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generation of reactive oxygen/
nitrogen species and electrochemical properties of
Cu(II) complexes in comparison to half-sandwich
complexes of Ru(II) with aminochromone
derivatives

Paulina Mucha, a Pawel Hikisz,b Krzysztof Gwoździński,b Urszula Krajewska,c

Andrzej Leniartd and Elzbieta Budzisz*a

This paper describes the synthesis of new 6-aminoflavone (6AFl (3)) and 6-aminochromone (6AC (4))

complexes with Cu(II) and Ru(II) ions ([Cu(6AC)2Cl2] (3a), [Cu(6AFl)2Cl2] (4a), [Ru(p-cymene)(6AC)Cl2] (4b))

and comparison of their properties with the previously described 7-aminoflavone (7AFl (1)) and 7-amino-

2-methylchromone (7A2MC (2)) analogues. The cytotoxic effect of all these complexes against two

human leukaemia cell lines (HL-60 and NALM-6), melanoma WM-115 cells and COLO205 cells, is

determined. The cytotoxicity of copper(II) complexes, especially [Cu(6AFl)2Cl2] (3a) was higher than

ruthenium(II) complexes with the same ligands. Their cytotoxic potency was also stronger in comparison

to the referential agents like cisplatin. The pro-oxidative properties were determined for the most active

complexes and their ability to generate ROS (reactive oxygen species)/RNS (reactive nitrogen species) in

cancer cells was confirmed. The type of ligand and the chemical structure of the tested complexes had

an influence on the level of ROS/RNS generated in cancer cells. The redox properties of the copper

complex compounds were evaluated by cyclic voltammetry, and compared with the data for Ru(II)

complexes. The reduction and oxidation processes of Ru(III)/Ru(II) and Cu(II)/Cu(I) were described as

quasi-reversible.
1. Introduction

Recently, numerous biological studies have examined the
properties of natural plant compounds, or phytochemicals. The
biological activity of these compounds enables their use as
natural healing agents in the treatment of various diseases. In
vitro and in vivo studies have found them to have antioxidant,
anti-inammatory, anticancer and antisclerotic properties
among others. The biological activity of avonoids creates wide
possibilities for their use, not only as herbs in traditional
medicine, but also as natural medicines in the therapy of
various diseases, including cancer. Modern biometalorganic
chemistry uses the anticancer properties of avonoids, mainly
aurons and avones, in combination with metal complexes. An
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innovative approach to the development of alternative chemo-
therapeutics contributes to the formation of numerous avone
and chromone derivatives with anticancer effects resulting from
the combined properties of the constituent elements: avonoid/
chromone and a metal.1–4 Recently, compounds containing
ruthenium(II)/(III), gold(I)/(III) or copper(II) have been of great
interest.5–8

The copper ion is an the important species in the body. It is
a redox-active transition metal having two main oxidation
states, +2 and +1, and coordinates to various heterocyclic
ligands such as imidazole nitrogen, amide and amino nitrogen,
carboxylate oxygen, cysteine and methionine sulfur donor
atoms.9–14 Although the redoxability of copper is fundamental
for the biological activity of a huge number of enzymes, it can
become highly dangerous if not accurately regulated. For these
reasons, specic proteins are produced to ensure that no copper
ions can freely circulate.15

Under physiological conditions, ruthenium(II) ions can have
three oxidation states: +2, +3 and +4. The energetic barrier of its
transition is relatively low so the redox processes can easily
occur inside cells. The ruthenium(III) and (IV) ions are more
biologically neutral than ruthenium(II) compounds. Hence the
Ru(III)/Ru(II) reduction process plays a crucial role in enabling
RSC Adv., 2019, 9, 31943–31952 | 31943
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greater anticancer activity. The redox potential of complexes
formed with ruthenium ions can be regulated by the choice of
ligand.16–18

The synthesis and X-ray structures of copper(II) and ruth-
enium(II) complexes with aminoavones as ligands and their
interesting chemical and biological properties have been
described in previous papers.19,20 However the present paper
examines the physicochemical properties of copper(II) and
ruthenium(II) complexes with 6-aminoavone (3) and 6-amino-
chromone (4) by the synthesis of new complexes: 3a, 4a, 4b. Due
to the potential anticancer activity, low toxicity and high selec-
tivity of all obtained Cu(II) and Ru(II) complexes, their cytotox-
icity was compared with that of reference agents like cisplatin,
carboplatin, naringenin or quercetin. Our studies also describe
the pro-oxidative and electrochemical properties of the most
active derivatives by taking measurements of the ROS and RNS
generated in human cancer cell lines and by cyclic voltammetry.
2. Results and discussion
2.1. Chemistry

The paper investigates the electrochemical properties, cytotoxic
effect and antioxidant activity of copper(II) complexes (series a)
with 6-/7-aminoavone/chromone derivatives (Fig. 1) in
comparison to their ruthenium analogues (series b–d) (Fig. 2).

