O3+Fe3O4 studied 
parameters were in intermediate values.

Table 1.	 Generalized comparative ana­
lysis from all conducted experi­
ments of differences in the influence 
of NP Fe2O3+Fe3O4+DR with DR and 
Fe2O3+Fe3O4+DR to the changes in the 
distribution on the phases of the cell 
cycle HepG2 cell lines (M,%)

NP Cell cycle phases
G0/G1 G2/М S

Fe2O3+DR 32.3 31.9 35.1
Fe3O4+DR 38.8 35.0 26.3
Fe2O3+Fe3O4+DR 34.1 31.7 34.1

So, NC of Fe3O4 has decreased percentage 
distribution cells in S-phase of the cell cycle 
as compared to Fe2O3 that slowed DNA synthe-
sis. Since the main reactant in the drug is DR, 
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Fig. 1. The effect of iron oxides NP in combination with DR at EI on cell viability under their prolonged exposure with IFN: a — control 
(without treatment); b — DR; c — DR+EI; d — DR+IFN; e — DR+EI+IFN; 1 — Fe2O3; 2 — Fe3O4; 3 — Fe2O3+Fe3O4

*Statistically significant differences compared to Fe2O3 (p<0.05).
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based on prior studies [12, 13] it can be sug-
gested an increase in initiation of cyclic redox 
reaction of quinones in semyquinones due 
to enhanced oxidative stress NC of Fe3O4 and 
DR. Under the action of EI this led to the 
formation of reactive oxygen, such as anion 
radical, hydrogen peroxide and hydroxyl radi-
cal. These compounds caused DNA damage 
and slowing cell proliferation.

As to mechanism of prolonged exposure 
of cells with IFN such differences are the 
most probably related to known features 
mediated modulation of iron oxides antip-
roliferative effects of IFN [14, 15].

For  more detai led analys i s   of  
NC+EI combinations on tumor cells with 
additional IFN modification was investigated 
topoisomerase II alpha (Topo II) — isomerase 
enzyme that participates in topological transi-
tions of DNA double-stranded breaks by mak-
ing stabilization complex DNA enzyme. Topo 
II activity in the cell is known to depend 
on the phase of the cell cycle. So, an efficacy 
of topoisomerase inhibitors correlates with 
the degree of proliferative activity of cells, 
particularly the portion of cells in S-phase. 
Blocking the cell cycle in G1-phase causes 
resistance to drugs Topo II inhibitors [16]. For 
example, Topo II inhibitors — etoposide sta-

bilizes isomerase and prevents repair of DNA 
break, which is a signal to start the process 
of apoptosis [17]. After that p53, p21WAF 
proteins activated, cytochrome C released, 
occurs activation of caspase 8, 9, 3 and in-
duction of cell cycle blocking. In addition, 
there is evidence that the expression of Topo 
IIa also associated with expression of Ki-
67 which is a marker of cell proliferation. Topo 
II is involved in proliferation, differentiation 
and cell sensitivity to anticancer agents. Topo 
II activity reflects signal changes at  molecular 
level in tumor cells [18]. 

We found a signif icant reduction 
of Topo II-positive cells after prolonged 
exposure to IFN and after the action on cells 
EI in combination with Fe3O4+DR compared 
to Fe2O3+DR (Table  2). This is especially 
evident in the analysis of cells with the cyto-
plasmic localization of this enzyme (Fig. 4, 
5). In addition, we observed a significant 
inhibition of Topo II in the nucleus of cells 
in the control subline after Fe2O3+DR influ-
ence, which correlates with the fewest number 
of living cells in cytotoxicity test. 

These facts are interesting because are 
known clinical observations on the acquisition 
of cell resistance to anticancer drugs with in-
creasing Topo II expression in the cytoplasm 

and the worst prognosis on survival of patients 
with an increase expression of Topo II in the 
tumor cells nucleus [19, 20]. According to our 
data decrease in the Topo II expression occurs 
after long-term exposition with IFN particu-
larly in the case of specific complexes. This 
may reflect the increasing sensitivity of tumor 
cells to chemotherapy and therefore inhibit 
Topo II enzyme, and increase the percentage 
of apoptotic cells [21].

Thus, summarizing the results we could 
confirm that the antitumor effect of NC, 
which includes iron oxide + DR with EI and 
IFN-modification depends on the type 
of compounds of iron and oxygen and more 
expressive when using compound Fe3O4 with 
DR. We can assume that the dependence 
of the antitumor effect of NC-type com-
pound oxide of DR was conditioned by the 
phenomenon of spin-dependent electron 
transport between iron oxide and aromatic 
rings DR during EI, resulting in the benzene 
ring DR activated different levels of magnetic 
ring current whose magnitude modulated 
level of oxidative stress in malignant tumors. 

