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SHORT COMMUNICATION

Magnetic signals emitted by living organisms, regardless of a biological species, are important biophysical indicators. The study
of these indicators is very relevant and promising for the visualization of the tumor process and the development of technologies
using artificial intelligence when it comes to malignant neoplasms, particularly resistant to chemotherapy. Aim: To measure mag-
netic signals from transplantable rat tumors and their counterparts resistant to cytostatics for evaluating the features of the ac-
cumulation of iron-containing nanocomposite Ferroplat. Materials and Methods: Doxorubicin (Dox)-sensitive and Dox-resistant
Walker-256 carcinosarcoma and cisplatin-sensitive and cisplatin-resistant Guerin’s carcinoma transplanted in female Wistar rats
were studied. The magnetism of tumors, liver and heart was determined using Superconductive Quantum Interference Device
(SQUID) — magnetometry in a non-contact (13 mm over the tumor) way using specially designed computer programs. In a group
of the experimental animals, a ferromagnetic nanocomposite (Ferroplat) was administered as a single intravenous injection and
biomagnetism was assessed in 1 h. Results: The magnetic signals coming from Dox-resistant Walker-256 carcinosarcoma in the ex-
ponential growth phase were significantly higher in comparison with sensitive tumor. Intravenous administration of Ferroplat
increased biomagnetism by at least an order of magnitude, especially in resistant tumors. At the same time, the magnetic signals
of the liver and heart were within the magnetic noise. Conclusion: The use of SQUID-magnetometry with ferromagnetic nanopar-
ticles as a contrast agent is a promising approach for visualization of malignant neoplasms with varying sensitivity to chemotherapy.
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Magnetic signals coming from any part of a living or-
ganism, regardless of a biological species, are important
biophysical indicators. The magnetism of the biological
objects (organism, organ, cell) characterizes their bio-
chemical and physiological state in normal and patho-
logical conditions. The assessment of biomagnetism
could be relevant in oncology both for diagnostic pur-
poses and correct targeted hyperthermia of malignant
neoplasms [1-7]. The combination of biomagnetism
measurements and nanotechnologies (nanoparticles)
with the use of Superconductive Quantum Interference
Device (SQUID-systems) could be advantageous for
improving the efficiency of diagnosis and therapy.

The targeted therapy with the use of ferromagnetic
could be promising since these nanoparticles are able
to facilitate intercellular and intracellular transport of an-
titumor drugs, the controlled release of the substances
fromthe dosage form, and the delivery of the drugsto their
targets [8-10]. In addition, there are all prerequisites for
the use of nanoparticles in cancer immunotherapy [11-
16]. Moreover, nanoparticle-based drug delivery may
be beneficial for overcoming drug resistance in cancer
therapy [17, 18]. In our previous studies [19], we demon-
strated that the magnetic signals from the transplantable
tumor are significantly higher compared to control ani-
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mals. In addition, intravenous administration of the ferro-
magnetic nanocomposite resulted in a significantincrease
inthe magnetic signalintumors. Atthe sametime, we have
shown that ferromagnetic nanocomposite inhibited
the growth of cisplatin-resistant (Cpt-R) Guerin’s carci-
noma by 40% as compared to 2% inhibition by the officinal
form of cytostatic. The findings of our pharmacokinetic
studies proved that ferromagnetic nanocomposite accu-
mulates more intensively in a resistant tumor and causes
the most significant manifestations of therapeutic patho-
morphosis compared to a sensitive tumor [20].

In this study, we aimed to evaluate the features
of the accumulation of iron-containing nanocomposite
(Ferroplat) by tumor cells of Walker-256 carcinosar-
coma and Guerin’s carcinoma as well as their substrains
resistant to cytostatics. With this aim in view, measuring
equipment based on SQUID-magnetometry and special
computer programs developed at the V.M. Glushkov
Institute of Cybernetics, the NAS of Ukraine were used.

