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Mitochondrial and nuclear DNA dual damage
induced by 2-(2'-quinolyl)benzimidazole copper

complexes with potential anticancer activityf
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Two copper complexes, [Culgbm)Clyl, (1) and [Cu(gbm)Br(PPh3z)] (2) (where gbm = 2-(2’-quinolyl)
benzimidazole), have been prepared and characterized. The interactions of both complexes with calf
thymus DNA (CT-DNA) were detected by absorbance and emission spectroscopy methods; the results
showed that both complexes were bound to CT-DNA via an intercalative mode. In addition, the two

complexes significantly exhibited the free radicals dependence of DNA cleavage activity. MTT assays
revealed that complex 2 showed good cell proliferation inhibitory activity against four different human
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cancer cell lines (SMMC7721, BGC823, HCT116 and HT29), particularly with HCT116 cells. Furthermore,

morphological changes and flow cytometry analyses indicated that complex 2 can induce HCT116 cell
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1. Introduction

Cisplatin and related platinum-based complexes have been
found to be highly effective anticancer drugs and have been
successfully used in the clinic; however, their clinical applica-
tions are limited owing to severe side effects and acquired
resistance.® To overcome these drawbacks, numerous metal-
based complexes with high efficiency and low toxicity have
been considered as potential candidates for use as novel
chemotherapeutic agents.””

Recently, studies of the functional diversity of endogenous
metal ions in organisms have provided inspiration for the
development of non-platinum chemotherapeutic agents.® The
endogenous metal ions, copper ion plays an important role in
physiological metabolism, such as participating in the
construction of the functional domains of biomacromolecules
and regenerating blood vessels; thus, the development of
copper complexes as potential chemotherapeutic agents is
desirable.’*** In addition, copper complexes have been widely
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as novel chemotherapeutic agents.

death by apoptosis. These findings should promote the development of metal-based complexes for use

studied for their redox properties as potential antineoplastic
agents, and their pharmacological properties are different from
those of cisplatin.***¢ Cisplatin is used as a classical chemo-
therapeutic drug; it mainly induces nuclear damage as its mode
of cancer treatment. However, the cell death-induced interaction
pattern of cisplatin not only acts on tumor cells, but also causes
serious damage to normal cells; thus, the use of cisplatin in the
clinic causes many side effects. Therefore, the antitumor mech-
anism of novel chemotherapeutic agents should be improved,
and the introduction of synergistic damage of active groups
should be considered. Triphenylphosphine (PPh;) has been
widely studied as a functional modifying group in the synthesis of
complexes; it has very good potential for antitumor applica-
tions."”** Guo's group recently reported a mitochondrion-
targeting complex, [Cu(ttpy-PPh;)Br,|Br. The PPh; group was
successfully introduced in the synthesis of the complex for its
mitochondrion-targeting ability and lipophilic character; the
complex exhibited potent anticancer activity, particularly against
cisplatin-resistant tumor cells, through multiple mechanisms.*
Furthermore, similar copper complexes, [CuX(eitotH,)(PPhs),] (X
= Cl, Br, I), have been prepared and studied. The newly synthe-
sized complexes showed remarkable cytotoxicity against several
cancer cell lines by typical mitochondrial and nuclear DNA dual
damage pathways.”® Additionally, the organic groups of benzi-
midazolyl and quinoline, which have numerous biological
properties, including antibacterial, antiviral, anticancer and
antifungal activities, are used to synthesize novel chemothera-
peutic agents.”»* In recent years, the in vitro anticancer mecha-
nism of the combination of an N-heterocyclic organic system and
the PPh; group has been widely studied.>*?*

This journal is © The Royal Society of Chemistry 2017
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Actually, the molecular mechanisms of cancer cell death
induced by metal-based complexes are still unclear, and the in
vitro anticancer mechanisms of endogenous copper complexes
with benzimidazole-quinoline ligand have been rarely reported.
Hence, two copper complexes, [Cu(qbm)Cl,], (1) and [Cu(gbm)
Br(PPh;)] (2), with a benzimidazole-quinolinyl-based ligand
have been prepared. The single crystal structures and in vitro
biological properties of the complexes have been investigated.
These results obtained here will contribute to the development
of novel chemotherapeutic agents.

2. Experimental
2.1 Materials and methods

The reagents and chemicals were purchased from commercial
sources and used without further purification. Ethidium
bromide (EB), CT-DNA, and 3-(4,5-dimathylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) were obtained from
Sigma, and pBR322 was purchased from TaKaRa Biotechnology.
The ROS assay Kkit, cellular mitochondrion isolation Kkit,
5,5',6,6'-tetrachloro-1,1,3,3'-tetratheyl-benzamidazolo-
carbocyanin iodide (JC-1) kit, and N-acetylcysteine (NAC) were
obtained from the Beyotime Institute of Biotechnology. The BD
Cycletest Plus DNA reagent kit and annexin V-FITC/PI apoptosis
detection kit were purchased from BD Biosciences. Double-
distilled water was used to prepare all buffer solutions for the
biological experiments.

Elemental analyses (C, H and N) were performed on a Flash
EA 1112 elemental analyzer (Thermo Fisher Scientific, Wal-
tham, MA, USA). Infrared spectra were measured on a Perki-
nElmer Fourier transform-IR spectrometer (Perkin Elmer,
Waltham, MA, USA) in the region of 400 to 4000 cm ™' with KBr
pellets. Electronic absorption spectra were measured on a Spe-
cord 200 UV-visible spectrophotometer. The circular dichroism
(CD) spectra were obtained using an MOS-500 spectrophotom-
eter (Bio-Logic, France) with a 1 cm-path quartz cell. DNA
cleavage studies were performed using a G: BOX F3 gel imaging
system (Syngene, UK). The MTT assay was performed using
a Tecan microplate reader (Tecan, Morrisville, NC, USA).

