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A vanillin-based copper(II) metal complex with
a DNA-mediated apoptotic activity†
Wendy M. T. Q. de Medeiros,a Mayara J. C. de Medeiros,a Edinilton M. Carvalho,b
Jailma A. de Lima,c Verônica da S. Oliveira,a Ana C. F. de B. Pontes,a Francisco O. N. da
Silva,a Javier A. Ellena, d Hugo A. de O. Rocha,c Eduardo H. S. de Sousa b
and Daniel de L. Pontes *a
Vanillin (vanH) is the major component of vanilla and one of the most widely used ﬂavoring agents. In this
work the complex [Cu(phen)(van)2] was prepared and characterized by structural (X-ray), spectroscopic (IR,
UV-Vis, EPR) and electrochemical techniques. This compound showed an octahedral geometry with an
unusual arrangement of the vanillin ligands, where the methoxy groups of the vanillinate ions are
coordinated opposite to each other. The compound promoted DNA cleavage in the presence of
glutathione (GSH) and H2O2. At 40 mmol L1 of complex with GSH (10 mmol L1), there is a complete
cleavage of DNA to nicked form II, while only at 10 mmol L1 of this complex with H2O2 (1 mmol L1) an
extensive cleavage leading to form III took place. Additionally, we have evidences of superoxide
generation upon reaction with GSH. Therefore, DNA fragmentation occurs likely through an oxidative
pathway. MTT assays indicated that the complex is highly cytotoxic against three distinct cell lines: B16–
F10 (IC50 ¼ 3.39  0.61 mmol L1), HUH-7 (IC50 ¼ 4.22  0.31 mmol L1) and 786-0 (IC50 ¼ 10.38  0.91
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mmol L1). Flow cytometry studies conducted with 786-0 cell line indicated cell death might occur by
apoptosis. Cell cycle progression evaluated at 5 and 10 mmol L1 resulted in a clear increase of 786-
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0 cells at G1 phase and depletion of G2/M, while higher doses showed an expressive increase of sub-G1
phase. Altogether, these results pointed out to a promising biological activity and potential as an anti-
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cancer agent.

1. Introduction
During the last few decades, the number of cancer cases has
increased remarkably pressing for the development of newer
and more eﬀective anticancer agents. Although a series of
treatments and important drugs are available, many of them
face low selectivity,1 unpleasant side eﬀects2,3 and tumor resistance.4,5 These issues represent some of the current challenges
still to be overcome.
The coordination chemistry has provided relevant contributions to the cancer chemotherapy, where diﬀerent metal
a
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complexes systems with potent antitumor activity have emerged
along with many exciting new strategies.6–8 These advances have
emerged mainly due to the hallmark discovery of cisplatin
anticancer properties.7 In this context, copper(II) compounds
have become one promising frontline agent in the development
of potential antitumor chemotherapeutics. This can be witnessed by the expressive number of compounds reported and
relevant biological properties exhibited by these complexes
along with clinical trials.8,9
Biological assays using copper(II) complexes have revealed
a close association with redox activity, ROS generation and DNA
damage. In this process, Cu(II) is reduced to Cu(I) inside cell and
superoxide ion can be generated upon one electron transfer to
dioxygen regenerating Cu(II). The production of superoxide is
the starting point for other ROS species, which may contribute
to increase the oxidative stress in cancer cells. This eﬀect may
cause serious damage to the DNA leading to cell death. Additionally, copper complex can also directly hydrolyze DNA further
promoting cell death.10
Among other key aspects to be considered on a metal
complex, the ligand is also a critical part, which might establish
the biological function of the compound. Indeed, some copper
complex can exhibit both DNA degradation routes, oxidative
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and hydrolytic, which can be modulated by the chosen ligand.
Cellular uptake, organelles distribution, appropriated structural organization for DNA interaction and overall pharmacological activity can also be adjusted upon selection of suitable
ligands.7,11,12 One of the most relevant ligands used in copper
biocoordination chemistry is 1,10-phenanthroline (phen) and
derivatives. These phenanthroline copper complexes, e.g.
[Cu(phen)2]2+, caught larger attention due to the nuclease
activity and planar structure appropriated for DNA
intercalation.13
Vanillin (vanH), 4-hydroxy-3-methoxybenzaldehyde, is the
major component of natural vanilla and one of the most widely
used avoring agents in food, beverage and cosmetics.14 It is
also an important raw material for synthesis of several chemical
products. Besides its industrial and economic value, vanillin
has been recognized also as an important bioactive compound.
Vanillin has been recognized as an eﬀective anti-mutagenic
agent. In 1986, Ohta et al. rst reported that vanH could
reduce 4-nitroquinoline-1-oxide (4-NQO) and furylfuramide (AF2) that induced mutations in bacteria.15 Subsequently, it was
found that vanillin was able to inhibit also spontaneous
mutation in bacteria.16,17 Imanishi and collaborators revealed
that vanillin reduced signicantly mutations caused by ultraviolet light, X-ray and ethylnitrosourea exposure in mammalian
cell and hamster lung cell (V79).18 Interestingly, vanillin suppressed in vivo metastasis of mouse breast cancer cells.19
Additionally, it attenuated the expression levels of proinammatory cytokines such as tumor necrosis factor-a (TNFa), interleukin-1b (IL-1b) and interleukin-6 (IL-6) and prevented
CCl4-induced hepatic cell alteration and necrosis in rats.20
Durant and Karran reported that the cisplatin cytotoxic eﬀect
against A2780 cells was reduced upon co-administration with
vanillin, revealing an important synergistic eﬀect. Interestingly,
the dose found to yield a survival of 37% of cells (D37) using
cisplatin in the absence of vanillin was 9.7 mmol L1, whereas
with vanillin it was reduced to 5.9 and 4.3 mmol L1 at 100 and
300 mmol L1 of vanillin, respectively.21 Considering vanillin is
widely ingested in the World, any new composition or new
compound employing this species would be face very positively
by scientic community.
Based on that, we prepared a new copper metal complex,
[Cu(phen)(van)2], combining copper and vanillin as a potential
anticancer agent, where we investigated its chemical and biological properties.

2.

