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The most of numerous studies devoted to the 
therapeutic effects of NPs in oncology still don’t go 
beyond experiments and are carried out in two main 
directions – the development of methods for target-
ed delivery of various antitumor factors (cytostatics 
and other agents) combined with NPs precisely into 
the tumor tissue as well as development of magnet-
ic fluid hyperthermia methods. At the same time in 
the last decade new direction dealt with the self-de-
pendent antitumor effects of metal-containing NPs is 
being formed. It may be considered as a new option 
of cancer immunotherapy. And the possibility of com-
plete regression of already formed, developed experi-
mental tumors under the influence of metal-contain-
ing NPs was shown for the first time in the researches 
carried out at the National Medical Research Center 
for Oncology in Rostov-on-Don (Russia) in 2007-
2016.This result was achieved thanks to the work of 

two independent teams from different laboratories of 
the National Medical Research Center for Oncology 
with the involvement of employees from some other 
departments and in cooperation with colleagues from 
two Russian scientific and educational institutions – 
the Russian New University (RosNOU, Moscow) and 
the Saratov State Medical University named after V. I. 
Razumovsky (SSMU). 

1.Main participants and directions
of researches

The study of the effects of magnetic fluid (a colloi-
dal suspension of magnetite NPs in water) was carried 
out in Laboratory of new anticancer remedies search-
ing and the study of the mechanisms of their action 
(Fig. 1) and headed initially by professor Lyubov Khai-
movna Garkavi (A dvanced Doctor in Medical Scienc-
es, Chief of the Laboratory, one of the authors of the 
discovery of antistress adaptational reactions), and 
later – by Galina Vitalievna Zhukova (Advanced Doc-
tor in Biological Sciences) (Garkavi L. Kh. et al., 2009-
2013; Zhukova G. V. et al., 2013-2018). The experi-
ments to elevating the effects of magnetite NPs with 
the help of low-intensity electromagnetic radiations of 
infra-low frequencies were headed by Professor Alla 
Ivanovna Shikhlyarova (Advanced Doctor in Biologi-
cal Sciences) (Fig. 1). 

Experimental and electron microscopic researches 
of magnetic NPs effects were carried out with orga-
nizational and technical support of the leadership of 
the Russian New University (RosNou) – the rector 
of RosNOU, Professor Vladimir Alekseevich Zernov 
(Advanced Doctor in Engineering Sciences), and the 
director of the Taganrog branch of RosNOU, Rudenko 
Mikhail Yuryevich (Ph. D. of Engineering Sciences) 
(Fig. 2). 

Another nanostructural factors studied in Nation-
al Medical Research Center for Oncology included 
NPs of copper, iron, zinc oxide, and their alloy ob-
tained by plasma-chemical synthesis. The researches 
of the effects of these NPs on malignant tumors in 
vivo were carried out by a group of employees of the 
Biochemical laboratory on the initiative and under 
the guidance of Professor Irina Alexandrovna Goro-
shinskaya (Advanced Doctor in Biological Sciences) 
(Goroshinskaya I. A. et al., 2009-2022) (Fig. 3). Pro-
fessor Elena Yurievna Zlatnik (Advanced Doctor in 



84 | Cardiometry | Issue 26. February 2023

Medical Sciences) was also involved in the researches 
dealt with these NPs (Fig. 3). All experiments in vitro, 
as well as researches on white outbred mice have been 
performed under her guidance. The bulk of the exper-
iments on white outbred rats and linear mice as well 
as the study of the effect of these NPs on the tumor 
growth and biochemical parameters in the blood and 
tissues was carried out by Polina Sergeevna Kacheso-
va. (Fig. 3). 

Fig. 3.Employees of the National Med ical Research Center for 
Oncology, who studied the self-dependent antitumor effects of 
copper, zinc oxide, iron and their alloy NPs. The upper row – 
prof. Irina A. Goroshinskaya. The lower row, from left to right – 
prof. Elena Yu. Zlatnik (at the conference in Sudak, 2019), Polina 
S. Kachesova (at the ESMO conference, Madrid, 2014). 