A
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Inductively coupled plasma mass spectrometry (ICP-MS)
measurements were recorded by a Nex ION 300X instrument
(Perkin Elmer). Morphological changes were observed on Carl
Zeiss (Carl Zeiss, Jena, Germany) and Nikon (Nikon, Yokohama,
Japan) microscopic imaging systems. Double-distilled water
was obtained from a Milli-Q® water purification system (Milli-
pore). The flow cytometry data was measured on a Guava easy-
Cyte 6-2L flow cytometer (Millipore, Billerica, MA, USA).

2.2 Synthesis of ligand and corresponding complexes

The outline of the synthetic route of the ligand of 2-(2'-quinolyl)
benzimidazole (qgbm) and its corresponding copper complexes
is presented in Scheme 1. The gbm ligand was synthesized
according to previously reported methods with some
modifications.>®

2.2.1 Synthesis of [Cu(qgbm)Cl,], (1). A mixture solution (6
mL) containing CuCl, (0.03 mmol, 0.0051 g), gbm (0.02 mmol,
0.0049 g), ethanol (4 mL) and dichloromethane (2 mL) was
stirred at room temperature to obtain a brown solution. After
evaporation to dryness in a glass bottle, light brown crystals
were obtained. Yield: 62% (based on Cu). Anal. calc. for Cs,-
H,,Cl,Cu,Ng (%): C, 50.61; H, 2.92; N, 11.07. Found: C, 50.79; H,
3.03; N, 11.09. IR (KBr/pellet, cm™): 3432 (w), 3056 (W), 1595 (s),
1504 (m), 1476 (s), 1426 (s), 1380 (m), 1337 (m), 1140 (w), 1106
(w), 957 (w), 827 (m), 762 (s), 484 (w).

2.2.2 Synthesis of [Cu(qbm)Br(PPh;)] (2). Complex 2 was
prepared according to the synthetic procedure for 1 using CuBr
(0.03 mmol, 0.0043 g), gbm (0.02 mmol, 0.0049 g), PPh;
(0.02 mmol, 0.0052 g), acetonitrile (4 mL) and dichloromethane
(2 mL) to afford an orange solid. Yield: 57% (based on Cu). Anal.
calc. for C3,H,6BrCuN;P (%): C, 62.73; H, 4.03; N, 6.45. Found:
C, 62.97; H, 4.05; N, 6.43. IR (KBr/pellet, cm*): 3051 (m), 1596
(w), 1500 (w), 1480 (w), 1435 (s), 1417 (W), 1096 (w), 830 (w), 743
(s), 694 (s), 525 (s), 507 (s), 489 (s).

2.3 X-ray crystallography

A suitably sized crystal was loaded on a glass fiber. X-ray
diffraction data were collected on a Super Nova system with

CuCl,

dichloromethane
ethano

SO

CuBr+PPh,

N
\Cu”'P
7 Vg,

[Cu(gbm)Br(PPh,)] (2)

dichloromethane
acetonitrile

N

Scheme 1 Synthesis of the ligand and its corresponding complexes [Cu(gbm)Cly], (1) and [Cu(gbm)Br(PPhs)] (2).
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a diffractometer at 293(2) K equipped with mirror mono-
chromatic Cu-Ka. radiation (A = 1.54184 A). The structures were
solved by direct methods within the SHELXS program of the
SHELXTL package,**® and both structures were refined by the
full-matrix least-squares technique on F* using SHELXL.?* Non-
hydrogen atoms were subjected to anisotropic thermal param-
eters. Moreover, all hydrogen atoms attached to carbon or
nitrogen atoms were obtained theoretically. The -crystallo-
graphic data and single crystal structure parameters are listed
in Table 1, and the selected bond distances and angles are
exhibited in Table 2.

2.4 DNA binding experiments

Electronic absorption spectra were recorded at 260 nm to
determine the concentration of CT-DNA with a molar absorp-
tion coefficient of 6600 M~' cm ™. Moreover, the DNA solution
was sufficiently free of protein, and the ratio of UV absorbance
at 260 and 280 nm (Aye0/A2s0) Of the CT-DNA solution was 1.8-
1.9.3%%" The electronic absorbance spectrum was recorded by
increasing the amount of CT-DNA (to a final concentration of 40
pM) in the complex solution (40 uM). An equal concentration of
the DNA solution was used as the reference solution to elimi-
nate the absorbance of DNA itself. Fluorescence quenching
tests were performed by adding different concentrations of the
complexes (to a final concentration of 90 puM) to a mixture
solution containing EB (10 uM) and CT-DNA (100 pM). The
quenching spectrum was measured with A.x = 490 nm and Acp,
ranging from 510 to 850 nm. The CD spectra of CT-DNA and the
complexes were measured using an MOS-500 spectrophotom-
eter with a wavelength range from 220 to 320 nm. Moreover,
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each sample of CT-DNA (50 uM) in the absence and presence of
complexes 1 and 2 (10 M) was incubated at 37 °C for 10 min.

2.5 DNA cleavage experiments

Herein, 10 pL of a mixture solution containing supercoiled
plasmid pBR322 DNA, complex 1 or 2, and the absence/
presence of activation factors (ascorbic or H,0,) with 50 mM
Tris-HCl/50 mM NaCl buffer (pH 7.4) was incubated at 37 °C for
3 h. Then, each sample was loaded onto an agarose gel before
adding 2 pL 6x loading buffer (30 mM EDTA, 36% (v/v) glycerol,
0.05% (w/v) xylene cyanol FF, 0.05% (w/v) bromophenol blue).
All tests were performed at 85 V for 1.5 h in Tris-acetate-EDTA
(TAE) buffer (40 mM Tris, 20 mM acetic acid, and 1 mM
EDTA, pH 8.0). Finally, the EB-stained DNA fragments were
monitored by a gel imaging system. The cleavage mechanisms
of complexes 1 and 2 was investigated for each corresponding
sample with hydroxyl radical scavenger (dimethyl sulfoxide,
DMSO), singlet oxygen scavenger (sodium azide, NaNj3), super-
oxide anion radical scavenger (superoxide dismutase enzyme,
SOD) and metal ion chelating agent (ethylenediaminetetra-
acetic acid, EDTA).

