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aDepartamento de Qúımica Inorgánica, In
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Oleksandr Holichenko, c Olexandr Shtemenko ac and Enrique Garćıa-España a

Two rhenium compounds: cis-tetrachlorotetrabenzimidazoldirhenium(III) chloride – I and

tetrabenzimidazoldioxorhenium(V) – II have been synthesized and characterized. X-ray data are

presented for the new complex II. I and II show strong emission that has been used to investigate their

interaction with several non-canonical DNA structures. Both compounds have a quenching effect on the

fluorescence intensity upon addition of the investigated oligonucleotides; I was more selective for

binding G4-than II. Association constant values obtained for I and II with G-quadruplexes reached 106

M−1, which suggests a strong interaction between both complexes and these sequences. FRET-melting

assays show that I and II have a rather high level of stabilization of ckit1 and ckit2 quadruplexes. I is toxic

against macrophages RAW267.7 only in high concentrations, while complex II shows no toxicity against

these cells. I and II accumulate inside cells in different degrees. Molecular dynamic simulation studies

have provided insights into the binding modes of II with ckit1 and ckit2 G-quadruplexes. The results

obtained show the DNA binding activity of the rhenium complexes and their ability to be players in the

anti-cancer fight since they can bind to non-canonical DNA forms in oncogene promoters, accumulate

in some cancer cells, and influence the cancer cells microenvironment.
Introduction

The benzimidazole (Benzim) scaffold is an important pharma-
cophore in anticancer drugs.1–3 Reduced cell viability, migration
and invasion, disruption of tubulin polymerization, induction
of apoptosis and autophagy, and cell cycle arrest in G1 or G2/M
phases, are among the antitumor effects exerted by these
pharmacophores. Moreover, it is commonly accepted that
metal–organic compounds are oen more effective than free
organic compounds as antitumor agents.4–6 Accordingly, benz-
imidazole and its derivatives are promising ligands due to their
conjugated p-system, planarity, and capacity to mimic the
function of imidazole in proteins and polynucleotides. As
a matter of fact, inorganic drug discovery based on ruthenium
with benzimidazole ligands has undergone considerable
advances over the past two decades, with two representatives of
this family currently in active clinical trials.7
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Several comprehensive reviews highlight the biological
effects of different rhenium complexes according to their
oxidation states.8,9 Themost active rhenium complexes reported
to date contain Re(I) carbonyl centers bound to mono-, di-, or
tridentate ligands. It is proposed that such compounds induce
their cytotoxic effects through covalent binding to DNA bases
and/or protein side chains. Also, several rhenium-based
compounds have been employed as in vitro and in vivo
imaging agents.

It has been proved that several of the rhenium complexes
with benzimidazole and nitrogen-containing heterocycles
effectively kill cancer cells by triggering necroptosis, a non-
apoptotic form of cell death, and induce mitochondrial
membrane potential depletion, a possible downstream effect of
reactive oxygen species (ROS) production.10–14 One of these
complexes was found to be the most potent with IC50 values
ranging from 0.1 to 0.4 mMagainst a panel of cancer cells, values
which are 5–70 fold lower than those of cisplatin;15 it accumu-
lates preferentially in mitochondria, depleting mitochondrial
membrane potential, and upregulating intracellular ROS,
leading nally to necrosis-mediated cancer cell death.

In our previous research, summarized in ref. 15, we provided
an overview of the design, and in vitro and in vivo biological
activity of the quadruple-bonding cluster dirhenium(III)
complexes, preferentially with di and tetra alkyl-carboxylate
ligands. Dirhenium(III) clusters had antiradical activity in
RSC Adv., 2024, 14, 19787–19793 | 19787
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Fig. 1 Graphical structure of the Re(III) and Re(V) complexes: [Re2(-
Benzim)4Cl4(CH3CN)2]Cl2 (I) and [Re(Benzim)4O2]