Material and methods

2.1. Materials
The reagents CuCl2$2H2O, 1,10-phenanthroline, vanillin,
glutathione, agarose and thiazolyl blue tetrazolium bromide
(MTT) were purchased from Sigma-Aldrich. All other common
chemicals used were of analytical grade and used without
further purication. DMEM and RPMI 1640 culture medium
were acquired from Cultilab. DNA plasmid pBR322 was
purchased from New England Biolabs Inc. The complex
[Cu(phen)Cl2] was prepared according to procedure previously
described.22

16874 | RSC Adv., 2018, 8, 16873–16886

Paper

2.2. Synthesis of the complex [Cu(phen)(van)2]
The compound [Cu(phen)(van)2] was synthesized dissolving
[Cu(phen)Cl2] (200.0 mg, 0.64 mmol) and vanillin (193.2 mg, 1.28
mmol) in distilled water. The pH of the solution was adjusted to
8.0 by the addition of sodium hydroxide (2.0 mol L1). This
reaction mixture was stirred for 2 hours at 60  C and a dark green
solid formed, which was ltered and washed with ethanol.
Crystals of [Cu(phen)(van)2]$2H2O were obtained during the
recrystallization in water, which were suitable for X-ray structure
determination. Yield: 294.0 mg (85%).
IR: nmax/cm1; n(C]O): 1652; n(C]C): 1580, 1545; n(C–CHO):
1266; n(O–CH3): 1024; d(C–H): 851, 722 (KBr disk). UV-Vis:
lmax(H2O)/nm (3/L mol1 cm1): 775 (47.8), 650 (55.3), 469
(125.0), 345 (14 500), 312 (sh) (16 700), 273 (40 400), 204 (54 300).
Elemental analysis (%): calc. for CuC28H22N2O6$3H2O: C, 56.04;
H, 4.70; N, 4.67%. Found: C, 56.09; H, 4.74; N, 4.72%. It is a nonelectrolyte in water (LM ¼ 31.13 S cm2 mol1 at 25.5  C).
2.3. X-ray crystal structure determination
Single crystal of the complex was used for data collection on an
Enraf-Nonius Kappa-CCD diﬀractometer, using Mo Ka radiation (l ¼ 0.71073 Å). Data collection was carried out with the
COLLECT program.23 Integration and scaling of the reections
were performed with HKL Denzo-Scalepack24 programs.
Absorption corrections were done using the multiscan method.
The structure was solved by direct methods with SHELXS25 and
rened by fullmatrix least-squares on F2 with SHELXL.26
2.4. Instrumentation: spectroscopic and electrochemistry
characterization
Electronic spectra (UV-Vis) were recorded in solution (water and
organic solvents) at 5  105 to 5  103 mol L1 at room
temperature on a photodiode-array spectrophotometer, model
8453 (Agilent). Infrared (IR) spectra (400–4000 cm1) of the
compounds dispersed in KBr were recorded on a Shimadzu
FTIR-8400S spectrometer. EPR measurements were taken in
solid state at room temperature and in DMF frozen solution at
77 K on a Bruker 200D-SRC X-Band spectrometer, equipped
with an Oxford ESR 9 Cryostat, operating at 9.412 GHz, 10 db.
Molar conductivity measurements were carried out in a Tecnopon MCA-150 conductometer. Electrochemical analysis was
performed on an Epsilon potentiostat (BASi – Bioanalytical
Systems Inc.). Cyclic voltammetric experiments were done in
a three-electrode cell. The working electrode was a glassy
carbon, a platinum single-wire electrode was used as the
counter electrode and an Ag|AgCl electrode saturated with KCl
(3.5 mol L1) was used as the reference electrode. The cyclic
voltammograms were recorded in KCl 0.1 mol L1 at n ¼ 100 mV
s1. Oxygen was removed by purging the solutions with argon.
All measurements were performed at 25.0  0.2  C.
2.5. Gel electrophoresis analysis of plasmid DNA cleavage
Agarose gels at 0.8% (w/v) in TAE buﬀer (tris base 89 mmol L1,
acetate 89 mmol L1, EDTA 2 mmol L1) were prepared for
these studies. The reactions were performed under aerobic
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conditions by incubation of diﬀerent concentrations of
[Cu(phen)(van)2] (40 to 0.5 mmol L1), H2O2 (1 mmol L1),
glutathione (GSH, 10 mmol L1), 50 mmol L1 of DTPA and
pBR322 DNA plasmid (8.3 ng mL1). Electrophoreses were conducted with and without H2O2 and GSH aer 90 minutes of
reaction. All samples were subjected to electrophoresis on
agarose gel for 60 minutes under 70 V and variable current 53–
64 mA. DNA band was analyzed, aer 1 hour of incubation with
GelRed™, using a bioimaging system (GelDOC + XR, Bio-Rad).
A standard linear DNA marker (1 Kb linear DNA ladder, Life
Technologies, Invitrogen) was used as a control. The distinct
forms of plasmid DNA were analysed and quantied by densitometry analysis using the Soware Quantity One 4.6.9 Basic
(Bio-Rad Laboratories, Inc.). In all assays, it was used one or
more DNA control lanes, where all conditions were maintained
without the presence of the complex.
The mechanism of cleavage mediated by the complex (40
mmol L1) in the presence of GSH (1.5 mmol L1) was investigated by adding diﬀerent radical scavengers: histidine
(13 mmol L1), mannitol (13 mmol L1), superoxide dismutase
(4 U mL1), N-oxyl-2,2,6,6-tetramethylpiperidine (TEMPO,
2.6 mmol L1) and catalase (3.9 mmol L1). The reaction was
maintained for 30 minutes in the presence and absence of
oxygen and applying the method described above.
2.6. Superoxide assay: NBT reduction
The capacity of the complex [Cu(phen)(van)2] to generate
superoxide anion was evaluated using the nitro blue tetrazolium (NBT) assay.27 The experiments were conducted in phosphate buﬀer 0.1 mol L1, pH 7.4 and 37  C. The superoxide
production was monitored by changes in the absorbance at
560 nm, which is characteristic of formazan originated by the
reaction of NBT with O2. These experiments were done using
100 mmol L1 of NBT and 10 to 75 mmol L1 of the metal
complex with and without the biological reducing agent glutathione (1.5 mmol L1).
2.7. Cell culture
Human renal adenocarcinoma (786-0) cells (ATCC CRL-1932),
murine melanoma (B16–F10) cells (ATCC CRL-6475) and
human hepatocarcinoma (HUH-7) cells (JCRB-0403) were kindly
donated by Dr Hugo Rocha (Department of Biochemistry,
UFRN, Brazil). The cells were grown in RPMI 1640 (786-0 cells)
or DMEM (all others) medium supplemented with 10%
newborn calf serum (Cutilab) and penicillin–streptomycin
(1 mg mL1), and incubated at 37  C in 5% CO2.
2.8. Cell viability assays (MTT)
The cytotoxicity of the copper(II) complex was evaluated in three
diﬀerent cell lines, B16–F10, HUH-7 and 786-0, using the 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT)
assay. The cells were seeded into 96-well plates at a density of 5
 103 cell per well (100 mL) and allowed to attach overnight in
100 mL medium incubated at 37  C, 5% CO2. The cells were
allowed to adhere for 12 h. Aer the medium was replaced by
100 mL of fresh medium without fetal calf serum (FCS). Growth-
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arrested cells were released from the G0 phase by the addition
of 10% FCS in the medium in the absence (control) or in the
presence of diﬀerent concentrations of the copper(II) complex
(0.001 to 300 mmol L1) dissolved in the cell culture medium for
24 h at 37  C and 5% CO2. The medium was removed and MTT
(1 mg mL1) in DMEM or RPMI 1640 were added. Aer 4 hours,
the medium was aspirated and the formazan crystals were dissolved in ethanol 96%. Absorbance was read in a microplate
reader (Epoch Biotek Instruments) at 570 nm. Three independent experiments were performed and two replicate cultures
were used for each complex concentration in each independent
experiment. The number of viable cells was expressed as
percentage relative to untreated controls, and the concentrations required for 50% inhibition of cell viability (IC50) were
calculated from dose–response curves.
2.9. Annexin V-FITC/PI double staining and analysis by ow
cytometry
In order to evaluate the eﬀects of the complex on cell death,
a FITC/Annexin V Apoptosis Kit was used along with Dead Cell
Annexin FITC and propidium iodide (PI) for Flow Cytometry
(Invitrogen). For this study only 786-0 cells were evaluated. The
cells were transferred to 6-well plates reaching 2  105 cells per
well. The plates were incubated at 37  C for 24 hours submitted
to humid atmosphere of CO2 at 5%. The cells were then stimulated to exit G0 by adding RPMI 1640 supplemented with 10%
FCS, in the presence of [Cu(phen)(van)2] (10 and 50 mmol L1). A
negative control was prepared without the presence of RPMI
1640 and a positive control with cisplatin. Aer 24 h, 786-0 cells
were trypsinized, collected and washed with cold phosphatebuﬀered saline (PBS). The supernatant was discarded and
cells were resuspended in 50 mL of binding buﬀer. Five microliters of Annexin V-FITC and 1 mL of PI solution (100 mg mL1)
were added in 100 mL of cell suspension. Cells were incubated
for 20 min at room temperature and kept under light protection. Aer the incubation period, 200 mL of binding buﬀer for
annexin V1 was added and cells were analyzed by ow
cytometry (FASCANTO II, BD Biosciences), measuring uorescence emission at 530–575 nm for annexin V and 630/22 nm for
PI. A total of 10 000 events were acquired. For data analysis,
FlowJo Analysis Soware version 10.0.7 (Tree Star, Inc.) was
used.