2.6 Cell culture

Human liver carcinoma cell line (SMMC7721), human gastric
cancer cell line (BGC823), human colon carcinoma cell line
(HCT116), and human colorectal carcinoma cell line (HT29)
(cancer cell lines) as well as a normal human liver cell line (LO-
2) were purchased from Keygen (Keygen Biotech. Co. Ltd.,
Nanjing, China) and cultured at 37 °C with 5% CO,. Addition-
ally, SMMC7721 and HT29 cells were incubated with Roswell

Table 1 Crystallographic data and structural refinement for complexes 1 and 2

Complex 1 Complex 2
Formula C3,H,,Cl,Cu,Ng C34H,6BrCuN;P
Formula weight 759.43 651.00
Temperature/K 293 293
1 (Cu, Mo Ka), A 1.54184 1.54184
Crystal system Monoclinic Monoclinic
Space group P2(1)/c P2(1)/n
a(A) 11.2017(3) 9.81614(17)
b (&) 17.1297(4) 15.9919(3)
c (&) 9.4880(2) 18.4289(3)
a (deg) 90.00 90.00
8 (deg) 112.712(3) 96.1399(17)
v (deg) 90.00 90.00

Volume (&%), Z

Calculated density (g cm™?)
F(000)

6 range for data collection (deg)
Limiting indices

Reflections collected

Independent reflections
Goodness-of-fit on F*

Final R indexes [I Z 20(1)]

R Indexes [all data]

Largest diff. Peak and hole (e A~?)

51164 | RSC Aadv., 2017, 7, 51162-51174

1679.41(8), 2
1.502

2876.36(9), 4
1.503

764.0 1320.0
5to 76.47 3.67 to 76.49
—-13=h=11 -10=h=12
—21=k=21 —-19=k=19
-8=[=11 -22=1[=18
7107 13 100

3452 [R(int) = 0.0337]

1.100

R, = 0.0665, R, = 0.2158
R, = 0.0715, WR, = 0.2250

1.92/-0.57

5915 [R(int) = 0.0160]

1.056

R; = 0.0356, wR, = 0.0956
Ry = 0.0425, R, = 0.1009

0.34/-0.55

This journal is © The Royal Society of Chemistry 2017
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Table 2 Selected bond lengths (A) and angles (°) for complexes 1 and
2[1

Complex 1

Cu(1)-N(1) 2.024(3) Cu(1)-Cl1(2) 2.3225(10)

Cu(1)-N(2) 2.048(3) Cu(1)-Cl(1a) 2.2570(9)

Cu(1)-Cl(1) 2.5191(10)

Cl(1a)-Cu(1)-Cl(1) 85.79(3) N(2)-Cu(1)-Cl(2) 122.18(10)

Cl(1a)-Cu(1)-Cl(2) 94.78(4) N(1)-Cu(1)-Cl(1) 87.11(9)

Cl(2)-Cu(1)-CI(1) 127.08(4) N(1)-Cu(1)-Cl(1a) 171.30(9)

N(2)-Cu(1)-Cl(1a) 96.63(9) N(1)-Cu(1)-Cl1(2) 93.51(9)

N(2)-Cu(1)-Cl(1) 110.20(9) N(1)-Cu(1)-N(2) 81.11(12)

Complex 2

Cu(1) N(1) 2.158(2) Cu(1)-P(1) 2.1996(6)

Cu(1)-N(2) 2.077(2) Cu(1)-Br(1) 2.4759(5)

P(1)-Cu(1)-Br(1) 111.91(2) N(2)-Cu(1)-N(1) 78.64(8)
N(2)-Cu(1)-Br(1) 108.00(6) N(1)-Cu(1)-Br(1) 99.51(5)
N(2)-Cu(1)-P(1) 125.40(6) N(1)-Cu(1)-P(1) 127.44(6)

@ Symmetry transformation used to generate equivalent atoms: '2 — X, 1
—Y,—Zfor1andX,Y, Z for 2.

Park Memorial Institute (RPMI), and HCT116, BGC823 and LO-
2 cells were incubated with Dulbecco's modified Eagle's
medium (DMEM) cell culture media. The cell culture medium
solution was supplemented with a volume percentage of 10%
FBS (fetal bovine serum) and penicillin-streptomycin solution
(100 units per mL penicillin and 100 pg mL~ " streptomycin).

2.7 MTT assay

Cell viability was measured by a standard MTT assay method.*
The complexes and ligand were dissolved in DMSO and further
diluted with cell culture medium to the required concentra-
tions. The cells were cultured in 96-well plates (8 x 10> cells per
well) and incubated at 37 °C for 24 h. Then, 20 uL MTT (5 mg
mL ) solution was added to each well after incubation with the
complexes at 37 °C for 48 h. After incubation for 4 h, 150 pL of
DMSO was added to each well to dissolve the formazan crystals.
The absorbance data were detected by a microplate reader at
492 nm. The IC;, values were obtained from the concentration
of the complex that induced 50% inhibition of cell growth.
Additionally, each test replicated three times
independently.

was

2.8 Cellular uptake

HCT116 cells were cultured on cell culture plates and treated
with 1 and 2 (10 uM) for 12 h. 1 x 10° cells were harvested; the
cytoplasm, mitochondria and nucleus were then separated
using a cell mitochondria isolation kit. The obtained mito-
chondria and nucleus samples were mineralized with concen-
trated HNO; (100 pL) at 95 °C for 1 h. A total volume of 50 pL
H,0, (30%) was added to each sample, and the samples were
incubated at 95 °C for another 1 h. 100 uL concentrated HCI was
added to the above solution, and incubation was continued
until the total volume was less than 50 pL. The sample of
cytoplasm was subjected to ultrasonic crushing treatment. Each
sample was diluted to 4 mL with double-distilled water, and the

This journal is © The Royal Society of Chemistry 2017
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copper ion contents were measured by inductively coupled
plasma mass spectrometry (ICP-MS).

