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Novel bisbenzimidazoles (4–6), characterized by 3,4-ethylenedioxy-extension of thiophene core,
revealed pronounced affinity and strong thermal stabilization effect toward ds-DNA. They interact within
ds-DNA grooves as dimmers or even oligomers and agglomerate along ds-RNA. Compounds 4–6 have
shown moderate to strong antiproliferative effect toward panel of eight carcinoma cell lines. Compound
5 displayed the best inhibitory potential and in equitoxic concentration (IC50 = 1 � 10�6 M) induced accu-
mulation of cells in G2/M phase after 48 h of incubation. Fluorescence microscopy showed that 5 entered
into live HeLa cells within 30 min, but did not accumulate in nuclei even after 2.5 h. Compound 5 inhib-
ited the growth of Trypanosome cruzi epimastigotes (IC50 = 4.3 � 10�6 M).

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years many efforts have been focused at targeting
specific sequences of macromolecules, especially specific DNA
sequences, with the aim at designing both leads for medicinal
chemistry and molecular probes for DNA polymorphism.1–3 Nat-
ural products and synthetic organic cations that bind specifically
and selectively to the DNA minor groove have therapeutic po-
tential in a wide range of applications. These compounds bind
to minor groove by a combination of ionic, hydrophobic and
hydrogen bonding interaction.4–6 For this purpose small mole-
cules have to meet ‘classical’ structural criteria for optimum
DNA fit and interaction: a crescent shape that complements
the helical DNA minor groove, recognition units (H-bond donors
and acceptors) on the side of the molecule facing DNA, cationic
centre at terminals of the molecules to enhance electrostatic
interactions, and an extended unfused heterocyclic structure to
allow optimization of the compound for DNA minor groove
interactions.7–9

Aromatic diamidines which have been shown to fit snugly into
the minor groove of DNA and interact selectively with AT-rich se-
quences exhibited outstanding antimicrobial activity as well as
ll rights reserved.
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antitumor bioactivity cells resistant to cisplatinum.10–18 Although
the mechanism of action of aromatic diamidines is not fully eluci-
dated, it has been proven that their bioactivity is the result of DNA
binding and subsequent inhibition of DNA-dependent enzymes
(topoisomerases, polymerases, and nucleases) or possibly by direct
inhibition of transcription.10,19 A large number of DNA minor
groove binders containing one or more benzimidazole heterocy-
cles have been reported to date reveal promising antitumor and
antiparasitic activities.5,10,20–23 Benzimidazole units are often
key structural elements in the aromatic frame work for the more
effective diamidines.24,25 In addition, an important role in deter-
mining biological activity and DNA binding affinity also plays
the structure and the rigidity of the linker between the two aro-
matic amidine moieties.16,25 Biophysical studies of previously
synthesized minor groove binding compounds have suggested
that structural features that increase van der Waals interactions
of small molecules with the walls of the groove should increase
the DNA affinity of these molecules.7,26,27 On the basis of our pre-
vious research on aromatic diamidine in benzo[c]thiophene ser-
ies,28 three new bisbenzimidazole amidines (4–6) with 3,4-
ethylenedioxythiophene as central unit were synthesized and
their biological potential and binding affinity using calf thymus
DNA, and ds-RNA (poly A-poly U) were studied. The crescent
shape of the new compounds matches the curvature of the minor
groove of DNA. The 3,4-ethylenedioxy extension of thiophene
core in the central unit should increase electron-donating
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capabilities and possibility for hydrogen bonding and/or van der
Waals interactions and we expected this structural change to in-
crease affinity and selectivity of these molecules for specific DNA
sequences. We also report here on the cytotoxic effects of novel
heterocyclic diamidines on a panel of eight carcinoma cell lines
as well as their antiparasitic activity again Trypanosome cruzi, a
protozoan parasite which affect 12–15 million people (http://
www.who.int/ctc/chagas/disease.htm), and for which little thera-
peutic options are available.29

2. Results

2.1. Chemistry

The synthesis of bisbenzimidazolamidines 4–6 is outlined in
Scheme 1 and is patterned after the approach developed to make
the corresponding furan analogues.20 The 3,4-ethylenedioxythio-
phene-2,5-dicarboxaldehyde (3),30 a key precursor for bisbenzimi-
dazoles was prepared in two steps from diethyl 3,4-
ethylenedioxythiophene-2,5-dicarboxylate (1).31 Diester 1 was first
reduced by LiAlH4 in THF to the corresponding diol 2.32 Diol was
than oxidized with 1-hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide
(IBX)33 previously prepared from 2-iodobenzoic acid, to obtain dial-
dehyde 3. The key step in further reactions was formation of benz-
imidazole rings. In each case an aldehyde 3 was allowed to react
with a substituted 1,2-phenylenediamine in the presence of 1,4-
benzoquinone as the aromatizing agent.20 In the cases of prepara-
tion of 4–6, the amidino unit was preformed and was the substitu-
ent on the phenylenediamine ring.
Scheme 1. Reagents and conditions: (i) LiAlH4/THF
2.2. Spectroscopy

The UV–vis spectra of all studied compounds were linearly
dependent on concentration in the range c(4–6) = 1 � 10�6–
5 � 10�5 mol dm�3 and the UV/vis spectra of 4–6 revealed negligi-
ble temperature dependent changes (25–90 �C) and excellent
reproducibility upon cooling to 25 �C. Aforementioned results do
not support intermolecular interactions between two or more mol-
ecules of studied compounds at experimental conditions used.

Furthermore, the UV–vis spectra of 4–6 in buffered aqueous
solutions and corresponding molar extinction coefficients (e) are
quite similar (Table 1).

