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thiazole derivatives are perspective antitumor compounds characterized by a broad range of bioac-
tivity, while polymeric carriers are widely used to enhance the efficiency of biological action of drugs, im-
prove their biocompatibility and water solubility. Previously, we identified that the thiazole-based derivative 
BF1 (N-(5-benzyl-1,3-thiazol-2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide) possessed differential toxicity 
towards targeted tumor cell lines. the aim of the present work was to investigate the action in vitro of BF1 
and its complex with the polymeric carrier (PC) poly(PEGMA-co-DMM) (BF1-РС complex) towards human 
breast adenocarcinoma cells of the MDa-MB-231 and McF-7 lines. DNa comet analysis, diphenylamine DNa 
fragmentation assay, gel retardation assay of plasmid DNa, DNa intercalation assay using methyl green dye 
and fluorescent microscopy were used to study the effects of BF1 on DNA stability in breast cancer cells. The 
ІС50 of cytotoxic action towards MDA-MB-231 cells was 26.5 ± 2.9 µМ for BF1, while the ІС50 for the BF1-
PC complex was 6.9 ± 0.4 µМ, and the PC demonstrated low toxicity (ІС50 ˃ 50 µМ). The BF1-PC complex 
possessed higher toxicity towards MCF-7 cells than free BF1, with ІС50 of 9.6 ± 0.8 µМ and 15.8 ± 0.9 µМ, 
respectively. BF1 and BF1-pc induced an increase in the number of damaged cells of the MDa-MB-231 line 
with blebbing of plasma membrane, condensed chromatin and/or fragmented nucleus and micronuclei forma-
tion. Both BF1 and the BF1-pc complex induced single-strand breaks in DNa and its fragmentation in treated 
MDa-MB-231 cells. the studied compounds were not bound to plasmid DNa and did not intercalate into DNa 
molecules. 

k e y w o r d s: thiazole derivative, polymeric carrier, cytotoxic action, breast cancer cells, DNa damage, 
DNa comet analysis, DNa intercalation.

introduction

Cancer is a serious global health problem that 
is characterized by abnormal and uncontrolled cell 
division [1, 2]. Breast cancer is the second most fre-
quent cause of death among women [1, 3]. Chemo-
therapy (hormonal or nonhormonal), radiotherapy 
and surgery are used for breast cancer treatment. 
However, the resistance of breast cancer cells to 
chemotherapy is rapidly developing [1, 4]. Thus, it is 
crucial to develop novel treatment strategies.

The thiazole derivatives are characterized by 
a wide range of biological activities (anticancer, an-
tibacterial, antifungal, antiviral, anti-inflammatory, 
neuroprotective) [1, 5-11]. Anticancer activity was 
reported for tiazofurin, dasatinib, and a furan-thia-
zole hybrid [11, 12].

Currently, nanomaterials are one of the most 
promising systems for clinical application, such as 
drug carriers, gene delivery and imaging agents 
[13-15]. Liposomes, polymeric micelles, dendrimers , 
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quantum dots, biodegradable polymeric materials, 
and hybrid inorganic/organic nanomaterials are of 
great clinical and commercial interest [16, 17]. The 
polymeric carriers are water-soluble, biocompatib-
le, stable during long periods of storage, and can 
be easily  modified [14, 18]. They are currently 
being  tested in several preclinical and clinical trials 
[14, 19].

In previous studies, we have shown that 
the thiazo le derivative N-(5-benzyl-1,3-thiazole-
2-yl)-3,5-dimethyl-1-benzofuran-2-carboxamide 
(BF1) inhibi ted growth of cancer cells of different 
tissue origins (e.g. glioma, melanoma and leukemia 
cells) [20, 21]. It was reported that BF1 conjugated 
with polymeric carriers (PCs) based on poly(VEP-
co-GMA)-graftmPEG, poly(PEGMA), and 
poly(PEGMA-co-DMM) enhanced the cytotoxic ac-
tion of BF1 towards tumor cells in vitro. Complexes 
of BF1 with poly(PEGMA-co-DMM) demonstrated 
higher growth inhibition activity for HepG2 human 
hepatocarcinoma cells, C6 rat glioma cells and HL-
60 human promyelocytic leukemia cells, compared 
with the effects of the free form of BF1 [22].

