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The main purpose of this research is examining and comparing of the fractal dimension
(FD) and quantity of biogenic magnetic nanoparticles (BMN) of the resistant and sensitive
MCF-line breast cancer cells to doxorubicin activity. The FD of boundaries of sensitive
cells is greater than the FD of the boundaries of resistant cells. The quantity of BMN per
one cell in sensitive and resistant cells do not differ. The FD of the cell boundaries can be
an additional marker for the determination of cell sensitivity to the doxorubicin activity.
The part of the tumor cell surface containing one BMN can be also the potential marker
for the determination of the sensitivity to the doxorubicin action as well.
Keywords: fractal dimension; doxorubicin; MCF-line breast cancer cells; BMN.

OCHOBHOH II€JIbI0 9TOTO MCCIEIOBAHUS SABJIAETCA WM3yUeHHe U CPaBHeHUe (PaKTAJIbHON
pasmeprocTu (PP) u KonmuecTBa OGmoreHHbIX MAarHuTHBIX HanouacTull (BMH) pesucreHTHBIX
U UYBCTBHUTEJBHBIX K JAEUCTBHUIO IOKCOPYOHIIMHA KJETOK DPaKa MOJOYHON KeJNes3bl JHUHUN
MCF. B pesyiabTare HpoOBeIeHHOI'0 HCCIegoBaHHA oO0HapymxeHno, uto ®P kouTypa UyBCTBU-
TeJBHBIX KJETOK OOJIbIlle, UeM PEe3UCTEHTHBLIX KJieToK. Kommuecrso BMH Ha ogmy KieTKy B
YYyBCTBUTEJNbHBIX U PESUCTEHTHBIX KJIETKAaX IPaKTHYeCKH He oTamuaercsa. @P xKoHTypa Kie-
TOK MOJKET CIYXKUTHb JOIOJHUTEIBHLIM MAapKepOoM [Jsd OIIPEeLeJeHHA UX UYBCTBUTEJIBHOCTU K
IeICTBUIO TOKCOPYOHIIMHA, KAK M CPEIHSSA ILIOLIALh IIOBEPXHOCTH KJETKH, KOTOPas MIPUXO-
murcsa Ha oxHy BMH.

dpakTaspHa pPO3MipHICTh PE3MCTEHTHHX TA YYTIUBUX A0 Ail JOKCOPYOIIMHY KJIiTHH
paky mosounoi 3amxosu. O.B.Medsedes, O.FO.I'opo6eyv, B.D.Hexyn, C.B.I'opobeyv, I.B.Jem’s-
Henro, K.O.Bymenko.

OCHOBHOI0O METOI0 [JAaHOI'0 [OCJHIJMKeHHA € BHUBYCHHS 1 NOpiBHAHHA (dpaKTaabHOL
poamipuocTti (PP) Ta Kinekocri 6ioremrux mar"itumx Hanouactuuok (BMH) pesucrenTHux i
YyTAMBUX [T0 Oil moKcopyOimuHy KJaiTuH pary mouounoi 3amosm JgiHii MCF. B pesyabrari
IPOBEIEHOI0 JOCIiIKeHHs BUABJIEHO, 0 PP KouTypy uyTaimBux KJIiTuH € Oinsmioio 3a @P
pesucrenTuux KiituH. Kinbxkicre BMH ma ozHy KIiTUHY y YYTAIMBHUX TA PE3UCTEHTHUX
KJIITHHAX IPaKTUYHO He BiapisHaerbca. PP KouTypy KIiTUH MOKe OyTHU JOTZATKOBUM MAap-
KepoM [Jisi BUSHAUEHHS 1X YyTJMBOCTL mo aii moxcopyOinuHy, K 1 cepeaHsa IJola IIOBEPXHi
KJiTuHM, 1o npunagae sa ogay BMH.
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The latest studies in the field of medicine
and biotechnology showed the existence of dis-
tinctions in morphological properties of the
surfaces of normal cells as well as sensitive
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and resistant to the action of antitumor
agents tumor cells [1, 2]. By the end of
1990°’s it was suggested, that the tumor
cells and tumors appear to be "self-similar”
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figures in structure called fractals. Fractal
dimension is the best characteristic for the
quantitative description of the curve or a
surface branching and self-similarity prop-
erties [3]. In this way fractal-like structures
are inherent for the living systems at all
levels of their organization (corals, star-
fishes and sea hedgehogs, flowers and
plants, fruits, tops and roots of trees,
leaves of plants, vascular system and bron-
chial tubes of the people and animals etc.)
[4]- In general, the fractal is the figure
with the small parts comparable to the
whole figure in the arbitrary magnification.
The term "fractal” was introduced in 1975
by Benua Mandelbrot [38]. The number of
studies is devoted to the testing of a hy-
pothesis about fractal properties of the
tumor cells [56-8]. It was proved that the
fractal dimension could be used in differen-
tiating phases of shoot organogenesis [9]
and may be successfully applied for differ-
entiation between anal intraepithelial neo-
plasia stages [10]. It is detected that normal
cells and epithelial tumor cells of the uter-
ine cervix show different fractal dimensions
within the nanoscales [6]. The fractal figure
was also discovered in the process of meas-
uring of the force with which the probe of
an atomic force microscope interacts with
its surface in each point of a cell and then
the data can be visualized in a form of the
specific map [6, 7]. Thus, the dimensions of
this fractal are significantly different for
normal and tumor cells [6-8]. It was found
on the basis of the tumor and normal cells
image analysis with application of the
atomic force microscopy (AFM) that there is
a fractal-like surface of normal and tumor
cell in the indicated scale range (40-
300 nm) but their fractal dimensions are
the same. Space distributions of the adhe-
sive force on the normal and tumor cells
surface also turned to be fractal and demon-
strated essential divergence in the fractal
dimension [11]. That particular parameter
helps to distinguish the tumor cells from
the normal ones. In this case the term frac-
tal does not mean the surface of the cell but
the figure created from the AFM data of
the adhesive force on its surface [11]. This
fact can give a possibility to distinguish
normal and tumor cells by the AFM image.