It is well known that amidine groups are protonated in weakly
basic aqueous medium. By measuring the changes in the UV–vis
spectra of studied compounds as a function of pH we have calcu-
lated pK values (pK(4) = 10.6 ± 0.2, pK(5) = 10.84 ± 0.03, pK(6) =
10.84 ± 0.05), the values are quite characteristic for amidines.34

Comparison of the obtained pK values revealed negligible impact
of the substituent attached to the amidine group.

2.3. Interactions of 4–6 with double stranded (ds-) DNA and
RNA

2.3.1. UV–vis and CD titrations
Addition of any ds-polynucleotide resulted in pronounced bato-

chromic and hypochromic effects of UV–vis spectra of 4–6 (data
not shown). However, clear deviations from isosbestic points as
well as shifts of absorption maxima in opposite directions depend-
ing on a compound/polynucleotide ratio strongly supported simul-
; (ii) IBX, DMSO; (iii) 1,4-benzoquinone, EtOH.
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Table 1
Electronic absorption data of 4–6a

kmax/nm e � 103/dm3 mol�1 cm�1

4 372 39.29
5 382 52.05
6 376 41.76

a Sodium cacodylate buffer, I = 0.05 mol dm�3, pH 7.
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taneous formation of more different complexes. At higher excess of
polynucleotide over compound precipitation was observed. Due to
all aforementioned reasons, it was not possible to process the UV–
vis titration data by means of Scatchard equation35 in order to
determine affinity of compounds toward DNA/RNA.

To get insight into the changes of polynucleotide properties in-
duced by small molecule binding, we have chosen CD spectroscopy
as a highly sensitive method toward conformational changes in the
secondary structure of polynucleotides.36 In addition, achiral small
molecules like 4–6 can eventually acquire induced CD spectrum
(ICD) upon binding to polynucleotides, from which mutual orienta-
tion of small molecule and polynucleotide chiral axis could be de-
rived, consequently giving useful information about modes of
interaction.37

The addition of 4–6 to the calf thymus (ct-) DNA resulted in dra-
matic changes of the CD spectrum of ct-DNA (Fig. 1). Deviations
from the isoelliptic points and changes of the CD bands of DNA
in the opposite directions depending on the ratio r[4–6]/[ct-DNA],
strongly support simultaneous formation of more different
complexes.

For all compounds at conditions of higher ct-DNA excess over
compound (r[4–6]/[ct-DNA] = 0–0.2) strong induced CD (ICD) exciton
signal appeared around absorption maxima of compounds above
225 250 275 300 325 350 375 400 425 450

-6

-5

-4

-3

-2

-1

0

1

2

3

4

5

C
D

 / 
m

de
g

λ / nm

 ct-DNA
 r = 0.11
 r = 0.21
 r = 0.32
 r = 0.42
 r = 0.53
 r = 0.63

225 250 275 300
-6
-4
-2
0
2
4
6

8
10
12
14
16
18

λ

C
D

 / 
m

de
g

 c
 r
 r
 r
 r

A

C

Figure 1. CD titrations of ct-DNA (c = 4.6 � 10�5 mol dm�3) with 4 (A), 5 (B) and 6 (C), ra
0.42; at pH 7 (sodium cacodylate buffer, I = 0.05 mol dm�3).
300 nm, characterised by negative band at about k = 310–320 nm
and positive band between k = 350–450 nm (Fig. 1). Since com-
pounds 4–6 do not have any intrinsic CD spectrum, such a strong
bisignate exciton ICD signal most likely resulted from the binding
of 4–6 molecule dimers into the minor groove of ct-DNA.36,38

However, changes of the ICD exciton signals of studied com-
pounds (k > 300 nm) at higher ratios r[4–6]/[ct-DNA] > 0.3, differed
considerably between compounds. Namely, increase of the ratio
r[4]/[ct-DNA] resulted in dramatic changes of exciton ICD signal of 4,
whereby strongly positive band at k = 350–450 nm gradually
diminished and for ratios r[4]/[ct-DNA] > 0.3 switched to strongly neg-
ative band. Unlikely to that, exciton ICD signal of 5 upon increase of
the ratio r[5]/[ct-DNA] changed only the shape of positive band at
k = 320–450 nm but not the sign. In contrast to 4 and 5, exciton
ICD signal of 6 retained its shape, while the relative intensity of po-
sitive band at k = 320–450 nm increased proportionally with the
increase of ratio r[6]/[ct-DNA]. The origins of such dramatic differ-
ences are most likely the steric and/or electronic properties of
the substituents attached to the amidines of 4–6.

The molecule with unsubstituted amidines (4) is significantly
less sterically hindered and therefore can form within ds-DNA
grooves more different dimers and oligomers, and the equilibrium
among these forms is strongly dependent on the ratio r[4]/[ct-DNA].
The most probable explanation would be that similarly as found
for pseudoisocyanine dye (PIC),38 at higher excess of DNA over 4
ICD exciton signal of dimer should prevail, while oligomers formed
at higher ratios r would have different ICD exciton signal.

The attachment of isopropyl-substituents to amidines some-
what restricted dimerisation and oligomerisation possibilities of
5 within DNA grooves, thus yielding less pronounced changes of
ICD exciton signals. Finally, bulky imidazolyl-substituted amidines
of 6 allowed only one type of oligomerisation within DNA grooves
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Table 2
The aDTm values (�C) of studied polynucleotides upon addition of different ratios br of
4, 5, 6 at pH 7.0 (buffer sodium cacodylate, I = 0.05 mol dm�3)

br= ct-DNA Poly A–poly U

0.05 0.1 0.2 0.3 0.1 0.2 0.3

4 12.7 14.4 13.9 12.9 — �0.3 �0.9
5 11.7 >15.4c >15.4c — 0.9 0.8 —
6 12.2 11.9 11.4 12.3 0.4 0.3 �0.2

a Error in DTm: ±0.5 �C.
b r = [compound]/[polynucleotide].
c DTm not possible to calculate since Tm is over 100 �C.

