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A B S T R A C T

Bioactivity of two heteroleptic copper complexes based on pyridinedicarboxylic acid N-oxide and 2,2′-bipyridine
which benefit from extensive hydrogen bonds and π-interactions are reported. Anti-cancer activities of 1 and 2
were evaluated by MTT assay against a panel of murine and human cancer cell lines. Moreover, the synergistic
effects of 1 in combination with cisplatin, paclitaxel, and topotecan were investigated on HeLa cells. Cell death
mechanism induced by 1 was also assessed using FITC-annexin V/PI staining. MTT results indicated that 1inhib-
ited the proliferation of cancerous cells as compared with normal cells. Complex 2 also exerted selective toxicity
towards both murine and human colon cancer cells. Moreover, the strongest synergistic effect was obtained from
the combination of 1 with topotecan, and apoptosis was the main mechanism of cell death. Our results indicated
that both complexes significantly inhibited the proliferation of cancerous cells. Furthermore, complex 1 can be a
promising chemotherapeutic agent to be used in combination with other drugs for treatment of cervical cancer,
although more studies are required to confirm this.

© 2021

1. Introduction

Cancer, as a major public health problem, is the second leading
cause of death and cervical cancer is the third most common malig-
nancy among women worldwide (WHO) [1]. Chemotherapy is consid-
ered as a standard treatment for advanced, metastatic cancers and is ef-
fectively performed with platinum-based metal complexes such as cis-
platin, carboplatin and oxaliplatin [2]. Despite the widespread clinical
use, platinum complexes still have some side effects such as neuro-, he-
pato- and nephrotoxicity and also acquired drug resistance in several
cancers [3,4]. Although cervical cancer can be cured, most patients suf-
fer from side effects such as tiredness, bowel and bladder problems,
lymphedema, sexual issues, infertility and temporary or permanent
menopause which can increase the risk of osteoporosis and heart dis-
eases following treatment [5,6].

⁎ Corresponding authors.
E-mail addresses: matin@um.ac.ir (M.M. Matin), mirzaeesh@um.ac.ir

(M. Mirzaei).
1 These authors contributed equally.

These issues have led to ongoing research to discover more effective
chemotherapy agents with less side effects. In the last few decades,
other bio-essential metal ions such as copper have been widely investi-
gated as antiproliferative agents [7,8]. Copper acts as an important bio-
metal and essential cofactor in several proteins and enzymes, and it
mainly functions in oxidation-reduction reactions [9]. Since it is found
in all living organisms, it can be assumed that copper complexes may
cause less side effects than non-essential metals such as platinum, when
used as chemotherapeutic agents [10].

Apart from the metal ion, the structure of the organic ligand(s) has a
great influence on the final biological properties. For example, many
O/N-donor ligands show potential applications specially as anticancer
agents [11]. In this regard, antiproliferative effects of pyridine com-
plexes containing copper have been investigated [8]. It has been shown
that antiproliferative effect of the copper bipyridine compound is con-
centration dependent on both human HL-60 promyelocytic leukemia
and chronic myelogenous leukemia K562 cells [12]. It is well known
that heteroleptic complexes, which contain more than one type of lig-
and, can show greater bioactivity because of the synergistic effects of
the organic ligands. However, combination chemotherapy approach is
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also an efficient method for cancer treatment. In this way, the effect of
the combination of two or more drugs can be greater than the additive
effects of those drugs [13]. In addition, synergistic therapeutic effects
can increase efficacy and this can reduce the dose of the drugs; for ex-
ample, assuming that two drugs show synergy, a lower dose of each
would be needed to achieve the same effect and thereby decreasing the
side effects, as well as drug resistance. One of the most widely used ap-
proaches for detecting and measuring the synergistic effects between
drugs is Chou and Talalay method. By calculating combination index
(CI) in this method, one can quantitatively describe the interactions be-
tween two or more drugs. Advantages of this method include numerical
results, requirement for minimal data to assess the behavior of materi-
als in combination, time saving, and the possibility of investigating
drug interactions both in vitro and in vivo [14,15]. Apoptosis is a process
of programmed cell death, which can occur through two pathways: ex-
trinsic or death receptor pathway and intrinsic or mitochondrial path-
way [16]. Studies have suggested that apoptosis can effectively sup-
press tumor progression. As a result, apoptosis inducing features of
chemotherapeutic agents would be advantageous in cancer therapy
[17]. Several reviews reflect the huge potential of metal-based frame-
works as drug delivery and cancer theragnostic platforms [18,19].

Therefore, inspired by these factors, we selected pyridinedicar-
boxylic acid N-oxide, 2,2′-bipyridine ligands as well as copper to create
bioactive complexes formulated as [Cu(Hpydco)(bpy)Cl]∙2H2O (1), and
[Cu(pydco)(bpy)H2O]∙3H2O (2). Furthermore, cytotoxic effects of
these complexes were determined on cancerous cell lines. Then, we in-
vestigated the effects of 1 in combination with common chemothera-
peutic drugs including cisplatin, paclitaxel and topotecan on HeLa cells.