+ (II).
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vitro, anticancer activity in vitro and in vivo, mighty antioxidant,
nephro-, hepato-, red blood cells, etc. protective properties and
ability to decrease cisplatin-induced toxicity. Consequently, our
synthetic activity was aimed at preparing dirhenium(III)
complexes with the so-called “biologically active” ligands, such
as amino acids, cinnamic, ferulic, and indolyl acetic acids.
Thus, we recently synthesized dirhenium(III) cis-dicarboxylates
with the a-amino acids residues Asp, Glu, Phe and Tyr and
showed their G-quadruplex (G4) stabilization potential, which
was much greater for aromatic amino acids.16 We suggest
a unique mechanism for molecular DNA recognition for these
complexes with the participation of the quadruple bond and
aromatic rings of the amino acids. As aromaticity played
a positive role in the process of G4 stabilization, it drew atten-
tion to investigating the interaction of the benzimidazole dir-
henium(III) complexes with G4 quadruplex structures. In this
work, we focus our attention on the two representative benz-
imidazole rhenium compounds, cis-tetra-
chlorotetrabenzimidazoldirhenium(III) chloride – I and
tetrabenzimidazoldioxorhenium(V) – II shown in the Fig. 1.
Results
Synthesis and characterization of the complexes

We previously synthesized and fully characterized compound I
and its analogue with imidazole ligands.17 The procedure
employed for the preparation of both complexes (Fig. 2) is
common in the synthesis of the cluster dirhenium(III)
compounds and originates from the tetrabutylammonium
octachlorodirhenate(III) – (Bu4N)2Re2Cl8.

The synthesis and characterization data for II are presented
in the ESI.† The yield of complex I or II depends on the synthetic
Fig. 2 Synthetic route for the preparation of complexes I and II.

19788 | RSC Adv., 2024, 14, 19787–19793
procedure employed; I is obtained when HCl is added under an
inert atmosphere while II is obtained in the presence of oxygen
without adding any acid.
Solid state analysis of II

The crystal structure of II was solved in the P4/mnc space group.
The unit cell is formed by four [ReO2(Benzim)4]

+ cations and six
perrhenate anions. To balance the net charge, each [ReO2(-
Benzim)4]

+ unit must have +1.5 average charge. To explain this
situation in a reported similar structure,9,10 it was postulated
that there are shared protons between adjacent complex units
such that one unit may be formulated as [ReO2(Benzim)4]

+ and
the other one as [ReO(OH)(Benzim)4]

2+. Although in our struc-
ture we do not have any direct evidence either of the presence of
shared protons or of their location, we have assumed that the
protons are in O1 and O2 close to the hydrophilic layer (vide
infra), and close to O4 so that they are effectively delocalized
between the two positions. Due to the symmetry of the crystal,
the hydrogen atoms are located in special positions. The proton
close to the O1 (H1A) would be in a special position (0.5, 0.5,
1.0), while the other one (H2A) would be in (0.5, 0.5, 0.78). The
distance between these units (in Table 1) can be measured by
the distance (O1, O1) [x,y,2 − z] = 2.64(4) Å and (O2, O3) =
2.90(3) Å.

The coordination geometry of Re in these units is regular
octahedral (see angles in Table 2); the Re–N distances is ca. 2.11
Å and the Re–O distances range from 1.73 to 1.79 Å.

The benzimidazole rings adopt a helical conformation with
angles of 47.7° between their average planes with respect to the
rhenium equatorial plane (measured as O1–Re1–N1–C2 torsion
angle).

The complex units are stacked and aligned with the c axis
with the benzimidazole moieties equatorially coordinated to the
Re atom and the oxygen atoms axially-oriented, giving rise to
a layer of cations and anions along that direction (Fig. 3).