I. Stolić et al. / Bioorg. Med. Chem. 17 (2009) 2544–2554 2547
(most likely dimer formation within the DNA minor groove), in
that way giving uniform ICD exciton signal, whose intensity was
proportional to ratio r[6]/[ct-DNA].

Addition of 4–6 to the ds-RNA (poly A–poly U) yielded some-
what different changes in the corresponding CD spectra (Fig. 2),
if compared to the ds-DNA experiments (Fig. 1). For all compounds
moderate (4) to strong (5, 6) induced CD (ICD) bisignate exciton
signal appeared, characterised by negative band at about
k = 350–360 nm and positive band between k = 370–400 nm. Since
compounds 4–6 do not have any intrinsic CD spectrum, such bisig-
nate exciton ICD signal most likely resulted from the formation of
4–6 molecule agglomerates along the ds-RNA.38

2.3.2. Thermal denaturation experiments
Addition of studied compounds 4–6 resulted in strong stabiliza-

tion of ds-DNA against thermal denaturation, while did not yield
any significant effect on thermal denaturation of ds-RNA (Table
2). Furthermore, the nonlinear dependence of DTm values on the
ratio r suggested saturation of binding sites at r = 0.05–0.1. Accord-
ing to the CD experiments done at corresponding ratios r, most
likely dimmers of 4–6 positioned within the DNA minor groove
are responsible stabilization of double stranded helix.

Lack of any significant ds-RNA stabilization by 4–6 suggested
that ICD exciton signals in the CD experiments are related to the
interaction between molecules of 4–6 and so formed aggregates
do not stabilize significantly with ds-RNA. Namely, aromatic parts
of 4–6 would tend to stack together in aqueous medium if not pre-
vented by repulsion of positively charged amidines. However, an
interaction with negatively charged RNA backbone neutralizes
such repulsions and therefore along the ds-RNA corresponding
agglomerates could be formed.
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Figure 2. CD titrations of poly A–poly U (c = 3.0 � 10�5 mol dm�3) with 4 (A), 5 (B) an
I = 0.05 mol dm�3).
2.3.3. Ethidium bromide displacement experiments
Due to the mixed binding modes of studied compounds toward

ds-DNA, it was not possible to calculate binding constants and
Scatchard ratios n.39 As an alternative method for estimation of
affinity, at least as a comparison of ability of studied molecules
to compete for binding with classical intercalator already bound
to DNA,40 we have performed ethidium bromide (EB) displacement
assay (Fig. 3).

The obtained IC50 values (Fig. 3) suggest that studied com-
pounds show high cumulative affinity toward ct-DNA comparable
to the affinity of EB (Ks = 106 M�1).41

To summarize, the observed difference between ds-DNA and ds-
RNA thermal stabilization induced by 4–6 is most likely the conse-
quence of significantly different secondary structures of polynucle-
otides,42 because of which DNA minor groove targeting compounds
exhibit highly selective or even specific interactions with DNA in re-
spect to RNA.1 Moreover, distinct differences in the ICD bands of 4–
6 upon mixing with ds-DNA and ds-RNA also agree with differences
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Figure 3. Ethidium bromide (EB) displacement assay: to ct-DNA solution (c = 5 � 10�5 mol dm�3) ethidium bromide (c = 5 � 10�6 mol dm�3) was added (r ([EB]/[ct-
DNA] = 0.1), and quenching of the EB/DNA complex fluorescence emission (kex = 520 nm, kem = 601 nm) was monitored as function of c(EB)/c(compound). The given IC50

values present the ratio c(EB)/c(compound) = [Int(EB/DNA) � Int(EBfree)]/2, where Int(EB/DNA) is fluorescence intensity of EB/DNA complex and Int(EBfree) is fluorescence
intensity of the free ethidium bromide before DNA is added.
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in secondary structures of polynucleotide double helices. Finally,
strong thermal stabilization effect of 4–6 agrees well with IC50 val-
ues of ethidium bromide displacement experiments, pointing to-
ward strong binding of studied compounds to ds-DNA.

2.4. Biological results

2.4.1. Antitumor effects
Since there is a constant need for new more effective and less

harmful potential anticancer drugs we studied antiproliferative
capacity of three novel benzimidazoyl hydrochloride analogues
on different solid tumor cell lines, derived from carcinoma of dif-
ferent origin (MCF-7, AGS, NCI-H358, HEp2, Caco-2, HeLa, HT-29,
and MiaPaCa). The mentioned cell lines were chosen according to
their sensitivity on the chemotherapeutic action. Most of them
are resistant or semiresistant to chemotherapeutics used in stan-
dard clinical settings.
Figure 4. Effects of investigated compounds 4–6 and Hoechst 33258 on solid tumors cell
from three independent experiments done in threeplicate ± SD. Statistically significant c
Obtained data show that investigated compounds differentially
influenced tumor cells’ growth, depending on the cell line as well
as on the dose applied (Fig. 4). Compound 5 displayed the best
antiproliferative capacity against all treated cell lines compared
to control non-treated cells (Fig. 4B). The human breast adenocar-
cinoma cell line (MCF-7) was most sensitive on the antiprolifera-
tive effects of investigated compounds. Novel compounds 4–6
and Hoechst 33258, statistically significantly inhibited the growth
of MCF-7 cells in all concentration applied (10�7–10�4 M).
Compound 5 was the most efficient and applied in concentration
10�7 M inhibited growth of MCF-7 for more than 40% in compari-
son with control non-treated cells (Fig. 4B). Compound 5 at a rela-
tively low concentration of 10�6 M displayed also the best
inhibitory effect against human cervix adenocarcinoma (HeLa)
and human larynx carcinoma (HEp-2) cells compared to com-
pounds 4 and 6, as well as Hoechst 33258, which were markedly
less effective on these cell lines. It caused inhibition in HeLa and
s growth following 72 h incubation (10�4–10�7 M). Data are shown as a mean values
hange (p < 0.05) is presented by *.
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HEp-2 cells proliferation by more than 40% and 80%, respectively.
Applied in a concentration of 10�5 M compounds 4 and 6 statisti-
cally significant slowed down the growth of MCF-7, NCI-H358,
HEp-2, and HT-29 cells. Investigated compounds 4 and 6 had no
significant effect on the growth of Caco-2, MIAPaCa2 and AGS cells.