2. Experimental

2.1. Materials and instruments

All chemicals and solvents were purchased from commercial sources
and used without further purification, except for pyridine-2,n-
dicarboxylic acid N-oxide (H2pydco) which was synthesized according
to a reported method [20,21]. Roswell Park Memorial Institute (RPMI
1640) medium, high glucose Dulbecco's modified Eagle's medium
(HG˗DMEM), fetal bovine serum (FBS) and trypsin-EDTA solution were
provided from Life Technologies (UK). 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT), phosphate buffered saline (PBS)
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich
(Germany). FITC-annexin V Apoptosis Detection Kit with propidium io-
dide (PI) was obtained from BioLegend (USA). Cisplatin (Mylan), pacli-
taxel (Sobhan), and topotecan (Thymoorgan Pharmazie gmbh) were
kindly provided by Dr Fatemeh Homaei Shandiz (Mashhad University
of Medical Sciences). Melting points were determined using a Barnstead
Electrothermal 9300 apparatus. The infrared spectra were recorded in
the range of 4000‒400 cm–1 on a Thermo Nicolet/AVATAR 370 Fourier
transform spectrophotometer using KBr pellets. Elemental analysis
(CHN) was performed using a Thermo Finnigan Flash-1112 EA micro-
analyzer. Single crystal X-ray diffraction data were obtained using a
Bruker Smart APEX diffractometer. The optical density (OD) of the cells
was measured using an enzyme-linked immunosorbent assay (ELISA;
Awareness Technology, USA). The mechanism of cell death was deter-
mined using BD Accuri C6 flow cytometer (Becton Dickinson, USA).

2.2. Synthesis and characterization

2.2.1. Synthesis of 1
The synthetic procedure and structure of 1 were reported previously

by some of us [22]. Generally, a solution of bpy (0.078 g, 0.50 mmol),
pyridine-2,5-dicarboxylic acid N-oxide (0.092 g, 0.50 mmol) and
CuCl2∙2H2O (0.085 g, 0.50 mmol) in ethanol–water (1: 1; 25 mL) was
stirred at room temperature for 4 h. After 14 days, green crystals were

obtained by slow evaporation from the reaction mixture at room tem-
perature in 52% yield (based on Cu) (m.p. 244 °C). Anal. Calcd (%) for
C17H16CuN3O7Cl: C, 46.72; H, 3.11; N, 9.61. Found: C, 46.42; H, 3.19;
N, 9.26. IR bands (KBr pellet, cm–1): 3505, 3071, 1741, 1652, 1567,
1392, 1341, 1205.

2.2.2. Synthesis of 2
A solution of of bpy (0.032 g, 0.20 mmol), pyridine-2,6-dicarboxylic

acid N-oxide (0.018 g, 0.10 mmol) and CuCl2∙2H2O (0.01 g,
0.05 mmol) in 9 mL of water was stirred at 50 ºC for 3 h. After 13 days,
blue crystals were obtained by slow evaporation from the reaction mix-
ture at room temperature in 45% yield (based on Cu) (m.p. 197 °C).
Anal. Calcd (%). for C17H17CuN3O8: C, 43.18; H, 4.07; N, 8.89. Found:
C, 43.53; H, 4.01; N, 9.16. IR bands (KBr pellet, cm−1): 3427, 1604,
1368, 1234.

2.3. X-ray structure determination

Crystal and refinement details are presented in supplementary Table
S1. The diffraction data were collected under control of the APEX3 soft-
ware [23,24] and reduced to F2 values with SAINT [24]. Analytical ab-
sorption corrections and merging of equivalent reflections was per-
formed with SADABS [25] and the structures solved by dual space
methods (SHELXT [26]). The structures were refined by full-matrix,
least-squares methods (SHELXL [27]) and hydrogen atoms attached to
carbon were included as riding contributions in idealized positions with
isotropic displacement parameters tied to those of the attached atoms.
Where possible, hydrogen atoms attached to water molecules were
placed so as to maximize hydrogen bonding interactions and similarly
included as riding contributions.

2.4. Preparing different solutions of 1 and 2

In order to prepare different concentrations (6.25, 12.5, 25, 50, and
100 μgmL–1) of 1 and 2, 2 mg of powder was dissolved in 100 μL dis-
tilled water and then diluted with complete culture medium before
treatments. In order to eliminate the effects of solvent and evaluate the
absolute effects of different concentrations, the viability of each treat-
ment group was compared with its control containing equal amounts of
solvent.

2.5. Cell culture

CT26, a mouse colon carcinoma cell line, 4T1 cells, mouse stage IV
breast cancer cells and HeLa, a human cervical cancer cell line, were
purchased from Pasteur Institute (Tehran, Iran). LoVo, a human colon
carcinoma cell line, was received as a gift from Dr. Maite Huarte (Uni-
versity of Navarra, Spain). C26, a mouse colon carcinoma cell line, was
purchased from Cell Lines Service (Eppelheim, Germany). TUBO cells,
derived from mouse mammary gland tumor, was kindly provided by Dr.
Pier˗Luigi Lollini (Department of Clinical and Biological Sciences, Uni-
versity of Turin, Orbassano, Italy) and HDF, human dermal fibroblast
cells, were a generous gift from Royan Institute (Tehran, Iran).