2.10.

Cell cycle assays

The cell cycle analysis was carried out by ow cytometry. Briey,
2  105 786-0 cells were incubated with the complex
[Cu(phen)(van)2] at 5, 10, and 20 mmol L1 for 24 h at 37  C in an
atmosphere of 5% CO2 air. Cells suspensions were harvested in
cold PBS, centrifuged, resuspended and xed in 70% ethanol
and incubated for 1 h at 4  C. Aer washing steps with cold PBS,
cells were digested by RNase (4.0 mg mL1) at 37  C for 30 min,
and stained with PI (1.0 mg mL1) in the dark at room
temperature for 20 min. The distribution of the treated cell cycle
was measured by FASCANTO II ow cytometer, and data analysis was carried out with FlowJo soware (Tree Star, Inc.).
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3.1. Crystal structure of [Cu(phen)(van)2]
The compound [Cu(phen)(van)2] crystallized in the triclinic
. An ORTEP view of the complex unit is
system, space group P1
shown in Fig. 1. Crystallographic data and selected bond
lengths and angles are listed in Tables S1 and S2 (ESI†).
There are two independent molecular structures in the
asymmetric unit of the complex with N2O4 donor set. Each
copper(II) atom is coordinated to 1,10-phenanthroline nitrogen
atoms with average distances of 2.020 Å. This value is similar to
other Cu(II)–N(phen) distances found for related copper(II) sixcoordinated N2O4 complexes in the literature, such as 2.016 Å
for [Cu(phen)(2-bromoacetate)2]28 and 1.999 Å
for
[Cu(phen)(naproxanate)2].29
The distorted octahedral environment of the complex is
completed by two deprotonated vanillin molecules that are
coordinated to copper(II) in cis positions, due to the bidentate
characteristic of the ligands involved. The vanillinate ions are
disposed in a way that the methoxy groups are located in
opposite sides of the same molecular axis, while the phenolic
oxygen atoms are positioned opposite to phen nitrogen atoms.
These donor atoms arrangement around the metal gives rise to
one symmetrical axis (O(methoxy)–Cu–O(methoxy)) and two asymmetrical ones (N(phen)–Cu–O(phenolate)).
The crystallographic data revealed that Cu–O(methoxy) average
distances (2.418 Å) are signicantly longer than Cu–O(phenolate)
average values (1.932 Å). This expressive diﬀerence can be
attributed to the higher electronic density over the phenoxide
oxygen, leading to a more favorable electronic donation to the
metal when compared to the neutral methoxy donor atom. Such
behavior is also observed in other metal-vanillinate complexes
as for cis-[Fe(van)2(H2O)2] (Fe–O(methoxy) ¼ 2.345 Å, Fe–
O(phenolate) ¼ 2.088 Å)30 and cis-[Cu(van)2(H2O)2] (Cu–O(methoxy) ¼
2.260 Å, Cu–O(phenolate) ¼ 1.909 Å).31 The Cu–O(phenolate) and Cu–

Fig. 1
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N(phen) bonds in the two asymmetrical axes have similar lengths,
however, they are considerable diﬀerent of the symmetrical one.
Such arrangement indicates the structure has an elongated
tetragonal distortion in z axis that corresponded to the
O(methoxy)–Cu–O(methoxy) bonds. For that, the Jahn–Teller eﬀect
of Cu(II) may have an important contribution.32
The coordination of the vanillinate ion to Cu(II) led to a slight
increase in the C]O bond length of the aldehyde group from
1.199(8) Å in vanillin33 to 1.209(5) Å in [Cu(phen)(van)2]. Similar
eﬀect can be observed also in other vanillin metal complexes, as
for cis-[Cu(van)2(H2O)2], where the aldehyde C]O bond
increased to 1.217 Å.31
The structural characterization of octahedral complexes
having two vanillinate ions and one bidentate or two monodentate additional ligands, in cis or trans structural arrangements, has already been reported for other transition
metals.30,34–36 The asymmetrical coordination environment
promoted by the vanilloid oxygen atoms makes possible to have
up to ve diﬀerent ligand arrangements as described in Fig. 2.
Three of them are referred to cis structures, and two to trans
isomers, identied in this work as cis-I, II or III and trans-I or II
(Fig. 2).
In spite of the number of structural possibilities, a search of
this class of compounds carried out on the Cambridge Crystallographic Data Centre, CCDC database,37 revealed that most
of the cis divanillin metal complexes are organized preferentially in a cis-I arrangement (7 compounds from a total of 8),
with monodentate and bidentate additional ligands completing
the coordination sphere. Some cases of this arrangement containing vanillin are as cis-[Cu(van)2(H2O)2] (NEPDAO); cis[Fe(van)2(H2O)2] (SESGED) and cis-[Cu(van)2(tetramethylene)]
(FMPECU).38 However, only one complex with cis-III arrangement was found, [Cu(van)2(tetramethylene)] (FMPECW).39
Therefore, the compound [Cu(phen)(van)2] described in the
present work is part of a few cases of vanillin complexes having