The new 6-aminoavone and 6-aminochromone copper(II)
(3a, 4a) and ruthenium(II) (4b) complexes were synthesized as
a reaction between corresponding ligands and copper(II) chlo-
ride dihydrate CuCl2$2H2O (Schemes 1, 2) or [Ru(p-cymene)
Cl2]2 (b) (Scheme 3) respectively. The ligand : CuCl2$2H2O/
[Ru(p-cymen)Cl2]2 molar ratio was 2 : 1 and the reactions were
carried in ethyl acetate and chloroform as solvents. All
compounds were obtained as coloured solids.

The empirical formulae of the obtained products, which
assume 2 : 1 ligand : CuCl2 molar ratio in complexes 3a and 4a
as well as 1 : 1 ligand : [Ru(p-cymen)Cl2]2 in complex 4b, were
conrmed by elemental analysis. Valuable information about
their structure was additionally obtained by IR and 1H, 13C-NMR
spectroscopy and mass spectrometry.
2.2. IR analysis

The IR spectroscopy for all examined complexes show signi-
cant negative shis in the area of asymmetric and symmetric
nN–H stretching bands displayed from primary amines in the
comparison with corresponding free ligands both 6-
Fig. 1 Structures of the ligands 1–4.

31944 | RSC Adv., 2019, 9, 31943–31952
aminoavone (3) (from 3418 cm�1 to 3258 cm�1 and from
3343 cm�1 to 3123 cm�1 in complex 3a) and 6-aminochromone
(4) (from 3385 cm�1 to 3268 cm�1 in complex 4a and to
3218 cm�1 in complex 4b and from 3234 cm�1 to 3139 cm�1 in
complex 4a and to 3136 cm�1 in complex 4b respectively). This
observation can indicate coordination of the amino groups in
all obtained complexes. The absorption bands within 3132–
3065 cm�1 that are present in all spectra of studied compounds
can be the result of the interaction of the 1600 cm�1 overtone
band and the symmetric nN–H stretching band. The minor
shis of the nC]O band in described complexes suggest that
coordination of metal ions by O-atoms is less possible (Table 1).

In comparison, the N-atom coordination in complexes 3a
and 4b is similar to the analogical Cu(II)-7-aminoavone (7AFl)
complex and the Ru(II)-7-amino-2-methylchromone (7A2MC)
complex, respectively, as described previously.19,20 In the
[Cu(7AFl)Cl2]n and [Ru(p-cymene)(7A2MC)Cl2] complexes, the
nNH bands from stretching asymmetric and symmetric vibra-
tions displayed similar major shis to the free ligands. The
coordination in complex 4a differs with the correspondent
[Cu(7A2MC)2Cl2]2 complex with 7-amino-2-methylchromone as
ligand. Additional methyl group in 1-benzopyran-4-one ring and
the different position of the amino group caused a very inter-
esting situation where in the same complex one ligand was
coordinated by the O-atom and the second was coordinated by
an N-atom. In this case, IR data did not provide an unambig-
uous indication of the type of coordination.19,20
2.3. NMR analysis

The 1H-and 13C-NMR spectra of complex 4b were recorded in
DMSO-d6. The position and intensity of the signals correspond
to reagents used in synthesis. In 1H-NMR spectrum signals from
six methyl protons of isopropyl group in p-cymene were found at
1.19 ppm as doublet and one methanetriyl proton of the same
group was observed at 2.84 ppm as a characteristic septet. A
singlet observed at 2.09 ppm was assign to three protons of
methyl group in p-cymene. The resonance of the amino group
protons in 6-aminochromone gave a singlet signal at 5.45 ppm.
At 5.77 ppm and 5.81 ppm, two doublets from two H2(AA0) and
two H3(BB0) protons respectively in the p-cymene ring were also
observed. There were also signals ranging from 7.03 ppm to
8.13 ppm as doublets and doublets of doublets, which corre-
sponds to arene protons in chromone arrangement.

In 13C-NMR spectrum signals from carbon atoms of methyl
and methanetriyl groups in p-cymene were found in a range of
This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Structures of the ruthenium(II) dimmers b–d.

Scheme 1 Synthesis copper(II) complex [Cu(6AFl)2Cl2] (3a).
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18.35 and 30.45 ppm. The area of 85.98–122.11 includes the
signals from aromatic carbon atoms from both p-cymene and
chromone rings. Carbon atoms bonded with heteroatoms in
chromone part are shown in the spectrum in a range of 147.03–
176.89 ppm.

2.4. ESI-MS

ESI-MS spectrometry was carried out for all new synthesized
complexes. The observed parent peak of complex 4b at m/z ¼
468.2 was assigned to [Ru(p-cymene)(6AC)Cl2]

+. Structurally
informative peaks corresponding to [2Cu(6AFl)Cl–H]+ and
[2Cu(6AC)Cl–H]+ were found at m/z ¼ 572.0 for complex 3a and
at m/z ¼ 420.2 for complex 4a respectively. Presented data
conrm the proposed structure and expected 2 : 1 (complexes
3a and 4a) and 1 : 1 (complex 4b) ligand/metal molar ratio.