CT26, C26, 4T1, LoVo and HeLa cells were cultured in RPMI 1640
medium, supplemented with 10% (v/v) FBS. TUBO and HDF cells were
cultured in HG˗DMEM supplemented with 20% and 10% (v/v) FBS, re-
spectively. All cell lines were maintained at 37 °C in a humidified at-
mosphere containing 5% CO2. Cells were passaged with 0.25% trypsin
and 1 mM EDTA solution when required.

2.6. Cell viability assay

Cytotoxicity was measured by MTT assay [28]. In this method, CT26
(1.3 × 104 cells / well), C26 (1.3 × 104 cells / well), 4T1 (0.8 × 104

cells / well), LoVo (0.6 × 104 cells / well), TUBO (1.3 × 104 cells /
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well), HeLa (1.2 × 104 cells / well) and HDF cells (0.8 × 104 cells /
well) were seeded in 96-well plates. After 24 h incubation when conflu-
ency reached 70–80%, cells were treated with different concentrations
of 1 or 2. To evaluate cytotoxicity after 24, 48 and 72 h, 20 μL MTT dye
(5 mgmL–1 in PBS) was added to each well and cells were incubated at
37 °C for 4 h. The supernatants were then aspirated carefully and re-
sulting formazan crystals were dissolved in 150 μL DMSO and the ab-
sorptions were measured at 545 nm wavelength by an ELISA reader.

2.7. Drug combination studies

IC50 for drugs were calculated using cell viability assay as described
above (section 2.6.). Cisplatin, topotecan (15.62, 31.25, 62.5, 125,
250, 500, and 1000 μgmL–1) and paclitaxel (93.75, 187.5, 375, 750,
1500, 3000, and 6000 μgmL–1) were dissolved in distilled water and
diluted in culture media before use. HeLa cells were seeded in 96-well
plates and treated with each drug. The IC50 values obtained from each
drug cell viability assay were used to design subsequent drug combina-
tion experiments. In order to evaluate combination effects, several con-
centrations lower and higher than IC50 values were selected and then
interactions between 1 and chemotherapeutic drugs were assessed, at a
constant concentration ratio. Used concentration ranges, and 1 to drug
molar ratios are shown in Tables 1–3. To determine the nature of drug
interaction (synergism, additive or antagonism), data were analyzed
by median effect methods using the Compusyn software developed by
Chou and Talalay. In this method using CI allows quantitative determi-
nation of drug interaction in which CI < 1 indicates synergistic activ-
ity; CI = 1, additive and CI > 1 determines antagonism [14].

2.8. Identification of apoptosis by FITC-annexin V/PI staining

Apoptotic cell death was quantified using the FITC-annexin V Apop-
tosis Detection Kit with PI. For this purpose, HeLa cells were seeded at a
density of 3.8 × 105 cells per well in 6-well plates. After 24 h of incu-
bation, cells were treated with ∼50 µM concentration of 1 for 16 h. Ac-
cording to the manufacturer's instructions, cells were collected by cen-
trifugation and washed twice with cold cell staining buffer and then re-

Table 1
Concentration ranges of 1 and cisplatin, and their constant molar ratios used
in combination.
Time
(h)

Concentration range of
1 (µM)

Cisplatin concentration
range (µM)

Complex 1 -to-
cisplatin ratio

24 9 –119 3.98–52.65 2.2
48 2–112 0.44–24.89 4.5
72 5–90 1.61–29.03 3.1

Table 2
Concentration ranges of 1 and paclitaxel, and their constant molar ratios used
in combination.
Time
(h)

Concentration range of
1 (µM)

Paclitaxel concentration
range (µM)

Complex 1 -to-
paclitaxel ratio

24 9–129 2.67–38.27 3.3
48 2–112 0.55–31.11 3.6
72 5–95 0.92–17.59 5.4

Table 3
Concentration ranges of 1 and topotecan, and their constant molar ratios used
in combination.
Time
(h)

Concentration range of
1 (µM)

Topotecan concentration
range (µM)

Complex 1 -to-
topotecan ratio

24 3–119 12.09–479.83 0.24
48 2–102 8.43–430.37 0.23
72 1–90 3.74–337.07 0.26

suspended in binding buffer at a concentration of 1 × 106 cells/mL.
100 µL of cell suspension were then incubated with 5 µL of FITC-
annexin V and 10 µL PI for 15 min at room temperature in the dark, fol-
lowed by diluting cell suspension in 400 µL binding buffer. Samples
were analyzed using the BD Accuri C6 flow cytometer and analyzed us-
ing FlowJo V.7.6 software.

2.9. Statistical analysis

MTT results were normalized to control, and the IC50 values were
calculated by non-linear regression analysis using the GraphPad Prism
6.07 software. Data are expressed as mean ± SEM or SD as indicated in
each case. Statistical comparisons were based on unpaired t test and P-
values ≤ 0.05 were considered as significant.

3. Structural studies

3.1. Synthesis

As an extension of our interest in pyridine-dicarboxylic acid N-
oxides [22,29–35], we utilized them in the design and synthesis of two
new complexes. In this regard, 1 and 2 were synthesized by the reaction
of copper ion, pyridine-2,n-dicarboxylic acid N-oxide (n: 5 and 6; H2py-
dco), and bpy at ambient temperature (see the Experimental Section for
details). Careful control of reaction time and solvent type are key fac-
tors to obtain the complexes reported herein. The crystallization time
for 1 and 2 was a few days by slow evaporation of mother liquor.