The [ReO2(Benzim)4]
+ units are grouped in pairs, with the

hydrophobic part of the benzimidazole moiety facing each other
while the hydrophilic part is oriented towards a layer containing
perrhenate anions that balances the charge and includes
disordered water molecules.
UV-vis and uorescence properties of the complexes

We then investigated the photophysical properties of both
complexes in solution. The intensive absorption maxima for I
and II were observed in the range 200–290 nm, which is similar
to the benzimidazole spectrum (Fig. 4 and Table 1S in the ESI†).
Table 1 Bond distances (in angstrom, Å) and angles (in degrees)

Re1–N1 2.111(9) Re2–N3 2.114(10)
Re1–O2 1.770(17) Re2–O4 1.73(3)
Re1–O1 1.791(18) Re2–O3 1.745(18)
N1–Re1–N1 178.2(5) N3–Re2–N3 175.7(5)
O2–Re1–N1 90.9(2) O4–Re2–N3 87.9(3)
O1–Re1–N1 89.1(2) O3–Re2–N3 92.1(3)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Crystallographic data for the structure of complex II. Values in
parentheses represent standard deviations of the last significant figure

Composition C56H49.50N16O18.24Re5

Formula weight/g
mol−1

2169.41

Size/mm 0.119 × 0.070 × 0.059
Space group P4/mnc
Unit cell:
� a/Å 15.974(3)
� b/Å 15.974(3)
� c/Å 27.244(7)
� a/degrees 90
� b/degrees 90
� g/degrees 90
� V/Å3 6952(3)
Density/g cm−3 2.07
Z 4
m/mm−1 8.75
F000 4070
Diffraction limits 19 # h # −19

19 # k # −19
33 # l # −33

R(int) 0.0597
R(sigma) 0.0176
Reections
� Collected 97 620
� Unique 3501
Parameters 252
Constraints 0
Restraints 45
R1
� Total 0.0681
� F2 > 2s(F2) wR2 0.0584
� Total 0.1637
� F2 > 2s(F2) 0.1556
Goodness of t 1.155 Fig. 3 (A) Detail of the complex II. (B) Unit cell packing highlighting the

cationic (blue) and the anionic (red) layers.
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This strong absorption in some transition metal complexes
with benzimidazole was mostly attributed to p–p* transitions
of the benzimidazole ligands or its derivatives. As we have
observed for I and II, metal complexation did not cause
a considerable shi in the absorption wavelength of the
ligands.18

However, the electronic absorption spectra (EAS) of I and II
show a weak peak at 350 nm, which is more pronounced for I.
Complexes of benzimidazole with Fe(II), Co(II), Ni(II) and Cu(II)
show a rather intense absorption in this area.17 This absorption
was ascribed to ligand–metal charge transfers (L / M). More-
over, in the spectra of Mn(II) and Zn(II) complexes, L / M
charge transitions were not observed.

The EAS of I and II have comparatively low absorption in the
longer-wavelength regions, with maxima at 610 nm for I and
500 nm for II (Fig. 4).

The absorbances for both I and II are linearly correlated with
the concentration, indicating absence of aggregation (see
Fig. S1 in the ESI†). In previous spectroscopic studies on tran-
sition metal complexes of benzimidazole ligands, the high-
energy intense absorption band was assigned to p–p* intra-
ligand transitions, whereas the low-energy absorption band was
© 2024 The Author(s). Published by the Royal Society of Chemistry
tentatively assigned to an admixture of metal-to-ligand charge-
transfer (MLCT) and ligand-to-ligand charge-transfer (LLCT)
transitions.18–20

The absorption in the long-wavelength area for quadruply-
bonded dirhenium(III) complexes was described as d /

d* transitions in the Re–Re centre.14

Both I and II showed a strong emission band at 290 nmwhen
excited at 250 nm (Fig. 4B), which is in accordance with previous
research.21

In acetonitrile solutions of I and II at room temperature, the
low-energy emission bands were observed from 550 to 635 nm.
According to previous investigations on rhenium and dirhe-
nium complexes, the short-lifetime luminescence at higher
energy was derived from LLCT while the long-lived phospho-
rescence at lower energy was from MLCT.22,23

Luminescent properties of I and II require deeper investi-
gations and may be relevant in future applications. For
example, the introduction of rhenium complexes and cluster in
the structure of metal–organic frameworks (MOFS) leads to
effective single-site catalysis for photochemically reducing
carbon dioxide to produce a variety of organic compounds.24–27
RSC Adv., 2024, 14, 19787–19793 | 19789
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Fig. 4 (A) EAS and (B) fluorescent spectra (lexc = 250 nm) of I (black)
and II (red) in acetonitrile. (Inset in A) EAS of I and II in the long wave
area.

