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Copper is an essential element and has redox potential, thus copper complexes have been developed rap-
idly with the hope of curing cancer. To further develop anticancer agents and investigate their anticancer
mechanisms, two Cu complexes, [Cu(bpbb)g 5-Cl-SCN]-(CH3zOH) (1) and [Cu,(bpbb)-Brs-(OH)],, (2), were syn-
thesized and characterized using 4,4'-bis((2-(pyridin-2-yl)-1H-benzoldlimidazol-1-yl)methyl)biphenyl
(bpbb), with associated Cu(i) salts. Complex 1 is a binuclear structure, whereas 2 is a one-dimensional
complex. Compared with 2, complex 1 exhibited potent in vitro cytotoxicity toward four cell lines (HCT116,
BGC823, HT29, and SMMC7721), and was most effective against HCT116 cells. Therefore, further in-depth
investigation was carried out using complex 1. Absorption spectral titration experiments, ethidium bromide
displacement assays, and circular dichroism spectroscopic studies suggested that complex 1 binds strongly
to DNA by intercalation. Complex 1 exhibited a clear concentration-dependent pBR322 DNA cleavage ac-
tivity. Inductively coupled plasma mass spectrometry testing implied that complex 1 could enter cells and
that DNA was one important target. Cellular level assays suggested that complex 1 activates the generation
of intracellular reactive oxygen species, causing DNA damage, promoting cell cycle arrest and mitochon-
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1. Introduction

The landmark drug cisplatin has been used to treat many pa-
tients with a variety of cancers, alone or in combination with
other anticancer agents, which places metal-based agents in
the frontline in the struggle against cancer.' Although highly
effective in the clinical treatment of various types of neo-
plasms, a complete cure using cisplatin is still limited by ac-
quired resistance and severe side effects. These problems
have stimulated the development of alternative strategies,
employing different metals, with improved pharmacological
performance, which are aimed at distinct targets.”™ New
metal complexes might be effective if they have the capability
to form reactive oxygen species (ROS), interact with DNA,
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dria dysfunction, and inducing cellular apoptosis.

cause mitochondria toxicity or inhibit enzymes, which offers
the prospect of obtaining compounds with alternative mecha-
nisms of action.” Casini et al. reported a heterodinuclear Rh/
Au complex exhibiting promising antiproliferative activity,
which could be the result of its different overall chemical-
physical properties.® Sadler et al. reported several Ir-com-
plexes, which showed high antiproliferative activity toward
A2780, A549, and MCF-7 human cancer cells.” Huang et al.
reported a novel Au(i) complex with strong anticancer activity
and low toxicity.® Chen et al reported anticancer and
antiangiogenic Fe(u) complexes that target thioredoxin reduc-
tase to induce cancer cell apoptosis.’ In this field, Cu com-
plexes also demonstrated encouraging potential.'®'" Copper
is an endogenous metal for humans and its complexes have
been proven to be excellent for biological applications be-
cause of their biological redox activities and relatively strong
affinity for nucleobases.

Cu(u) complexes, as anticancer agents, generate a high
amount of ROS, which causes oxidative damage to mitochon-
dria and biomacromolecules. In addition, through interac-
tion with DNA, an effect that is related to ligand planarity,
Cu(u) complexes usually possess unusual electronic behaviors
and various chemical reactivities.'>"* Many Cu(i) complexes
have been reported to have moderate to good binding affinity
with DNA, most frequently via intercalation and groove
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binding."*™® Studies demonstrated that ligand coordination
to the metal center of the complexes is required for the ob-
served cytotoxic activity. In this situation, the larger planarity
exhibited by the ligands favors an enhanced binding affin-
ity."” The chemical features of the coordinated ligands are
closely associated with the activity of the complex, which can
diversify the formed complex structures, modulate the perme-
ability of the complex through cell membranes, and influence
the redox-couple of Cu(u) centers.'® Currently, research is in-
creasingly focused on the design and synthesis of tailored or-
ganic ligands which lead to structure-specific constructions.
The structures and bioactivities of Cu(i) complexes with their
ligands, including aromatic and largely planar pyridine-
benzimidazole moieties, could provide useful insights into
the chemistry and biochemistry of bioactive molecules. Thus,
in the present study, we report two Cu complexes, together
with their DNA binding effects, activation of ROS generation,
and in vitro anticancer activities.