3.2. IR spectra

The infrared spectra of 1 and 2 are consistent with the structures de-
termined by single-crystal X-ray diffraction (supplementary Figs S1 and
S2). The broad and strong bands at 3000‒3500 cm–1 can be attributed
to the O–H stretching vibrations of lattice and coordinated water mole-
cules. They are also indicative of the presence of hydrogen bonds.
Moreover, characteristic strong bands for the coordinated carboxylate
groups of the Hpydco– and pydco2– are seen in the ranges 1604–1643
and 1368–1398 cm–1, for the asymmetric and symmetric stretching vi-
brations, respectively. The separation between υas(COO–) and υs(COO–)
has been often used to diagnose the coordination modes for carboxylate
ligands. The separation for monodentate carboxylate groups is
> 200 cm–1, whereas it is > 200 cm–1 in bidentate ones. In our com-
plexes this separation showed that the carboxylate group is coordinated
monodentately to the metal center in agreement with the crystal struc-
ture. Bands in the 1206 and 1221 cm–1 region were assigned to the N–O
stretching vibrations of the pyridine-N-oxide. Furthermore, the strong
absorption bands in the range of 1550–1600 cm–1 can be attributed to
the C=C and C=N vibration of aromatic pyridyl ring [36].

3.3. Structure description

Single-crystal X-ray diffraction data, data collection, and structure
refinement details are summarized in supplementary Table S1. Crystal-
lographic details can be found in the CIF files. The CIF files are avail-
able free of charge from the Cambridge Crystallographic Data Centre
CCDC (1554226 and 1861390). Structural analysis indicates that 1 and
2 contain discrete complexes containing N-donor bpy and O-donor
pydco2– (or Hpydco–) ligands. The copper centers in 1 and 2 adopted
distorted square pyramidal coordination geometry (Fig. 1). Selected
bond distances and angles and a list of hydrogen bond geometries are
reported in supplementary Tables S2 and S3 (in the Electronic Supple-
mentary Material (ESM†)).
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Fig. 1. The asymmetric units of 1 and 2 (uncoordinated water molecules are omitted for clarity). Color codes: C, grey; N, blue; O, red; H, white.

3.4. Crystal structure of 2

Complex 2 has a monomeric structure with the
[Cu(pydco)(bpy)H2O]∙3H2O formula. The asymmetric unit of 2 is com-
posed of one Cu(ІІ) ion, one pydco2¯ and one bpy ligand (Fig. 1). The
copper center displays distorted square pyramidal coordination geome-
try in which the axial position is occupied by Owater, and the equatorial
positions are occupied by N2 and N3 from the bpy ligand as well as O3
and O5 atoms of pydco2¯ ligand (Fig. 1). As shown in Fig. 2, π-
interactions between aromatic rings are excellent structural-directing
agents that link neighboring monomers to each other to create 2D-
supramolecular layers in the ab plane (dcenter = 3.762 Å and
dplain = 3.281 Å and the α angle is 29.541°; dcenter = 3.598 Å and
dplain = 3.307 Å and the α angle is 23.219°; dCH•••center = 3.261 Å and
dplain = 3.115 Å and the α angle is 17.253°; dCH•••center = 3.207 Å and
dplain = 3.176 Å and the α angle is 8.109°). Furthermore, intermolecu-
lar hydrogen bonds can connect these layers to create a 3D-
supramolecular architecture (O–H•••O and C–H•••O hydrogen bonds
between the uncoordinated water molecules as well as carboxylate
groups) (supplementary Fig. S3).

4. Biological studies

4.1. Investigation anticancer potential of complex 1 in vitro

4.1.1. Complex 1 exhibited significant toxicity against murine colon and
breast cancer cells

To investigate in vitro cytotoxic effects of 1 on murine cancerous
cells, CT26, C26, TUBO and 4T1 cell lines were treated with different

concentrations of this complex and cell viabilities were determined by
MTT assay after 24, 48 and 72 h of treatments. Dose˗response curves
were plotted (Fig. 3 a–d) and the IC50 values were calculated as shown
in Table 4. Interestingly, 1 exhibited a dose˗ and time˗dependent toxic-
ity with cytotoxic effects on all cells including, CT26, C26, TUBO and
4T1 cells and the IC50 values were calculated as 19 µg mL–1 (40 µM),
22 µgmL–1 (47 µM), 11 µg mL–1 (24 µM) and 11 µgmL–1 (24 µM) after
72 h of treatments, respectively.

4.1.2. Complex 1 has anticancer effects on human cervical cancer cells
Since complex 1 showed a significant toxicity on murine cancerous

cells, in order to further investigate its antitumor properties, we exam-
ined the effects of 1 on proliferation of HeLa cervical cancer cells and
HDF normal cell line using MTT assay. For this purpose, HeLa and HDF
cells were treated with increasing concentrations of 1 and cell viabili-
ties and IC50 values were assessed at various time points. As depicted in
Figs. 3e, 1 had a significant toxicity on HeLa cells and revealed a dose-
and time-dependent decrease in cell viability. IC50 values were calcu-
lated as 24 μgmL–1 (51 μM) after 24 h, 14 μgmL–1 (29 μM) after 48 h
and 13 μgmL–1 (27 μM) after 72 h of treatments (Table 4).