Fig. 5 Fluorescent titration spectra of I (A) and II (B) with ckit1G4 DNA.
(Insets) Relative fluorescence intensity (F/F0) of complexes I (A) and II
(B) as a function of DNA concentration in the titration experiments. �
Bcl; ;ckit1; : ckit2; - cMyc.

Table 3 Constants (log K) of interaction of I and II with G4 DNA ob-
tained by fluorescence titrations

G4 DNA log K (I) log K (II)

cMyc 5.65 � 0.01 6.01 � 0.01
ckit1 6.20 � 0.01 6.13 � 0.01
ckit2 5.81 � 0.01 5.88 � 0.01
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Evaluation of the G-quadruplex DNA interaction

Initially, we evaluated the interaction of both rhenium
complexes I and II with G-quadruplex DNA structures by uo-
rescence titration experiments in cacodylate buffer (see Fig. 5,
S2–S4 in the ESI†).

Considering our previous research on dirhenium(III) dicar-
boxylates, which demonstrated a high stabilization effect of
ckit1,16 we selected several G4 DNA sequences for our experi-
ment, including those located at the c-Kit promoter region (their
sequences are presented in ESI†).

Upon addition of the investigated G4s, bothmetal complexes
had a quenching effect on uorescence emission. Similar pho-
tophysical response was observed for an RNA polymerase I
inhibitor when interacting with G4s DNA.28 Results of an anal-
ysis of the relative luminescence intensity (F/F0) of complexes I
and II as a function of DNA concentration in the titration
experiments is shown in Fig. 5A and B. We estimated the values
of the binding constants (Kb) from the titration curves, which
are shown in Table 3.

The values (Kb) obtained for I and II with the G4s cKit1 and
Bcl2 are in the order of 106 M−1, which suggests a strong
interaction between each of the complexes and these G4s
located in the promoter regions of the corresponding
oncogenes.

Then, the G-quadruplex (ckit1 and ckit2) stabilization effects
of I and II were evaluated by uorescence resonance energy
transfer (FRET) melting assay, which measures the shi in
melting temperature (DTm) of the folded G-quadruplex struc-
tures as a function of ligand concentration. Both I and II
19790 | RSC Adv., 2024, 14, 19787–19793
showed a rather high level of stabilization of both ckit1 and
ckit2 (Fig. 6 and S5†).

The largest stabilization effect was obtained for the interac-
tion of ckit-1 and II. Both compounds did not stabilize ds26 even
under 1 : 20 DNA : complex molar ratio (see Fig. S6†).

It is well-known that the bis-benzimidazole molecule
Hoechst is used as for uorescence DNA staining because of its
sequence-specic DNA binding ability. However, the selective
recognition of some new benzimidazole systems towards G-
quadruplex DNA, their selective cytotoxicity towards some
cancer cells and potent telomerase inhibition ability were
demonstrated.29 In these works, the authors showed that in
contrast to the standard groove binder Hoechst, bivalent metal
ions prompted a “switch off” emission effect upon duplex DNA
binding. The bivalent metal ions coordinate the nitrogen atoms
of the imidazole moieties, forcing the imidazole N–H to stay
away from the surface of the minor groove pocket of the duplex
DNA, making the ligand ineffective in binding duplex DNA.
Bcl2 6.38 � 0.01 6.20 � 0.01

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Stabilization curves of oligonucleotides ckit1 (A) and ckit2 (B) in
the presence of I and II at the DNA: I and DNA: II 1 : 5 and 1 : 10.

Fig. 7 Stable conformations of ckit1 (A) and ckit2 (B) with II. Color
code: adenine-1 (red), guanine-10 (orange), cytosine-11 (green),
thymine-12 (purple).
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However, some of these ligands were active in stabilizing G4
DNA with a 100-fold preference for G4 over duplex DNA. We
observed similar behavior for compounds I and II because they
did not stabilize duplex DNA. Attachment of the tertiary
nitrogen atoms of benzimidazole to the rhenium atoms pre-
vented the possibility of interacting with duplex DNA but
retained their ability to interact with other non-canonical
structures, such as G-quadruplexes.