2.9 Reactive oxygen species (ROS) level studies

ROS in HCT116 cells was detected by fluorescence microscopy
and flow cytometry methods with an ROS assay kit. The cells (2
x 10° cells per well) were cultured in 6-well plates and treated
with 2 at different concentrations (0, 5 and 10 pM) for 24 h. The
cells were harvested by trypsinization and incubated with fluo-
rescent dye at 37 °C for 20 min in the dark. The data were
collected by Zeiss fluorescence microscopy or flow cytometry
after the cells were washed with DMEM medium without 10%
FBS three times to completely remove the unbound DCFH-DA.
Additionally, the 2-induced ROS generation in HCT116 cells
was investigated using NAC (10 mM) as the intercellular ROS
scavenger; the ROS generation was measured with the MTT
assay as described above.

2.10 Single cell gel electrophoresis

The nuclear DNA damage was determined by single cell gel
electrophoresis (comet assay).* The cells were cultured in 6-well
plates and treated with 2 at different concentrations (0, 5 and 10
uM) at 37 °C for 24 h. The cells were harvested by trypsinization
and resuspended in PBS. The cell-containing layer was prepared
with 0.5% low melting point agarose in PBS as the second layer
to deposit on the first layer, which consisted of 1% normal
melting point agarose. A third layer, which consisted of low
melting point agarose, was deposited on the surface of the cell
layer to protect it. After these treatments, the slides were
immersed in lysis solution (2.5 M NaCl, 100 mM EDTA, 10 mM
Tris, 1% Triton X-100 and 10% DMSO, pH 10) at 4 °C for 3 h.
After lysis, all slides were transferred from the lysis buffer to an
alkaline electrophoresis buffer (0.3 M NaOH, 1 mM EDTA, pH
13) at 4 °C for 20 min to unwind the DNA. The electrophoresis
was performed at 25 V for 20 min; then, the slides were washed
three times in neutralization buffer (0.4 M Tris, pH 7.5). Nuclear
DNA fragments were stained with EB (5 mg mL '), and the data
were obtained using a Zeiss fluorescence microscope.

2.11 Cell cycle analysis

HCT116 cells were treated with 2 at different concentrations (0,
5 and 10 pM) for 24 h and harvested by trypsinization. The cells
were treated using a BD Cycletest Plus DNA reagent kit. The cell
cycle distribution was determined by a flow cytometer, and
10 000 events per sample were acquired. The percentages of
cells in the different cell cycle phases were analyzed by ModFit
LT software.

2.12 Apoptosis assay by AO/EB and Hoechst 33258 staining

HCT116 cells were cultured in 6-well plates and treated with 2
(0, 5 and 10 uM) for 24 h. The culture medium was removed,
and each well was washed with ice-cold PBS three times. 1 mL
immobilized solution (acetic acid : ethanol = 1 : 3) was added
to each well, followed by incubation at room temperature for
10 min. The cells were stained with 1 mL Hoechst 33258

RSC Adv., 2017, 7, 51162-51174 | 51165
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fluorescent dye (5 ug mL™ ') for 10 min in the dark and then
washed twice with ice-cold PBS. The optical imaging results for
the cells were obtained using the Zeiss fluorescence micro-
scope. In addition, for the AO/EB dual staining assay, the cells
were immediately stained with AO/EB dyeing solution (100 pg
mL~" AO, 100 pg mL~" EB) at room temperature in the dark.
The cells were identified using a Nikon fluorescence
microscope.

2.13 Annexin V-FITC/PI dual staining analysis

HCT116 cells were treated with 2 at different concentrations (0,
5 and 10 uM) for 24 h and harvested by trypsinization. The cells
were resuspended in 1x binding buffer and then incubated
with the fluorescent dye Annexin V-FITC (5 pL) at 37 °C for
30 min in the dark. The dyeing solution of PI (5 pL) was added to
each sample before detection by flow cytometry. The samples
were placed in an ice bath in the dark, and 10 000 events per
sample were acquired.

2.14 Detected of mitochondrial membrane potential (A¥ ,,)

HCT116 cells were seeded in 6-well plates and treated with 2 at
different concentrations (0, 5 and 10 uM) for 24 h. The cells were
harvested by trypsinization and then resuspended in JC-1
dyeing solution at 37 °C for 20 min in the dark. The cells were
washed three times with DMEM medium without 10% FBS and
were measured by flow cytometry. The obtained data were
analyzed using FlowJo software.

3. Results and discussion

3.1 Crystal structures of the complexes

The structures of [Cu(qbm)ClL,], (1) and [Cu(qbm)Br(PPh;)] (2)
were established by single-crystal X-ray diffraction. Sketched
maps of 1 and 2 are presented in Scheme 1 and ORTEP repre-
sentation structures are shown in Fig. 1.

Complex 1
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3.1.1 Crystal structure of [Cu(qbm)CL,], (1). Complex 1 is
a centrosymmetric binuclear structure with two Cu(u) ions (Cul
and Cula), two gbm ligands and four chloride anions (Fig. 1a).
The Cu(u) is coordinated by two nitrogen atoms from one gbm
ligand (N1 and N2) and two chloride anions (Cl1 and CI2),
giving a distorted square pyramidal geometry. The bond
distances of Cul-Clla and Cul-Cl2 are 2.2570(9) and
2.3225(10) A, respectively, which are both shorter than the Cu1-
Cl1 bond (2.5191(10) A). This phenomenon can be attributed to
Jahn-Teller distortion. Additionally, the dihedral angle between
the benzimidazole ring and the quinoline ring is 4.1(2)°. The
selected bond distances and bond angles are highly consistent
with those of previously reported copper complexes.**** The 3D
supermolecular architecture of complex 1 is stabilized by face-
to-face m-m stacking interactions between the benzene, imid-
azole and pyridine rings (Fig. S17). The distances from centroid
to centroid are 3.548(3) and 3.716(3) A between the imidazole
and pyridine rings and the pyridine and benzene rings,
respectively. Additionally, the structure is stabilized by
hydrogen bond interactions, including C15-H15---Cl1 and N3-
H3---ClI2, which have bond lengths of 3.510(5) and 3.186(4) A,
respectively. Unfortunately, the nature of the disordered solvent
present in the crystal is not always known.*®