2.4.2. Cell cycle perturbations
To reveal the inhibitory mechanism of compound 5 on cell pro-

liferation, cell cycle analysis is performed by staining nuclear DNA
with propidium iodide, and cells classified into G1, S and G2/M
phases according to fluorescent intensity. HeLa cells were exposed
to equitoxic (IC50 = 1 � 10�6 M) concentration of compound 5 in
order to discover the potential of compound 5 to induce cell cycle
perturbations in different time of exposure. Changes in the cell
cycle of the cells exposed to compound 5 and Hoechst 33258
(1 � 10�5 M) in comparison with control cells after the first 24 h
of incubation were not observed. Cells passed G1 restriction check-
point and entered into S phase in the first 24 h of incubation (data
not shown).

As shown in Table 3, 48 h after addition of compound 5 the per-
centage of cells in G0/G1 phase started decreasing compared with
control cells, and the percentage of cells in S phase began increas-
ing, meaning that the G0/G1 to S progression was conducted in re-
sponse to stimulation by compound 5. In treated cells, 72 h after
addition of compound 5, the percentage of cells in S phase started
decreasing, and the percentage of cells in G2/M phase began in-
creased meaning that the S to G2/M progression was subsequently
executed. A significant drug induced accumulation of cells in the
G2/M phase was perceived (Table 3) in by compound 5 treated
cells. The G2/M block started 24 h after treatment and a continuous
increase in the number of cells accumulated in these phase was
noticeable until 48 h. A slightly increase of number G2/M phase
Table 3
Cell cycle perturbation induced by compound 5 and Hoechst 33258

Treatment Cell percentage (% ± standard deviation)

G0/G1 S

48 h 72 h 4

Control 56.7 ± 1.9 61.8 ± 0.9 2
Compound 5 (10�6 M) 46.9 ± 0.4 33.6 ± 6.5 3
Hoechst (10�5 M) 49.8 ± 0.9 46.3 ± 2.2 3

Data represent percentages of HeLa cells in different phases of cell cycle (G0/G1; S and G
and 72 h. Cell cycle analysis was performed by flow cytometry as described in ‘Material

Figure 5. Fluorescence microscopy analysis of entry and intracellular distribution of 10�

using filters BP 450-490, LP 520. Magnification: 400�.
cells, compared by number of cells after 48 h of incubation, was ob-
served after 72 h of incubation. In addition, in the Hoechst 33258
treated cells, the changes in cell cycle of treated cells in comparison
with control cells were not observed after 24 and 48 h of incuba-
tion. Drug-induced accumulation of cells in the G2/M compartment
was visible as late as after 72 h of incubation.

2.4.3. Intracellular distribution
The compound 5 in the concentration of 1 � 10�5 M passed

HeLa cell’s membrane and entered into HeLa cell’s cytoplasm with-
in 30 min. After administration (60 min), compound 5 was located
mainly near the cell membrane and uniformly distributed in the
cytoplasm (Fig. 5A). Within the limits of fluorescence detection,
there is no evidence of nuclear uptake 2.5 h after tested compound
administration. At the same experimental condition, a minor
groove binder—Hoechst 33258 came to the nucleus of HeLa cells
after 30 min of incubation.

2.4.4. The effect of investigated compounds on the growth of
T. cruzi epimastigotes

The ability of investigated compounds to inhibit the T. cruzi epi-
mastigote growth was evaluated by using two concentrations
(1 � 10�5 and 1 � 10�4 M) which were considered not toxic to
mammalian cell. The cell density in the LIT medium with com-
pound 5 was significantly lower than of control (p < 0.05). How-
ever, no differences were observed when using compound 4 or
compound 6 (Fig. 6). As 5 was the only compound showing an ef-
fect on epimastigote growth, additional concentrations (between
1 � 10�6 M and 1 � 10�5 M) were evaluated in order to obtain
the IC50, being this value 4.25 ± 0.08 � 10�6 M (day five). To ob-
tained the IC50, 1, 2.5, 5, 7.5 and 10 lM compound 5, were evalu-
ated. The IC50 was 2.4 ± 0.2 � 10�6 M.
G2/M

8 h 72 h 48 h 72 h

9.0 ± 5.2 20.1 ± 0.1 14.3 ± 3.3 18.2 ± 0.9
0.7 ± 3.5 43.1 ± 6.0 22.4 ± 3.8 23.4 ± 0.5
5.0 ± 5.7 23.9 ± 1.2 15.2 ± 6.6 29.9 ± 0.8

2/M) after treatment with compound 5 (10�6 M) and Hoechst 33258 (10�5 M) for 48
s and Methods;. Data represent the mean (n = 3).