2.5. Electrochemical properties

Fig. 3 shows a representative CV voltammogram of the copper
complex [Cu(7AFl)Cl2] (1a) and ruthenium complex of [Ru(p-
Scheme 2 Synthesis of copper(II) complex [Cu(6AC)2Cl2] (4a).

This journal is © The Royal Society of Chemistry 2019
cymene)(6AC)Cl2] (4b) registered at a scanning rate of 100 mV
s�1 in a wide potential range of �2.0 V to +2.0 V. The cyclic
voltammograms of other analysed compounds have a very
similar shape. The obtained potential–current parameters,
including cathodic peak potential (Epc), anodic peak potential
(Epa), cathodic peak current (ipc), anodic peak current (ipa), ratio
of anodic and cathodic peak currents (ipa/ipc), and the peak-to-
peak potentials separation (DEp) are presented in Table 2. For
the [Cu(7AFl)CuCl2] complex (1a), the redox system associated
with changes in the oxidation state of copper ion, i.e. Cu(II)/
Cu(I), is visible in the potential range from about �0.10 V to
about 0.75 V. It is clearly shown in the CV voltammograms in
the range �0.05 V to 0.90 V.

The peaks observed in the anodic region above 0.8 V are
mainly related to the oxidation of the ligand fragments. The
cyclic voltammogram of the ruthenium complex compound
[Ru(p-cymene)(6AC)Cl2] (4b) contain the small anodic peak (ipa)
and the cathodic peak (ipc) observed at a potentials �0.10 V and
�0.18 V, respectively. These peaks correspond to the oxidation
RSC Adv., 2019, 9, 31943–31952 | 31945
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Scheme 3 Synthesis of ruthenium(II) complex [Ru(p-cymene)(6AC)Cl2] (4b).

Table 1 IR data for ligands 3 and 4 and complexes 3a, 4a and 4b

Compound NH2 (n cm
�1) DNH2 (n cm

�1) C]O (n cm�1) DC]O (n cm�1)

6AFl (3) 3418, 3343, 3132 — 1642 —
[Cu(6AFl)2Cl2] (3a) 3258, 3123, 3074 160, 220, 58 1625 17
6AC (4) 3385, 3234, 3076 — 1617 —
[Cu(6AC)2Cl2] (4a) 3268, 3139, 3065 117, 95, 11 1616 1
[Ru(p-cymene)(6AC)Cl2] (4b) 3218, 3136, 3066 167, 98, 10 1644 27

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
O

ki
to

bb
a 

20
19

. D
ow

nl
oa

de
d 

on
 2

2/
10

/2
02

5 
00

:2
6:

01
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
and reduction of Ru(II)/Ru(III). The separation between the
anodic and cathodic peaks potentials is in the range 280–
400 mV for copper-containing complexes, whereas DEp is 84 mV
Fig. 3 CV voltammograms of (a) [Cu(7AFl)Cl2] (1a) and (b) [Ru(p-cymene

31946 | RSC Adv., 2019, 9, 31943–31952
for the ruthenium complex compound [Ru(p-cymene)(6AC)Cl2]
(4b). This indicates that the reduction and oxidation processes
of Ru(III)/Ru(II) are easier than those of Cu(II)/Cu(I); however, the
)(6AC)Cl2] (4b).

This journal is © The Royal Society of Chemistry 2019
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Table 2 The potential–current parameters: cathodic peak potential
(Epc), anodic peak potential (Epa), cathodic peak current (ipc), anodic
peak current (ipa), ratio of anodic and cathodic peak currents (ipa/ipc)
for copper-containing complexes (1a–4a) and [Ru(p-cymene)(6AC)
Cl2] (4b) compound

Compound Epc (V) Epa (V) DEp (V) ipa/ipc

[Cu(7AFl)Cl2] (1a) 0.070 0.383 0.313 0.88
[Cu(7A2MC)2Cl2] (2a) 0.075 0.393 0.318 1.15
[Cu(6AFl)2Cl2] (3a) 0.095 0.378 0.283 1.16
[Cu(6AC)2Cl2] (4a) 0.026 0.427 0.401 1.18
[Ru(p-cymene)(6AC)Cl2] (4b) �0.098 �0.182 0.084 0.98
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ruthenium(II) ion is chemically stable in the environment. The
ratios of anodic and cathodic peak currents for the tested
complexes compounds are close to 1, indicating that the redox
processes are quasi-reversible.
2.6. Biological assays

The in vitro antitumor activity was determined in the human
primary cancer cell lines WM 115 (Tumorigenic primary mela-
noma cell line), HL-60 (Human promyelocytic leukemia cells),
NALM-6 (Human peripheral blood leukemia cells) and COLO
205 (Human caucasian colon adenocarcinoma) by means of
colorimetric MTT assay. The MTT test is based on the ability of
the mitochondrial enzymes of the living cells (mitochondrial
dehydrogenase) to reduce the yellow, water-soluble tetrazole
salt (3-(4,5-dimethylthiazol-2-yl) 2,5-diphenyltetrazolium
Table 3 In vitro cytotoxicity of obtained complexes, in comparison to Na
48 h challenge against various human tumor cells