Researches with use of these NPs were carried 
out in clear collaboration with Professor Vladimir 

 

Fig. 1.Employees of the National Medical Research Center for Oncology (Rostov-on-Don, Russia), who studied self-dependent an-
titumor effects of magnetite NPs in the form of magnetic fluid “AM-01”. The upper row, from left to right: prof. Lyubov Kh. Garkavi 
(author of the discovery of antistress adaptational reactions, the initiator of researches), Galina V. Zhukova, prof. Alla I. Shikhlyarova. 
The lower row, from left to right: Tatyana A. Barteneva, Marina I. Bragina, Elena A. Shirnina, Anastasia I. Zhadobina. 

Fig. 2.The leaders of the Russian New University (RosNOU), in 
close cooperation with whom studies of magnetite NPs effects 
on the growth of malignant tumors in laboratory animals were 
carried out. On the right – Rector of RosNOU, prof. Vladimir A. 
Zernov (Moscow), on the left – Director of the Taganrog branch 
of RosNOU, Mikhail Yu. Rudenko. 
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Borisovich Borodulin (Advanced Doctor in Medical 
Sciences), Head of the Department of Biochemistry 
of Saratov State Medical University named after V. I. 
Razumovsky (Fig. 4). 

 
Fig. 4.Prof. Vladimir B. Borodulin (Saratov State Medical Uni-
versity named after V. I. Razumovsky, Saratov) and prof. Irina 
A. Goroshinskaya (National Medical Research Center for On-
cology, Rostov-on-Don) at the conference “Nanotechnologies 
in Oncology” (P. Hertsen Moscow Oncology Research Institute. 
Moscow, 2008) 

2.Some words about history 
of the researches

The researches of the influence of magnetic fluid 
as self-dependent factor on the growth of malignant 
tumors was initiated by prof. L. Kh. Garkavi. She as-
sumed the existence of “electromagnetic” mechanism 
for the development of tumors that implied the need 
to develop special impacts prevented electromagnetic 
processes in tissues adjacent to the tumor which con-
tribute to tumor growth. Thus, the primary idea wasn’t 
connected with the notions of the nanoscale structure 
of the magnetic fluid (Fig. 5). It was based on the re-
sults of experiments half a century ago. 

Fig. 5.Changings of the surface shape of the magnetic fluid un-
der external electromagnetic factors with different parameters. 
From open sources. 

We are talking about the work of Rostov researchers 
prof. Maria Alexandrovna Ukolova (one of the authors 
of the discovery of antistress adap tational reactions) 
and Gennady Khimich (Ukolova M. A., Khimich G. 
G., 1960), who had demonstrated the possibility of 
tumor’s regression under the influence of magnetic 
field in experiment almost simultaneously with the 
Barnotty spouses (Barnothy J., Barnothy M., 1959), 
considered the pioneers in revealing of the antitumor 
properties of magnetic fields. In the experiments of 
Ukolova-Khimich the antitumor effect in white rats 
was achieved with the help of ring magnets placed 
so that the transplanted tumor was located inside the 
hole. Based on the results of these experiments, years 
later, L. Kh. Garkavi hypothesized about the existence 
of an electromagnetic mechanism of invasive tumor 
growth and the possibility of preventing this growth 
with the help of a magnetic “screen” (or “fence”), 
which is able to level electromagnetic changes in tis-
sue, contributed to tumor process. 

L. Kh. Garkavi suggested to use a magnetic fluid 
for forming such “magnetic screen”, which, unlike 
ring magnets, could be applied for tumors of various 
localization. The main idea of L. Kh. Garkavi con-
sisted in the formation of a “ring” of magnetic fluid 
around the tumor at some distance from its borders. 
It was implemented by introducing a magnetic fluid 
into the peritumoral zone, which led to the surround-
ing of the tumor at some distance from its boundaries 
by a discontinuous “belt” of ferrimagnetic nanoparti-
cles. In this case, water-based AM-01 magnetic fluid 
with magnetite NPs 10 ± 2 nm in size (NPO AM-Kub, 
Yekaterinburg) was used. The results of experiments 
on rats with Pliss lymphosarcoma, which demon-
strated the possibility of complete regression of large 
tumors under the influence of magnetic fluid, made 
it necessary to radically change the initial hypothesis 
about the main role of electromagnetic rearrange-
ments in the antitumor influence of magnetic fluid. 
The noted effects began to be associated, with the im-
munotropic action of magnetite NPs first of all. 