ORTEP view of the complex, showing the atoms labelling and the 50% probability ellipsoids.
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Possible structures of octahedral metal complexes with two vanilloid ligands.

the cis-III arrangement. No compound was found having cis-II
arrangement and vanillin as ligand. Surprisingly, among the
trans isomers, there is only trans-I structures, indicating that the
arrangement of methoxy groups “trans” to each other is favorable for this type of isomer, but unfavorable for the cis ones.
Once it was extended a search for ligands with a coordination environment similar to vanillin, it was found four
compounds with guaicol,40,41 methoxyacetic42 and 4-nitroguaiacol.43 Even those, only the copper(II) complex with 4nitroguaiacol showed a cis-III conguration, while the others
exhibited a cis-I arrangement, supporting the very limited
number of cases of this structure.
Interestingly, the diﬀerent structures solved showed
considerable changes in the bond length and tetragonal
distortion, exemplied in Fig. S1 (ESI†). For cis-I structures it
was observed that the bonds in two of the axes (L–M–OCH3
bonds) had the same length, while the z-axis (O(phenolate)–M–
O(phenolate) bonds) was shorter. On the other hand, the cis-III
arrangement, having methoxy groups “trans” to each other,
exhibited a longer bond length compared to the two L–M–O
bonds. Therefore, the diﬀerent arrangements have a close
relationship with the structural tetragonal distortion, where
vanilloid metal(II) complexes having cis-I complexes present
compressed structures while cis-III present an elongated
distortion.
The extension of molecular distortion can be evaluated
through the tetragonality parameter T, taken as the ratio of the
average M–O and M–L from equatorial bonds (Requatorial) to the
average axial M–O bond lengths (Raxial). A plot of T parameter
against the average M–Oaxial bond length was obtained from the
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set of cis divanillin metal complexes available in CCDC database
(Fig. 3). The crystallographic data showed a signicant data
correlation (R2 ¼ 0.977). Additionally, this correlation graph
makes possible to group the compounds by their similar
arrangement, where these parameters changes quite drastically
depending on the arrangement of the complex.
The tetragonal distortion was observed for all complexes
evaluated, even for those where Jahn–Teller eﬀect is not expected, e.g. nickel(II) and zinc(II) complexes. This indicates that
the distortion has a major contribution from the diﬀerent
electronic donation of oxygen atoms on the asymmetrical
ligand. Although, this is not so common among the divanillin
complexes, the cis-III structure observed for [Cu(phen)(van)2]
may have been driven by the p receptor character of the phenanthroline ligand favoring the positioning of electronically
rich phenolic oxygen atom trans to each nitrogen atom instead
of the methoxide groups. These particular arrangements might
have important implications in the chemical and biochemical
reactivity as well.

3.2. Spectroscopic characterizations
FTIR spectrum of free vanillin exhibited an intense band at
1666 cm1, assigned to aldehyde C]O stretching, whereas
vanillin bound to copper in the [Cu(phen)(van)2] showed
14 cm1 lower stretching frequency. This result indicated
aldehyde group is also aﬀected by the vanillin coordination,
which is in agreement with crystallographic data where
carbonyl bond length increased. Other vanillin vibrational
bands are observed in the FTIR of the complex without any
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Fig. 3 Plot of the T parameter versus the average Cu–Oaxial bond
length (Raxial). Compounds: (1) [Cu(4-nitroguaiacol)2(tetramethylene)];
(2) [Cu(van)2(tetramethylene)]; (3) [Cu(phen)(van)2] (:, this work); (4)
[V(guaicol)2(tetramethylene)]; (5) cis-[Mn(van)2(H2O)2]; (6) cis[Fe(van)2(H2O)2]; (7) cis-[Ni(van)2(H2O)2]; (8) cis-[Co(van)2(H2O)2]; (9)
cis-[Zn(methoxyacetic)2(H2O)2]; (10) cis-[Zn(van)2(H2O)2]; (11) cis[Cu(van)2(H2O)2];
(12)
cis-[Ti(guaicol)2(Cl)2];
(13)
[Cu(van)2(tetramethylene)].

signicant changes. Additionally, it was observed typical
vibrational modes of phenanthroline at 851 and 721 cm1,
assigned to C–H angular deformation.
The electronic spectrum of [Cu(phen)(van)2] was recorded in
water and showed an expressive number of transition bands
(ESI, Fig. S2†), spanning almost the entire visible region. These
transition bands are due to intraligand (IL) and “d–d” type
transitions, whose assignments are presented in Table S3.†
Deprotonated vanillin exhibits an electronic transition band at
347 nm, which is shied to 309 nm upon protonation (pKa ¼
7.4). Indeed, our copper complex showed a band at 345 nm,
which was assigned to the vanillinate ion supporting its binding
to the metal as a deprotonated ion as indicated by the crystallographic structure.
Copper(II) complexes show characteristic “d–d” type electronic transitions usually very much dependent on the
symmetry and distortions.32,44 The electronic transition of the
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precursor complex exhibited a broad “d–d” band at 714 nm,
which was substantially altered upon vanillinate ion coordination giving origin to three “d–d” bands at 469, 650 and 775 nm
(shoulder). Considering an approximation to D4h symmetry
group, these bands should correspond respectively to 2B1g /
2
Eg (dxz, dyz / dx2y2), 2B1g / 2B2g (dxy / dx2y2) and 2B1g /
2
A1g (dz2 / dx2y2) transitions.44,45 Although the band at 775 nm
is not well dened in aqueous solution, only observed as
a shoulder, it was better resolved in methanol (Fig. S2†). These
split bands supported a non-perfect octahedral complex,
strongly indicating a distorted octahedral copper(II) coordination environment and the presence of the asymmetrical vanillin
ligand.
EPR spectra were taken in frozen DMF solution at 77 K and
in the solid state at room temperature. These spectra are shown
in Fig. 4 and their parameters summarized in Table 1. The
spectra obtained in frozen DMF solution exhibited an anisotropic prole typical for monomeric copper(II) complexes, where
four well-dened hyperne lines arising in the gk region from
the interaction of the S ¼ 1/2 electron spin with the I ¼ 3/2
copper nucleus. This spectrum showed axially symmetric gtensor parameters with gk (2.300) > gt (2.060) > 2.0023, indicating the copper(II) has a distorted environment with an axial
elongation.
The g values suggested the unpaired electron is located in
the ground state dx2y2 (2B1g) of the copper(II) orbital.46 Other
EPR parameters are comparable to those reported for
complexes containing an octahedral CuN2O4 coordination
sphere.46 In contrast, copper(II)–divanillinate complex,
[Cu(van)2(H2O)2], organized in a cis-I arrangement, presented
an axial symmetry pattern in the solid state at room temperature with gt(2.302) > gk(2.005) 2.0023, indicating
a compressed geometry.47
Additionally, the ve superhyperne splitting lines (2nIN + 1)
in the perpendicular region of the spectrum with coupling value
of 13.85 G are due to the interaction with two 14N nuclei (I ¼ 1)
from the phenanthroline ligand. On the other hand, the spectrum obtained for the complex in the solid-state did not show
any clearly resolved hyperne splitting neither in parallel nor
perpendicular.
The empirical factor f given by the gk/Ak ratio has been used
to evaluate the tetragonal distortion in copper complex. It has