In order to investigate the anticancer effects and selective cytotoxic-
ity of this complex, cell viabilities of HDF normal cells were also deter-
mined after treatment with similar concentrations of 1. MTT assay re-
sults revealed that 1 had no significant cytotoxic activity on normal
cells and the IC50 values were calculated as 95 μgmL–1 (202 μM),
55 μgmL–1 (126 μM) and 49 μgmL–1 (103 μM) after 24, 48 and 72 h of
treatments, respectively (Table 4). Comparing IC50 values of 1 on the
two cell lines indicated a significant difference and thus selective toxic-
ity of this compound on cancerous cells in all three time points.

Fig. 2. 2D representation of 2 in the ab plane formed by π-interactions (distances are shown in Å).
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Fig. 3. Dose-response curves related to cancerous cells as determined by MTT assay. CT26 (a), C26 (b), TUBO (c), 4T1 (d) and HeLa cells (e) treated with 1 after 24,
48 and 72 h treatments. Data represent mean ± SEM (n = 3).

Table 4
Cytotoxic effects of 1 on cancerous and normal cells, as calculated by MTT as-
say. The IC50 values are shown as mean ± SD (n = 3).
Cell lines IC50 (µM) ± SD

24 h 48 h 72 h

CT26 94.98 ± 4.28 46.73 ± 3.83 40.52 ± 3.92
C26 50.05 ± 3.73 48.17 ± 3.91 47.32 ± 4.40
TUBO 34.82 ± 2.33 28.352 ± 4.42 23.81 ± 4.11
HeLa 50.70 ± 3.93 29.28 ± 4.05 27.02 ± 3.82
HDF 202.27 ± 4.71 125.63 ± 2.46 102.93 ± 4.18

Morphological changes induced by 1 were also evaluated using an
inverted microscope (HP, Japan) at different time points. Observations
revealed that cells gradually lost their specific morphology and ac-
quired a round and granulated shape which are characteristics of apop-
totic cell death [37]. It is notable that similar morphological changes
were observed in cisplatin treated HeLa cells (Fig. 4).

4.2. Investigating anticancer potential of complex 2 in vitro

The anticancer potential of 2 was also evaluated by MTT assay on
two mouse and human colon carcinoma cell lines. Complex 2 exhibited
dose- and time-dependent inhibition of cell proliferation in C26 and
LoVo cells (Fig. 5). As shown in Table 5, the IC50 values for 2 were
found to be 26.1 μgmL–1 (57.62 μM), 36.05 μgmL–1 (79.25 μM), and
600.1 μgmL–1 (1319.25 μM) in C26, LoVo and HDF cells after 72 h of
treatments, respectively. Interestingly, significant differences
(P < 0.0001) were observed between the cytotoxic effects of 2 on both
cancerous and normal cells.

4.3. Complex 1 inhibited the proliferation of HeLa cells synergistically in
combination with cisplatin, paclitaxel and topotecan

The cytotoxicity of chemotherapy drugs was first determined indi-
vidually on HeLa cells. As expected, these drugs exhibited dose- and
time-dependent cytotoxic effects on these cells (Table 6).

In order to investigate possible synergistic cytotoxicity of 1 and
chemotherapeutic agents, the multiple drugs effect analysis method of
Chou and Talalay was used. Using CI in this method can quantitatively
describe the interactions between two or more drugs. Dose-response
curves and Fa-CI plots (Figs. 6–8) that indicate the interactions between

1 and different drugs are described below (sections 4.3.1, 4.3.2, and
4.3.3). Moreover, the range of CI values for the three combinations is
shown in Table 7.

4.3.1. Interaction between complex 1 and cisplatin
Treatment of HeLa cells with a combination of 1 and cisplatin re-

sulted in a CI value equal to 0.42, which represents a good synergistic
effect. Although in low concentrations (Fa = 50) additive interactions
were observed, at high concentrations for all time intervals, CI values
were consistently less than 1 and the synergy effects increased, so that
the greatest synergistic effect was observed at 72 h (Fig. 6) in which CI
value was calculated as 0.42 in IC95. Dose reduction index (DRI) at this
time ranged between 2.11–5.42 folds for 1 and 1.87–4.24 folds for cis-
platin which again imply a reduced dose and synergy effect at high con-
centrations.

4.3.2. Interactions between complex 1 and paclitaxel
The interactions between 1 and paclitaxel were also assessed. Simi-

lar to 1 and cisplatin cotreatment, at high concentrations (Fa = 95), CI
was less than 1 and synergistic effects were observed. However, in con-
trast to cisplatin, the greatest synergy effect was noticed at 24 h (Fig. 7)
in which CI value was equal to 0.33. Moreover, DRI ranged between
1.75–3.84 folds and 3.99-13.66 folds for 1 and paclitaxel, respectively.

4.3.3. Interaction between complex 1 and topotecan
The combination of 1 with topotecan resulted in CI values of 0.75,

0.24, and 0.22 after 24 h, 48 h, and 72 h treatments, respectively. Un-
like cisplatin and paclitaxel, the most synergistic effect was observed at
low concentrations, while at high concentrations significant antagonis-
tic effects (especially at 72 h) were seen (Fig. 8). According to Table 7
and similar to cisplatin, the highest synergistic effect was shown at 72 h
and DRI ranged between 16–0.23 folds for 1 and 6.3–1.17 folds for
topotecan.