3.1.2 Crystal structure of [Cu(qbm)Br(PPh;)] (2). The
ORTEP structure of complex 2 is shown in Fig. 1b. In the crystal
structure, the tetracoordinated Cu(i) center shows a distorted
tetrahedral geometry; it is surrounded by two nitrogen atoms
from the gbm ligand, one chloride anion and one phosphorus
atom from the PPh; ligand. The dihedral angle between the
benzimidazole and quinoline rings is 3.4(12)°. The bond
lengths and bond angles are within the normal range, and they
are very similar to those of previously reported complexes.’”
Additionally, the 3D packing structure of 2 is extended to w-m
interactions as well as hydrogen bonds (Fig. S21). For the
complex 2, the m-7 interactions between the imidazole and

Complex 2

Fig.1 ORTEP representations of 1 [Cu(gbm)Cl,], and 2 [Cu(gbm)Br(PPhs)] showing the atom labeling scheme and thermal ellipsoids drawn at

the 50% probability level.
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Fig. 2 Absorption spectra of 1 (a) and 2 (b) ([complex] = 40 puM) in the absence (dashed line) and presence (solid lines) of increasing amounts of
CT-DNA ([DNA] = 0 to 40 uM). The arrow shows the absorbance changes with increasing CT-DNA concentration. Inset: partial wavelengths

showing changes in the absorption bands.

pyridine rings occur at a distance of 3.7524(16) A, the pyridine
and pyridine rings at 3.8866(16) A, the pyridine and benzene
(quinoline) rings at 3.7455(18) A, and the pyridine and benzene
(benzimidazolyl) rings at 3.6809(17) A. Upon the basis of -7
interactions and hydrogen bonds with a distance of 3.298(2) A
for N3-H3---Br1, the complex finally extends into a 3D super-
molecular architecture.

3.2 DNA binding properties

3.2.1 Electronic absorption titration. The electronic
absorption spectra of 1 and 2 interacting with CT-DNA are
shown in Fig. 2. Upon adding CT-DNA to the complex solutions,
the absorbance bands exhibited hypochromism (1, 3.12%; 2,
7.63%) and red-shifts (1, 5 nm; 2, 4 nm). The changes in these
absorption bands are due to the w-mt* transitions of the inter-
actions between the main and guest molecules, which are
attributed to the strong stacking interactions between aromatic
systems and DNA base pairs.*®* These results indicate that 1
and 2 probably bind to CT-DNA viag an intercalative mode. In

order to quantitate the binding affinity between the complexes
and CT-DNA, the binding constant K}, was calculated using the
following equation:*®

[DNA]/(Ea — é‘f) = [DNA]/(«Sb —¢p) + 1/Kb(8b — Ef)

where [DNA] is the concentration of DNA in the base pairs, and
the apparent absorption coefficients ¢,, ¢f and ¢, correspond to
the observed extinction coefficient, the extinction coefficient of
the free complex and the extinction coefficient of the complex
when fully bound to DNA, respectively. The plot of [DNA]/(e, —
&) versus [DNA] gives a slope and an intercept which are equal to
1/(ep, — &) and 1/Kp(ep, — ¢5), respectively. K, is the ratio of the
slope to the intercept. Thus, the values of K}, of 1 and 2 were 1.84
x 10* M~" and 7.80 x 10®> M, respectively. Therefore, the
binding ability of 1 with DNA is greater than that of 2. These K,
values are very similar to those of previously reported
complexes, which indicates that the complexes probably
interact with CT-DNA vig an intercalative binding mode.*"** The
binding mode between complex and CT-DNA was further

(a)1000 = (b)1000 —
i _ 20
o ¥ 14
800 18 8004
—_ y " 16 13
:i :514 ; : 5 i
gsoo- iy S 600 .
a & 2 j s
c . [}
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Fig. 3 Fluorescence quenching curves of EB (10 pM) bound to DNA (100 uM) by 1 (a) and 2 (b) ([Q] = 0 to 90 uM). The arrow shows the intensity
changes upon increasing complex concentration. Insets: Stern—Volmer quenching curves of the fluorescence titration of the complexes.
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Fig.4 CD spectra of CT-DNA (50 puM) in the absence and presence of
complexes 1 and 2 (10 puM), respectively.

confirmed by competitive binding experiments in which the
complexes were added to an EB-DNA binding system.

3.2.2 Fluorescence quenching titration. EB is a sensitive
DNA-binding fluorescent probe that binds strongly to DNA base
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pairs to emit intense fluorescence.***> As shown in Fig. 3,
significant decreases in the emission bands were observed upon
adding the complexes to the EB-DNA binding system. This
behavior indicated that the interaction of the complexes and
DNA base pairs caused some EB molecules to be released into
solution. Therefore, the complexes probably bind to CT-DNA via
an intercalative binding mode.*® The fluorescence quenching
behaviors of complexes replacing EB in a DNA-EB system can be
analyzed through the Stern-Volmer equation:*’