In the present study, we further investigated the 
action of thiazole derivative BF1 in complex with the 
PC poly(PEGMA-co-DMM) compared to free BF1 
and free poly(PEGMA-co-DMM) towards prolifera-
tion and DNA damage in breast cancer cells.

materials and methods

thiazole derivative and its complexation 
with the pc. The thiazole derivative N-(5-benzyl-
1,3-thia zole-2-yl)-3,5-dimethyl-1-benzofuran-2-
carboxamide (BF1, Fig. 1) was synthesized at the 

Department of Organic Chemistry of Ivan Franko 
National University of Lviv (Ukraine) as described 
earlier [20, 21]. The initial 10 mM solution of BF1 
was prepared in dimethyl sulfoxide (DMSO, Sigma-
Aldrich, St. Louis, Missouri, USA). Working solu-
tions were prepared by a dilution in a cell culture 
medium.

The PC poly(PEGMA-co-DMM) (Fig. 1) was 
synthesized at the Department of Organic Chemistry 
of Lviv Polytechnic National University (Ukraine). 
The PC was synthesized in dioxane by the method of 
radical(co)polymerization of PEG-containing mac-
romere after the initiation of azobis(isobutyronitrile) 
in the presence of isopropyl benzene as the polymer 
chain length regulator [23].

The PC and BF1 were dissolved in DMSO, and 
the solutions were subsequently transferred to water, 
forming the BF1-PC complexes. Initially, 45 mg of 
PC were dissolved in 0.15 ml of DMSO and 1.5 g of 
BF1 were dissolved in 0.1 ml of DMSO. The PC and 
BF1 solutions were mixed, added to 4.25 ml of 0.9% 
NaCl water solution (physiological solution), and 
subjected to ultrasound (US) dispersion for 10 s. The 
free PC solution was prepared by dilution of 45 mg 
of PC in 0.45 ml of DMSO. Then, it was added to 
4.0 ml of physiological solution and subjected to US 
dispersion for 10 s [24].

cell culture. Human breast adenocarcinoma 
cells of the MDA-MB-231 and MCF-7 lines were 
kindly provided by a Collection at the Institute of 
Molecular Biology and Genetics, National Academy 
of Sciences of Ukraine (Kyiv, Ukraine) that had re-
ceived those cells from the American Type Culture 
Collection (ATCC). Cells were cultivated in Dul-

Fig. 1. Structure of thiazole derivative BF1 and polymeric carrier (pc) poly(peGMa-co-DMM) (k = 87% 
mol, l = 13% mol, Mn = 47 kDa)

BF1

poly(PEGMA-co-DMM)
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becco’s modified Eagle’s medium (DMEM) medium 
supplemented with 10% fetal bovine serum (both 
were purchased from Biowest, Nuaille, France) in a 
CO2 thermostat system at 37°C with atmosphere of 
95% air and 5% CO2 [21].

Mtt assay. The effects of free BF1, free PC, 
BF1-PC complex, and doxorubicin (Dox, Actavis, 
Bucharest, Romania) on proliferation of the MDA-
MB-231 and MCF-7 cell lines were examined using 
the MTT (3-(4,5-dimethyl thiazol-2-yl)-2,5-diphe-
nyl tetrazolium bromide) test (Sigma-Aldrich, St. 
Louis, Missouri, USA). Cells were seeded overnight 
into 96-well plates in 100 μl at concentrations of 
5,000 cells/well. Aliquots of 100 µl of experimental 
compounds (0-50 µM) were added to the cell cul-
tures. Cells were incubated for the next 72 h. MTT 
was added to the cells. The reaction products were 
measured by an Absorbance Reader BioTek ELx800 
(BioTek Instruments, Inc., Winooski, VT, USA). 
The IC50 of tested compounds was calculated as the 
drug concentration that caused 50% reduction in cell 
viability  [25].

Gel retardation assay of plasmid DNa. Plas-
mid DNA (1 μg/μl) pEGFPc-1 (Clontech, Mountain 
View, California, USA) was mixed with 1 μl of BF1 
or BF1-PC, or PC (all at 10 µM), or Dox (1 µM) in 
18 µl of 0.9% NaCl water solution (physiological so-
lution) (Arterium, Lviv, Ukraine) at room tempera-
ture for 1 h. The prepared mixture was analyzed by 
electrophoresis in 1% agarose gel (Lachema, Brno, 
Czech Republic) with 1× Tris acetate buffer con-
taining 1 μg/ml of ethidium bromide (EtBr, Sigma-
Aldrich, St. Louis, Missouri, USA) for 30 min at a 
constant voltage of 90 V. A trans-illuminator (Mac-
roVue UV-20, Hoeffer Pharmacia Biotech Inc., San 
Francisco, California, USA) was used for visualiza-
tion of plasmid DNA [21].