As a result the problem is actual to find
the differences of fractal dimensions of the
tumor cells with different biological proper-
ties (metastatic potential, migration ability,
adhesiveness, sensitivity to the action of an-
ticancer drugs etc.). The possibility of the
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correlation of fractal dimension with bio-
logical properties of cells requires the crea-
tion of statistic database of the wvalue
ranges of fractal dimensions of tumor cells
especially with the different sensitivities to
the action of anticancer drugs. However
there is an interesting issue if there the
value ranges of the fractal dimension are
different for the sensitive and resistant to
the action of anticancer drugs tumor cells
which are calculated on the basis of the
analysis of surface topography of the cells,
cell adhesion maps etc. There are several
geometric characteristics, namely all the in-
trinsic volumes (i.e. volume, surface area,
Euler characteristic, ete.), that can be used
to estimate the fractal dimension of sets
from digital images [12]. There are also sev-
eral investigations that proved using of cell
contour fractal dimension as a separate cell
type characteristic [18-16]. Thereby it was
counted the mean value of normal T-lym-
phocytes contour fractal dimensions (D =
1.20+£0.05) [17], CD3 T-lymphocytes (D =
1.20+0.03), CD4 T-lymphocytes (D =
1.1620.03), CD8 T-lymphocytes (D =
1.23+£0.03) and CD19 B-lymphocytes (D =
1.12+0.03) [18]. In this paper, the fractal
dimension of the cell contour of sensitive
and resistant to doxorubicin breast cancer
cells is determined.

The present paper contains the possibil-
ity to use the value of the fractal dimension
of the cell contour at the subject glass as a
potential marker of the resistance to the
anticancer drugs unlike the paper [11] in
which the fractal dimension of the cell sur-
face does not give us the possibility to dis-
tinguish the normal and tumor cells. Spe-
cifically, in this paper the fractal dimen-
sions of boundaries of the resistant and
sensitive to doxorubicin activity MCF-line
breast cancer cells are examined. Doxoru-
bicin is one of the antracyeclic antibiotics. It
is a cytostatic drug, which has been known
from the 1960s. It is manufactured in a
semisynthetic way and it is produced by
Streptomyces coeruleorubidus or Streptomy-
ces peucetius microorganisms. Doxorubicin
has an anticancer activity and is used in
chemotherapy of cancer [19, 20]. The medi-
cine can used for the treatment of such dis-
eases as soft tissue sarcoma, osteogenic sar-
coma, Hodgkin’s disease and non-Hodgkin’s
lymphoma, acute lymphoblastic leukemia,
acute myeloid leukemia, thyroid cancer,
breast cancer, ovarian cancer, bladder can-
cer, small cell lung cancer, neuroblastoma
etc. [12]. The low level of selectivity as well
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as primary and acquired in the course of the
treatment resistance of tumor cells to the
doxorubicin activity are the most principal
issues that essentially limit the anticancer
chemotherapy efficiency [21, 22].