Iy =1+ K4[Q]

where I, and I are the fluorescence intensities of EB-DNA in the
absence and presence of the complex, respectively, [Q] is the
concentration of quencher, and K, is the linear Stern-Volmer
quenching constant. The K, values of 1 and 2 were 1.14 x 10*
M~ (R = 0.995) and 3.58 x 10> M, respectively. In addition,
the apparent binding constant (K,p,) was obtained using the
equation Kgp [EB] = K,pp, [complex], where [EB] = 10 uM, Kgp = 1
x 10" M~ ',*® and the complex concentration was presented as
the value at 50% quenching of the fluorescence intensity of the
EB-DNA system. The K, values of 1 and 2 were found to be 1.67
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Fig. 5 Agarose gel electrophoresis patterns for the cleavage of pBR322 DNA by 1 (a) and 2 (b) at 37 °C after 3 h of incubation. (a) Lane 1, DNA
control; lane 2, DNA + 1 (50 uM); lanes 3to 7, DNA + Vc (1mM) + 1 (10, 20, 30, 40 and 50 uM, respectively); (b) lane 1, DNA control; lane 2, DNA + 2
(50 uM), lanes 3 to 7, DNA + H,O, (1 mM) + 2 (10, 20, 30, 40 and 50 uM, respectively).
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Fig. 6 Agarose gel electrophoresis patterns for the cleavage of pBR322 DNA by 1 (a) and 2 (b) in the presence of different typical reactive oxygen
species scavengers at 37 °C after 3 h of incubation. (a) Lane 1, DNA + Vc (1 mM) + 1 (50 pM); lane 2, DNA + Vc (1 mM) + DMSO (1 mM) + 1 (50 uM);
lane 3, DNA + Vc (1 mM) + NaNz (1 mM) + 1 (50 pM); lane 4, DNA + Vc (1 mM) + SOD (30 units) + 1 (50 uM); lane 5, DNA + Vc (1 mM) + EDTA (1 mM)
+ 1 (50 uM); (b) lane 1, DNA + H,0O; (1 mM) + 2 (50 uM); lane 2, DNA + H,0, (1 mM) + DMSO (1 mM) + 2 (50 uM); lane 3, DNA + H,O, (1 mM) +
NaNsz (1 mM) + 2 (50 uM); lane 4, DNA + H,O, (1 mM) 4+ SOD (30 units) + 2 (50 uM); lane 5, DNA + H>O, (1 mM) + EDTA (1 mM) + 2 (50 uM).
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Table 3 Cytotoxicities of the ligand and its copper complexes against four human tumor cell lines over 48 h
ICs, values® (LM)

Compound SMMC7721 BGC823 HCT116 HT29 LO-2
Complex 1 7.73 £ 0.20 5.47 £+ 0.40 9.24 £+ 0.16 6.41 £+ 0.08 18.45 + 0.29
Complex 2 7.53 £ 0.23 7.59 £+ 0.53 4.25 + 0.39 9.01 £+ 1.48 12.76 £ 0.52
gbm >100 >100 76.33 £ 1.62 >100 78.19 £ 4.84
Cisplatin 6.67 + 0.43 6.13 + 0.48 33.10 £ 1.27 47.69 £ 6.08 25.56 £ 1.45

% ICs, values are presented as the mean + SD (standard error of the mean) from three independent experiments.

x 10° M~ and 6.72 x 10° M, respectively. The K,j,, values
suggest that 1 and 2 bind to DNA base pairs by an intercalative
binding mode; these values were higher than those of previ-
ously reported copper complexes for the same binding mode,
with lower Ky, values of 4 x 10° M, 5.03 x 10° M~ ' and 4.67
x 10> M™' for [Cu(tscpy)(MeOH)]Cl, [CuCl(mtscpy)] and
[CuCl(ptscpy)], respectively.* Moreover, the apparent binding
constants of the complexes were similar to that of CTB ([Cu(ttpy-
tpp)Br,|Br, ttpy-tpp = 4’-p-tolyl-(2,2':6',2"-terpyridyl)triphenyl-
phosphonium bromide), which strongly interacts with DNA via
an intercalative mode with a K,,, value of 4.05 x 10° M~ ".* The
results revealed that complex 1 had stronger binding affinity
with CT-DNA than 2, which is consistent with the above
absorption titration studies.

3.2.3 Circular dichroism spectra studies. CD spectroscopy
is used to study the potential of a complex to change the
conformation of DNA; it is a very powerful technique to detect
conformational changes of the DNA double helix in solution. In
the CD spectra, CT-DNA shows a positive peak at 275 nm and
a negative peak at 247 nm, which are due to the base stacking
and helical suprastructure of B-DNA, respectively.*® As shown in
Fig. 4, with the concentration ratio [DNA]/[complex] of 5 : 1, the
presence of complexes 1 and 2 induced decreases in the
intensities of both the positive and negative bands and the CD
spectrum peaks underwent a slight red-shift; this indicates that
the intercalation mode may be present between the complex
and the DNA.>* Moreover, at the same treatment concentration,
complex 1 exhibited larger spectral band changes than complex
2 in both the positive and negative absorption bands, which

~
S
=
-
[=1
e

(® m--nqcleus )

P __ - mm mitochondria
2 2 Icytoplasm
] ]
O 754 K]
e e 401
2 2
= 501 =
H 5
€ *g 20+
8 251 8
3 — 3
o (8]

0- 0-

Control 1 2 Control 1 2

Fig. 7 HCT116 cells treated with 1 and 2 at 37 °C for 12 h. Copper
content in 10° cells (A) and in the nucleus, mitochondria and cyto-
plasm (B) detected by ICP-MS. The mean + SD (standard error of the
mean) was obtained from three independent measurements for each
experiment.

This journal is © The Royal Society of Chemistry 2017

further suggests that the intercalation ability of complex 1 with
CT-DNA is stronger than that of complex 2.3

3.3 DNA cleavage properties

The chemical nuclease activity of the complexes was detected by
the conversion of supercoiled form (Form I) to nicked form
(Form II) and linear form (Form III). As shown in Fig. 5, the
supercoiled DNA treated with 1 and 2 was gradually converted
into nicked and linear forms. Additionally, copper is a crucial
trace element in redox chemistry; it plays a major role in many
physiological processes, such as functional modification of
several biomacromolecules, respiration and DNA synthesis, and
it induces production of reactive oxygen species (ROS).**** The
ROS generated by the transfer of electrons between metal-based
complexes and O,, including hydroxyl radical ("OH), singlet
oxygen ('0,), superoxide anion (O*7), and hydrogen peroxide
(H,0,), is a major cause of oxidative DNA damage. The
preliminary mechanisms of pBR322 DNA cleavage by 1 and 2
were studied by addition of a variety of radical scavengers,
including DMSO, NaNj3;, SOD, and EDTA. As shown in Fig. 6, no
obvious inhibitions were observed in the presence of SOD (lanes
4a and 4b). These results rule out the possibility of DNA
cleavage by superoxide. The cleavage activities of 1 and 2
decreased in the presence of DMSO (lanes 2a and 2b) and NaNj;

Control

(U (B) 100 9238

Intensity(a.u.)