2. Results and discussion
2.1 Description of the crystal structures of complexes 1 and 2

As shown in Fig. 1, complex 1 is a binuclear compound, crys-
tallized in a triclinic cell with the P1 space group. The asym-
metric unit consists of one Cu(u) center, half of a bpbb li-
gand, one chloride, and one SCN anion, accompanied by a
methanol molecule, in which the chloride may be derived
from the decomposition of chloroform during the heating
process. The Cu(u) center shows a square-planar coordination
geometry with the N3Cl donor unit derived from one SCN an-
ion, two pyridyl-benzimidazole N, and one chloride. The
bond distance falls in the range of several reported Cuf(u)
complexes. Ligand bpbb acts as a tetradentate linker

Fig. 1 The Cu coordination environment of 1 (a) and 2 (b) with a
partial atom numbering scheme.
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connecting two Cu(u) centers, and the Cu---Cu separation via
the trans bpbb is 15.208 A. For complex 1, the inversion cen-
ter is located in the middle of the C18-C18a bond.

Replacement of CuSCN with CuBr, gave rise to the struc-
turally different complex 2. Complex 2 crystallizes in the
monoclinic space group P2,/m, and the asymmetric unit con-
sists of one Cu center, half a bpbb ligand, two bromide an-
ions, and one hydroxyl moiety. Complex 2 possesses a one-
dimensional (1D) S-shaped chain structure. Each Cu(u) center
shows a pentacoordinated geometry with an N,Br,O donor
unit derived from two pyridyl-benzimidazole N, one hydroxyl
O, and two bromide anions. The two Cu(u) centers are
bridged by one O atom and one bromide, with a Cu---Cu sep-
aration of 3.1794 A, giving rise to a dimer. These dimer moie-
ties are bridged by bpbb, producing a 1D chain skeleton (Fig.
S1}). The bridging bromide anion with Cu---Br gave a separa-
tion of 2.593 A, indicating the presence of a weak binding
interaction.”® Complex 2 is air-stable and can retain its crys-
talline integrity at ambient temperature. The disordered,
uncoordinated solvent could not be modeled; therefore, the
Platon SQUEEZE command was employed to remove the re-
sidual electron density. For complex 2, a weight loss occurred
between 45 and 210 °C, and the total weight loss within this
temperature range was 6.77%, which was attributed to the co-
ordinated solvent molecules (Fig. S27).

The stability of a complex in solution is important for bio-
logical studies. The ESI-MS spectra of complex 1 in solution
show a peak at m/z 823.92, which was assigned to the forma-
tion of [Cu,(bpbb)-CL,-SCN]’, whereas the peak at m/z 846.52
was assigned to the formation of [Cu,(bpbb)-CI-(SCN),]". For
complex 2, the peak at m/z 789.6 was assigned to the forma-
tion of {[Cu,(bpbb)-Br-(OH)]-H}', which suggested that com-
plexes 1 and 2 retained their structures in solution.