Unlike the group of L. Kh. Garkavi, researches led 
by I. A. Goroshinskaya from the start were aimed at 
elucidating the influence of the nanosized form on 
the effects of biogenic metals as important metabol-
ic and regulatory factors on malignant growth. In this 
regard, intratumoral (local) and intraperitoneal (sys-
temic) administration of copper, iron, zinc, and their 
alloy NPs were used at a dose which were significantly 
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lower than the maximum tolerated doses of these met-
als in soluble form. In contrast to the magnetic fluid, 
the NPs used by this group were obtained in dry form. 
Before administration, a suspension of these NPs was 
prepared in saline at a concentration corresponding to 
the dose used. The sizes of copper and iron NPs ex-
ceeded the sizes of magnetite NPs in the form of a fer-
rofluid (30–80 nm and 10± 2 nm, respectively). 

3.Main results and discussion
Experiments with metal-containing NPs were car-

ried out on different laboratory animals – white out-
bred rats, white outbred mice and C57Black/6 mice – 
using various transplanted tumors – sarcoma 45, Pliss 
lymphosarcoma, Guerin’s carcinoma, melanoma B16.
An important point that distinguished our researches 
from the first foreign studies of a similar direction was 
the time of the first administration of NPs. We began 
to inject studied NPs only after the formation of trans-
planted tumors – when they reached the sizes at which 
their spontaneous regression was unlikely. 

In various series of experiments, we observed such 
antitumor effects of the studied NPs as arrest of tumor 
growth, inhibition of tumor growth by 1.5–3 times, 
partial and complete regression of tumors. In the cases 
of absence of noticeable changes in tumor growth we 
might observe increase in the average and maximum 
lifespan of tumor-carrying animals by 1.2–2.5 times. 
Antitumor effects of varying severity were noted in 
30-100% of animals in different series of experiments 
using different NPs at different doses and with differ-
ent methods of their administration. The influence of 
various NPs had their own characteristics. 

The most pronounced effects, similar in cases of 
application of magnetite (magnetic fluid), copper and 
iron NPs, were obtained in white outbred rats with 
Pliss lymphosarcoma. In these experiments, a delayed 
reaction to the action of metal-containing NPs was 
observed. The tumor regression started after a period 
of active tumor growth, so in some cases tumor size 
before complete regression was 20-30 cm3 and even 
more. In different experiments, partial and complete 
regression of Pliss lymphosarcoma were observed in 
30-70% of rats. 

Below we demonstrate a photo that illustrated the 
process of regression of Pliss lymphosarcoma under 
the influence of magnetite NPs (Fig. 6). You can see a 
subcutaneously located black “belt” of aggregated mag-
netite NPs (1), injected along the edges of the tumor, 

which has already mostly moved away from its old bor-
ders due to regression and at the time of imaging was 
represented only by separate areas of tissue (2). 

Fig. 6.Severe regression of Pliss lymphosarcoma in rat under the 
influence of magnetite NPs (in the form of magnetic fluid): 1 – 
“belt” formed by aggregations of magnetite NPs injected into 
the peritumoral zone (it reflects the initial size of the regressing 
tumor). 2 – areas of the tumor tissue. 

The effects of the NPs in rats with Pliss lympho-
sarcoma were also studied at the microscopic level 
(Fig.  7). In contrast to the histological picture of 
growing tumors, which are characterized by a dense 
arrangement of functionally active cells (Fig. 7A), 
in the cases of complete regression the tumor tissue 
has been replaced by connective tissue abundant-
ly infiltrated by cells of the immune system (Fig. 
7B). We never observed tumor growth resumption 
in rats with completely regressed Pliss lympho-
sarcoma under the influence of metal-containing 
NPs (7C). 