Metal complexes have demonstrated stronger selectivity for
G4 structures than duplex DNA owing to proper coordination
features, positive charge, and electron density promoted by the
organic ligands.30,31 The named reviews showed that the stabi-
lization of G-quadruplexes can be achieved through extended
square aromatic surfaces, increased hydrophobicity, different
auxiliary ligands, axially coordinated ligands, and the nature of
the metal center. We suppose that the nature of the quadruply-
bonded dirhenium core and the aromaticity of the four benz-
imidazole ligands play a positive role in G4-interactions and
selectivity of I and II.

Molecular dynamic simulation performed according to ref.
32 and 33 (see the details in the ESI† Fig. S7 and S8) on the
interaction of I with ckit1 shows that cytosine C11 points
outwards the G4 structure and bends, accommodating the
complex into the groove where it gives a conformation that
remains stable in the simulation (Fig. 7).

This nal conformation is stabilized by face-to-face p-
stacking between one of the benzimidazole rings and thymine
12, corroborating past results obtained for benzimidazole-
carbazole ligands and this G4.34 We also found the complex to
be very close and in persistent proximity to the aromatic
moieties of guanine-10 and adenine-1. The simulation studies
with ckit2 show a similar interaction with complex II. II interacts
with adenine-13 via face-to-face p-stacking as well as with
cytosine-1. The complex is formed at 2.2 ns and stays stable
until the end of the simulation. These in silico studies provided
insight into the mode of binding of II to G-quadruplexes formed
in the oncogene promoters. The c-Kit proto-oncogene encodes
a transmembrane tyrosine kinase receptor, which participates,
once activated by endogenous ligands, in a broad range of
physiological processes, including cell proliferation, migration,
maturation and survival.35 Overexpression and/or mutations of
c-Kit gene have been implicated in a number of human cancers,
including gastrointestinal stromal tumors (GIST), pancreatic
cancer, leukemia andmelanoma. In the proximal promoter of c-
Kit, three guanine (G)-rich regions able to fold into G4s struc-
tures have been identied. The putative G4-forming sequences
© 2024 The Author(s). Published by the Royal Society of Chemistry
within the c-Kit promoter named ckit1, ckit* and ckit2, are
closely clustered and separated from each other by only a few
nucleotides.28,36,37 ckit1 G4 contains unique structural features;
an isolated guanine that is involved in the formation of the G-
quartet core and a stem-loop comprising ve nucleotides. The
stabilization of G4s in appropriate sites of its promoter region
via the use of c-Kit -selective small-molecule ligands provides
a good strategy to suppress c-Kit activity.32 Such ligands have
been identied. Members of the isoalloxazine family of ligands
demonstrated a binding preference for c-Kit over telomeric G4s
and inhibited c-Kit oncogene expression; (i) a naphthalene dii-
mide derivative showed stabilization of c-Kit G4s accompanied
by reduction of encoded protein levels, leading to an arrest of
cell growth in patient-derived gastrointestinal tumor cells; (ii)
benzo[a]phenoxazines and quinazolines. Interestingly, some
quinazoline derivatives bind and stabilize c-Kit G4s with high
selectivity, inhibit the transcription and expression of c-Kit, and
exhibit signicant cytotoxicity on the GIST cell line HGC-27.
They showed DT1/2 = 11.3 °C and 13.4 °C for ckit1, and 13.6 °
C and 14.3 °C for ckit2 in the FRET experiments (DNA : ligand =

1 : 5).29 These values agree with our results for II and ckit1: DT1/2
= 13.8 °C under molar ratio DNA : ligand 1 : 5.
Assessment of the cell activity of the rhenium complexes

Tumor-associated macrophages (TAM) contribute to the tumor
progression at different levels, including promoting genetic
RSC Adv., 2024, 14, 19787–19793 | 19791
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instability, nurturing cancer stem cells, paving the way to
metastasis, and taming protective adaptive immunity.38–40 TAM
are major players in the connection between inammation and
cancer; thus, TAM-centered therapeutic strategies have the
potential to complement and synergize together with chemo-
therapy and immunotherapy.