5 M compound 5 (A) and Hoechst 33258 (B) in HeLa cells after 60 min of incubation



Figure 6. Epimastigotes cell growth in the presence of compound 4 (A), 5 (B) (inset:
estimation of IC50 by the sigmoidal equation), and 6 (C). The cells were mock treated
with water as control (d), supplemented with antimycin (0.5 � 10�6 M) and
rotenone (2 � 10�4 M) (j); or treated with compounds at concentrations of 0.01 M
(N) or 0.1 M (�).
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2.4.5. The entry and distribution of compounds 4, 5 and 6 into
T. cruzi epimastigotes

The entry and distribution of compounds 4, 5 and 6 in T. cruzi
was evaluated by fluorescence microscopy. Epimastigote cultures
were incubated with 1 � 10�5 and 1 � 10�4 M of each compound
for 30 min, 2 h, or overnight. The uptake of compounds 4–6 was
not detected for up to 2 h of incubation. The fluorescent signal of
compound 5 was in granulose structures resembling reservosomes
(Fig. 7) after the overnight incubation.

3. Discussion

All studied compounds 4–6 exhibited pronounced cumulative
affinity, as well as strong thermal stabilization effects toward ds-
DNA. More detailed CD studies revealed that in contrast to the
most of closely related benzimidazole-based diamidines studied
by Wilson and co-workers,43–46 4–6 most likely do not interact
within ds-DNA grooves as single molecules but presumably as di-
mers and/or even oligomers. Possible reason for that could be 3,4-
ethylenedioxy- extension of thiophene core, which should signifi-
cantly increase hydrophobicity in respect to previously studied thi-
ophene and furan analogues.8,43 Studied compounds also
agglomerate along ds-RNA but these agglomerates do not stabilize
significantly the polynucleotide double helix.

Since new synthesized bisbenzimidazolamidines 4–6 have a
structure similar to well studied aromatic diamidines which show
marked antimicrobial and antitumor bioactivity14 and all of them
showed marked ds-DNA activity, we investigated their antitumor
potential on a panel of human carcinoma cells. As anticipated,
obtained data show that novel compounds differentially influenced
tumor cells’ growth depending on the cell line as well as on the
dose applied, but we cannot exclude that the differences in cyto-
toxicity are due to different cellular uptake.

Rapid cellular uptake and nuclear accumulation of benzimid-
azole-based amidines in different cancer cells has been recently
evidenced by fluorescence microscopy.47 In contrast, results of
our study of uptake and intracellular distribution of the compound
5 show its very slow penetration through the membrane of HeLa
cells. After administration (60 min), compound 5 was located
mainly near the cell membrane and uniformly distributed in cyto-
plasm. Neither after 150 min of incubation was noticed its entry
into nucleus. At the same experimental condition, a minor groove
binder—Hoechst 33258 was localized in the nucleus of HeLa cells
after 30 min of incubation. It is well known that chemical structure
of compounds is a key determinant of their uptake and allocation
in the live cells.14,48 A mechanism by which compound 5 enters
into cells is unknown at present but it seems that due to the in-
creased hydrophobicity in respect to previously studied thiophene
and furan analogues,10,11 it is preferably accumulated within the
cell membrane (Fig. 5).

Cell cycle analysis and detection of apoptosis are very important
functional parameters to assess the cellular metabolism, physiol-
ogy and pathology.47,49 Cell division inhibition is a universal re-
sponse to DNA damage. In eukaryotic cells, DNA-damaging
agents cause the arrest of cells in the G1 and G2/M phase of the cell
cycle. Presumably the delay in cell division enables the cells to re-
pair damaged DNA and/or complete DNA replication.50,51 It is well
known that aneuploidy and genetic instability are a hallmark of the
most of solid tumors, and they are thought to enhance tumor pro-
gression.52 In cancer cells, satisfaction of mitotic and postreplica-
tion checkpoint is frequently delayed or prevented by various
defects, some of which have been causally implicated in tumori-
genesis. At the same time, deliberate induction of postreplication
and mitotic arrest has proved clinically useful, as antimitotic drugs
that interfere with proper chromosome-spindle interactions are
effective anticancer agents.53 However, how mitotic arrest contrib-
utes to tumorigenesis or antimitotic drug toxicity is not well
defined.

Since the compound 5 displayed the best antiproliferative
capacity against all treated cell lines, in an attempt to explore
the molecular mechanisms underlying the observed cytotoxic re-
sponse, cell cycle analysis was conducted. The presented cell cycle
experiment indicates that compound 5 treatment induces signifi-
cant accumulation of HeLa cells in the G2/M phase after 48 h of
incubation. The G2/M block started 24 h after treatment and a con-
tinuous increase in the number of cells accumulated in these phase
was noticeable. In addition, in the minor groove binder Hoechst
33258 treated cells, the changes in cell cycle of treated cells in
comparison with control cells were not observed after 24 and
48 h of incubation. Drug-induced accumulation of cells in the G2/
M compartment was visible as late as after 72 h of incubation.

Whether is observed antiproliferative effect of novel bisbenzim-
idazoles on the growth of tumor cells due to their DNA binding
capacity, or their inhibitory effects on transcription and replication
processes, or just as a part of multistep processes remains to be
investigated.

Study of antiparasitic activity of novel compounds showed that
only compound 5 is active, showing an inhibitory effect on the T.
cruzi epimastigotes growth with an IC50 of 2.4 ± 0.2 lM. Observed
IC50 value is significantly lower than IC50 antiproliferative effect
obtained for mammalian cells. As displayed in Figure 7, compound
5 is the only among studied compounds that could be taken up by
T. cruzi, what clearly explained its trypanocidal activity. Interest-
ingly, compound 5 seems to accumulate in a trypanosomatid orga-
nelle called reservosome, which are endocytic organelles from T.