4.4. Quantification of apoptotic cells by FITC-annexin V/PI staining and
flow cytometry

Flow cytometry with FITC-annexin V/PI staining was used to study
cell death mechanism induced by 1 with anticancer properties. Annexin
V binds to phosphatidylserines, which during early apoptosis translo-
cate to the extracellular leaflet and help to identify apoptotic cells. PI
binds to DNA in cells in which the integrity of cell membrane is lost.
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Fig. 4. Investigating morphological changes of HeLa cells. The morphology of HeLa cells without any treatment (a, d, g), treated with 25 µgmL–1 of 1 (b, e, h) and
25 µgmL–1 cisplatin (c, f, i) for 24 (a–c), 48 (d–f) and 72 h (g–i). The scale bar represents 100 μM.

Fig. 5. Dose-response curves of 2 related to cancerous and normal cells as determined by MTT assay. Selective toxicity of 2 on C26 (a) and LoVo cells (b) in compari-
son with HDF cells (c), during 24, 48, and 72 h time intervals. Data represent mean ± SEM (n = 3).
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Table 5
The cytotoxicity of 2 on cancerous and normal cells as calculated by MTT as-
say. The IC50 values are shown as mean ± SD, (n = 3).
Cell lines IC50 (µM) ± SD

24 h 48 h 72 h

C26 118.75 ± 1.82 84.63 ± 1.75 57.62 ± 1.78
LoVo 197.28 ± 1.76 110.77 ± 1.78 79.25 ± 1.81
HDF 1863.82 ± 1.90 1625.95 ± 2.3 1319.27 ± 2.5

Table 6
IC50 values (µM) of single drugs on HeLa cells as calculated by MTT assay af-
ter 24 h, 48 h, and 72 h of treatments. The IC50 values are shown as
mean ± SD (n = 3).
Time (h) IC50 (µM) ± SD

Cisplatin Paclitaxel Topotecan

24 h 58.59 ± 6.06 17.54 ± 2.14 -
48 h 36.59 ± 6.2 6.54 ± 2.14 -
72 h 18.18 ± 6.4 4.33 ± 2.2 202.63 ± 4.72

Therefore, healthy cells are double negative, necrotic cells and cells at
late stages of apoptosis are double positive for both dyes and early
apoptotic cells are positive for FITC-annexin V and negative for PI [38].
As shown in Fig. 9, two-dimensional dot plots of FITC-annexin V versus
PI indicate that apoptosis was induced by 1 in HeLa cells similar to cis-
platin.

4.5. Discussion

Cancer is a group of diseases characterized by uncontrolled growth
and spread of abnormal cells. Chemotherapy is considered as the major
treatment in metastatic and advanced stages of cancer (American Can-
cer Society). Despite a great progress in drug development, treatment
regimen is still not satisfactory and further research on new compounds
is still needed for cancer therapy. Throughout history, metal complexes
have been used for treatment of various diseases [39] and after discov-
ery of cisplatin in 1960s, increasing interest was attracted towards
these compounds for cancer treatment [40]. However, use of cisplatin
in curative therapy is associated with acquired resistance in several
types of cancers as well as significant side effects such as nephrotoxic-

ity, hepatotoxicity and cardiotoxicity [41,42]. These disadvantages em-
phasize the need for development of novel non-platinum metal com-
plexes, for which considerable progress has been made to date [4].

Several studies have shown anticancer properties of pyridine-based
complexes framework [8]. Efthimiadou et al. showed antiproliferative
effects of a copper complex of 2,2ʹ-bipyridine on human HL-60 and
K562 cells [12] Kamatchi and colleagues demonstrated anticancer
properties of ruthenium complexes of 4-hydroxy-pyridine-2,6-
dicarboxylic acid and 2,2ʹ-bipyridine-5,5ʹ-dicarboxylic acid on cancer
cell lines including HeLa, HepG2 and HEp-2 in comparison with NIH-
3T3 normal cells [43,44].

In general, the type and number of bound ligands surrounding the
complex can be effective on biological activity of a metal complex. Bidi-
nate carboxylate ligands have been used in cisplatin derivatives be-
cause of their high aqueous solubility and hydrolysis resistance [45].
Moreover, it has also been proved that an appropriate carboxylation in
coordination complexes could modulate the solubility of the complex,
cell transport, anticancer and antioxidant activities [46,47].

These studies prompted us to test possible anticancer effects of two
complexes containing copper, pyridine-2,n-dicarboxylic acid N-oxide
(n = 5 in 1 and n = 6 in 2) and 2,2′-bipyridine on several cancerous
cell lines and results revealed their concentration-dependent antiprolif-
erative effects (Figs. 3 and 5). The anticancer proprieties of 1 were eval-
uated by comparing its IC50 values on HeLa and normal cell as pre-
sented in Table 4. Moreover, the antiproliferative potential of 2 against
C26 and LoVo cells was compared with HDF cells (Table 5). It was
found that 1 and 2 appeared to be potent agents, as they had selective
toxicity on murine and human cancerous cells, while they had no signif-
icant antiproliferative activity on normal cells. The low toxicity of 1
and 2 on normal cells is likely due to intrinsic properties of copper. Cop-
per is an essential endogenous metal which participates as a necessary
cofactor in several enzymes and proteins such as cytochrome oxidase,
superoxide dismutase, and tyrosinase. Moreover, it has been suggested
that copper complexes may cause fewer side effects than non-essential
metals such as platinum when used as chemotherapeutic agents [9,10].
Flow cytometry analysis showed that 1 induced cell death in HeLa cells
via apoptosis, which was in agreement with observed morphological
changes after treatment with both pyridyl carboxylate complex con-
taining copper and cisplatin (Figs. 4 and 9).