It has been also established that tumor
cells contain the magnetically ordered phase
in the form of the BMN [28, 24]. They were
detected in different types of the oncologi-
cal and neurodegenerative diseases such as
the breast cancer, ovarian cancer, prostate
cancer, Alzheimer’s, Parkinson’s and Hunt-
ington’s disease and epilepsy [23, 24]. Ac-
cording to a large number of papers the
biogenic magnetic nanoparticles concentra-
tion in the tumor tissues is one order of
magnitude greater than in the normal ones.
One hypothesis of the BMN synthesis in the
tumor cells is a metabolic iron disturbance
in the organism because the increase of the
nontransferrin-bound iron and ferritin con-
centration is present in cases of neurode-
generative and oncological diseases. But the
experimental studies had not detected any
correlation between the quantity of BMN
and the ferritin in tissues. Furthermore it
is established by means of the bioinformatic
methods that the ferritin is not obligatory
for the biomineralization of BMN. Still
there is an open question whether there are
distinctions in quantity and space distribu-
tion of BMN in tumor cells resistant and
sensitive to the action of anticancer drugs.
In this paper, therefore the quantity of
BMN is examined in resistant and sensitive
to doxorubicin activity MCF-line breast can-
cer cells. Magnetic force microscopy is one
of BMN detection methods in the cells [25,
26]. This particular method is used in this
paper for the identification of the BMN
quantity and their spatial localization in the
resistant and sensitive MCF-line breast can-
cer cells to the doxorubicin activity.

2. Experimental

Cell lines and cultivation conditions. The
objects of the study were breast cancer
human cells sensitive (MCF-7S) and resistant
to the influent of doxorubicin (MCF-7/Dox).
Resistant line was obtained from the origi-
nal (sensitive) line at the department of
mechanisms of anticancer therapies of
R.Kavetsky Institute of Experimental Pa-
thology, Oncology and Radiobiology, Na-
tional Academy of Sciences of Ukraine [27].

MCF-7S and MCF-7/Dox cells were cul-
tured in Dulbecco ISCOV (Sigma, USA) cul-
ture medium supplemented with 10 % fetal
calf serum (Sigma, USA) in a humidified
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atmosphere of 5 % CO, at 87°C within
24 h.

Investigation of surface morphology and
localization of magnetically ordered phase
was performed on cytocentrifuged prepara-
tions of tumor cells. The drop of super-
natant fluid of cell suspension
(109 cells/ml) MCF-7S and MCF-7/Dox was
applied onto a piece of glass for the manu-
facture of specimens. Slides were placed on
a special stand and spun up to speed
900 r/min for 5 min.

Research methodology with the applica-
tion of the images of AFM tumor cells and
magnetic force microscopy (MFM ). The lo-
calization of magnetically ordered phase in
the form of the BMN was studied in the
tumor cells by means of the scanning probe
microscope SOLVER PRO-M [22, 26] in the
AFM and MFM modes. The double-scanning
semi-contact methodology was used in the
SOLVER PRO-M for the investigation of the
samples. The AFM image of the topography
of the sample surface (AFM mode) was re-
ceived during the first scanning by a mag-
netic probe (Fig. 1, 2). This topography is
remembered and the phase shift of cantile-
ver vibration is examined characterizing the
magnetic dipole interaction of the magnetic
probe with the magnetically ordered phase
in the examined tumor cells at the constant
distance between the probe and the surface
sample. BMN can represent separate nanopar-
ticles and/or their clusters in the cells.

In this paper for the first time fractal
dimension of breast cancer human cells was
applied to determine their sensitivity to
doxorubicin. It was counted using the pro-
gram with the algorithm, based on box-
counting method, that is widely used for
calculating of fractal dimension of different
biological objects [17, 18, 28-30].

The blocks of the algorithm of the pro-
gram for fractal dimension calculation:

* Image extraction procedure;

* loading of the AFM tumor cells image
in the bmp format;

* determination of the variables for the
recalculation of the X,Y and Z Cartesian co-
ordinates of the cell surface in the microns;

* creation of the filter for extraction of the
2D curve determining the cell contour (Fig. 3);

* calculation of fractal dimension;

* program testing on the modeling frac-
tal called the Koch’s curve.