Figure 7. Epimastigotes of T. cruzi cultured overnight with the three compounds at 1 � 10–4 M. Figures A, C and E show the parasites cultured with compounds 4, 5 and 6,
respectively in light field, and figures B, D and F show the same parasites at fluorescence microscopy. Magnification �1000.
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cruzi epimastigotes that store proteins and lipids as reserve sub-
stances for future uses.54 Since we were not able to detect nuclei
or kinetoplast staining, it remains unclear the way compound 5
is toxic for the cells. However, it could be the case that little quan-
tities (below of our detection capacity) of DNA bound compound 5
could be toxic for these cells. Our results prompt compound 5 as an
interesting compound in the search of new therapeutic drugs
against parasitic diseases caused by trypanosomatid parasites, in
particular the Chagas’ illness. Further studies on infective stages
of T. cruzi will be carried out.
4. Experimental

4.1. Synthesis

Solvents were distilled from appropriate drying agents shortly
before use. TLC was carried out on DC-plastikfolien Kieselgel 60
F254, Merck. Melting points were determined on a Büchi 510 melting
point apparatus and were uncorrected. IR spectra [mmax/cm�1] were
obtained for KBr pellets on a Perkin–Elmer 882 spectrophotometer.
The 1H NMR spectra were recorded on a Bruker Avance 300 MHz
spectrometer. The 13C NMR spectra were recorded on a Bruker
Avance 600 MHz spectrometer but due to the poor solubility only
few signals were obtained for compound 5, while spectra of com-
pounds 4 and 6 could not be accurately interpreted. Chemical shifts
(d/ppm) are referred to TMS. Mass spectra were recorded on a Waters
Micromass Q-ToF micro. Elemental analyses were performed by
Microanalytical laboratory at the Ruder Bošković Institute.

4.1.1. 3,4-Ethylenedioxythiophene-2,5-diol (2)
Diethyl 3,4-ethylenedioxythiophene-2,5-dicarboxylate (1.45 g,

5.07 mmol) dissolved in THF (70 mL) was added to a suspension
of LiAlH4 (0.92 g, 0.0243 mol) in dry THF (100 mL). The reaction
mixture was stirred for 3 h at 0 �C, and then for 1 h at room tem-
perature. When reaction was finished ethanol was added, and
resulting suspension was filtered, filtrate evaporated and dried un-
der vacuum yielding 0.983 g (87.9%) pale brown powder: mp 135–
136 �C; IR (cm�1) in KBr: 3364, 3299, 1520, 1449, 1345, 1122, 992,
651; 1H NMR (d, DMSO-d6, 25 �C, ppm): 5.16 (t, 2H, J = 5.61 Hz,
OH), 4.41 (d, 4H, J = 5.61 Hz, –CH2OH), 4.16 (s, 4H, OCH2CH2O).

4.1.2. 3,4-Ethylenedioxythiophene-2,5-dicarboxaldehyde (3)
To a solution of 1-hydroxy-1,2-benziodoxol-3(1H)-one 1-oxide

(IBX) (6.172 g, 0.022 mol) in DMSO (32 mL) compound 2 (1.272 g,
6.3 mmol) in DMSO (73 mL) was added. Reaction is monitored by
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TLC, after 4 days at the room temperature, reaction mixture was
poured into water. The resulting precipitate was collected by filtra-
tion and recrystallized from EtOH–H2O yielding 0.824 g (66%) of
pale brown powder: mp 140–141 �C (Lit.30 141 �C); IR (cm�1) in
KBr: 2927, 1667, 1503, 1463, 1267, 1103, 1082, 694; 1H NMR (d,
CDCl3, 25 �C, ppm): 10.04 (s, 2H, CHO), 4.46 (s, 4H, –OCH2CH2O–).

4.1.3. 2,5-Bis[2-(5-amidinobenzimidazoyl)]-3,4-
ethylenedioxythiophene dihydrochloride (4)

A solution of 3,4-etylenedioxythiophene-2,5-dicarboxaldehide
(0.058 g, 0.291 mmol), 4-amidino-1,2-phenylenediamine (0.087 g,
0.583 mmol), and 1,4-benzoquinone (0.064 g, 0.591 mmol) in eth-
anol (40 mL) was heated at reflux for 4 h (under nitrogen). The
reaction mixture was cooled to room temperature, and the dark so-
lid was collected by filtration and washed with anhydrous ether.
The solid was dissolved in HCl-saturated ethanol and stirring over-
night. Green solid was collected by filtration, washed with anhy-
drous ether, and dried under vacuum to yield 0.057 g (42.6%) of
green powder, mp > 250 �C; IR (cm�1) in KBr: 3193, 1672, 1626,
1601, 1512, 1488, 1453, 1088, 982, 816; 1H NMR (d, DMSO-d6,
25 �C, ppm): 12.66 (br s, 1H, NH), 9.37 (s, 4H, NH), 9.13 (s, 4H,
NH), 8.15 (s, 2H, ArH), 7.79 (d, 2H, J = 8.47 Hz, ArH), 7.68 (dd, 2H,
J = 8.47 Hz, J = 1.64 Hz, ArH), 4.67 (s, 4H, OCH2CH2O); HRMS: calcd
for C22H19N8O2S (M++1), 459.1352; Found, 459.1329. Anal. Calcd
for C22H18N8O2S�2HCl�5H2O (Mr = 621.50): C, 42.52, H, 4.87, N,
18.03, Cl, 11.41. Found: C, 42.25, H, 4.44, N, 18.07, cl, 11.61.