MATERIALS AND METHODS

The studies were carried out on 56 female Wistar rats
weighing 120-150 g bred in the vivarium of the R.E. Ka-
vetsky Institute of Experimental Pathology, Oncology and
Radiobiology, NAS of Ukraine. The experimental proce-
dures were carried out in accordance with the “Regula-
tions on the Use of Animals in Biomedical Experiments”
and the provisions of Directive 2010/63/EU of the Euro-
pean Parliament and the Council of the European Union
“On the Protection of Animals Used for Scientific Pur-
poses” of September 22, 2010. The study was approved
by the institutional bioethics committee.
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The tumor strains of Walker-256 carcinosarcoma
and Guerin’s carcinoma were obtained from the National
Bank of cell lines from human and animal tissue (R.E. Ka-
vetsky Institute of Experimental Pathology, Oncology and
Radiobiology, NAS of Ukraine). The doxorubicin-resistant
(Dox-R) substrain of Walker-256 carcinosarcoma and
Cpt-R substrain of Guerin’s carcinoma were developed
in our previous study [21]. Doxorubicin (Dox) (EBEWE,
Austria) inhibited growth of Dox-R Walker-256 carci-
nosarcoma by 7-10% (5i.p. injections daily at a dose
of 1.5 mg/kg, starting from the 4th day after tumor trans-
plantation) as compared to 72-75% inhibition of the initial
Dox-sensitive (Dox-S) strain. Cisplatin (Cpt) (EBEWE,
Austria) inhibited growth of Cpt-R Guerin’s carcinoma
by 0-3% (5 i.p. injections once every two days at a dose
of 1.2 mg/kg, starting from the 8" day after tumor trans-
plantation) as compared to 93-97% inhibition of the initial
Cpt-sensitive (Cpt-S) strain.

Theratsweretransplantedwith Dox-Sand Dox-RWalk-
er-256 carcinosarcomaor Cpt-Sand Cpt-RGuerin’s car-
cinoma subcutaneously (2.5 - 108 cells per animal).

The ferromagnetic nanocomposite Ferroplat
(Fe;O,+cisplatin) (FP) developed in O.0. Chuiko Insti-
tute of Surface Chemistry (National Academy of Sci-
ences of Ukraine) by the team of Prof. P.P. Gorbik was
used in the study. FP was injected once into the tail vein
at a dose of 2 mg of Cpt/kg of body weight.

In the exponential phase of tumor growth (for Walk-
er-256 carcinosarcoma — 5 days, for Guerin’s carci-
noma — 10 days after tumor transplantation), non-
contact SQUID-magnetometry was performed over
the tumor (13 mm). In a FP group, biomagnetism was
measured in 1 h following single intravenous FP injec-
tion in the exponential phase of tumor growth.

The properties of FP and the method of non-con-
tact SQUID-magnetometry were described in detail
in our previous article [19].

Statistical processing of data was performed using
the software Statistica (v. 7.0) and Student’s t-test
when the data complied with the conditions of normal-
ity and equal variance. The difference was considered
statistically significant at p < 0.05.

RESULTS AND DISCUSSION

In the exponential growth phase, in Dox-R Walk-
er-256 carcinosarcoma the maximum value of E,, (energy
characteristic; E,, =2B,%; value, proportional to mag-
netic field energy in limits of measurement area) was
significantly higher (by 32%) than in Dox-S Walk-
er-256 carcinosarcoma (Table 1). Upon FP injection,
the maximum value of E,,, in both Dox-S and Dox-R Walk-
er-256 tumors increased by approximately 12-fold.
However, E,, in the Dox-R tumor was 31% higher than
in the Dox-S. Similar results were obtained when com-
paring the integral values of E,, that were by 25% higher
in Dox-R Walker-256 tumors (Table 2). After the FP injec-
tion, the integral values of E,,,in the Dox-S tumor increased
by 13 times, and in the Dox-R by 14 times (Table 2).

After intravenous FP administration to animals
with transplanted Guerin’s carcinoma, the maximum

values of E,, increased by 17 times in Cpt-S tumor
and by 18 times in Cpt-R tumor (p < 0.05) (Table 3).
The same result was obtained when analyzing the in-
tegral values of E,, (Table 4). FP injection led to an in-
crease of this index in the Cpt-S Guerin’s carcinoma
by 20.4 times, and in the Cpt-R by 25.7 times.

We also measured the biomagnetism of the liver
and heart of experimental animals. It turned out that
the magnetic signals coming from these organs practi-
cally corresponded to the magnetic noise.

The results obtained evidence that the increase
of magnetic signals in tumors could be related with
the degree of neoplasms sensitivity to cytostatics with
different mechanisms of action.