Fig. 4 EPR spectra of [Cu(phen)(van)2] in frozen DMF solution (A) and in solid state (B).
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EPR parameters for the complex [Cu(phen)(van)2] and related species46

Complex

[Cu(phen)(van)2]

trans-[Cu(bdtbpza)2(pym)(CH3OH)2]

cis-[Cu(bdtbpza)2(tmeda)(H2O)2]

Geometry
gk
gt
Ak (104 cm1)
At (104 cm1)
gk/Ak (cm)a
Gb

Octahedral (N2O4)
2.300
2.060
148
13
155
5.16

Octahedral (N2O4)
2.316
2.057
169
19
137
5.54

Octahedral (N2O4)
2.260
2.039
171
21
132
6.67

a

Ak (104 cm1) ¼ gbA(G) ¼ 0.46686 gA(G).

b

G ¼ (gk  2.0023)/(gt  2.0023).

been showed that for planar complexes this ratio is between 110
to 120, while for complexes with slight to moderate distortion
between 130 to 150, and for considerable distortion between
180 to 250.46 Our [Cu(phen)(van)2] complex exhibited a f value of
155, indicating a moderately distorted geometry.
3.3. Electrochemical studies
Vanillin, like many other phenolic compounds, has its biological relevance usually related to the antioxidant capacity, which
is a consequence of its electrochemical prole.48 The vanillin
cyclic voltammetry obtained in aqueous electrolyte (KCl
0.1 mol L1, pH ¼ 7.0) revealed only one irreversible peak at
+720 mV (versus Ag|AgCl), relative to its oxidation (Fig. 5A). This
electrochemical process is equivalent to a two-electron oxidation step, which is observed at the same electrochemical
potential in aqueous medium as pointed out in literature.49,50
Additionally, it can be observed a decrease in peak current as
a consequence of running multiple voltammetric cycles. Li and
collaborators described this behavior as due to the polymerization of vanillin oxidation products on the electrode surface.49
Although the electrochemical behavior of free vanillin is
already known, to the best of our knowledge, this is the rst
work that studied the electrochemical prole of a vanillinate
metal complex. The cyclic voltammogram of the
[Cu(phen)(van)2] complex showed a quasi-reversible process
related to the Cu2+/+ redox couple with E1/2 ¼ 84 mV (vs.
Ag|AgCl) along with three oxidation processes at 516, 610 and
760 mV centered on the vanillinate ligands (Fig. 5B).
Multiples voltammetric cycles from 500 to 100 mV were
conducted using the copper complex without polishing the
electrode between cycles. In this experiment, it was clearly
observed a decrease of current to the electrochemical processes
centered on both copper and vanillinate ligand, which shared
similarity to the electrochemical prole observed for free
vanillin. However, the current depletion is strictly dependent on
the potential range applied. If the potential range is centered on
the metal process from 400 to 400 mV, skipping the ligand
redox potentials, then, even multiple cyclic voltammogram
showed unchanged prole (Fig. 5C).
In order to investigate the current depletion during the voltammetric experiment K3[Fe(CN)6] was used as a probe. The
cyclic voltammogram of K3[Fe(CN)6] (2 mmol L1, KCl
0.1 mol L1, pH ¼ 3.5) was obtained using bare glassy carbon
and also aer multiple voltammetric cycles of [Cu(phen)(van)2]

This journal is © The Royal Society of Chemistry 2018

(1 mmol L1, KCl 0.1 mol L1, pH ¼ 7.0) without prior polishing. As shown in Fig. S3,† the voltammogram of K3[Fe(CN)6]
obtained with the bare electrode exhibited a reversible prole
with cathodic potential of 283 mV and diﬀerence between peaks
(DE) of 154 mV. However, aer ve sweep voltammetric cycles in
a [Cu(phen)(van)2] solution, the electrode response to
K3[Fe(CN)6] changed. The potentials of the wave peaks were
clearly more separated, increasing DE to 300 mV in the rst
cycle, followed by a decrease in the peak currents. This data
indicated the electrode surface was modied by the products of
[Cu(phen)(van)2] oxidation. Additional multiple voltammetric
cycles showed a gradual change with a return of the prole
obtained for the probe in bare electrode. These results supported the electrode surface modication and indicated this
layer was sensitive to multiples sweeps being likely detached of
the electrode surface.

Fig. 5 Cyclic voltammogram in KCl 0.1 mol L1, pH ¼ 7.0 of (A) vanillin,
0.90 mmol L1 from 1000 to 1000 mV; (B) [Cu(phen)(van)2],
0.90 mmol L1, from 500 to 1000 mV; (C) [Cu(phen)(van)2] from
400 to 400 mV. For all compounds were conducted eight cycles.
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According to Jungwirth et al. the window of accessible redox
potential in biological systems can vary from 600 to +610 mV
vs. Ag|AgCl, where the strongest reducing agent in cells corresponds to the nicotinamide adenine dinucleotide phosphate
(NADP+ + 2e + H+ / NADPH) with 580 mV. On the other
hand, the strongest oxidizing agent is oxygen (O2 + 4H+ + 4e /
2H2O) at + 610 mV, at pH 7.0.51 Additionally, Betanzos-Lara et al.
reported the capacity of Cu+ to generate hydroxyl radical can
occurs in biological systems if the metal redox potentials are
between 530 to 255 mV vs. Ag|AgCl, which can eventually lead
to DNA damage.52 Interestingly, the copper redox potential
found for our compound at E1/2 ¼ 84 mV is within that range,
indicating it could generate hydroxyl radical (HOc) in biological
systems. The production of this radical can be important if used
for therapeutic purposes.