4.1.4. 2,5-Bis[2-(5-(N-isopropylamidino)benzimidazoyl)]-3,4-
ethylenedioxythiophene dihydrochloride (5)

A solution of 3,4-etylenedioxythiophene-2,5-dicarboxaldehide
(0.150 g, 0,757 mmol), 4-(N-isopropylamidino)-1,2-phenylenedi-
amine (0.290 g, 1,516 mmol), and 1,4-benzoquinone (0.170 g,
1,577 mmol) in ethanol (100 mL) was heated at reflux for 4 h (un-
der nitrogen). The reaction mixture was cooled to room tempera-
ture, and the dark solid was collected by filtration and washed
with anhydrous ether. The solid was dissolved in HCl–saturated
ethanol. After stirring overnight, the green solid was collected by
filtration, washed with anhydrous ether, and dried under vacuum
to yield 0.208 g (50.7%) of green powder, mp > 250 �C. IR (cm�1)
in KBr: 3395, 3223, 1669, 1613, 1488, 1088, 720; 1H NMR (d,
DMSO-d6, 25 �C, ppm): 9.55 (s+s, 2H, NH), 9.40 (br s, 2H, NH),
9.00 (s, 2H, NH), 8.01 (s, 2H, ArH), 7.78 (d, 2H, J = 8.59 Hz, ArH),
7.56 (d, 2H, J = 8.74 Hz, ArH), 4.67 (s, 4H, OCH2CH2O), 4.08 (m,
2H, J = 6.56 Hz, CH), 1.31 (d, 12H, J = 6.56 Hz, CH3); 13C NMR (d,
D2O, 25 �C, ppm): 161.4, 145.6, 140.6, 121.5, 106.7, 65.1, 45.9,
20,5 (only 8 of expected 13 signals were accurately determined,
while intensity of 5 signals was too low); HRMS: calcd for
C28H31N8O2S (M++1), 543.2291. Found, 543.2266. Anal. Calcd for
C28H30N8O2S�2.5HCl�4H2O (Mr = 705.88): C, 47.64; H, 5.78; N,
15.87; Cl, 12.56. Found: C, 47.84; H, 5.74; N, 16.34; Cl, 12.75.

4.1.5. 2,5-Bis[5-(2-imidazolino)benzimidazol-2-yl]-3,4-
ethylenedioxythiophene dihydrochloride (6)

A solution of 3,4-etylenedioxythiophene-2,5-dicarboxaldehide
(0.6223 g, 3.1429 mmol), 4-(imidazoylamidino)-1,2-phenylenedi-
amine (1.1188 g, 6.2854 mmol), and 1,4-benzoquinone (0.6929 g,
6.4157 mmol) in ethanol (200 mL) was heated at reflux for 8 h (un-
der nitrogen). The reaction mixture was cooled to room tempera-
ture, and the dark solid was collected by filtration and washed
with anhydrous ether. The solid was dissolved in HCl–saturated
ethanol and stir overnight. Green solid was collected by filtration,
washed with anhydrous ether, and dried under vacuum to yield
0.767 g (47.9%) of green powder, mp > 250 �C; IR (cm�1) in KBr:
3465, 3201, 1600, 1513, 1487, 1366, 1090, 700; 1H NMR (d,
DMSO-d6, 25 �C, ppm): 12.81 (br s, 2H, NH), 10.62 (s, 4H, NH),
8.32 (s, 2H, ArH), 7.82 (br s, 4H, ArH), 4.67 (s, 4H, OCH2CH2O),
4.03 (s, 8H, NCH2CH2N); HRMS: calcd for C26H23N8O2S (M++1),
511.1665; found, 511.1646. Anal. Calcd for C26H22N8O2

S�2HCl�4H2O (Mr = 655.56): C, 47.63; H, 4.92; N, 17.09. Found: C,
47.72; H, 4.95; N, 17.57.

4.2. Spectroscopic experiments

The electronic absorption spectra were obtained on Varian Cary
100 Bio spectrometer, CD spectra on JASCO J815 spectrophotome-
ter and fluorescence spectra on the Varian Eclipse fluorimeter, all
in quartz cuvettes (1 cm). The spectroscopic studies were per-
formed in aqueous buffer solution (pH 7, sodium cacodylate buffer,
I = 0.05 mol dm�3). Under the experimental conditions absorbance
of 4, 5, 6 was proportional to their concentrations. Polynucleotides
were purchased from Sigma (poly A–poly U) and Aldrich (calf thy-
mus (ct)-DNA). Polynucleotides were dissolved sodium cacodylate
buffer, I = 0.05 mol dm�3, pH 7. Calf thymus (ct-)DNA was addi-
tionally sonicated and filtered through a 0.45 lm filter. Polynucle-
otide concentration was determined spectroscopically as the
concentration of phosphates. Spectroscopic titrations were per-
formed by adding portions of polynucleotide solution into the solu-
tion of the studied compound.

Thermal melting curves for ds-DNA, ds-RNA and their com-
plexes with studied compounds were determined as previously de-
scribed by following the absorption change at 260 nm as a function
of temperature. Absorbance of the ligands was subtracted from
every curve, and the absorbance scale was normalized. The Tm val-
ues are the midpoints of the transition curves, determined from the
maximum of the first derivative and checked graphically by the
tangent method. DTm values were calculated subtracting Tm of
the free nucleic acid from Tm of the complex. Every DTm value here
reported was the average of at least two measurements, the error
in DTm is ±0.5 �C.

4.3. Biological experiments

4.3.1. Cell culturing
The experiments were carried out on 8 human cell lines: bron-

choalveolar carcinoma (NCI-H358), cervical adenocarcinoma
(HeLa), laryngeal carcinoma cells (HEp-2), pancreatic carcinoma
cells (MIAPaCa2), colon carcinoma cells (HT-29, CaCo2), stomach
epithelial gastric adenocarcinoma (AGS) and human breast adeno-
carcinoma cells (MCF-7).