In our experiments, we used Raw 264.7, which is a trans-
formed murine monocyte macrophage cell line. In our experi-
ments the cells of macrophages had an unregulated growth that
reached 126% in comparison to the control (Fig. 8 and Table
S2†).

II did not practically affect the proliferative activity of the
macrophages in contrast to I, which decreased the cell viability
at 50 and 100 mM concentrations to 65 and 39%, respectively.
The accumulation of rhenium in the cells that were treated with
I was very signicant and seven times larger than that in cells
treated with II. The ability of the rhenium compound I to
accumulate in macrophages has an essential biological signif-
icance described here for the rst time. It is well-known that
cellular uptake plays an important role in the bioactivity of
drugs, and the internalization and accumulation of metal-based
drugs into cancer cells is crucial for their therapeutic effect. So,
such an essential uptake of I in TAM is a very important prop-
erty of the dirhenium compound, which is the basis of the
future investigation of their anti-cancer properties. Also, our
understanding of the signicance of the “metallic” crosstalk
between macrophages and cancer cells is still primitive.41

Furthermore, Raw 264.7 cells changed their morphology
under the inuence of both rhenium compounds, with stronger
effects associated with the inuence of I (Fig. S9†). The size of
round cells under inuence of I increased and the shape
changed to more elongated forms. The macrophage changes in
cell shape are associated with their activation.42

For example, changing morphology of Raw 264.7 was con-
nected with production of cysteine proteases, responsible for
cancer growth and neovascularization.43 It is possible to
suppose that under the inuence of the rhenium compounds,
some metabolic changes in the cells of macrophages took place
with the following activation, which also has biological signi-
cance. In our previous works,15 we showed that some dirhe-
nium(III) carboxylates led to decrease in the growth of tumors in
the experiments in vivo, and its joint administration with
cisplatin stopped tumor growth. This synergistic effect of the
combinational treatment was explained by antioxidant
Fig. 8 (A) Cell viability of cells Raw 264.7 upon addition of I and II. (B)
Amount (ng) of rhenium in cells Raw 264.7 upon 24 h of incubation
with 20 mM I and II for two independent experiments.
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properties of the quadruply bonded dirhenium compounds,
which led to decreasing ROS production caused by the cisplatin-
triggered malignation process. The results of this work with
macrophages where I was accumulated in the cells following
change of their morphology may be another explanation of the
synergism of dirhenium(III) complexes with cisplatin, i.e. by
inuence of I on the immune system of xenogras. The ob-
tained results may present a useful strategy of complementing
antiproliferative activity of some agents with the secreted
molecules of activated macrophage cells as inhibitors of
metastasis to obtain some additive effects that may be a new
contribution to the combinational therapy of cancer.

We see perspectives of our future research in synthetic
activity, aimed to involve new ligands to the dirhenium(III)
fragment; investigation of photophysical properties of the dir-
henium(III) compounds; further development in the area of DNA
and RNA recognition with photoactivated molecules; interac-
tion of the dirhenium(III) clusters with cancer cells with deep-
ening into biochemical characteristics of the cancer cells and
their environment; and in preclinical experiments to apply the
elaborated combinational therapeutic procedures.

Conclusions

To our knowledge, the G4-quadruplex binders on the base of the
rhenium(III) clusters, were rst described in our work.16 Here we
have demonstrated that introduction of benzimidazoles (a
route to increasing aromaticity) to the rhenium core (dirhe-
nium(III) or dioxo rhenium(V)) has been a good strategy for
producing effective and selective DNA binders. The strong
binding activity of I and II towards G4 quadruplexes showed
their signicance for DNA recognition in medicinal chemistry.
Our primary nding in cell studies revealed a unique uptake of
dirhenium(III) cluster in tumor associated macrophages that
may offer insights into new approaches for combinational
therapy and all together provide evidence of the importance of
investigations in this direction.
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