Due to their affinity for iron ions, resistant tu-
mors accumulate a larger number of ferromagnetic

Table 1. Maximum values of energy characteristic E,. Values obtained

in the exponential growth phase of Walker-256 carcinosarcoma (5 days af-

ter tumor transplantation)
Group of animals

Magnetic noise (before and

Maximum values of E, a.u.

after measurements) 0.40£0.13;n=4

Rats with Dox-S (FP)
Walker-256 carcinosarcoma  1.19+0.08;n=7 14.06 +1.81**;n=7
Rats with Dox-R (FP)

Walker-256 carcinosarcoma  1.57 £0.09*: n=7 18.42+1.99**:n=7
Notes: The mean + standard deviation is indicated. *p < 0.05 compared
with Dox-S Walker-256 carcinosarcoma; **p < 0.05 compared with animals
that did not receive FP.

Table 2. Values of the integral of the energy characteristic E,. Values ob-

tained in the exponential growth phase of Walker-256 carcinosarcoma

(5 days after tumor transplantation)

The values of integral of the energy char-
acteristic Ep, a.u.

Group of animals

Magnetic noise (before and

after measurements) 5.99+0.60;n=4

Rats with Dox-S (FP)
Walker-256 carcinosarcoma  16.28 £ 1.47;n=7 215.37 £21.15**;n=7
Rats with Dox-R (FP)

Walker-256 carcinosarcoma  20.30 £ 1.44*;n=7 293.01 £22.17**;n=7
Notes: The mean + standard deviation is indicated. *p < 0.05 compared
with Dox-S Walker-256 carcinosarcoma; **p < 0.05 compared with animals
that did not receive FP.

Table 3. Maximum values of energy characteristic E,,. Values obtained
in the exponential growth phase of Guerin’s carcinoma (10 days after tu-
mor transplantation)

Group of animals
Magnetic noise (before and
after measurements) 0.41£0.10;n=4
Rats with Cpt-S Guerin’s car- (FP)
cinoma 1.60+0.19;n=7 27.09+2.35% n=7
Rats with Cpt-R Guerin’s car- (FP)
cinoma 1.95+0.40;n=7 35.06+3.86*;n=7
Notes: The mean + standard deviation is indicated. *p < 0.05 compared with
animals that did not receive FP.

Maximum values of E, a.u.

Table 4. Values of the integral of the energy characteristic E,,. Values ob-
tained in the exponential growth phase of Guerin’s carcinoma (10 days af-
ter tumor transplantation)

The values of integral of the energy char-

Group of animals e
P acteristic Ej, a.u.

Magnetic noise (before and

after measurements) 6.11 £2.60;n=4

Rats with Cpt-S Guerin’s car- (FP)

cinoma 20.79+5.04;n=7 423.56 +36.58*;n=7
Rats with Cpt-R Guerin’s car- (FP)

cinoma 18.95 +5.54; n=7 487.70 £ 57.15*;n=7

Notes: The mean + standard deviation is indicated. *p < 0.05 compared with
animals that did not receive FP.
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nanoparticles compared to sensitive tumors, which
is due to the impaired endogenous iron metabolism
and the antioxidant defense resulting in increased
iron consumption to meet metabolic and proliferative
needs of tumor cells [21]. Moreover, the oxidative
damage imposed by nanocomposite in resistant cells
also leads to an increase of lipid peroxidation, which
causes structural and functional rearrangements
of cells membranes and contributes to the reduction
of their invasive properties [22, 23]. Therefore, the en-
hancement of the magnetic signal in the tissue of re-
sistant neoplasms is probably explained by the ability
of the nanocomposite for redox-regulation in cells with
the phenotype of drug resistance.

It should be noted that magnetic nanoparticles such
as magnetite (Fe;0,) have superparamagnetic proper-
ties [24-26]. Such particles are characterized by mag-
netic anisotropy. In addition, iron nanoparticles smaller
than 100 nm (and the nanoparticle size in FP is approxi-
mately 32.7 nm) penetrate cells more easily and faster.