2.2 In vitro cytotoxicity

The cytotoxicity of the bpbb ligand and the Cu complexes
against HCT116 (colon cancer cell line), BGC823 (gastric can-
cer cell line), HT29 (colon cancer cell line), SMMC7721 (liver
cancer cell line) and LO2 cells (normal liver cell line) was
evaluated using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay. By comparison,
the IC;, values of bpbb and cisplatin for 48 h were also inves-
tigated under the same experimental conditions. Ultimately,
the HCT116 cell line was observed to be the most sensitive to
the treatment. The ICs, of ligand bpbb was 34 uM after 48 h
against the HCT116 cell line, which indicated a remarkably
low cytotoxicity compared with those of the Cu(u) complexes.
Complexes 1 and 2 exhibited excellent antiproliferative activ-
ity against the HCT116 cell line over 24 h, with a significantly
enhanced activity with increasing incubation time, especially
toward HCT116 cells (Fig. 2). The IC;, values were 13, 10,
and 5 pM for 1; and 14, 9, and 6 uM for 2 after 24, 48, and 72
h of incubation for HCT116 cells, which were not only supe-
rior to cisplatin (23 + 1 uM, for 48 h), but were also enhanced
as compared with that of the corresponding ligand alone

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 1Cso values (uM) of complexes 1 and 2 against different cell
lines.

(Table S37). This result confirmed these complexes as prom-
ising candidates for new antitumor agents. Complexes 1 and
2 were also cytotoxic to normal liver LO2 cells (Table S47).

2.3 Cellular uptake study

For a complex, entering the cell is a prerequisite for cytotoxic-
ity.”® To investigate if the copper complexes could enter cells,
the uptake of elemental copper was determined in HCT116
cells using ICP-MS. In the treated HCT116 cells, the accumu-
lation of metal copper in the nuclei and mitochondria was
44.21 and 5.15 pg per g protein, respectively, which was
higher than that of the control (18.48 and 3.04 ng per g pro-
tein). Considering that the Cu(u) contents in the nuclei and
mitochondria of untreated cells are relatively low, this in-
crease in uptake is notable (Fig. 3a). The results suggested
that complex 1 could transport across the cell membrane well
and further accumulate in the nuclei and mitochondria to ex-
ert its biological effects. To verify the supposition that DNA
may be an important target of the complex, the copper con-
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Fig. 3 The Cu concentrations in the treated cells incubated with
complex 1 (10 pM) and the untreated control (a); the DNA
accumulation of copper element determined in HCT116 cells after 12 h
of exposure to 15 uM complex 1 (b).
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tents of complex 1 in an isolated DNA sample were examined
(Fig. 3b). After 12 h of exposure to complex 1 at 15 puM, the
accumulation of elemental copper in the DNA sample was
14.72 ng per g protein, which was higher than that of the
untreated control sample (3.42 pg per g protein). This
suggested that complex 1 could enter cells to combine and
interact with DNA.

2.4 DNA interaction properties

In most cases, DNA binding is a crucial step for DNA cleavage
and fragmentation. Consequently, DNA binding studies were
carried out using absorption titration, fluorescence, and cir-
cular dichroism (CD) spectroscopy; nuclease activity and DNA
fragmentation were assessed using DNA cleavage and comet
assays.

2.4.1 Absorption titration. To determine the mechanism
of action underlying the complexes' cytotoxicity, ultraviolet-
visible (UV-vis) spectroscopy was employed to investigate the
binding affinity between complex 1 and DNA. Binding of the
complex to DNA was anticipated to perturb the ligand-
centered transitions of the complex. As shown in Fig. S5}
upon the addition of increasing concentration of DNA to a
solution of complex 1, a slight hypochromism with a small
red shift from 316 to 320 nm was observed, which is a char-
acteristic indication that the complex has a good binding af-
finity toward DNA.>" The large planarity and extended aroma-
ticity of pyridine-benzimidazole and the biphenyl moieties
are favorable for the stacking of the complex and DNA base
pairs. Therefore, the result suggested that complex 1 binds
strongly to DNA, leading to small perturbations to the or-
ganic ligand.