DNa intercalation assay using methyl green 
method. 485 µl of salmon sperm DNA (50 μg/ml, 
Sigma-Aldrich, St. Louis, Missouri, USA) were in-
cubated for 1 h at 37°C with 15 µl of methyl green 
(Sigma-Aldrich, St. Louis, Missouri, USA) solution 
(1 mg/ml in H2O). 500 µl of the compounds BF1, or 
BF1-PC, or PC, or Dox (all at 10 µM) were added 
to the methyl green-DNA complex and incubated 
for the next 2 h at 37°C in the dark. EtBr (10 µM) 
was used as a positive control. Absorption of methyl 
green was measured at 630 nm using a fluorescence 
plate reader (Absorbance Reader BioTek ELx800, 
BioTek Instruments, Inc., Winooski, Vermont, USA) 
[25, 26]. 

Diphenylamine assay of DNa fragmentation. 
The MDA-MB-231 cells were treated for 24 h with 
tested compounds at concentrations that correspon-
ded to their IC50 value: BF1 (27 µM), BF1-PC (7 µM), 
PC (7 µM), Dox (0.6 µM); and DMSO (270 μg/ml 
corresponding to the solvent concentration of BF1 
at 27 µM). Cells were lysed in 0.5 ml of Tris-EDTA 
buffer, pH 7.4, supplied with 0.2% Triton X-100 and 
centrifuged for 10 min at 12,000 g at 4°C. Super-
natant that contained fragmented DNA (labelled as 
“B”) was transferred into a new tube. The tube with 
a sediment which contained intact chromatin was la-
belled as “A”. The 0.5 ml of 25% trichloroacetic acid 
(Sfera Sim, Lviv, Ukraine) was added to tubes “A” 
and “B”, mixed and incubated for 1 h at 56°C. The 
samples were centrifuged for 10 min at 14,000 g at 
4°C. 1 ml of freshly prepared diphenylamine reagent 
(150 mg diphenylamine (Sigma Aldrich, St. Louis, 
Missouri, USA) diluted in 10 ml of glacial acetic 
acid, 150 ml of concentrated H2SO4, and 50 ml of 
acetaldehyde solution) was added to pellets “A” and 
“B” and incubated overnight at 37°C. The optical 
density (OD) of the colored solution was measured 
at 630 nm using Absorbance Reader BioTek ELx800 
(BioTek Instruments, Inc., Winooski, Vermont, 
USA). The percentage of DNA fragmentation was 
calculated as {OD tube B/(OD tube A + OD tube 
B)×100%} [25, 27].

DNa comet assay in alkaline conditions. The 
MDA-MB-231 cells were treated for 24 h with com-
pounds at concentrations that corresponded their IC50 
value: BF1 (27 µM), BF1-PC (7 µM), PC (7 µM), 
Dox (0.6 µM); and DMSO (270 μg/ml corresponding  
to the solvent concentration of BF1 at 27 µM). 100 µl 
of treated cells (n = 25,000) were mixed with 100 µl 
of 0.5% low melting point agarose (Promega, Madi-
son, Wisconsin, USA) and transferred to microscopic 
slides covered with 1% normal molten agarose (La-
chema, Brno, Czech Republic). Cells were incubated 
for 4-6 h at 4°C in lysis buffer [21]. Electrophoresis 
was performed at 25 V for 25 min in a buffer (1 mM 
EDTA; 300 mM NaOH, pH 13.0) at 4°C [21, 28]. 
Slides were stained with EtBr (10 µg/ml, Sigma-Al-
drich, St. Louis, Missouri, USA), and visualization 
was performed under a Zeiss fluorescent microscope 
with AxioImager A1 camera (Carl Zeiss, Birkerod, 
Germany) using AxioVision image analysis software 
Release 4.6.3.0 for Carl Zeiss microscopy (Imaging 
Associates Ltd., Cork, Ireland, UK). The Casplab-
1.2.3b2 software (CASPLab, Wroclaw, Poland) was 
used for calculation of the olive tail moment (OTM), 
and percentage of DNA in the tail of the comet [21].
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42

ISSN 2409-4943. Ukr. Biochem. J., 2021, Vol. 93, N 2

Fluorescence microscopy of cells. The MDA-
MB-231 cells were seeded on glass microscopic 
slides in 12-well plates, and then treated for 24 h 
with BF1 (27 µM), BF1-PC (7 µM), PC (7 µM), Dox 
(0.6 µM), and DMSO (270 μg/ml that corresponded 
to solvent concentration in BF1 solution at 27 µM). 
Cells were additionally incubated for 30 min with 
Hoechst-33342 (0.5 µg/ml, Sigma-Aldrich, St. Louis, 
Missouri, USA). Propidium iodide (20 μg/ml, Sig-
ma-Aldrich, St. Louis, Missouri, USA) was added 
immediately before cell examination using a Zeiss 
fluorescent microscope (Carl Zeiss, Jena, Germany) 
and Axio Imager A1 camera (400× magnification) 
[21]. All photomicrographs were further analyzed 
using Image Pro 7 software (Media Cybernetics, 
Rockville, Maryland, USA).

ethical committee. This research did not in-
volve human or animal investigations. 