Paper

grant to this complex a nuclease activity supporting the relevance of this investigation.
Hydrogen peroxide is another potential activator of copper
complexes, which could also originate ROS. Here, it was
employed 1 mmol L1 of hydrogen peroxide as activator, where
it was observed an expressive cleavage activity originating
nicked DNA (FII) at much lower concentration of the complex,
e.g. 5 mmol L1 (Fig. 6B), than that observed with glutathione at
20 mmol L1. At concentrations above 10 mmol L1, it was not

3.4. Nuclease activity
Since DNA is usually reported as an important target for copper(II) compounds exhibiting potential antitumor properties,
the activity of the [Cu(phen)(van)2] complex as synthetic
nuclease was also evaluated. The ability of the copper(II)
complexes to promote DNA cleavage was investigated using
supercoiled pBR322 plasmid DNA in agarose gel
electrophoresis.
DNA cleavage was monitored by following the conversion of
the circular supercoiled plasmid DNA form (SC or form I) into
the relaxed or nicked circular form due to a single strand
breakage (form II), or to the linear form due to a double strand
breakage (form III). These features were investigated by evaluating a direct activity of the metal complex or upon stimulation
with glutathione (GSH) and hydrogen peroxide. The nuclease
eﬃciency of copper(II) complexes is usually dependent on the
type of activator used during DNA cleavage.53 There are some
redox activators usually applied for these studies such as thiols
(glutathione, 3-mercaptopropionic acid),54 ascorbic acid,55
hydrogen peroxide56 or mixture thereof. The use of these
compounds can mimic a chemical environment found in the
cytosol of cells.
DNA assay conducted without any activator showed the
copper complex did not promote any DNA cleavage even varying
the concentration of the complex from 0.5 up to 40 mmol L1
(Fig. S4†). This result suggests the complex cannot cause DNA
cleavage by a hydrolytic pathway under these experimental
conditions.
However, there is a remarkable increase in the DNA cleavage
in the presence of 10 mmol L1 of glutathione as noticed by the
relaxed form of plasmid (FII), which showed a concentration
dependence prole (Fig. 6A). At 20 mmol L1 of the complex it
was observed ca. 50% DNA cleavage, while at the highest
concentration, 40 mmol L1, there was predominantly nicked
DNA (FII, 76%) and linear DNA (FIII, 9%). These results clearly
indicate the DNA cleavage activity of the copper complex is
dependent on the oxidation state of the copper, where generation of copper(I) seems to improve very much the cleavage eﬃciency. Besides this, it is important to remark GSH is indeed
found in millimolar concentration inside cells, which could

16880 | RSC Adv., 2018, 8, 16873–16886

Fig. 6 DNA cleavage assay employing plasmid DNA pBR322 (8.3 ng
mL1 per well) with [Cu(phen)(van)2] and 10 mmol L1 of glutathione
(GSH) (A) or 1 mmol L1 H2O2 (B). Lanes with only DNA (ctrl) and DNA
with GSH (ctrl1) or H2O2 (ctrl2) were used as control. Study of oxidizing
species involved in the DNA cleavage (C), using GSH (1.5 mmol L1),
[Cu(phen)(van)2] (40 mmol L1) along with inhibitors of free radicals:
histidine (hist.), mannitol (man.), SOD, TEMPO and catalase (cat.).
Reactions carried out under aerobic (top gel) and anaerobic (bottom
gel) conditions.
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seen any intact DNA, demonstrating it was entirely cleaved into
nicked (FII) and linear DNA (FIII). This latter form was detected
more expressively at 20 mmol L1, which is still at reasonably
modest concentration. Additionally, at 40 mmol L1 of complex
it was observed a smeared band consistent with major DNA
cleavage producing smaller linear fragments. An attempt to
compare these results with precursor complex [Cu(phen)Cl2]
was carried out and showed vanillin ligand had improved
overall DNA cleavage activity (Fig. S5†).
The results indicate that the DNA cleavage activity of the
complex is concentration dependent and also induced by the
activator. The most extensive DNA damage was observed when
hydrogen peroxide was added. The spectrophotometric monitoring of the complex reactivity with H2O2, in a higher ratio
(1 : 25) than applied in the nuclease activity assay, under the
same experimental conditions, did not reveal signicant spectral changes (data not showed). This result suggests a structural
integrity of the vanillin-based copper compound upon addition
of H2O2 as evaluated in the experiment. The DNA cleavage
mechanism mediated by [Cu(phen)(van)2] is consistent with
DNA breakage induced by polypyridyl copper complexes.57,58
Aiming to shed some light on the mechanism of DNA
damage promoted by our complex triggered by glutathione, we
carried out a series of measurements with and without oxygen,
along with radical scavenger agents. For this study it was mixed
40 mmol L1 of the metal complexes, 1.5 mmol L1 of GSH and
plasmid DNA with and without oxygen along with radical
scavengers (histidine, mannitol, superoxide dismutase – SOD,
N-oxyl-2,2,6,6-tetramethylpiperidine – TEMPO, and catalase),
which were incubated for 30 minutes at 25  C. In Fig. 6C, we
observed under aerobic conditions there is DNA damage with
the production of nicked DNA, whereas no other radical scavenger was able to inhibit cleavage, however catalase had played
a signicant role in DNA protection.
Interestingly, under anaerobic conditions no DNA cleavage
was noticed supporting a full dependence on O2 in the generation of DNA damaging species. A similar mechanistic was also
observed for the copper precursor (Fig. S6†), where superoxide
dismutase also exhibited a modest inhibitory eﬀect but catalase
was the strongest blocker of DNA cleavage under aerobic
conditions.
These assays showed there is only oxidative cleavage of DNA,
which is promoted by the reaction involving GSH, copper
complexes and O2. H2O2 was identied as a key intermediate
species involved in the mechanism of cleavage, based on the
strong inhibition caused by catalase. Besides that, direct addition of hydrogen peroxide showed cleavage activity only in
combination with the copper complex. This agent can also act
as a reducing agent during a catalytic cycle of reaction with
copper, where it can generate Cu(I) and O2c. Copper complexes
can still produce HOc in a reaction of Cu(I) with H2O2 that may
lead to strong DNA damage. Despite the fact neither mannitol
nor histidine worked as radical scavengers, this has also been
noticed with other copper complex where hydroxyl radical has
been clearly identied.12 This lack of protection has been
described as due to a likely strong interaction with DNA
lowering the eﬀectiveness of radical scavenger action.8,59 The
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fact that catalase is the only inhibitor that has an eﬃcient action
preventing DNA cleavage reinforces the hypothesis the cleavage
agents are generated aer the reaction of the hydrogen peroxide
with the copper(I) complex.
In summary, these data indicated the DNA cleavage mechanism involves the reduction of Cu(II) via GSH reaction, and
reduction of O2 to O2c. There is also a production of H2O2
through the reaction between copper(I) and O2c as observed in
other copper complexes.12 In addition, the reaction of copper(I)
complex and O2c can produce HOc as a strong oxidizing agent
to damage DNA. A short mechanistic proposal for these species
was showed in Fig. S7.†
3.5. Superoxide generation assay
Production of superoxide mediated by the [Cu(phen)(van)2]
complex was investigated using nitro blue tetrazolium (NBT)
assay following absorbance change at 560 nm.27 The experiment
was performed using NBT at 50 mmol L1 and [Cu(phen)(van)2]
complex at 10, 20, 30, 40, 50, 60, and 75 mmol L1. In order to
evaluate the inuence of the copper oxidation state in superoxide generation the experiments were conducted with and
without the reducing agent GSH (1.5 mmol L1). The results
obtained are shown in Fig. 7, where only a combination of
copper complex and GSH led to an intense production of
superoxide ion as detected by the gradual increase in absorbance at 560 nm and visual color change. Additionally, there
was a concentration dependence during this reaction triggered
by GSH addition.
This result supported that O2 formation occurs during
redox process of copper as proposed in the catalytic cycle
depicted in Fig. S7.† Despite many authors have preferred to use
ascorbic acid as a co-activator, its physiological concentration is