2.4.2 Ethidium bromide (EB) displacement studies. The
DNA binding behavior of complex 1 was further studied by
fluorescence spectral titration. The competitive binding of
the tested complex to DNA could result in the replacement of
EB, further revealing the DNA binding affinities of the com-
plex. As shown in Fig. 4, as complex 1 was titrated, a
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Fig. 4 The fluorescence quenching curves of EB (10 pM) bound to

CT-DNA (60 uM) in the absence and presence of complex 1 (0-50 pM)

in 5 mM Tris/50 mM NaCl buffer (pH 7.2). Inset: The plot of Iy/I versus

the complex concentration with 1, = 490 nm.
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dramatic hypochromism effect appeared at 612 nm, which
was caused by the intercalation of the complex into DNA base
pairs, replacing some of the DNA-bound EB from the system.
Alternatively, the groove binding of the complex to DNA led
to the reception of the excited state electron from EB to the
metal-to-ligand charge transfer (MLCT) of the complex. The
quenching data is in agreement with the classical linear
Stern-Volmer equation, I,/I = 1 + K[Q], where I, and I are
the fluorescence intensities in the absence and presence of a
quencher, respectively, and [Q] is the quencher concentra-
tion. In the linear fit plot of I,/I versus [Q], K, represents the
Stern-Volmer dynamic quenching constant. The apparent
DNA binding constant (K,pp), which could convey the extent
of the complex's affinity toward DNA, was calculated based
on the equation, Kgg[EB] = K,pp[Complex], herein Kgp = 1.0 x
10”7 MY, ([EB] = 10 uM). Kgg represents the binding constant
of EB to DNA, and [Complex] is the concentration of the com-
plex at 50% reduction of the fluorescence intensity of EB.
The approximate K, and K,p,, values of 1 are calculated to be
2.47 x 10* M" and 2.70 x 10° M, respectively. The results
indicate that the complex has strong affinity to DNA, which
is comparable to other reported intercalating Cu com-
plexes.?>** The high values of K,p,, in combination with the
UV absorption spectra suggest that complex 1 binds to DNA
via intercalation.

2.4.3 CD spectroscopic studies. To investigate the morpho-
logical changes in DNA double strands as a result of the com-
plex 1-DNA interaction, the CD spectra were determined in
the same buffer. The bands at 275 nm caused by base stack-
ing and at 245 nm because of the right-handed helicity of
B-conformation DNA are quite sensitive to the modes of
interaction of DNA with small complexes (Fig. 5). When the
DNA was incubated with increasing complex concentration,
changes in both the positive and negative signals of DNA
were observed. The band at 245 nm showed a great decrease
in intensity, suggesting the degradation of the B-band form.
The band at 275 nm showed an obvious reduction in inten-
sity, which indicated that the intercalation mode between 1
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Fig. 5 CD spectra of CT-DNA (solid line, [DNA] = 100 pM) and CT-
DNA + 1 in Tris-HCI/NaCl buffer ([1]/[DNA] = 0, 0.2, 0.4, 0.6, 0.8, 1).
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and DNA occurred.>* The large decrease in both positive and
negative CD band intensities and the slight red-shift
suggested that complex 1 perturbs the secondary structure of
DNA effectively, and disturbs the right-handed helicity and
base stacking of DNA, ultimately leading to the loss of stabil-
ity. CD spectroscopic studies, in combination with absorption
spectral titration and EB displacement assays, indicated that
complex 1 binds strongly to DNA via intercalation.

2.4.4 Nuclease activity. DNA cleavage is another useful
method to evaluate DNA-complex interactions. To assess the
ability of complex 1 to cause DNA cleavage, supercoiled (SC)
plasmid pBR322 DNA (50 ng pL™") was incubated with vary-
ing concentrations of complex 1 in buffer for 4 h with com-
plex concentrations of 60-160 pM, in the presence of ascorbic
acid. As shown in lane 3, complex 1 cannot cleave pBR322
DNA even at 160 uM in the absence of ascorbic acid (Vc). In
the presence of Ve, complex 1 exhibited remarkable
concentration-dependent DNA cleavage activity. As the com-
plex concentration increased from 60 to 160 pM, the amount
of supercoiled DNA (form I) decreased significantly, while
that of the relaxed DNA (form II) increased to form the major
fraction. When the complex concentration reached 60 puM
(lane 4), linear DNA (form III) was clearly observed (Fig. 6).
Complex 1 induced DNA cleavage was consistent with its hy-
drophobic interaction with the biopolymers. The presence of
an aromatic moiety and the hard Lewis acid properties of the
complex could play an important role in the DNA cleavage
process.