Statistical analysis. The results were analyzed 
and illustrated with GraphPad Prism 6 (GraphPad 
Software, La Jolla, California, USA), and presen-
ted as the mean ± standard deviation of two repeats 
each with two parallels (n = 4). The ANOVA test 
(by Dunnett’s test) was used for analysis of statisti-
cal data. The p-value of < 0.05 was considered to be 
statistically significant.

results

Dose-dependent cytotoxic effects. The anti-
proliferative effects in vitro of free BF1, its complex 
with the PC (BF1-PC), free PC, and Dox were inves-
tigated in human breast adenocarcinoma cell lines 

MDA-MB-231 and MCF-7 after treatment for 72 h. 
The treated cells were analyzed using MTT testing. 

Similar dose-dependent inhibition of cell via-
bility of both MDA-MB-231 and MCF-7 cells was 
found under the effects of BF1, BF1-PC, PC, and 
Dox. BF1 achieved its IC50 for MDA-MB-231 cells 
at the dose of 26.5 µМ ± 2.9 μM, while the IC50 of 
BF1-PC was 6.9 ± 0.4 μM (Fig. 2). The IC50 of BF1 
was 15.8 ± 0.9 μM for MCF-7 cells, while the IC50 of 
BF1-PC was 9.6 ± 0.8 μM. The PC did not reach an 
IC50 value at concentrations up to 50 µM (Fig. 2). It 
was observed that 83.2% of MDA-MB-231 cells and 
77.2% of MCF-7 cells were alive after treatment with 
PC at 50 µM. The IC50 of Dox was 0.63 ± 0.05 μM 
for MDA-MB-231 cells, and 0.62 ± 0.04 μM for 
MCF-7 cells (Fig. 2).

Thus, the BF1-PC complex possessed higher 
activity in growth inhibition of MDA-MB-231 and 
MCF-7 cells. The cytotoxic action of BF1-PC was ap-
proximately 4 times higher (p < 0.001) compared to 
the action of free BF1 towards MDA-MB-231 cells, 
and approximately 1.6 times higher (p < 0.001) com-
pared to the action of free BF1 towards MCF-7 cells.

DNa binding and intercalation. The interaction 
of anticancer drugs with DNA is one of the mecha-
nisms of their action. Electrophoresis was used to 
examine the ability of BF1, BF1-PC complex, free 
PC, and Dox (used as a reference drug) to bind with 
DNA. Dox (1 µM) inhibited the electrophoretic mo-
bility of plasmid DNA pEGFPc-1 (Fig. 3, lane 2). 
The plasmid DNA pEGFPc-1 was not retarded by 
BF1, BF1-PC complex, or free PC (Fig. 3, lanes 3-5).

Fig. 2. Dose-dependent cytotoxic effects of the thiazole derivative BF1, its complex with the PC (BF1-PC), free 
pc, and Dox towards human breast adenocarcinoma cell lines MDa-MB-231 and McF-7. Data are presented 
as mean M ± SD (n = 4). ***P < 0.001 (significant changes compared with BF1). Dox, doxorubicin; PC, poly-
meric carrier poly(peGMa-co-DMM)
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Fig. 3. the results of electrophoretic retardation 
of plasmid DNa (pDNa) peGFpc-1 by doxorubicin 
(Dox, 1 µM), thiazole derivative BF1 (10 µM), its 
complex with the pc (BF1-pc, 10 µM), and free pc 
(10 µM). pc, polymeric carrier poly(peGMa-co-
DMM)

Dox BF1      BF1-PC        PCControl
pDNA 1                        10                             µM