Fig. 7 Superoxide detection using NBT (50 mmol L1) reaction at 37  C.
(A) Color change after 60 min of reaction of GSH (1.5 mmol L1) with
diﬀerent concentrations of [Cu(phen)(van)2]. (B) Kinetic curves for the
reaction of GSH and complex (75 to 10 mmol L1) using NBT as probe.
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far smaller than glutathione, which reaches up to 15 mmol L1
while ascorbic acid is only up to 0.2 mmol L1.60,61 Actually,
glutathione is a well-known biological reducing agent found at
millimolar concentrations inside cells, it is more likely the key
agent to promote ROS generation when our complex reaches
cytosol, which could be benecial for cell death in cancer
therapy.

3.6. Cytotoxicity investigations
The cytotoxicity of the complex was evaluated against three
diﬀerent tumor cell lines, mouse melanoma (B16–F10), human
hepatocellular carcinoma (HUH-7) and human renal adenocarcinoma (786-0) by MTT assay. The cell viability was measured
aer 24 h of incubation with [Cu(phen)(van)2] from 0.001 to 300
mmol L1. In order to assess possible individual contributions
of vanillin, 1,10-phenanthroline and CuCl2, they were also
evaluated using 786-0 cell line. The IC50 values were calculated
from a dose–response curve (Fig. S8 and S9†).
Copper complex [Cu(phen)(van)2] showed a dose-dependent
behavior and extensive cytotoxicity against all cell lines investigated suggesting its anticancer activity. This complex
demonstrated to be eﬀective against melanoma cells with IC50
of 3.39  0.61 mmol L1, as well as hepatocarcinoma, IC50 of
4.22  0.31 mmol L1, whereas showed a lower potency for renal
carcinoma cells, IC50 of 10.38  0.91 mmol L1.
The IC50 value for the free ligands and even for CuCl2 in 7860 cells were higher than 150 mmol L1, supporting non-cytotoxic
eﬀect of these isolated species. Similarly high IC50 values were
also reported for these species on other cancer cell lines.13,62,63
This result suggested the cytotoxic activity presented by the
complex [Cu(phen)(van)2] is indeed due to changes in copper/
ligand reactivity upon formation of the complex and not to
any particular individual property.
There are only a few reports of in vitro anticancer activity of
copper complexes against B16–F10, HUH-7 and 786-0 cells.
Nagababu et al.64 evaluated the cytotoxicity of four copper(II)
complexes containing imidazo-phenanthroline (IP) derivatives
ligands aer 48 h of incubation with B16–F10 cells. The p
extended structure of IP ligands have been pointed out as an
alternative for increasing the cytotoxicity eﬀect when compared
to bpy or phen. However, even using twice the incubation time
of our experiment, the IC50 for two of those complexes was over
25 mmol L1, seven times less eﬃcient than our copper complex.
Nevertheless, two of the polypyridyl complexes reported,
specically the ones with the ligands 2-(2-triuorophenyl)-1Himidazo[4,5-f][1,10]phenanthroline (TF-PIP) and 2-phenyl-1Himidazo[4,5-f][1,10]phenanthroline (PIP) had an increased
cytotoxicity with IC50 of 2.1  0.2 and 0.5  0.02 mmol L1,
respectively.
Diimine–copper(II) complexes with the phenolate ligand 4chloro-2-((2-(phenylthio)phenylimino)methyl)phenol
were
tested against HUH-7 cell line aer 24 h of incubation.65 The
best result was presented by the 1,10-phenanthroline complex,
IC50 of 16.84 mmol L1, while the complex with 2,2-bipyridine
and 4,40-dimethyl-2,20 -bipyridyl were much higher, 23.01 and
31.65 mmol L1, respectively. Although relevant, these values are
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also signicantly higher than the IC50 of the [Cu(phen)(van)2]
for this cell line.
Chen et al.66 evaluated the cytotoxicity of copper(II)
complexes with the ligand plumbagin (PLN), a medicinal plantderived naphthoquinone, against 786-0 cells line aer 72 h of
incubation. The homoleptic complex, in a square-planar
geometry, presented IC50 of 3.4  1.3 mmol L1, while a binuclear octahedral compound having PLN and bpy in the coordination sphere resulted in a IC50 value of 2.5  0.9 mmol L1.
However, besides the extended exposure to these cells, the
ligand itself has a signicant cytotoxicity for this cell line (IC50 ¼
17.9  4.5 mmol L1). The authors reported also irrelevant
cytotoxicity of two other copper–bipyridine complexes,
[Cu(bipy)2(H2O)2](NO3)2 and [Cu(acac)(bpy)]NO3, respectively,
5239.3  1411.8 mmol L1 and 398.7  39.9 mmol L1.
These results reinforce that the [Cu(phen)(van)2] complex
has very good cytotoxicity properties against the cancer cell lines
investigated.