Thus, the data obtained using non-contact SQUID-
magnetometry characterize the features of the in vivo
FP accumulation in cells of drug-sensitive and drug-
resistant malignant tumors. In our opinion, SQUID-
susceptometer systems using ferromagnetic nanopar-
ticles as a contrast agent can be used in the near future
for effective diagnostics and antitumor chemotherapy.
Moreover, such approach is prospective for the de-
velopment of artificial intelligence models, for cancer
diagnosis and assessment of therapy response.
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BIOMAITHETU3M HYYTJINBUX TA PESUCTEHTHUX
A0 LUTOCTATUKIB 3JTOAKICHUX NYXJINH
nicng BBEAEHHA PEPOMATHITHOIO
HAHOKOMMNO3UTY
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MeTa: MarHiTHi curHanu, aki HagxoasTb Bif, XXMBUX OpraHis-
MiB, He3anexHo Big, 6ionoriYyHOro Buay, € BaxnmBumMm 6iodi-
3UYHUMW NOKa3HUKaMW. [JOCNIIKEHHS LMX MOKa3HUKIB € AyXe
aKTyaslbHUM | NepcrnekTMBHUM HanpsiMKOM Ans BidyanisaLii
NMYXJIMHHOIO MPOLLECY Ta CTBOPEHHS TEXHOJOriA 3 BUKOPUC-
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TaHHAM LUTYYHOrO iHTENEeKTy, KoM MOBa 1ae npo 3M0SKICHI
HOBOYTBOPEHHS, Y MepLUy Yepry pe3ncTeHTHI A0 XimioTepanii.
Tomy B il poBOTi MU OLLIHUAW MarHiTHI CUrHaNN, ki HAAXOOATb
BiZl EKCNEPUMEHTANbHUX 3N0SKICHUX MYXJIMH PI3HOrO rictore-
He3y Ta YyTIMBOCTI A0 uMToCcTaTukie. Marepianun ra meroau:
Sk MoAeni NyxJINHHOro PocTy Ha Lypax-camuusx niHii Wistar
BMKOPWCTOBYBaNN YyT/IMBY Ta PE3UCTEHTHY [0 [0KCOPYObi-
UMHY KapumHocapkomy Walker-256, a Takox 4yTnmBy Ta pe-
3UCTEHTHY 00 uMcnnatvHy kapumHomy epeHa. MarHeTnam
NyxJIMH, NeYiHK1 Ta cepus BM3Hadvanu 3a gonomoroo SQUID-
MarHiTomeTpii 6€3KOHTaKTHUM METOAOM, BUKOPMCTOBYKOUM
cneujanbHO po3pobrieHi komn'toTepHi nporpamu. OkpiM Toro,
[esKUM eKCriepvMeHTanbHNUM TBaprHaM BBOAUIY OAHOPA30BO
BHYTPILLHbOBEHHO depomarHiTH1IA HaHokomno3uT (Ferroplat)
Ta yepead 1 rog Bu3Ha4Yanu 6iomarHeTnam. Peaynbtaru: Mar-
HITHI CUrHanK, ki HAAXoAATb Bif, PE3UCTEHTHUX MYXJ/IVH B €KC-
NOHEeHL,nHI dasi pocTy, 6ynn abo AOCTOBIPHO BULLMMMK, abO
dikcyBanacs 4itka TeHAeHUis [0 iX 36ifbleHHs MOPIBHSHO
3 YyT/IMBOIO NMyXJIMHOI. BHYTPilWHbOBEHHE BBEAEHHS Ferroplat
MiHIMYM Ha MOPSIAOK MigBuLyBano 6iomarHeTnam, ocobamBo
B PE3UCTEHTHIN NyxNnHi. BOoOHOYAC MarHiTHUIA CUrHan neYviHkn
Ta cepus NpakTUYHO BiAMNOBIAAB MarHiTHOMY LWymy. BucHO-
Bkm: 3acTtocyBaHHs SQUID-marHitoMmeTpii 3 BUKOPUCTaAHHAM
Yy SIKOCTi KOHTPACTHOro areHTa depomMarHiTHUX HAHOYaCTUHOK
€ NepCcneKkTMBHMUM MiaxXoaoM A0 Bidyanidauii 3109KiCHUX HOBO-
YTBOPEHDb 3 Pi3HNUM CTYNMEHEM YYyTIMBOCTI A0 XiMioTeparii.

Knroyosi cnoBa: nyxnuHa, marHetnam, SQUID-marHitomeTpis,
nikapcbka Pe3NCTEHTHICTb, GepOoMarHiTHi HAHOYaCTUHKN.