Compound

IC50 (mM)

HL-60

7AFl 1 57.2 � 2.0
[Cu(7AFl)Cl2] 1a 37.8 � 3.7
[Ru(p-cymene)(7AFl)Cl2] 1b 79.0 � 4.0
[Ru(benzene)(7AFl)Cl2] 1c 140.7 � 11.4
[Ru(hexamethylbenzene)
(7AFl)Cl2] 1d

91.2 � 5.3

7A2MC 2 838.2 � 33.2
[Cu(7A2MC)2Cl2] 2a 53.3 � 3.3
[Ru(p-cymene)(7A2MC)Cl2]
2b

395.7 � 33.8

6AFl 3 272.4 � 38.2
[Cu(6AFl)2Cl2] 3a 46.8 � 4.9
[Ru(p-cymene)(6AFl)Cl2] 3b 276.8 � 37.2
6AC 4 779.8 � 30.2
[Cu(6AC)2Cl2] 4a 62.7 � 4.9
[Ru(p-cymene)(6AC)Cl2] 4b 505.2 � 28.4
Naringenin 413.7 � 33.8
Quercetin 58.0 � 4.0
Cisplatin 0.8 � 0.1
Carboplatin 4.3 � 1.3

a IC50 values [mM] were calculated at concentration of a tested compound r
comparison to the control probe, non treated cell. Mean values are presen

This journal is © The Royal Society of Chemistry 2019
bromide) to the insoluble purple formazan. Aer dissolving
formazan crystals in DMSO, a colored product is formed, the
amount of which ability is measured spectrophotometrically in
the wavelength range 492–570 nm. The amount of colored
reduced MTT is proportional to the oxidative activity of cell-
mitochondria to the number of metabolically active (living)
cells in the population. The MTT test is currently one of the
most commonly used tests to evaluate the cytotoxic activity of
compounds on metabolically active cells. Cells were exposed to
broad range of drug concentration (10�7; 10�6; 10�5; 10�4; 10�3

M) for 48 hours. Naringenin, quercetin, cisplatin and carbo-
platin were used as the reference compounds. The concentra-
tion of DMSO did not exceed 0.1%.

The IC50 values against NALM-6 for all copper(II) complexes
series are low: IC50 ¼ 39.7 � 3.7 mM for complex 1a and 36.5 �
1.4 mM for complex 3a. The strongest cytotoxic potency was
found for complex 3a (IC50 ¼ 29.2 � 3.5 mM) against COLO-205
cells and is approximately twelve times better cytotoxic agent
than carboplatin (IC50 ¼ 354.6 � 73.7 mM) and two times better
than cisplatin.

In general, the Ru(II) complexes presented herein, exhibit
less cytotoxic effect in comparison to copper(II) complexes,
given as IC50 values, expressed as mM units, in Table 3. Addi-
tionally all copper(II) complexes have lower IC50 values than
their corresponding ligands, but only few ruthenium(II)
complexes have the same properties. In most cases cytotoxic
potency of Ru(II) complexes are lower than their corresponding
ligands. Moreover both Cu(II) and Ru(II) complexes with 7- and
6-aminoavones as ligands exhibit higher cytotoxic effect
ringenin, quercetin, cis- and carbo-platin with their IC50 values (mM) for

NALM-6 WM 115 COLO 205

54.5 � 2.2 90.6 � 5.4 73.1 � 4.6
39.7 � 3.7 68.0 � 5.2 44.9 � 4.5
65.2 � 1.3 412.1 � 49.7 175.6 � 29.0
75.8 � 3.7 474.2 � 40.8 381.5 � 44.4
62.8 � 2.9 334.5 � 40.8 353.0 � 37.3

591.3 � 54.7 838.8 � 30.7 774.1 � 65.3
51.8 � 3.5 177.7 � 28.7 64.6 � 7.4

481.9 � 51.7 497.8 � 36.9 801.7 � 70.9

66.5 � 5.3 699.1 � 53.6 316.9 � 30.4
36.5 � 1.4 453.4 � 29.9 29.2 � 3.5
67.0 � 4.7 394.2 � 26.2 406.4 � 39.1

428.7 � 28.2 >1000 >1000
64.2 � 4.1 >1000 73.6 � 8.8

285.2 � 33.4 617.1 � 41.7 636.0 � 20.6
426.3 � 20.5 524.8 � 37.8 —
77.1 � 7.8 177.5 � 21.5 —
0.7 � 0.3 18.2 � 4.3 61.45 � 3.2
0.7 � 0.2 422.2 � 50.2 354.6 � 73.7a

equired to reduce the fraction of surviving cell to 50% of that observed in
ted of parameter IC50 � S.D. from 4 experiments.

RSC Adv., 2019, 9, 31943–31952 | 31947
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Fig. 4 Relative amounts of ROS/RNS generated in NALM-6, HL-60,
WM 115 and COLO 205 cells by investigated compounds. The cells
were incubated with IC50 concentration of complexes for 24 h and
then the level of ROS/RNS was measured. The results represent mean
� SD of data from three individual experiments, each done at least in
eight repeats; *p < 0.05 versus control.
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against all cancer cell lines than corresponding complexes with
7-amino-2-methyl- and 6-aminochromone as ligands.