The delayed beginning of tumor regression, its rap-
id dynamics (1.5-2 weeks) in large tumors and the ab-
sence of toxic reactions occurring in the cases of active 
necrosis of large tumors indicated the development of 
tumor-specific immune response associated with the 
recognition of tumor antigens and effective T-killing 
by inducing apoptosis in Pliss lymphosarcoma cells. 
This implies the active involvement of macrophages 
in the process as the main antigen-presenting cells. 
Really, in the zone of regressing tumors we noted nu-
merous macrophages, containing dark particles in the 
cytoplasm, apparently, aggregated magnetite NPs (Fig. 
8A, B). Macrophages in contact with tumor cells were 
often observed in these cases on electron microscopic 
examination (Fig. 8C). 
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Fig. 7.A. Growth of Pliss lymphosarcoma. Dense arrangement of round cells with numerous mitotic figures. Brachet stain, 100х. 
B. Complete tumor regression under the influence of magnetite NPs. Replacing the tissue of a regressing tumor with connective 
tissue. Abundance of macrophages, lymphoid and plasma cells. Brachet stain, 40х. C. Examination of the rat male 8 months after 
complete regression of Pliss lymphosarcoma. Absence of visible signs of resumption of tumor growth. 

     B 

C 
Fig. 8.Activity of macrophages in the tumor zone in the cases of pronounced antitumor effects of magnetite NPs. A, B. Capture 
injected magnetite NPs by macrophages of the peritumoral zone. A. Braсhet stain, 400x. B. Brachet stain, 900x. C. Contacts of 
macrophages (Mph) with tumor cells (Tm). 10000x. 
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The question of possible mechanisms of activation 
of macrophages in the tumor zone by magnetite or iron 
NPs is of great interest. The answer had been got when 
we came across an article by researchers from the Mi-
lan University, published in the Italian journal “Hae-
matologica” (2010). It was dedicated to the revealed 
earlier relationship between the functional polariza-
tion of macrophages and the characteristics of iron 
metabolism in these immune cells (Fig. 9). According 
to the results of studies, belonging of macrophages to 
the known functional types M2 or M1 is determined 
by the ratio of the activities of two iron transport pro-
teins, ferroportin and ferritin. Ferroportin removes 
iron from the cell, and ferritin, on the contrary, trans-
ports iron into the cell. After studying the article, I 
asked its first author of the article (by Research Gate), 
professor Gaetano Cairo, if he would know anything 
about the possibility of functional polarization of mac-
rophages under the influence of iron-containing NPs. 
And he replied that he had met only a few in vitro re-
searches devoted this issue. 

The data obtained in our researches and in litera-
ture allowed G. V. Zhukova to formulate a hypothesis 
of a sequence of possible events leading to regression 
of large tumors (Fig. 10). It is well known about nu-
merous tumor-associated macrophages located in the 
tumor zone and contributed to tumoe growth. These 
macrophages belong to the M2 functional type. One 
of the mechanisms of their tumor-stimulating action 

is related with supply of iron to the tumor, which is 
essential for tumor growth. This occurs due to the pre-
dominance of the activity of ferroportin in tumor-as-
sociated macrophages, which removes iron from the 
cell, over the activity of ferritin transporting iron into 
the cells. That is, such a macrophage at first uptakes 
iron or its oxides from the tumor microenvironment, 
and then provides them to tumors, releasing iron-con-
taining particles near malignant cells (Fig. 10). 

The accumulation of iron-containing NPs in the 
tumor zone leads to an excess of iron in this area. In 
turn, the iron excess initiates feedback regulation, that 
leads to shift in the activity of the considered transport 
proteins towards ferritin and change the polarization 
of tumor-associated macrophages from the M2 type to 
the M1 type. Thus, the function of these immune cells 
alters from protumor to antitumor. As a result, these 
macrophages become capable to recognize tumor cell. 
That initiates antigen presentation and selective gen-
eration of cytotoxic T-lymphocytes, causing apoptosis, 
which is the most effective way to eliminate of malig-
nant cells (Fig. 10). 