Most cancers have multiple genetic alterations and thus a combina-
tion of drugs is usually used to have a better outcome [48]. In the pre-

Fig. 6. Dose-response curves (A, B, C) and Fa-CI plots (D, E, F) for evaluating the effects of 1 and cisplatin combination on HeLa cells at 24 (A, D), 48 (B, E), and
72 h (C, F). Complex 1 and cisplatin alone and in combination were investigated in dose-response curves. The red, blue, and green curves are related to effects of
different concentrations of cisplatin, 1 and cisplatin-complex 1 on HeLa cells, respectively, also the average r-value for drugs combination is 0.95. Fa-CI plots were
generated to determine the extent of synergy for drugs combination and synergistic effects are defined as CI < 1. According to the graphs, synergistic effects can be
observed in some concentrations, especially at high doses.
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Fig. 7. Dose-response curves (A, B, C) and Fa-CI plots (D, E, F) for evaluating the effects of 1 and paclitaxel combination on HeLa cells at 24 (A, D), 48 (B, E), and
72 h (C, F). On dose-response curves, 1 and paclitaxel alone and in combination were investigated. The red, blue, and green curves are related to effects of different
concentrations of paclitaxel, 1 and paclitaxel-complex 1 on HeLa cells, respectively, also the average r-value for drugs combination is 0.96. Fa-CI plots were gener-
ated to determine the extent of synergy for drugs combination and synergistic effects are defined as CI < 1. According to the graphs, synergistic effects could be ob-
served in most concentrations for all time points especially at 24 h.

Fig. 8. Dose-response curves (A, B, C) and: Fa-CI plots (D, E, F) for evaluating the effects of 1 and topotecan combination on HeLa cells at 24 (A, D), 48 (B, E), and
72 h (C, F). On dose-response curves, 1 and topotecan alone and in combination were investigated. The red, blue, and green curves are related to effects of different
concentrations of topotecan, 1 and topotecan-complex 1 on HeLa cells, respectively, also the average r-value for drugs combination is 0.93. Fa-CI plots were gener-
ated to determine the extent of synergy for drugs combination and synergistic effects are defined as CI < 1. According to the graphs, at low concentrations the two
drugs show synergistic effects.

Table 7
The range of CI values in Fa 0.5 to Fa 0.95 at different times. At high Fa
(Fa = 0.95), the combination of drugs had synergistic effects, except for
topotecan, which at Fa 0.95 had antagonistic effects (CI = 5.09).
Drug combination 24 h 48 h 72 h

complex 1-cisplatin 1.24–0.97 0.89–0.92 1–0.42
complex 1-paclitaxel 0.82–0.33 0.73–0.63 1.15–0.57
complex 1-topotecan 0.75–0.96 0.24–2.9 0.22–5.09

sent study, the effects of 1 in combination with chemotherapy drugs
(cisplatin, paclitaxel, and topotecan) were analyzed using Chou-Talalay
method, which is based on the median-effect equation derived from the
mass-action law principle. This method is considered as the unified the-
ory for the Michaelis-Menten equation, Hill equation, Henderson-
Hasselbalch equation and Scatchard equation. These equations provide
the theoretical basis for the resulting combination index (CI) equation,
a quantitative definition for synergism when CI < 1, antagonism when

CI > 1 and additive effects when CI = 1 [14]. For this purpose, first
IC50 values of each drug on HeLa cells were calculated (Table 6). In cy-
totoxicity assay, although all three agents induced cell death in a dose
and time-dependent manner, paclitaxel and topotecan showed higher
IC50 values in comparison to previous studies [49–52] which might be
attributed to acquired drug resistance in our cells [53,54].

Paclitaxel is a common cancer drug from the taxane family, which
interferes with normal function of microtubules during cell division
[55]. To date, multiple mechanisms have been proposed for acquired
resistance to paclitaxel including overexpression of multidrug trans-
porter genes [56,57], point mutations of beta-tubulin gene [58] and al-
tered expression of certain β-tubulin isotypes [59].

Topotecan is a topoisomerase I inhibitor. This enzyme relaxes the
accumulated supercoils in DNA during replication [60]. Therefore, it is
possible that cells failing to enter S-phase or replicate DNA during expo-
sure to the drug, would acquire topotecan resistance [61].
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Fig. 9. Quantification of apoptotic cells by FITC-annexin V/PI staining as analyzed by flow cytometry. Dot plot of HeLa cells without treatment (a), treated with
cisplatin (b) and 1 (c) for 16 h. Quadrant 4, living cells An−/PI−; Quadrant 3, early apoptotic cells An+/PI−; Quadrant 2, late apoptotic and necrotic cells
An+/PI+.