Control

5um 10 pM

Fig. 8 Levels of intracellular ROS detected in HCT116 cells after
treatment with 2 for 24 h. (A) Cell images were obtained from a Zeiss
fluorescence microscope (x200 magnification). (B) The geometric
mean intensity values of green fluorescence were measured by flow
cytometry, and the data were analyzed using FlowJo software.
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Fig. 9 Inhibitory effects of NAC plus 2 on cell viability in HCT116 cells.
Cells were treated with NAC (10 mM) for 1 h and then incubated with 2
(5 and 10 uM) for 24 h. Con: control; N: NAC (10 mM); N + 2a: NAC (10
mM) + 2 (5 pM); N + 2b: NAC (10 mM) + 2 (10 pM); 2a: 2 (5 pM) and 2b: 2
(10 uM), respectively. The cell viability was determined by MTT assay.

(lanes 3a and 3b). Thus, hydroxyl and singlet oxygen radicals
may be involved in the DNA cleavage process. The metal
chelating agent, EDTA, could efficiently inhibit DNA cleavage
(lanes 5a and 5b), indicating that the copper complex is a key
intermediate in the DNA damage. The active species of hydroxyl
and singlet oxygen radicals may be involved in the DNA cleavage
reaction; these can be generated from redox reactions between
Cu(r) complex and Cu(u) complex. These pathways for the above
experiments performed for 1 and 2 are similar to those of
previously reported copper complexes.”>*® Cancer cells often
have higher levels of cellular concentrations of ROS; these can
be utilized in the intracellular production of copper-redox
species to induce oxidative DNA damage and cell death.>”*

3.4 MITT assay

The ICs, values of the complexes are listed in Table 3. 1 and 2
show high cytotoxicity, with ICs, values ranging from 4.25 +
0.39 t0 9.24 £ 0.16 uM against the above four tumor cell lines
and two normal cell lines; they were found to show higher
cytotoxicity than the ligand. Particularly, complex 2 shows the
highest cytotoxicity, with an ICs, value of 4.25 + 0.39 pM
toward HCT116 cells and lower cytotoxicity to LO-2 cells, with
an IC;, value of 12.76 £ 0.52 uM under the same conditions.
Therefore, we selected 2 against the HCT116 cell line for
further investigation of the copper-based anticancer
mechanism.

Control (b)

View Article Online
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3.5 Cellular uptake studies

To investigate the effects of cellular uptake of metal-based anti-
neoplastic agents on malignant proliferation, the cellular uptake
and distribution of 1 and 2 within HCT116 cells were detected by
ICP-MS (Fig. 7, Tables S1 and S27). The results suggested that the
two complexes can penetrate the cell membrane wall and
undergo cellular internalization; the uptake of 1 (89.73 £ 0.23 ng
per 10° cells) was greater than that of 2 (57.33 + 0.92 ng per 10°
cells) under the same conditions (Fig. 7a). Additionally, the
intracellular distributions of copper content in the nucleus,
mitochondria and cytoplasm were detected and were found to
increase in each location. As shown in Fig. 7b, when HCT116 cells
were treated with the two complexes, the detected results revealed
that the total intake of 2 (65.21 + 0.26 ng per 10° cells) was lower
than that of 1 (99.35 & 0.74 ng per 10° cells); however, the copper
content of the intake of mitochondria with 2 (16.43 £ 0.10 ng per
10° cells) was greater than that of 1 (12.67 + 0.20 ng per 10° cells).
Therefore, 2 exhibited better cytotoxicity than 1 against HCT116
cells, which may be related to the mitochondrial targeting prop-
erties of the complex.

3.6 Detection of intracellular ROS levels

The level of intracellular reactive oxygen species (ROS) in
apoptotic cells can be overexpressed; this is closely related to
the cellular uptake of metal ions and the induction of mito-
chondrial dysfunction.® 2/,7'-dichlorodihydrofluorescein diac-
etate (DCFH-DA) is changed into its non-fluorescent form
(DCFH) by intracellular esterases. In addition, DCFH is oxidized
into DCF depending on the levels of intracellular ROS. The
fluorescent product of DCF can be used to evaluate the level of
intercellular ROS. As shown in Fig. 8, according to the results
obtained from cell fluorescence imaging and flow cytometry,
the control cells had lower green fluorescence intensity than the
treated cells. Additionally, the fluorescence intensity increased
upon the addition of increasing concentrations of 2, which
indicated that enhanced intracellular oxidative stress in
HCT116 cells was triggered. Moreover, to investigate the
inhibitory effects between NAC and complex 2 on cell viability,
NAC was used as an intercellular ROS scavenger.®® As shown in
Fig. 9 (Table S37), the survival of HCT116 cells treated with NAC
increased significantly compared to cells only treated with 2.
Thus, ROS induced by complex 2 play an important role in the
apoptosis of HCT116 cells.

Fig. 10 HCT116 cells treated with 2 for 24 h. The results of the comet assay were obtained by fluorescence microscopy with EB-staining (x200

magnification).
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Fig. 11 Cell cycle analysis by flow cytometry for HCT116 cells treated with 2 (a, b and c for O, 5 and 10 pM, respectively) for 24 h. The cell cycle
distribution was analyzed by ModFit LT software and depicted with histograms.