The program block for determination of
cell contour fractal dimension consists of
construction of diagram of a logarithm de-
pendence of square box quantity necessary
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Fig. 1. The topography of the surface of tumor cells of breast cancer MCF-7S, sensitive to doxoru-

bicin obtained using AFM.
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Fig. 2. The topography of the surface of tumor cells of breast cancer MCF-7/Dox, resistant to

doxorubicin obtained using AFM.

for a cell contour covering to a logarithm of
the dimension of such a box. The line dia-
gram of such dependence is a confirmation
of the fractal-like structure of the cell con-
tour at the defined scale range (Fig. 3) [3].

The formula for fractal dimension calcu-
lation is of the form [31]:

_ —logN()
D= logL

where L is the box size required for the cell
contour coverage (Fig. 3). N(L) is the quan-
tity of the L-size boxes required for the cell
contour coverage [31].

Just like the tumor cells have a definite
fractal dimension value range, so it is nec-
essary to estimate the fractal dimension on
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the set of data. The fractal dimension calcu-
lation is very sensitive to noise in the ex-
perimental data especially to the limitations
of data amount [31]. Therefore for the frac-
tal dimension calculation was carried out
for 30 resistant to the doxorubicin breast
cancer cells and for the similar quantity of
the sensitive to the doxorubicin MCF-line

breast cancer cells (Fig. 4).
30 resistant and 30 sensitive to the dox-

orubicin MCF-line breast cancer cells were
selected for the BMN research. The surface
area and the quantity of BMN within each
of the chosen cells were calculated. Calcula-
tions of the area of the cells were carried
out by means of the Gwyddion modular pro-
gram for image analysis (Fig. 5) [32].
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Fig. 3. Extraction of the 2D curve determining the

program block.
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Fig. 4. The density of a cumulative distribu-
tion function of resistant and sensitive MCF-
line breast cancer cells to the doxorubicin
activity by the fractal dimension (FD).

3. Results and discussion

Results of the calculation of the fractal
dimension of the resistant and sensitive to
the doxorubicin cancer cells. The received
results were represented in a graphic form
(Fig. 4). The diagram accurately visualizes
that the fractal dimension of sensitive cells
is greater than the fractal dimension of the
resistant cells and the value ranges of this
characteristics are not intersected for sensi-
tive and resistant cells. It testifies the more
"branched” structure of the sensitive cells
surface than of the resistant ones.

The mean value of the fractal dimension
of the resistant MCF-line breast cancer cells
to the doxorubicin activity is <Dr> =
1.126+0.003 and it is <Dnr> = 1.25010.007
for the sensitive ones.

The quantity of BMN in the resistant
and sensitive MCF-line breast cancer cells.
The received results for BMN quantity in
the cells are represented in a graphic form
(Fig. 5). The diagram accurately visualizes
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Fig. 5. The density of a cumulative distribu-
tion function of resistant and sensitive breast
cancer cells to the doxorubicin activity by the
amount of BMN.

that the quantity of BMN per one cell does
not vary for the resistant and sensitive
MCF-line breast cancer cells. Thus the val-
ues of the projection areas on the specimen
glass are different for the resistant and sen-
sitive MCF-line breast cancer cells.
Additionally, it is caleulated that there is
one BMN on average per the 0.223+0.004 pm?
of the cell surface for resistant MCF-line
breast cancer cells and one BMN per
0.247++0.003 um? for sensitive ones.

4. Conclusions

Summarizing the mentioned above it is
possible to draw a conclusion that the value
ranges of the fractal dimension of bounda-
ries of the resistant and sensitive MCF-line
breast cancer cells were calculated and com-
pared. The conducted research established
that the fractal dimension of boundaries of
sensitive cells is greater than the fractal
dimension of the boundaries of resistant
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cells and the value ranges of these charac-
teristics for sensitive and resistant cells do
not overlap. It testifies the more
"branched” structure of the sensitive cells
boundaries than of the resistant ones.

The quantity of BMN is also compared in
the resistant and sensitive MCF-line breast
cancer cells to the doxorubicin activity on
the basis of the image analysis received by
the MFM method. The quantity of BMN per
one cell is not a marker of determination of
cell sensitivity to the doxorubicin activity.
Though one BMN is accounted for the
smaller part of the cell surface for the re-
sistant cells than for the sensitive ones.

Thus, the fractal dimension of the cell
boundaries can be an additional marker for
the determination of cell sensitivity to the dox-
orubicin activity. The part of the tumor cell
surface containing one BMN can be also the
potential marker for the determination of the
sensitivity to the doxorubicin action as well.