CONCLUSIONS
1.   The greatest  cytotoxic ef fect 

on HepG2 cell line was found using NC which 
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Fig. 2. Comparative analysis of the effects of Fe3O4 and Fe2O3 NP in NC with DR during EI and exposition with IFN on the induction 
of apoptosis in HepG2 cells: a — control (without treatment); b — DR; c — DR+EI; d — DR+IFN; e — DR+EI+IFN; 1 — Fe2O3; 2 — 
Fe3O4; 3 — Fe2O3+Fe3O4

*Statistically significant differences compared to Fe2O3 (p<0.05).
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Fig. 3. Comparative analysis of the effects of Fe3O4 and Fe2O3 NP in NC with DR during EI and exposition with IFN on the distribu-
tion of HepG2 cells cycle phases: a — control (without treatment); b — DR; c — DR+EI; d — DR+IFN; e — DR+EI+IFN; 1 — Fe2O3; 
2 — Fe3O4; 3 — Fe2O3+Fe3O4

*Statistically significant differences compared to Fe2O3 (p<0.05).
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included Fe2O3 with DR without EI and in com-
plex of Fe3O4 or Fe2O3+Fe3O4 with DR after 
prolonged exposure of cells with IFN-alpha.

2. During EI of NC, which included 
NP Fe3O4 and/or Fe2O3 with DR, after pro-
longed exposure of cells with IFN-alpha the 
number of apoptotic cells HepG2 is more sig-
nificantly increased compared to experiments 
without using electromagnetic radiation.

3. During EI of NC, which included 
Fe3O4 NP with DR Topo II alpha-positive 
cells HepG2 was decreased as compared 
to Fe2O3 NP after their prolonged exposure 
to IFN-alpha. 
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Сравнительное исследование 
противоопухолевого влияния наночастиц 
Fe2O3 с Fe3O4 в нанокомплексе с доксорубицином 
при электромагнитном облучении в условиях 
модификации клеток гепатоклеточной 
карциномы человека (HepG2) интерфероном-
альфа
В.Э. Орел1, Н.А. Безденежных2, Н.А. Николов1, А.В. Романов1, 
Н.Н. Храновская1, О.В. Скачкова1, Ю.И. Кудрявец2, И.Б. Щепотин1

1Национальный институт рака, Киев 
2Институт экспериментальной патологии, онкологии 

и радиобиологии им. Р.Е. Кавецкого НАН Украины, Киев

Резюме. В проведенных экспериментальных исследованиях 
на клеточной линии гепатоклеточной карциномы человека 
HepG2 показано, что наибольший цитотоксический эффект 
был зафиксирован при использовании нанокомплекса (НК), 
в состав которого входили Fe2O3 с доксорубицином (ДР), а так-
же при применении Fe3O4 или смеси Fe2O3+Fe3O4 с ДР после 
длительной экспозиции с интерфероном-альфа (ИФН). После 
электромагнитного облучения (ЭО) и экспозиции с ИФН при 
использовании НК, в состав которого входили Fe3O4 и/или 
Fe2O3 с  ДР, увеличивалось количество апоптотических кле-
ток по сравнению с экспериментами, когда не использовали 
ЭО. Выявлено уменьшение количества топоизомеразы II альфа-
положительных клеток при использовании НК с Fe3O4 и ДР по-
сле ЭО и длительной их экспозиции с ИФН по сравнению 
с экспериментами, когда использовали Fe2O3 с ДР.

Ключевые слова: клетки гепатоклеточной карциномы чело-
века, магниточувствительный нанокомплекс, доксорубицин, 
электромагнитное облучение, интерферон.

Порівняльне дослідження 
протипухлинного впливу наночастинок 
Fe2O3 з Fe3O4 у нанокомплексі з доксорубіцином 
при електромагнітному опроміненні за умов 
модифікації клітин гепатоклітинної карциноми 
людини (HepG2) інтерфероном-альфа 
В.Е. Орел1, Н.О. Бездєнєжних2, М.О. Ніколов1, А.В. Романов1, 
Н.М. Храновська1, О.В. Скачкова1, Ю.Й. Кудрявець2, І.Б. Щепотін1
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Резюме. У проведених експериментальних досліджен-
нях на клітинній лінії гепатоклітинної карциноми людини 
HepG2 показано, що найбільший цитотоксичний ефект за-
фіксовано при використанні нанокомплексу (НК), до складу 
якого входили Fe2O3 з доксорубіцином (ДР), а також при вико-
ристанні Fe3O4 або суміші Fe2O3+Fe3O4 з ДР після тривалої екс-
позиції з інтерфероном-альфа (ІФН). Після електромагнітного 
опромінення (ЕО) та експозиції з ІФН при використані НК, 
до складу якого входили Fe3O4 та/або Fe2O3 з ДР, збільшувалася 
кількість апоптотичних клітин порівняно з експериментами, 
коли не використовували ЕО. Виявлено зменшення кількості 
топоізомераза ІІ альфа-позитивних клітин при використанні 
НК з Fe3O4 та ДР після ЕО та тривалої їх експозиції з ІФН по-
рівняно з експериментами, коли використовували Fe2O3  з ДР.

Ключові слова: клітини гепатоклітинної карциноми люди-
ни, магніточутливий нанокомплекс, доксорубіцин, електро-
магнітне опромінення, інтерферон.