2.4.5 Comet assay. To assess whether complex 1 treatment
causes DNA fragmentation in vitro, a comet assay, a simple-
to-perform and sensitive method to assess DNA damage and
repair, was carried out using cells treated with complex 1
(Fig. 7). Compared with the untreated control sample, com-
plex 1 caused DNA damage in the treated HCT116 cells, as
evidenced by the presence of the comet-like tails of the EB-
stained DNA. As the complex concentration increased, a
dose-dependent increase in electrophoretic migration of DNA
fragments became apparent, which correlated with the DNA
strand breaks in the cell. Untreated cells appeared as intact
nuclei with no tails. This demonstrated that complex 1 in-
duces massive DNA fragmentation and is likely to induce cell
apoptosis. The result is in agreement with the high cellular
uptake and strong DNA binding properties of complex 1.
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Fig. 6 Agarose gel electrophoresis of pBR322 DNA treated with
increasing concentration of complex 1. Lane 1, DNA control; lane 2,
DNA + ascorbic acid (1 mM); lane 3, DNA + 1 (160 pM); lanes 4-9, DNA
+ 1 at 60, 80, 100, 120, 140 and 160 pM in the presence of ascorbic
acid (1 mM).
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Fig. 7 Images of single cell gel electrophoresis for DNA damage
(untreated cells and cells treated with varying concentrations of
complex 1 for 12 hours).

Taken together, the results suggested that complex 1 medi-
ated growth inhibition involves DNA damage, which would
block DNA transcription and cell division.

2.5 Determination of the possible anticancer mechanism
in vitro

2.5.1 Cell cycle arrest. The effect of complex 1 on cell cycle
perturbation and cell death was investigated by flow cytome-
try in propidium iodide (PI) stained HCT116 cells after treat-
ment with complex 1 (0, 10, 15, and 20 uM) for 12 h. Flow cy-
tometry for DNA content analysis (Fig. 8) showed that the
percentages of treated HCT116 cells at different cell cycle
phases changed under the influence of the indicated concen-
trations of 1 compared with the control cells. The population
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Fig. 8 Effects of complex 1 on the cell cycle progression of HCT116
cells after incubation with various concentrations of the complex (0,
10, 15, 20 uM) (top) for 12 h.
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in the G,/M phase increased with a concomitant reduction in
Go/G; phase cells, suggesting that complex 1 could delay or
perturb cell cycle progression through the G,/M phase in a
dose-dependent manner. The maximum inhibitory rate of the
G,/M phase was 29.46 for 1, while only 18.30% of the
untreated control cells under the G,/M phase were detected,
suggesting G,/M phase arrest. Accordingly, complex 1 treat-
ment inhibits cellular DNA synthesis and arrests the cells in
the G,/M phase of the cell cycle, which would inhibit the pro-
liferation of cancer cells. Comparable results have also been
reported, showing that the Cu complexes induce a block in
the G,/M phase and a decrease in cell viability.

2.5.2 Mitochondrial transmembrane potential (Ay,,). A de-
cline in Ay, is an important dysfunction in apoptotic pro-
cesses, permitting the release of pro-apoptotic factors, such as
cytochrome c, apoptosis-inducing factor, and decreases in
ATP generation. To determine the involvement of the mito-
chondrial pathway in the induction of apoptosis, HCT116
cells were incubated with complex 1 for 12 h and stained with
the indicative dye JC-1. Quantification of mitochondrial per-
meability was performed via flow cytometry. The scatter plots
are shown in Fig. S6 representing samples treated with vary-
ing concentrations of complex 1. In the control (viable) cells,
JC-1 localizes within the mitochondria, forming aggregates
and resulting in red fluorescence emission corresponding to
high mitochondrial membrane potential. By contrast, follow-
ing incubation with increasing complex concentration, Ay,
impairment induced by complex 1 was detected, indicating
that the membrane was becoming more permeable. The mito-
chondrial potential collapsed in a concentration-dependent
manner, which in turn would initiate the intrinsic apoptotic
pathway. These results suggested that the intrinsic mitochon-
drial pathway is involved in apoptosis induced by complex 1.