2.6.1. Generation of reactive oxygen species (ROS) and
reactive nitrogen species (RNS). Reactive oxygen species (ROS) are
a natural and inherent product of the aerobic metabolism of our
cells. In physiological concentrations, they play an important role in
the proper functioning ofmany cellular processes. ROS play the role
of mediators in processes of cell growth, maturation and apoptosis,
and inuence inammation and energy regulation in cells.
Disturbances in the oxidative balance in cells can lead to damage to
many cellular molecular components. It is believed that oxidative
stress is the cause of many pathological conditions, or can occur
during their course, and results in lipid and protein peroxidation or
DNA damage. Attention is increasingly being paid to the role of ROS
in the induction of apoptosis. Compounds that inhibit oxidative
stress or cause it by generating ROS are increasingly used in anti-
cancer therapy. The role of ROS in anticancer activity of many
commonly used chemotherapy drugs including paclitaxel, doce-
taxel, cisplatin or doxorubicin, has already been documented. It has
also been found that increased ROS levels are associated with the
induction of mitochondrial damage and apoptosis.21–23

The molecular mechanisms behind the anticancer activity of
the most active complexes was then examined using uori-
metric tests detecting the generation of free radicals: hydrogen
peroxide, superoxide anion radical and nitric oxide. The
amount of ROS (H2O2 and O2c

�) generated by investigated
compounds was measured as well as the level of reactive
nitrogen species (RNS). The cell cultures were incubated for 24 h
with an IC50 concentration of derivatives 1, 1a, 1b, 1c, 1d, 2a, 3,
3a, 3b, 4a generated oxidative stress in NALM-6 (1, 1a, 1b, 1c, 1d,
2a, 3, 3a, 3b, 4a), HL60 (1, 1a, 1b, 1d, 2a, 3a, 4a), WM115 (1, 1a)
and COLO205 (1, 1a, 2a, 3a, 4a).

The obtained results showed that the tested compounds can
generate both H2O2 and O2c

� and nitrogen species (NO). The
level of ROS/RNS in cancer cells was dependent on their type
and the chemical structure of the derivative (Fig. 4). In case of
NALM cells, which were the most sensitive to the tested
compounds, a marked increase in superoxide anion radical
level was observed aer incubation: approximately 15–25%
increase in relation to untreated control cells. However, no
statistically signicant changes in the level of hydrogen
peroxide were observed. The opposite situation was observed
for the COLO205 cells, where the tested derivatives caused
a signicant increase in the level of hydrogen peroxide. Similar
increases of about 10–20% vs. control cells were also observed
for both the hydrogen peroxide and the superoxide anion levels
in the case of the remaining two tumor cell lines: HL-60 and
WM 115.

The investigated complexes also generate an appreciable
amount of nitric oxide in cancer cells. As in the case of ROS, the
generation of nitric oxide was correlated with the type of tumor
cells and the compound used. Only in the case of the WM115
line were no statistically signicant changes observed. HL-60
cells were the most sensitive: a 20–35% increase of NO was
observed aer the incubation with the investigated compounds.
Slightly lower increase in RNS level (approximately 15–20%) was
31948 | RSC Adv., 2019, 9, 31943–31952 This journal is © The Royal Society of Chemistry 2019
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observed for the other two tumor cell lines NALM-6 and COLO
205.

It was found that an increase in intracellular ROS level was
associated with induction of mitochondrial damage and acti-
vation of the PCD pathway in tumor cells. Oxidative stress
caused by the action of ruthenium(II) derivatives resulted in the
amplication of apoptotic signals, which act through a number
of intracellular signaling pathways comprising a range of
proteins such as p53, and the MAPK kinase pathway.24,25

Previous studies indicate that copper(II) compounds can cause
ROS/RNS to generate mitochondrial dysfunction and oxidative
DNA damage, which ultimately results in the activation of the
mitochondrial apoptosis pathway among cancer cells.26,27 In
summary, our results are in agreement with those reported for
several copper and ruthenium compounds, whose attractive
anticancer activity is related to their ability to generate ROS/RNS
in cancer cells.

3. Conclusions

The great challenge faced by modern oncology is the synthesis
of effective and safe anticancer drugs that are characterized by
high specicity of action against cancer cells. In recent years,
there has been a signicant increase in interest in the use of
transition metal compounds as potential chemotherapeutic
agents. The precursor of such compounds is the widely used
cisplatin; however, its anticancer properties are also character-
ized by undesirable side effects. High hopes are associated with
compounds containing ruthenium(II) or copper(II) in their
structure.28–30

The present study compares and evaluates new N-
coordinated copper(II) (3a, 4a) and ruthenium(II) (4b)
complexes synthesized as a complement of a previously
described aminoavone and aminochromone derivatives19,20 as
potential anticancer agents.