References

1. R.Sedivy, R.M.Mader, Cancer Invest., 15, 601
(1997).

2. G.A.Losa, D.Merlini, T.F.Nonnenmacher et
al., Fractals in Biology and Medicine. v.IV.,
Birkhauser, Boston (2005).

3. A.B.Perez-Marin, V.Meseguer Zapata, J.F.Or-
tuno et al., J.Hazard..Mater., 139, 122
(2007).

4. P.Dostalek, M.Patzak, P.Matejka, Int. Biodete-
rior. Biodegrad., 54, 203 (2004).

5. P.Meakin, Fractals, Scaling, and Growth Far
from Equilibrium, Cambridge University
Press, New York (1998).

6. R.Matzke, K.Jacobson, M.Radmacher, Nat.
Cell Biol., 3, 607 (2001).

7. S.Suresh, Acta Biomater., 3, 413 (2007).

8. B.Chopard, H.J.Herrmann, T.Vicsek, Nature,
353, 409 (1991).

9. S.Spasic, Chaos, Solitons & Fractals, 69, 179
(2014).

10. W.Klonowski, = M.Pierzchalski, P.Stepien,
Chaos, Solitons & Fractals, 48, 54 (2013).

11. M.E.Dokukin, N.V.Guz, R.M.Gaikwad et al.,
Phys. Rev. Lett., 107, 028101 (2011).

12. E.Spodarev, P.Straka, S.Winter, Chaos, Soli-
tons & Fractals, 75, 134 (2015).

54

13. G.Baumann, T.F.Nonnenmacher, in: Gli Og-
getti Frattali in Astrofisica, Biologia, Fisica e
Matematica, Edizioni Cerfim, Locarno,Switzer-
land (1989), p.93.

14. T.Nonnenmacher, in: Gli Oggetti Frattali in
Astrofisica, Biologia, Fisica e Matematica,
Edizioni Cerfim, Locarno, Switzerland (1989),
p.64.

15. T.Nonnenmacher, G.Baumann, G.A.Losa, in:
Trends in Biological Cybernetics, World Sci-
entific,Singapore(1990),p.65.

16. T.Nonnenmacher, G.Baumann, A.Barth et al.,
Int.J. Biomed. Comput., 37, 131 (1993).

17. G.Baumann, A.Barth, T.Nonnenmacher, in:
Fractals in Biology and Medicine, Birkhauser,
Boston (1994), p-182.

18. G.A.Losa, in: Fractals in Biology and Medi-
cine, Birkhauser, Boston (1994), p.190.

19. A.Brayfield, Martindale: The Complete Drug
Reference, Pharmaceutical Press (2014).

20. US Pharmacopoeia, Doxorubicin Hydrochlo-
ride, 30-th Edition (2007).

21. E.S.Cibas, B.S.Ducatman, Cytology. Diagnos-
tic Principles and Clinical Correlated, Saun-
ders (2009).

22. W.Arap, R.Pasqualini, E.Ruoslahti, Science,
279, 377 (1998).

23. J.M.Byrne, Biogenic Magnetite Nanoparticles:
Development and Optimization for Potential
Applications, University of Manchester
(2012).

24. J.M.Byrne, V.S.Coker, S.Moise et al., J. Royal
Soc. Interface, 10, 20130134 (2013).

25. J.D.Wei, I.Knittel, C.Lang, J. Nanoparticle
Res., 13, 3345 (2011).

26. O.Yu.Gorobets, S.V.Gorobets, Yu.l.Gorobets,
in: Dekker Encyclopedia of Nanoscience and
Nanotechnology, Third Edition, CRC Press,
New York (2014), p.300.

27. N.Yu.Lukyanova, N.V.Rusetskaya, N.V.Tre-
gubova et al., Exp.Oncol., 31, 87 (2009).

28. B.Moore, Lakshmi Prasad Dasi, Chaos, Soli-
tons & Fractals, 87, 19 (2013).

29. M.Ciancaglini, G.Guerra, L.Agnifili, In Vivo,
29, 273 (2015).

30. G.Bianciardi, M.Agliano, N.Volpi, Microsc.
Res. Tech., 78, 519 (2015).

31. Yu.l.Gorobets, A.M.Kuchko, I.B.Vavilova,
Fractal Geometry in Natural Science, Naukova
Dumka, Kyiv (2008) [in Ukraine].

32. D.Necas, P.Klapetek, Central Eur. J. Phys.,
10, 181 (2012).

Functional materials, 23, 1, 2016