Fig. 4. the percentage of replaced methyl green dye 
from the DNa-methyl green complex by the thiazole 
derivative BF1 (10 µM), its complex with the pc 
(BF1-pc, 10 µM), free pc (10 µM), and the positive 
controls doxorubicin (Dox, 10 μM) and ethidium  
bromide (EtBr, 10 μM). ***P < 0.001 (signifi-
cant changes  compared with EtBr (10 μM) effect); 
ΔΔΔP < 0.001 (significant changes compared with Dox 
(10 μM) effect). Data are presented as mean ± SD 
(n = 4). pc, polymeric carrier poly(peGMa-co-
DMM)
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Fig. 5. the level of DNa fragmentation caused by 
the thiazole derivative BF1, its complex with the pc 
(BF1-pc), free pc, doxorubicin (Dox), and dimethyl 
sulfoxide (DMSO) in MDa-MB-231 cells. Barton’s 
method with diphenylamine was used for quantita-
tive identification of DNA fragmentation at 24 h af-
ter cell treatment. ***P < 0.001 (significant changes 
compared with cells treated with DMSO). Data are 
presented as mean ± SD (n = 4). pc, polymeric car-
rier poly(peGMa-co-DMM)
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Because compounds that intercalate into DNA 
replace methyl green dye from the DNA-methyl 
green complex [25, 26], the methyl green assay was 
conducted to examine the ability of BF1, BF1-PC 
complex, free PC, and Dox to intercalate into the 
DNA molecule. BF1 (10 μM) replaced 2.1 ± 0.4% 
and BF1-PC (10 μM) replaced 3.2 ± 0.5% of the 

methyl green from the DNA-methyl green complex 
(Fig. 4). Free PC slightly replaced the methyl green 
(0.9 ± 0.1%). Dox (10 μM) used as a positive con-
trol replaced 64.2 ± 0.9% of the methyl green. The 
referen ce compound, EtBr (10 μM), demonstrated 
83.6 ± 1.0% of methyl green replacement. Thus, BF1, 
BF1-PC complex and free PC did not bind and inter-
calate with DNA.

Induction of DNa damage in breast cancer 
cells. Next, we evaluated the amount of DNA frag-
mentation in MDA-MB-231 cells after treatment 
with BF1, BF1-PC, PC, and Dox using a colorimet-
ric diphenylamine (Barton’s) assay. An increased 
content of fragmented DNA was observed in MDA-
MB-231 cells under the action of BF1, BF1-PC, 
and Dox (Fig. 5). Induced DNA fragmentation was 
7.3 ± 0.9% for BF1 (27 µM), 6.0 ± 0.6% for BF1-
PC (7 µM) and 17.7 ± 0.7% for Dox (0.6 µM). Some 
DNA fragmentation (1.1 ± 0.08%) was observed in 
MDA-MB-231 cells treated with PC. The solvent 
DMSO caused 0.7 ± 0.08% of DNA fragmentation. 

The DNA comet assay at alkaline pH was used 
to identify the potential of BF1, BF1-PC complex, 
free PC and Dox to induce single-strand DNA breaks 
and lesions in the treated MDA-MB-231 cells. BF1 
(27 µM) caused significant DNA damage, with the 
content of DNA in the comet’s tail equal to 16.4% 

N. S. Finiuk, O. Yu. klyuchivska, I. I. Ivasechko et al.
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and OTM = 6.7 (Figs. 6, c, 7). The BF1-PC com-
plex (7 µM) induced significant DNA damage with 
tail DNA = 15.5% and OTM = 11.9 (Figs. 6, D, 7). 
Dox (0.6 µM) induced similar DNA damage with 
tail DNA = 14% and OTM = 5 (Figs. 6, B, 7). The 
PC (7 µM) and DMSO (270 μg/ml) induced little 
DNA damage, with tail DNA = 5.1% and OTM = 1.7 

Fig. 6. The DNA damage effect of the studied compounds on MDA-MB-231 cells at 24 h after treatment: (A) 
control, (B) doxorubicin (Dox, 0.6 µM), (C) thiazole derivative BF1 (27 µM); (D) complex of BF1 with the pc 
(BF1-pc, 7 µM); (E) free pc (7 µM); (F) dimethyl sulfoxide (DMSO, 270 μg/ml corresponding to the solvent 
concentration of BF1 at 27 µM). the pictures of DNa comets under alkaline conditions are presented. Scale 
bars equal 50 µm. pc, polymeric carrier poly(peGMa-co-DMM)

A B

C D

FE

for the PC (Figs. 6, e, 7) and tail DNA = 7.4% and 
OTM = 1.6 for DMSO (Figs. 6, F, 7). Some DNA 
damage (tail DNA = 8.7%, OTM = 1.9) was detected 
in untreated cells (Figs. 6, a, 7). Thus, the thiazole-
based derivative BF1 and its complex with the PC 
(BF1-PC) induced DNA single-strand breaks in the 
MDA-MB-231 cells.