Cyclic voltammetry data indicated that the reduction and
oxidation takes place more readily for Ru(III)/Ru(II) than for
Cu(II)/Cu(I). These ndings are important from the perspective
of correct cell function, as the reduction potential of the cyto-
plasmic environment of the cell is �298 mV.31 It can be
concluded that the oxidation and reduction processes of the
tested complexes compounds may occur in vivo.

To evaluate the signicance of oxidative stress in the cyto-
toxic effects of the ruthenium(II) and copper(II) complexes
against human cancer cell lines and to investigate their
molecular anticancer activity, the levels of generated ROS (H2O2

and O2c
�) and RNS (NO) were measured. Preliminary analysis

found some compounds to have higher cytotoxic potency
towards HL-60, NALM-6, WM 115 and COLO 205 cells than
standard referential compounds. They cause an increase of
ROS/RNS in cancer cells, and it seems likely that the pro-
oxidative properties of the tested compounds correlate with
their chemical structure (SAR – structure activity relationship).

The obtained results provide an introduction to the analysis
of the antitumor activity of transition metal derivatives. In the
future we hope to investigate the molecular mechanisms of
described complexes' activity in human cancer cells that could
This journal is © The Royal Society of Chemistry 2019
be responsible for: (I) the induction of apoptosis; (II) generation
of oxidative stress and (III) genotoxicity of these compounds.
Understanding the molecular pathways responsible for the
antitumor activity of these molecules and their structure–
activity interrelationships (SAR) is essential for the further
development of chemotherapy and the improvement of the
synthesis of new compounds with even greater anticancer
properties.
4. Experimental
4.1. Material and methods

Most obtained complexes were synthesized according to Pas-
tuszko et al. and Mucha et al.19,20 The synthesis and physico-
chemical properties of the new compounds, [Cu(6AFl)2Cl2] (3a),
[Cu(6AC)2Cl2] (4a) and [Ru(p-cymene)(6AC)Cl2] (4b) are
described below. The reactants and solvents used in this work
were reagent grade or better. They were purchased from Sigma-
Aldrich, Chempur and POCH chemical companies and used
without further purication. The samples were dried according
to standard methods.

Melting points were determined using a Buchi Melting Point
B540 apparatus and are uncorrected. The infrared transmission
spectra of crystalline products were recorded using a Mattson
Innity MI-60 spectrophotometer in KBr and a Nicolet iS50 FT-
IR spectrophotometer equipped with a Specac Quest single-
reection diamond attenuated total reectance (ATR) acces-
sory. Spectral analysis was controlled by the OMNIC soware
package. Elemental analyses was obtained in the Microanalyt-
ical Laboratory of the Department of Bioorganic Chemistry
(Medical University, Lodz) using a PerkinElmer PE 2400 CHNS
analyzer. 1H and 13C-NMR spectra was measured on a Bruker
Avance III (600 MHz) instrument in DMSO-d6; chemical shis
(d) are given in ppm, coupling constants (J) in Hz. 1H-NMR data
are presented as follows: chemical shi, multiplicity (br ¼
broad, s¼ singlet, d¼ doublet, dd¼ doublet doublet), coupling
constant, integration. The mass spectra were recorded on
a Finnigan MAT-95 and the Varian 500-MS LC Ion Trap mass
spectrometer (ESI).
4.2. Synthesis of 6-amino-2-phenyl-4H-1-benzopyran-4-one
copper complex [Cu(6AFl)2Cl2] (3a)

6-Amino-2-phenyl-4H-1-benzopyran-4-one (3) (47.45 mg, 0.2
mmol) was heat-dissolved in ethyl acetate (10 mL). A solution of
copper(II) chloride dihydrate CuCl2$2H2O (17.04 mg, 0.1 mmol)
in methanol (1 ml) was added dropwise to a mixing solution of
ligand. The reaction mixture was stirred at room temperature
for 24 h and a dark yellow precipitate was obtained. The solid
was ltered off, washed with diethyl ether and dried in the air.
Yield: 48.49 mg (78%). Mp 208–213 �C. IR (KBr): n (cm�1) 3258
m, 3123 m, 3074 m, 1625 s, 1583 s, 1569 s, 1557 s, 1497 s, 1484 s,
1386 m, 1076 m, 909 m, 855 m, 810 m, 764 m, 674 m, 651 m.
Anal. calc C30H22N2O4CuCl2$0.5H2O (M ¼ 617.91 g mol�1) anal.
(%): C 58.30; H 3.75; N 4.53. Found (%): C 58.61; H 3.12; N 4.56.
ESI-MS (m/z): 572.0 [2Cu(6AFl)Cl–H]+.
RSC Adv., 2019, 9, 31943–31952 | 31949
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4.3. Synthesis of 6-amino-4H-1-benzopyran-4-one copper
complex [Cu(6AC)2Cl2] (4a)