Cells were grown as a monolayer in tissue culture flasks
(250 ml; BD Falcon, Germany) in Dulbecco’s modified Eagle med-
ium (DMEM) with 10% fetal bovine serum (FBS) supplemented
with 2 mM glutamine, 100 U of penicillin and 0.1 mg streptomycin.
Cells were cultured in a humidified (95% air, 5% CO2) CO2 incubator
(Shell Lab, Sheldon Manufacturing, USA) at 37 �C. The trypan blue
dye exclusion method was used to assess cell viability.

4.3.2. Cell growth inhibition assay
Cytotoxic effects on tumor cell growth were determined using

the MTT assay.55 In general, investigated compounds were dis-
solved in dimethylsulfoxide (DMSO) as a 1 � 10�2 M stock. All
working dilutions (10�3–10�6 M) were prepared immediately be-
fore each experiment in high pure water. The DMSO was also
tested for eventual inhibitory activity by adjusting its concentra-
tion to be the same as in working concentrations. At day zero of
the experiment, the cells (2 � 104 cells/ml) were plated onto 96-
microwell plates (Greiner, Austria, EU) and allowed to attach over-
night in a CO2 incubator (Shell Lab, Sheldon Manufacturing, USA).
Later (24 h), the medium was replaced with a fresh medium con-
taining various well defined concentrations of investigated com-
pounds. Controls were grown under the same conditions without
the addition of the test substances. After 72 h of incubation med-
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ium was removed and 40 ll of MTT (5 mg/ml of phosphate buf-
fered saline) was added. DMSO (160 ll) was added to each well
to dissolve in water insoluble MTT-formazane crystals. The plates
were transferred to an Elisa plate reader (Stat fax 2100, Pharmacia
Biotech, Uppsala Sweden). The absorbency was measured at
570 nm on a microplate reader. All experiments were performed
at least 3 times, with 3 wells each.

The percentage of cell growth (PG) was calculated by the fol-
lowing equation:

PG ¼ ðA� ABLANCK=ACONTROL � ABLANCKÞ � 100

BLANCK = medium without cells containing cytostatic and MTT.

4.3.3. Uptake and intracellular distribution of compound 5 and
Hoechst 33285

HeLa cells were grown on microscopic slides (1 � 105 cells/
slide) at 37 �C for 24 h. Cells were incubated with compounds 5
(10�5 M) and Hoechst 33258 (10�5 M) at different intervals (for
30 min, 60 min, 90 min, 120, and 150 min) than washed with
PBS, covered with a glass coverslip and analyzed. Control cells, in
order to confirm the cells viability, were treated in PI solution
(0.01 lM) for 5 min, washed with PBS and analyzed under the
microscope (PBS as mounting medium). The entry and intracellular
distribution of tested chemicals were analyzed under the fluores-
cence microscope (Axioskop 2 MOT, Carl Zeiss Jena GmbH, Jena,
Germany) with Zeiss filter combinations: BP 450-490 and LP 520.

4.3.4. Cell cycle analysis
For cell cycle analysis, HeLa cells (5 � 105 cells per well) were

seeded into 6-well plates. Later (24 h) tested compound 5 and Hoe-
chst 33285 were added at a concentration of 1 � 10�6 M and
1 � 10�5 M, respectively. Cells were harvested at different intervals
(24, 48 and 72 h) following drug treatment. Floating and adherent
cells were collected separately, than combined, washed with phos-
phate buffer saline (PBS), fixed with 70% ethanol, and stored at
�20 �C. Immediately before the analysis, the cells were washed
with PBS and resuspended in 1 lg/ml of propidium iodide (PI)
and 0.2 lg/ll of RNAse A. The stained cells were then analyzed
with Becton Dickinson FACScalibur (Becton Dickenson) flow
cytometer (20,000 counts were measured). The percentage of the
cells in each cell cycle phase was determined using the ModFit LTTM

software (Verity Software House) based on the DNA histograms.
The tests were performed in triplicates and repeated at least twice.

4.3.5. Trypanosoma cruzi culture and the growth inhibition
assay

Epimastigote forms of Trypanosoma cruzi strain clone 14 were
maintained in LIT medium supplemented with 10% fetal calf serum
(FCS) at 28 �C. Cultures were maintained in an exponential growth
phase for 8 days by passages each 48 h. Inhibition assays were car-
ried out in 96 well plates containing 200 lL of LIT medium supple-
mented with 10% FCS. Negative control was LIT medium with 10%
FCS. Positive control was LIT medium with 10% FCS and two inhib-
itors of respiratory chain: rotenone (2 � 10�4 M) and antimycin
(0.5 � 10�6 M). Compounds 4, 5 and 6 (0.1 M) were resuspended
in H2O and added to the culture medium at 1 � 10�4 M or 1 �
10�5 M as indicated in each case. Cell number was estimated every
day during 8 days by absorbance reading at 620 nm (turbidimetry)
and cell number was obtained by using calibration curves. The as-
says (each treatment) were carried out in eight replicas (n = 8). The
inhibition percentages (% Ic) were estimated by taking into account
the reached growth of each treatment with respect to the control
at day five (middle exponential phase). The IC50 was estimated
by using concentrations of 1, 2.5, 5, 7.5 and 10 lM. Obtained data
were adjusted to a sigmoidal model equation. All the assays were
performed at least in triplicates, and presented results correspond
to representative experiments.

4.3.6. Uptake and intracellular distribution of investigated
compounds into T. cruzi

Exponential growth phase epimastigotes were incubated with
1 � 10�5 M compound 5 for 30 min, 60 min, and overnight. The
cells were then washed with PBS, and resuspended in PBS as
mounting medium. The viability was checked by microscopic
observation of flagellar motility. The entry and intracellular distri-
bution of tested chemicals were analyzed under the fluorescence
microscope (Axiophot, Carl Zeiss Jena GmbH, Jena, Germany) with
Zeiss filter combinations: BP 450-490, LP 520 as previously de-
scribed for mammalian cells.
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