45

Fig. 7. the quantitative data of DNa damage in MDa-MB-231 cells after 24 h treatment with doxorubicin 
(Dox, 0.6 µM), thiazole derivative BF1 (27 µM), complex of BF1 with the pc (BF1-pc, 7 µM), free pc (7 µM), 
and dimethyl sulfoxide (DMSO, 270 μg/ml corresponding to the solvent concentration of BF1 at 27 µM). 
*P < 0.05, ***P < 0.001 (significant changes compared with control (untreated) cells). Data are presented as 
mean ± SD (n = 4). pc, polymeric carrier poly(peGMa-co-DMM)

Morphological study. The morphological 
study of MDA-MB-231 cells treated with BF1, 
BF1-PC complex, free PC, DMSO, and Dox was 
performed using cells stained with Hoechst 33342 
and propidium  iodide. BF1 (27 µM) and the BF1-
PC complex (7 µM) modified the shape of MDA-
MB-231 cells and changed the nucleus morphology 
(chromatin condensation, nuclear fragmentation, mi-
cronuclei), and caused membrane blebbing (Fig. 8, 
e-h) compared with non-treated (control) cells 
(Fig. 8, a, B). Dox (0.6 µM) caused condensation of 
chromatin and/or fragmentation of the nucleus, mi-
cronuclei formation, and membrane blebbing (Fig. 8, 
c, D). Free PC (7 µM) and DMSO (270 μg/mL) did 
not cause significant morphological changes (Fig. 8, 
I-l). Thus, BF1 and the BF1-PC complex induced 
nuclear fragmentation, chromatin condensation, mi-
cronuclei formation and plasma membrane blebbing 
in treated MDA-MB-231cells.

discussion

The thiazole-based compounds were created 
for targeting pathological cells, including tumor cells 
[5-12]. However, these compounds are often not easy 
to use because they are not soluble in water and the 
mechanisms of their action are not known. With the 
application of polymeric carriers, several problems 
of anticancer chemotherapy could be more success-
fully managed: 1) non-addressed action of anticancer 
medicines; 2) adverse effects; 3) multidrug resistance 
in tumor cells; 4) poor water solubility of many anti-
cancer drugs [14-19]. 

In the present study, we demonstrated that the 
BF1-PC complex BF1 with the PC poly(PEGMA-co-

DMM)) possessed higher growth inhibition activity 
towards human breast adenocarcinoma cells of the 
MDA-MB-231 and MCF-7 lines. The cytotoxic ac-
tion of the BF1-PC complex was approximately four 
times higher compared to the action of free BF1 
towards MDA-MB-231 cells and approximately 
1.6 times higher towards MCF-7 cells. It should be 
emphasized that the cytotoxic effect of the BF1-PC 
complex toward MDA-MB-231 cells (which are more 
malignant) was more pronounced compared to the 
effect of this complex toward MCF-7 cells. The PC 
did not demonstrate toxicity towards MDA-MB-231 
or MCF-7 cells. In addition, the complex of BF1 with 
the PC poly(PEGMA-co-DMM) has shown higher 
activity in growth inhibition of human hepatocarci-
noma HepG2 cells, human promyelocytic leukemia 
HL-60 cells and rat glioma C6 cells, compared to the 
activity of free BF1 [22].

Different mechanisms have been proposed for 
the antitumor action of the thiazole-based deriva-
tives. It was reported that they acted as apoptosis 
inducers [6, 21, 25, 29], affected inosine monophos-
phate dehydrogenase (IMPDH) [29], induced reac-
tive oxygen species (ROS) production [30], inhibi-
ted lipid peroxidation and caused DNA damage 
[5]. In the present study, we investigated the effect 
of thiazole derivative BF1 and its complexes with 
poly(PEGMA-co-DMM) on the stability of DNA in 
human breast adenocarcinoma MDA-MB-231 cells. 
It was found that these cells were more sensitive to 
the growth-inhibiting action of the BF1-PC complex 
compared with MCF-7 cells. The difference in re-
sponse by two lines of human breast cancer cells – 
MDA-MB-231 and MCF-7 – to the cytotoxic action 
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Fig. 8. Images of MDa-MB-231 cells treated for 24 h with the studied compounds: (A, B) control; (C, D) doxo-
rubicin (Dox, 0.6 µM); (E, F) thiazole derivative BF1 (27 µM). Left images – differential interference contrast 
(DIc) images of treated cells stained with hoechst-33342 (blue color) and propidium iodide (red color). Right 
images – fluorescent images of treated and stained cells. Yellow arrows indicate chromatin condensation 
in cells, green arrows – chromatin fragmentation, pink arrows – micronucleus, white arrows – blebbing of 
plasma membrane. Scale bars equal 20 μm. PC, polymeric carrier poly(PEGMA-co-DMM)