6-Amino-4H-1-benzopyran-4-one (4) (32.23 mg, 0.2 mmol) was
heat-dissolved in ethyl acetate (10 mL). A solution of copper(II)
chloride dihydrate CuCl2$2H2O (17.04 mg, 0.1 mmol) in meth-
anol (1 ml) was added dropwise to a mixing solution of ligand.
The reaction mixture was stirred at room temperature for 24 h
and a brown precipitate was obtained. The solid was ltered off,
washed with diethyl ether and dried in the air. Yield: 30.15 mg
(66%). Mp 152–153 �C. IR (KBr): n (cm�1) 3268, 3139, 3065, 1616,
1591, 1571, 1472, 1318, 1265, 1064, 831 C18H14N2O4CuCl2 (M ¼
456.79 g mol�1): Anal. (%): C 47.33; H 3.10; N: 6.13. Found (%):
C 48.19; H 2.55; N 6.18. ESI-MS (m/z): 420.0 [2Cu(6AC)Cl–H]+.
4.4. Synthesis of [Ru(h6-p-cymene)(6-amino-4H-1-benzopyran-
4-one-k1-N)Cl2] [Ru(p-cymene)(6AC)Cl2] (4b)

While stirring a solution of 6-amino-4H-1-benzopyran-4-one (4)
(32.24mg; 0.2mmol) in chloroform (6mL) and 6mLofmethanol,
a solution of [Ru(h6-p-cymene)Cl2]2 (b) (61.24 mg; 0.1 mmol) in
6 mL of CH2Cl2 was added dropwise under an argon atmosphere.
The mixture was stirred for 24 hours at room temperature. The
solution was concentrated under reduced pressure and the ob-
tained red-orange precipitate was washed with diethyl ether and
dried under reduced pressure. Yield: 72.0 mg (75.63%), and dec.:
210.6 �C. IR (KBr): n (cm�1) 3218 m, 3136 m, 3066 m, 1644 s,
1575 s, 1483 s, 884 m, 862 m, 840 m. 1H NMR (600 MHz, DMSO-
d6) d (ppm): 1.19 (d, 6H, p-cymene, CH–(CH3)2,

3JHH¼ 12 Hz); 2.09
(s, CH3, 3H, p-cymene); 2.84 (septet, 1H, CH–(CH3)2, p-cymen),
3JHH ¼ 6 Hz); 5.45 (s, 2H, NH2, Archromone); 5.77 (d, 2 � H2(AA0), p-
cymene, 3JHH¼ 6 Hz); 5.81 (d, 2�H3(BB0), p-cymene, 3JHH¼ 6 Hz);
7.03 (dd, 1H, Archromone,

3JHH¼ 12 Hz); 7.08 (d, 1H, Archromone,
3JHH

¼ 6 Hz); 7.34 (d, 1H, Archromone,
3JHH ¼ 12 Hz); 8.13 (d, 1H,

Archromone,
3JHH ¼ 6 Hz).13C NMR (600 MHz, DMSO-d6) d (ppm):

18.35 (CH3, p-cymene), 21.97 (2 � CH3, p-cymene), 30.45 (CH, p-
cymene), 85.98, 86.83, 100.54, 105.33 (4� CH, Archromone), 106.82
(C, Archromone), 111.35 (2 � CH, Arp-cymene), 119.36 (2 � CH, Arp-
cymene), 122.11, 126.08 (2 � C, Arp-cymene), 147.03 (CNH2,
Archromone) 148.68 (C, Archromone) 156.45 (C, Archromone), 176.89
(C]O, Archromone). Anal. calc. C19H21Cl2NO2Ru$0.5H2O (M ¼
476.35 g mol�1) anal (%): C 47.86; H 4.62; N 2.93. Found (%): C
47.59; H 4.73; N 2.96. ESI-MS (m/z): 468.2 [Ru(p-cymene(6AC)Cl2]

+.
4.5. Redox properties

Cyclic voltammetry (CV) technique were employed to determine
the electrochemical properties of complexes with Cu(II) ions.
The studies were performed in 0.1 M [nBu4N][BF4] in DMF as
the supporting electrolyte. All voltammetric measurements
carried out using a potentiostat/galvanostat Autolab
PGSTAT128N (Metrohm Autolab B. V., Utrecht, the Nether-
lands) controlled by a personal computer with GPES soware
(version 4.9) and an M164 electrode stand (MTM Anko Instru-
ments, Krakow, Poland) at room temperature. A platinum wire
was used as the counter electrode, and a silver wire as the
pseudo-reference electrode. A glassy carbon (GCE, L-Chem,
Olomouc-Holice, the Czech Republic) with 3 mm diameter
31950 | RSC Adv., 2019, 9, 31943–31952
was used as the working electrode. The GCE surface was rened
using 0.3 mm Al2O3 slurry (ATM GMBH, Germany), rinsed with
triply distilled water, ultrasonically treated for 10 min and dried
with argon. Before each measurement all solutions were deox-
ygenated for 20 min with argon (5 N, Air Liquide, Poland) and
then maintaining argon atmosphere over the solution during
the measurement.