The results of our study with the proposed hy-
pothesis were published in 2016 in two issues of the 
Biophysics journal (Fig. 11), and also presented in ab-
stracts at ASCO 2014-2016.In June-July 2016, trans-
lated versions of the issues of the journal “Biophysics” 
were published. In September of the same year, an 
article by authors from Stanford University was pub-

Fig. 9.The article about the relationship between iron metabolism and macrophage polarization. 
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lished in the journal “Nature nanotechnology” (Fig. 
11). The results of this research confirmed our hy-
pothesis about the repolarization of tumor-associated 
macrophages under the influence of iron oxide NPs. 
The authors had shown the possibility of preventing 
metastasis of transplanted tumors in linear mice by 
injecting of ferumoxytol, a preparation consisting of 
NPs of iron oxides. Elisabeth Duldrup-Link’s research 
group examined ferumoxytol as a remedy for treat-
ment of iron deficiency anemia in cancer patients in 
experiments on linear mice. They had at their disposal 
a panel of technologies, unfortunately not available to 
us, which they applied without any expectation of ob-
taining an antitumor effect. By their own admission, 
the result of the research came as a complete surprise 
to them. 

Thus, it should be accepted that results of re-
searches carried out at the National Medical Re-
search Center for Oncology (Russia) are of a priority 
in establishing the possibility of iron-containing NPs 
to have a pronounced antitumor effect in experi-
ments in vivo. This is evidenced by the dates of the 
first publications and the priority in applications for 
invention and the fact that these effects were demon-
strated in animal with already developed tumors, 
while the result of the authors from Stanford Univer-
sity dealt mainly with the prevention of metastasis 
(Fig. 11). 

We would also like to tell some words about the dif-
ferences in hypotheses regarding to the mechanisms 
of immune elimination of tumor cells considered by 
authors from Stanford University and us. According 
to the authors from USA, after the polarization of 
tumor-associated macrophages, these immune cells 
have a direct cytotoxic effect on tumor cells, in the 
implementation of which Fenton free radical reaction 
plays a leading role. (Fig. 11). We do not dispute the 
possibility of such path of irreversible damage to tu-
mor cells by the macrophages after their polarization. 
At the same time, we see some number inconsistencies 
between this hypothesis and the phenomena and pro-
cesses observed in our researches: 
1. Fe + 2 is required for Fenton reaction. In our case, 

the presence of Fe + 2 in tissue is doubtful, since in 
researches carried out in collaboration with phys-
icists from the Southern Federal University we 
found iron oxidation to Fe+3after diluting of ferro-
fluid with saline. 

2. The initiation of the Fenton reaction by numerous 
macrophages M1, obviously, should have led to an 
increase in the level of free radical processes in the 
tumor tissue. Meanwhile, in the researches headed 
by prof. I. A. Goroshinskaya, in contrary, decreas-
ing of free radical processes intensity has been re-
vealed after the serial introduction of metal-con-
taining NPs. 

Tumor-associated 
macrophages M2 

Ferroportin / ferritin  

Iron uptake and subsequent transport of 
iron out of the cell. Providing the tumor 
with iron.

Tumor growth 

Iron-containing NPs 

Ferroportin / ferritin  

Macrophages M2 
 macrophages M1 

Tumor antigen presentation 

T-cell immune reactions 

Induction of tumor cell`s apoptosis 

Tumor regression 

Fig. 10.Supposed mechanisms of regression of large Pliss lymphosarcoma in rats under the influence of iron-containing NPs. 
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3. Large accumulations of lymphocytes were noted in 
the tissue of tumors that regressed under the influ-
ence of magnetite NPs (Fig. 12A). This, together with 
a significant increase in the predominance of cytotox-
ic T-lymphocytes (+CD3) over the subpopulations of 
other lymphocytes in peritumoral zone of regressed 
tumors (Fig. 12B), corresponds to our assumption 
about the restoration of adaptive immunity responses 
after polarization of tumor-associated macrophages. 
It should be emphasized that, until recently, studies 

of the antitumor effect of NPs of copper and zinc ox-
ides did not have even remote foreign analogues. Prof. 
I. A. Goroshinskaya and members of her team were the 
first to demonstrate a pronounced inhibition of growth 
and regression of transplanted animal tumors under 
the influence of these NPs. In tumor-bearing rats, the 
effects of copper NPs were much more pronounced 
than the effects of zinc oxide NPs. In particular, in an-