A B

C D

FE

of the BF1 and its complex with poly(PEGMA-co-
DMM) could be explained by various profiles of the 
regulatory proteins in cells of these two lines. The 
MCF-7 cells do not express the pro-apoptotic en-
zyme caspase 3 [31], while the MDA-MB-231 cells 
have this protein [32]. The complexation of BF1 with 

the PC enhanced its cytotoxic action towards more 
metastatic breast cancer cells (MDA-MB-231 line). 
MDA-MB-231 cells are the triple-negative breast 
cancer (TNBC) subtype. This is the estrogen- and 
progesterone-negative cell line that does not demon-
strate an overexpression of human epidermal growth 
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Fig. 8. Images of MDa-MB-231 cells treated for 24 h with the studied compounds: (G, H) complex of BF1 with 
the pc (BF1-pc, 7 µM); (I, J) free pc (7 µM); (K, L) dimethyl sulfoxide (DMSO, 270 μg/ml corresponding 
to the solvent concentration of BF1 at 27 µM). Left images – differential interference contrast (DIC) images 
of treated cells stained with hoechst-33342 (blue color) and propidium iodide (red color). Right images – 
fluorescent images of treated and stained cells. Yellow arrows indicate chromatin condensation in cells, green 
arrows – chromatin fragmentation, pink arrows – micronucleus, white arrows – blebbing of plasma mem-
brane. Scale bars equal 20 μm. PC, polymeric carrier poly(PEGMA-co-DMM)
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factor receptor-2 (HER2) [4]. The MDA-MB-231 cell 
line belongs to highly metastatic breast cancer cells 
[33] and it is a promising object for studying antineo-
plastic agents and systems for improvement of their 
antitumor action.

Several anticancer drugs that are currently used 
in chemotherapy were shown to interact with DNA 
either via covalent or non-covalent mechanisms. 
DNA interacting agents can change DNA confor-
mation, interrupt DNA-protein interaction, or in-
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duce DNA strand breaks [34]. Unfortunately, some 
of them demonstrated high toxicity for both tumor 
and normal cells [10, 34]. Based on the results of 
the electrophoretic retardation of plasmid DNA and 
methyl green replacement assay, we concluded that 
BF1 and the BF1-PC complex could not bind DNA 
or intercalate into its molecule. 

It was reported that bleomycin, a bisthiazolyl 
derivative, acted as an antitumor agent due to its 
DNA binding [10]. However, the platinum(II)- 
and platinum(IV)-pyrophosphato-complexes (e.g. 
trans-1,2-cyclohexanediamine and pyrodach-2) 
that exhibit cytotoxicity towards ovarian cell lines 
do not bind to DNA molecules [35]. The NB-506, 
isolated from Streptoverticillium species culture su-
pernatants, did not intercalate into DNA and pos-
sessed high toxicity towards a panel of tumor cells 
[36]. Grozav et al. [37] reported about the toxicity 
of 2-(2-benzyliden-hydrazinyl)-4-methylthiazole de-
rivative (97a) towards MDA-MB-231 (IC50 = 3.92 μg/
ml) and HeLa (IC50 = 11.4 μg/ml) cell lines. The 
toxicity of this compound was comparable to that 
found for the commercial chemotherapeutic agents 
cisplatin and oxaliplatin. The IC50 for cisplatin was 
17.28 μg/ml for MDA-MB-231 cells and 26.12 μg/
ml – for HeLa cells, while the IC50 for oxaliplatin was 
14.09 μg/ml for MDA-MB-231 cells and 23.17 μg/
ml for HeLa cells. The results of gel electrophoresis 
of DNA suggest that the antiproliferative activity of 
the 97a derivative towards MDA-MB-231 and HeLa 
cells was independent of DNA intercalation [35].

Thus, several anticancer agents do not bind or 
intercalate into DNA molecules, however, such in-
tercalation may be an alternative mechanism of the 
anticancer activity of some agents.