3.7 Single cell gel electrophoresis assay

Changes in cell nuclear physiochemical factors, particularly
those induced by internalization of metal-based agents in the
cell nucleus, occur with oxidative damage, including fragmen-
tation or degradation into smaller nucleic acid fragments.*
Single cell gel electrophoresis, a useful method to detect DNA
damage, was used to characterize nucleic acid damage in this
paper. As shown in Fig. 10a, when the cells were untreated with
complex 2, the nuclei showed uniform round shapes. However,
when the cells were treated with 2 at different concentrations,
comet-like tails appeared in the nuclei; this effect increased
with increasing concentration (Fig. 10b and c). These results

indicate that complex 2 can induce nuclear damage in
a concentration-dependent manner.

3.8 Cell cycle arrest

Cell cycle analysis was performed by flow cytometry to explore
the anticancer mechanism of the metal-based complex. As
shown in Fig. 11, the population of cells in S phase changed
from 13.22% in the control sample to 24.17% and 30.20% at 5
and 10 uM, while the G0/G1 and G2/M phases all decreased. The
results revealed that complex 2 can induce cell cycle arrest in S
phase, and the effects on cell
concentration-dependent. Actually,

cycle progression are
most DNA replication

\,

ClrpEe

- A

&

Fig. 12 Morphological changes of HCT116 cells upon treatment with 2 for 24 h under a fluorescence microscope (x200 magnification). (a—c)
Ordinary optical imaging observation; (d—f) AO/EB double staining; (g—i) Hoechst 33258 staining.
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Fig.13 Cellapoptosis of HCT116 cells treated with 2 (a, b and c for 0, 5 and 10 uM) for 24 h detected by flow cytometry using the Annexin-VFITC/

Pl double staining method.

occurs within this phase; therefore, complex 2 can interfere
with DNA replication.

3.9 Apoptosis assay by AO/EB and Hoechst 33258 staining

The morphological changes during the cell apoptosis process,
including cell shrinkage, chromatin condensation, karyopyc-
nosis, nuclear fragmentation, and formation of apoptotic
bodies, were detected by AO/EB and Hoechst 33258 staining

methods.®* The morphological changes of apoptosis induced by
2 are shown in Fig. 12. Under ordinary light microscopy, most of
the HCT116 cells were contracted and rounded after treatment
(Fig. 12b and c). As shown by the AO/EB dual staining results
(Fig. 12d-f), the early and late phases of apoptotic cells
appeared, as shown by orange and red fluorescence, respec-
tively. When the treated cells were stained by Hoechst 33258
(Fig. 12g-i), the apoptotic cells presented bright blue fluores-
cence with morphological changes, such as half-moon shaped
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Fig. 14 Mitochondrial transmembrane potential determined by flow cytometric analysis stained with JC-1 as a fluorescent probe. HCT116 cells
were treated with 2 for 24 h. The red and green fluorescence represent hyperpolarized and depolarized mitochondria, respectively. The data

were analyzed using FlowJo software and depicted with histograms.
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nuclei, condensed chromatin, and formed apoptotic bodies.
These results confirm that complex 2 effectively induces
apoptosis of HCT116 cells in a dose-dependent manner, which
is consistent with the MTT assay described above.

3.10 Annexin V-FITC/PI dual staining assay

As shown in Fig. 13, the cells were treated by an Annexin V-FITC/
PI dual staining method. In this detection, the living cells
(lower-left panel) were double negative because they did not
bind the two fluoresceins, while the early apoptotic cells (lower-
right panel) were stained by single-positive Annexin V-FITC and
the late apoptotic cells (upper-right panel) were stained by the
two fluoresceins. In the upper-left panel, the cells were stained
by single-positive PI fluorescein, mostly representing necrotic
cells. The populations of apoptotic cells, including early
apoptotic and late apoptotic cells, increased from 0.51% to
29.64% and 44.43%, respectively. The changes in the apoptotic
cancer cells suggested that 2 can induce apoptosis of HCT116
cells.

3.11 Measurement of mitochondrial transmembrane
potential (A,,)

Mitochondria play a crucial role in the physiological metabo-
lism of cells; they provide energy for cell survival and integrate
with endogenous and exogenous apoptotic signal pathways,
which is of great interest to researchers.®** The fluorescence
probe JC-1 disperses red fluorescence when it accumulates as
aggregates in mitochondria with high mitochondrial
membrane potentials. The monomeric form of the JC-1 probe
shows green fluorescence when the mitochondrial membrane
potential decreases. When cells undergo apoptosis, the mito-
chondrial transmembrane potential (Ayy,) collapses. As shown
in Fig. 14, in the control, the ratio of red/green fluorescence
intensity is 2.05, and the ratios of red/green fluorescence
intensity are 0.28 and 0.15 for 5 and 10 uM concentrations of 2,
respectively. The gradual decrease of the ratio indicates that the
red fluorescence intensity decreases and the green fluorescence
intensity increases. The results show that mitochondria are
involved in the process of apoptosis induced by 2. Additionally,
the binding studies indicated that complex 1 binds more
strongly to DNA; however, the cell biological studies indicated
that complex 2 shows higher cytotoxicity in cancer cells than
complex 1. The newly synthesized complex 2 contains a PPh;
group and possesses mitochondrion-targeting activity, which
may be the reason for this behavior.

4. Conclusions

In this paper, two new copper-based complexes containing 2-(2'-
quinolyl)benzimidazole were synthesized and characterized.
The complexes exhibit strong CT-DNA binding and chemical
nuclease activities and show high cytotoxicity toward four
different human cancer cell lines, with the lowest IC5, value of
4.25 £+ 0.39 pM. Moreover, complex 2 can induce apoptosis by
intracellular ROS generation, cell cycle arrest, and mitochon-
drial and nuclear dual-damage. These experimental results may

This journal is © The Royal Society of Chemistry 2017
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be beneficial for the development of benzimidazole-quinolinyl-
based copper complexes for use as potential antineoplastic
agents. Further studies are needed to explore the pharmaco-
logical mechanisms of the effects of the complexes in vivo and to
facilitate the development of novel endogenous copper-based
anticancer agents.
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