imals with Pliss lymphosarcoma, cases of complete re-
gression of tumors occurred in more than half of the 
animals, which was more than three times higher than 
this indicator noted after the introduction of zinc oxide 
NPs. It should be noted that there is a great similarity in 
the effects of copper NPs and ferrimagnetic NPs (mag-
netite and iron NPs). In rats with Pliss lymphosarcoma 
injected with copper NPs, cases of complete regression 
of tumors 20–30 cm3 in size were also noted. In these 
cases, just as with the use of magnetite NPs, there was 
no resumption of tumor growth after a long period fol-
lowing the ending of tumor regression. The similarity 
of the effects of ferrimagnetic NPs and copper NPs may 
indicate the similarity of the mechanisms of the anti-
tumor effect of these NPs. The similarity of the effects 
of ferrimagnetic NPs and copper NPs may indicate the 
similarity of the mechanisms of the antitumor effect of 
these NPs. Thus, the question arises about the possibili-

Fig. 11.On the priority of discovery of self-dependent antitumor effects of iron-containing NPs. Comparison with the results of the 
earliest foreign research. 
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ty of polarization of tumor-associated macrophages un-
der the influence of copper NPs. In particular, it can be 
assumed that this process may be due to the influence 
of copper NPs on iron metabolism in macrophages. 

It is interesting that under effective influences of all 
studied NPs, the development of anti-stress adaptation-
al reactions of calm and elevated activation, as well as 
signs of activation of the organs of immune system, were 
observed. Moreover, such changes were observed with 
all methods of introduction of the studied NPs, local 
and systemic. The question about the causal relation-
ship between the antitumor and the antistress effect of 
metal-containing NPs arises. Should we consider such 
changes as primary, due to unknown systemic effect of 
metal-containing NPs, or they may be evaluated as a 
consequence of a weakening of the negative influence 
of tumor growth on the body determined by the local 
antitumor effect of NPs? At present time, this question 

remains open. The mechanisms of the systemic influ-
ence of metal-containing NPs have not been studied at 
all. Based on literature data on neuroimmune interac-
tions, it can be assumed that cytokines secreted by cells 
of the immune system under the influence of NPs are 
involved in the initiation of systemic reactions. 

The changes in the organs of immune system un-
der the influence of metal-containing NPs and the 
previously shown antitumor efficacy of activation 
electromagnetic therapy served as the basis for study-
ing the possibility of enhancing the effects of NPs by 
the methods of activation electromagnetic therapy. 
For this aim, we used low-intensity polyfrequency 
electromagnetic radiations of the infra-low frequency 
range. In rats, the impact was carried out on the head, 
in mice – on the body of the animal as a whole, placing 
2-3 animals in the chamber, without restricting their 
movement in the chamber (Fig. 13 A, B). Really, in a 
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Fig. 12.The signs of immune processes in the tumor that regressed under the influence of magnetite NPs and in its peritumoral 
zone. A. Accumulation of lymphocytes in tumor tissue. Brachet stain, 100x. B. Increase of predominance of CD3+ T-lymphocytes 
over the others lymphocyte subpopulations in peritumoral zone (flow cytometry): T-lym+CD3 – CD3+ T-lymphocytes, NK – nat-
ural killer cells, B-lym – B-lymphocytes. 

   

                                                                                                                           B
Fig. 13.Implementation of the electromagnetic impacts. A. Apparatus for magnetotherapy “Gradient-4M”. White outbred rats. 
Central electromagnetic impact. B. Apparatus for magnetotherapy “Spectrum-2”. C57BL/6 mice. General electomagnetic impact. 
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number of experiments we noted elevating the effects 
of NPs by 1.3–3.5 times with the help of activation 
electromagnetic therapy. In our opinion, the combina-
tion of applying metal-containing NPs and activation 
electromagnetic therapy seems quite perspective. 

Conclusion
The results of the researches carried out at the 

National Medical Research Center for Oncology in 
2007-2016 are of priority value. They have demon-

strated self-dependent antitumor effects of met-
al-containing NPs which have, obviously, immune 
nature and point to the prospects for further study 
of the antitumor and systemic influence of these fac-
tors in order to develop new approaches to tumor 
immunotherapy. The data about the possibility of a 
sharp changes in the dynamics of formed, developed 
tumors only under the influence of metal-containing 
NPs makes it possible to identify new directions of 
fundamental researches. 