DNA fragmentation is another indicator of the 
catabolic changes related to the apoptotic pathway 
[38]. DNA comet analysis under the alkaline con-
ditions is widely used for the investigation of DNA 
damage in cells under the action of different agents 
and drugs [28]. We have shown that the thiazole-
based derivative BF1 and the BF1-PC complex in-
duced significant DNA damage in the MDA-MB-231 
cells, however, only minor DNA damage was 
detected  in the MDA-MB-231 cells treated with free 
PC or the DMSO solvent. Cytomorphological investi-
gation of the treated MDA-MB-231 cells showed that 
BF1 and the BF1-PC complex induced nuclear frag-
mentation, chromatin condensation, micronuclei for-
mation and plasma membrane blebbing. The free PC 
and DMSO did not cause these significant morpho-

logical changes. These findings correlate with previ-
ously reported data that 2-amino-5-benzylthiazole 
derivatives (2,8-dimethyl-7-(3-trifluoromethyl-ben-
zyl)pyrazolo[4,3-e]thiazolo[3,2-a]pyrimidin-4(2H)-
one; and 7-benzyl-8-methyl-2-propylpyrazolo[4,3-e]
thiazolo[3,2-a]pyrimidin-4(2H)-one) induced DNA 
single-strand breaks and DNA fragmentation in hu-
man leukemia cells without significant DNA binding 
and DNA intercalation [25]. The furan-thiazole hy-
brid (compound 3d) exhibited its anticancer activity 
via DNA binding and DNA damage [12]. 

Taking into account the results of our study, 
one cannot exclude that in addition to the DNA 
damaging mechanisms of the cytotoxic action of the 
thiazole-based derivative BF1 and its complex with 
the PC towards human breast adenocarcinoma cells 
(MDA-MB-231 line), other mechanisms of action 
of these compounds should also be considered. We 
plan to undertake such corresponding investigations 
for our future work, particularly on tumor-bearing 
laboratory animals.

conclusion. Thiazole-based derivative BF1 
demonstrates cytotoxic action towards human 
breast adenocarcinoma cells of the MDA-MB-231 
and MCF-7 lines. The immobilization of BF1 on 
the PC poly(PEGMA-co-DMM) increased fourfold 
the cytotoxicity of the BF1 towards MDA-MB-231 
cells and doubled its cytotoxicity towards MCF-7 
cells, while free PC did not demonstrate significant 
cytotoxic action. The BF1 compound and BF1-PC 
complex did not intercalate into DNA or bind with 
its molecule. However, they induced morphological 
changes in the treated MDA-MB-231 cells, such as 
nuclear fragmentation, chromatin condensation, mi-
cronuclei formation and plasma membrane blebbing.
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Похідні тіазолу характеризуються широ-
ким спектром біологічної дії, зокрема діють 
як протипухлинні агенти. Для підвищення 
ефективності біологічної дії ліків, покращення 
їхньої біосумісності та розчинності у воді широ-
ко використовують полімерні носії. Раніше нами 
було показано, що BF1 (N-(5-бензил-1,3-тіазол-
2-іл)-3,5-диметил-1-бензофуран-2-карбоксамід) 
виявляє токсичну дію щодо пухлинних клітин 
різного тканинного походження. Метою ро-
боти було дослідити in vitro дію сполуки BF1 
та її комплексу з полімерним носієм (РС) 
полі(PEGMA-co-DMM) (комплекс BF1-РС) на 
клітини ліній MDA-MD-231 та MCF-7 аденокар-
циноми молочної залози людини. ДНК комет-
аналіз, метод із використанням дифеніламіну, 
електрофорез ДНК в агарозному гелі, аналіз 
інтеркаляції ДНК із використанням метило-
вого зеленого та флуоресцентна мікроскопія 
були застосовані для вивчення впливу BF1 
на стабільність ДНК у клітинах аденокар-
циноми молочної залози людини. Показник 
цитотоксичної дії ІС50 сполуки BF1 для клітин 
лінії MDA-MВ-231 становив 26,5 ± 2,9 мкМ, а 
для комплексу BF1-РС – 6,9 ± 0,4 мкМ, РС мав 
низьку токсичність (ІС50 ˃ 50 мкМ). Комплекс 
BF1-РС проявляв більшу токсичну дію щодо 
клітин лінії MCF-7, ніж вільний BF1, так ІС50 ста-
новив відповідно 9,6 ± 0,8 та 15,8 ± 0,9 мкМ. BF1 
і BF1-РС збільшували кількість пошкоджених 
клітин, спричинювали блебінг плазматичної 
мембрани, конденсацію хроматину і/або 
фрагментацію ядра клітин лінії MDA-MВ-231. 

BF1 і BF1-РС індукували однониткові розри-
ви і фрагментацію ДНК в клітинах лінії MDA-
MВ-231. Досліджувані сполуки не взаємодіяли з 
плазмідною ДНК і не інтеркалювали в її моле-
кулу. 

К л ю ч о в і  с л о в а: похідне тіазолу, 
полімерний носій, цитотоксична дія, клітини 
раку молочної залози, пошкодження ДНК, 
комет-аналіз ДНК, інтеркаляція ДНК.
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