4.6. Cell cultures and cytotoxicity assay by MTT

Cytotoxicity was tested against human skin melanoma WM-115
cells, and human leukemic promyelocytic HL-60 and lympho-
blastic NALM-6 cell lines and human Caucasian colon adeno-
carcinoma COLO 205. The cell lines (WM-115, COLO-205 and
HL-60) used in the work came from ATCC American Type
Culture Collection (Rockville, Manassas, VA, USA), whereas
NALM-6 cell line was purchased from the German Collection of
Microorganisms and Cell Cultures. The leukaemia cells were
cultured in RPMI 1640 medium (Thermo Fisher Scientic,
Waltham, Massachusetts, USA) supplemented with 10% fetal
bovine serum and antibiotic (gentamicin 25 mg ml�1) (Gibco,
Grand Island, New York, NY, USA). For melanoma WM-115
cells, Dulbecco's minimal essential medium (DMEM, Lonza,
Visp, Switzerland) instead of RPMI 1640 was used. Cells were
grown at 37 �C in a humidied atmosphere of 5% CO2 in air.

The cytotoxicity of all obtained compounds, and the four
reference compounds was determined by the MTT [3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma,
St. Louis, MO] assay as described elsewhere.32 Briey, aer 46 h
of incubation with the test compounds, the cells were treated
with the MTT reagent and incubation was continued for
another two hours. MTT – formazan crystals were dissolved in
20% SDS and 50% DMF at pH 4.7 and absorbance was read at
562 and 630 nm on a multifunctional Victor ELISA-plate reader3

(PerkinElmer, Turku, Finland). The IC50 values, i.e. the
concentration of the test compound required to reduce the cell
survival fraction to 50% of controls, were calculated from
concentration–response curves and used as a measure of the
sensitivity of the cells to a given treatment. Cytotoxicity toward
HL-60, NALM-6, WM 115 and COLO 205 was determined for ve
different concentration of the studied compounds 10�7; 10�6;
10�5; 10�4 and 10�3 M. As a control, cultured cells were grown
in the absence of drugs. The data points represent the means of
at least ve to 10 repeats � SD

4.7. Reactive oxygen species (ROS) measurement

The level of reactive oxygen species in cancer cell lines was
determined by spectrophotometric microplate method using
two oxidation-sensitive uorescent probes: 20,70-dichlorodihy-
drouorescein diacetate (H2DCF-DA, Sigma-Aldrich, St. Louis,
MO, USA), dihydroethidium (DHE, Cayman Chemical
Company, Michigan, USA) which may react with several ROS.
The cell-permeant non-uorescent dye H2DCF-DA is diffused
into cells, where it is deacetylated by cellular esterases and
oxidized to highly uorescent 20,70-dichlorodihydroourescein
(DCF) by ROS (lex/lem: 498/525 nm). The DHE uorescence
probe also has the ability to permeate cell membranes and is
This journal is © The Royal Society of Chemistry 2019
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mainly used to monitor superoxide production. DHE itself
shows blue uorescence, but in the cell cytoplasm it is oxidized
by super-oxide to 2-hydroxyethidium, which becomes red uo-
rescent upon DNA intercalation. Cells were seeded in a black 96-
well uorimetric microplates at a density of 15 � 103 cells per
well 24 hours before the treatment. Cells were incubated with
the investigated compounds (IC50 concentration) for 24 hours.
Aer incubation cells were centrifuged at 1000 rpm for ve
minutes at 4 �C. The medium was removed and 50 ml of HBSS
buffer containing H2DCF-DA or DHE (nal concentration 5 mM)
was added to each well. The cells were incubated with the
uorescent probes for 30 min in a CO2 incubator, in a dark at
37 �C and the DCF/DHE uorescence was measured.

4.8. Reactive nitrogen species (RNS) measurement

4-Amino-5-methylamino-20,70-diuorouorescein diacetate
(DAF-FM Diacetate, Invitrogen, Carlsbad, USA) was applied to
measure RNS production in investigated cancer cells. DAF-FM is
a redox-sensitive uorescent probe that is used to detect and
quantify low concentrations of nitric oxide (NO). It is essentially
non uorescent until it reacts with NO to form a uorescent
benzotriazole (lex/lem: 495/515 nm). The procedure was similar
to that described above for ROS measurement. Monolayers of
treated and control cells seeded into black at-bottom 96-well
microplates aer incubation with investigated compounds were
centrifuged. Then DAF-FM in 50mLHBSS (nal concentration 5
mM) was added to each well. The cells were incubated with the
uorescent probes for 30 min in a CO2 incubator, in a dark at
37 �C. Aer incubation the probe was removed and replace with
fresh HBSS buffer, and then incubated for an additional 30
minutes to allow complete de-esterication of the intracellular
diacetates. Fluorescence excitation and emission maxima are
495 and 515 nm, respectively.

4.9. Statistical analysis

All data are expressed as the mean SD and presented as
a percentage of control (untreated cells) taken as 100%.
Normality of data was tested with the Shapiro–Wilk test, and
homogeneity of variance was veried with Levene's test. The
signicance of the differences between pairs of means was
estimated using one-way ANOVA and the posthoc Tukey's test.
All statistics were calculated with the STATISTICA statistical
soware package (StatSo, Tulsa, OK, USA). A *p value of <0.05
was considered signicant.
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