In the next step, different concentrations of the combination of 1
and the three drugs were prepared with constant ratios (Tables 1– 3),
according to Chou and Talalay method, and then their effects were in-
vestigated on cells. Results of median effect method demonstrated that
1 plus cisplatin, paclitaxel, and topotecan had a synergistic inhibitory
effect on cervical cancer cells and in most concentrations the CI was less
than 1 (Table 7). These observations are similar to other studies, in
which significant synergy was reported between a Cu-complex and
chemotherapy drugs on breast and cervical cancer cell lines [62,63].
The greatest observed synergistic effect in this study was obtained after
combination of 1 with topotecan at 72 h and in IC50, in which CI= 0.22
and DRI for 1 and topotecan were calculated as 16 and 6.3 folds, respec-
tively. This means that combination of these drugs could allow for a
more efficient treatment option, with lower drug dosages and less cyto-
toxicity; implying potentially fewer side effects. Use of these drugs with
synergistic effects at lower concentrations would be more effective and
useful for clinical use. However, repeating the experiments on non-
resistant cells, would be more informative.

The nature of metal ions, their oxidation states, variable coordina-
tion modes, the type and number of bound ligands and reactivity to-
wards the organic substrates can influence the biological activities of
metal complexes. These criteria can be considered in design of novel
and more potent metal complexes [64]. Recently, Ndagi and his col-
leagues have reviewed the newly designed metal complexes and their
cytotoxic effects on cancer cell lines, as well as various molecular tar-
gets in cancer therapy [65].

The molecular mechanisms underlying the anticancer effects of cop-
per complexes were initially investigated with a vision that cisplatin
and its analogues bind to DNA. Further studies showed that copper
complexes can exert their anticancer effects via different mechanisms,
including DNA binding, intercalation and cleavage activity, superoxide
dismutase (SOD) mimetic activity, as well as generation of reactive oxy-
gen species (ROS). It has been proposed that copper-based compounds
are promising candidates for cancer therapy due to their DNA targeting
effects, inhibition of topoisomerases and proteasomes. Chakraborty et
al., reported that apoptosis in MCF-7 cancer cells was triggered through
caspase-3 pathway and inhibition of AKT, and matrix metallopro-
teinase-9 after treatment with copper complex [66]. Similarly, Qiao et
al., demonstrated that Cu complex can induce apoptosis in HeLa cells
via activation of caspase-9 and caspase-3 [67]. Moreover, it has been
shown that Cu(SBCM)2 induced cell cycle arrest and triggered apoptotic
pathway in breast cancer cells by down regulation of mutant P53 and
matrix metalloproteinase-2 [68]. Several publications reported that
copper complexes were able to inhibit topoisomerases I and II. Effective
cytotoxicity of copper complex towards EKY3 cancer cells has been re-
lated to topoisomerase I inhibition [69]. Sandhaus et al., synthesized a
novel Cu complex and evaluated its anticancer activity towards colon
and breast cancer cell lines. Their results indicated that the complex
acted as a potent inhibitor of human topoisomerase II [70]. Further-
more, it has been shown that proteasomes are potent molecular targets
for Cu complexes. In this regard Chen et al., reported the significant in-

hibition of prostate tumor is associated with the proteasome inhibition
[71]. Li et al., also showed that copper complexes as antitumor agents
could inhibit proteasome, accumulate the ubiquitinated proteins and
induce apoptosis in breast cancer cells [72]. Finally, these molecular
events can lead to cell death through apoptotic pathways [8]. However,
the discovery of the exact molecular mechanism(s) of cell death re-
quires further experiments.

Based on this study, 1 displayed significant antiproliferative effects
on cancerous cell lines including CT26, C26, TUBO and 4T1 and also
anticancer activity on HeLa cells. Similarly, 2 indicated notable toxicity
towards both murine and human colon cancer cells. Further studies
based on combination chemotherapy approach showed that 1 could be
considered as a potent chemotherapeutic agent especially when used in
combination with topotecan. However, further studies are required on
other cancerous cell lines and animal models to better elucidate its ther-
apeutic effects.

5. Conclusions

In this work, we report an approach in which mixed-ligand strategy
with the bioactive metal of copper leads to the formation of two het-
eroleptic complexes that benefit from extensive intermolecular interac-
tions such as hydrogen bond and π-π interactions. Complexes 1 and 2
are the discrete examples based on the pyridinedicarboxylic acid N-
oxide ligand which compared with the intact pyridinedicarboxylic acid.
The N-oxidation form of the ligands has not been much considered in
the coordination compounds, so this actually represents the novelty of
this work. We have also considered the antiproliferative effects of these
complexes in some murine and human cancerous cells. Moreover, com-
bination results revealed the inhibitory effects of 1 on HeLa cell growth
which was synergistically enhanced by combination with common
chemotherapeutic drugs at certain concentrations and time points.
Complex 1 induced apoptosis in HeLa cells and exhibited a profile simi-
lar to cisplatin, while it had less toxicity on HDF normal cells. Thus, 1 is
suggested as a potent agent to be used in combination with other
chemotherapeutic drugs. However, more studies are required to eluci-
date its exact mechanism(s) both in vitro and in vivo.
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