2.5.3 Intracellular ROS trapping. Mitochondrial dysfunc-
tion and increased ROS are related apoptotic events. Mito-
chondria are the main organelles that produce ROS, and pre-
vious studies demonstrated that overproduction of ROS
promotes mitochondrial damage, which is responsible for
the reduction of Ay, and the release of pro-apoptotic factors
into the cytosol.>>>” Many studies have shown that Cu(n)
complexes can activate ROS generation in cancer cells, and
the increased ROS can damage macromolecules, such as
DNA and proteins, subsequently leading to cell death by apo-
ptosis or necrosis.®® A 2/,7'-dichlorofluorescein diacetate
(H,DCF-DA) probe was used to investigate whether complex 1
can produce intracellular ROS in HCT116 cells. Based on
inverted fluorescence microscopy and flow cytometry mea-
surements, the cells incubated with complex 1 showed a
greater DCF fluorescence intensity and a right shifted peak
appeared in a dose-dependent manner compared with those
of the untreated cells (Fig. 9). This indicated that complex 1
activates the ROS-generating machinery and generates higher
amounts of ROS. Therefore, it is highly possible that the re-
duction in Ay, induced by complex 1 was caused by ROS.
Both ROS generation and Ay, reduction would promote can-
cer cell apoptosis.
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Fig. 9 Evaluation of the formation of intracellular ROS using HCT116
cells, (top) and (bottom), the cells were incubated with complex 1 (0,
5, 10, 20 uM) for 12 h.

2.5.4 Apoptosis. Apoptosis triggered by Cu(u) complexes
has attracted much attention on the premise that endoge-
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Fig. 10 Profiles of Annexin-V FITC and PI staining of HCT116 cells un-
dergoing apoptosis induced by complex 1 (0, 5, 10, 20 uM).
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nous metals may be less toxic. Cell death mode analysis
of HCT116 cells treated with Cu(u) complex 1 at the indi-
cated concentrations for 24 h was performed by using
Annexin V-FITC and PI assays. Cells in the early stages of
apoptosis would be stained with one of the two dyes,
whereas cells would be stained with both dyes at the end-
stage of apoptosis. After 24 h of treatment with the Cu(u)
complex, apoptosis and necrosis were observed (Fig. 10),
which signified that complex 1 induces the loss of cell
plasma membrane integrity. As the concentration of the
complex increased, higher induction of the populations of
Annexin V+/PI- and Annexin V+/PI+ cells appeared. These
results indicated that the apoptosis-inducing capability of
complex 1 seems to be a primary factor in determining
its cell growth inhibition efficacy, which is in line with
the results that complex 1 causes nuclear DNA fragmenta-
tion, generates a higher level of ROS, perturbs cell cycle
progression, and reduces Ay,.

Conclusions

Two structurally different complexes showed excellent cyto-
toxicity toward four cancer cell lines. Further investigations
suggested that complex 1 binds tightly to DNA via intercala-
tion, and can cleave pBR322 DNA. In HCT116 cells, complex
1 was confirmed to enter the cell with DNA as one impor-
tant target, block the cell cycle in the Gy/G; phase by DNA
damage, activate intracellular ROS production and cause
mitochondrial membrane potential dysfunction. Accord-
ingly, the mitochondrial mediated pathway was closely re-
lated to the progression of apoptosis. These observations
suggested that complex 1 is a promising anticancer
candidate.
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