3.7. Flow cytometry measurements
Cellular apoptosis studies were conducted using annexin VFITC/propidium iodide staining in a ow cytometer. In this
assay, four diﬀerent cell populations can be identied aer
exposure to the copper complex: viable cells (Q4), cells in early
apoptosis (Q3), in late apoptosis (Q2) and also in necrosis (Q1).
Cells stained only with annexin V-FITC demonstrate the presence of early apoptosis, while cells double labeled with annexin
V-FITC and propidium iodide represent late apoptosis and
those cells labeled only with propidium iodide are in necrosis.
As shown in Fig. 8 treatment of 786-0 cells with 10 mmol L1
(IC50) of copper complex for 24 h resulted in 58.95% of
apoptotic cells (Q2 and Q3 quadrants) and a negligible value of
necrosis (0.83%). Additionally, it was evaluated the eﬀect of the
copper complex at 50 mmol L1 on the cell death pathway, which
corresponded to almost ve times its IC50. In this case,
apoptotic cells reached 98.77% with an expressive contribution
of late apoptosis, 97.40%, and insignicant necrosis rate of
0.64%. Interestingly, the eﬃciency of this compound is significantly higher than the positive control, cisplatin, for what was
found 34.0 and 47.7% of apoptosis at 10 and 50 mmol L1,
respectively. The ow cytometry for untreated cells (negative
control) is shown in Fig. S10.† These results suggested that the
complex induced cell death mainly by apoptosis.
González-Álvarez and coworkers reported ow cytometry
studies of four copper(II) bipyridine–sulfonamide complexes at
10 mmol L1 (2  IC50) on Jurkat T lymphocytes cells, aer
incubation for 48 h. Two of these complexes induced apoptosis
in only 25% of cells. The other two complexes caused apoptosis
rate between 40 and 50%.67 Comparatively, the [Cu(phen)(van)2]
complex showed more eﬃcient apoptosis induction (58.95%)
considering also IC50 dose with half of the incubation time.

3.8. Cell cycle analysis
In order to further investigate the eﬀect caused by the
[Cu(phen)(van)2] complex on 786-0 cells cycle progression, the
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Fig. 8 Flow cytometry studies for 786-0 cells treated with 10 mmol L1 and 50 mmol L1 of [Cu(phen)(van)2], (A and C), and cisplatin, positive
control, (B and D).

DNA content was evaluated by ow cytometry aer staining with
propidium iodide (PI).68
As shown on Fig. 9, the distribution of the diﬀerent phases
(G1, S and G2/M) was signicantly altered aer incubation of
cells with 5, 10, 20 or 50 mmol L1 of complex during 24 h when
compared to untreated control. The concentrations investigated
allowed the identication of two diﬀerent proles. First of all, at
concentrations of 5 and 10 mmol L1, it resulted in a clear
increase of 786-0 cells at G1 phase with concomitant depletion
of G2/M. The G1 distribution on untreated cells at 66.25 
2.05% gave place to 84.25  1.06% at 10 mmol L1 of the
complex. This G1 arrest may be a consequence of the DNA
damage induced by the complex, making it impossible for the
cells to be routed to the S and G2/M phases by checkpoint
mechanism.69 This control of the cell cycle progression in
cancer cells exerted by the complex is considered a potential
strategy for the control of tumor growth since these cells are
cycling more rapidly than healthy cells.
Additionally, the sub-G1 (hypodiploid) content became more
signicant at 10 mmol L1 (3.72  0.51%) compared with the
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control (1.90  0.08%). The presence of sub-G1 cells suggests
the activation of cell apoptosis induced by the complex.64,70 On
the other hand, if 20 and 50 mmol L1 of the complex was used
then the cell cycle progression showed a clear depletion of G1, S
and G2/M content and an expressive increase in the percentage
of sub-G1 in comparison with the untreated control cells.
This experiment indicates that the [Cu(phen)(van)2] complex
has an antiproliferative activity at 10 mmol L1, characterized by
the cell cycle arrest at G1 phase, as well as, a strong cytotoxic
behavior when the cells were submitted to 20 mmol L1 of the
complex. Additionally, there are also evidences of apoptosis
induction observed by annexin V- FITC/PI staining for 7860 cells.
The increment of cells in G1 phase at IC50 dose of
[Cu(phen)(van)2] complex, 27.8%, was signicantly more
expressive than the values found for other copper(II)-phen
compounds. These latter compounds also promote G1 cell
arrest
in
MDA-MB-231
breast
cancer
cells,
e.g.
[Cu(phen)(aa)(H2O)]NO3 (aa ¼ glycine (12.5%), sarcosine
(12.6%) or 2,2-dimethylglycine (14.4%)).69 Additionally, the
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Fig. 9 The 3D histogram plot of ﬂow cytometry analysis in 786-0 cells
treated without (control) and with [Cu(phen)(van)2] (5, 10, 20 and 50
mmol L1).

drugs in clinical use, cisplatin and oxaplatin, are known to
induce cell cycle arrest at the S or G2/M phase depending on the
cell line and incubation time. Our distinct phase–arrest prole
implies in a diﬀerent mechanistic pathway caused by
[Cu(phen)(van)2] when compared to these platinum-based
drugs.
Active copper complexes can interact with cellular machinery
causing cell arrest in G1,71,72 S,73 or G2/M74 phases depending on
the tumor cell and nature of ligands bound to the metal.
However, compounds that induce cell cycle arrest in G1 phase
may have potential advantages. This phase is determinant to
assure the cells have the appropriated genetic material to
proceed or interrupt the cell cycle. In the case of defective cell
progress from G1 to other stages in the cell cycle there are other
subsequent checkpoints in S and G2/M phases before the cell
starts the mitosis. In addition to that, since G1 comprises the
longest growth period of interphase any interruption in this
phase may enable elimination of the defective cells.

4. Conclusion
A new octahedral vanillinate–Cu(II) complex with an unusual cisIII arrangement, where the methoxy groups of the vanillinate
ions are coordinated opposite to each other in the structure, was
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prepared and fully characterized. This compound showed
a strong ability to cleave DNA only under co-activation with
redox active agents, hydrogen peroxide and glutathione, supporting an oxidative nuclease pathway.
The DNA damage promoted by the complex along with GSH
was fully dependent on O2, which clearly indicated a key role of
electron transfer from Cu(I) to O2 and consequent formation of
superoxide radical as an important route of action of this
compound. Considering that O2, H2O2, and glutathione are
present in widely variable concentrations in some cell types and
organelles, they might cause diﬀerent degrees of reactivity,
depending on the cellular localization (e.g. nucleus, mitochondria and cytoplasm) or even the redox state of the cell (e.g. under
oxidative stress and normal conditions).
The increase of ROS promotes a major redox unbalance
leading to severe damages and cell death. Our results showed
low IC50 for three diﬀerent cancer cells, signicantly lower than
those found for CuCl2 or the ligands 1,10-phenanthroline and
vanillin. This might be due to our complex behave as a much
better ROS generator. Indeed, [Cu(phen)(van)2] performed even
better then cisplatin as showed by ow cytometry assays against
786-0 cell line, where 10 mmol L1 (IC50) resulted in 58.95% of
apoptotic cells (Q2 and Q3) and 98.77% for 50 mmol L1 (IC50),
while cisplatin reached only 47.7% at even higher dosage.
In addition to that, increasing cell cycle depletion of S and
G2/M, observed at 20 mmol L1 of complex, and consequent G1
phase arrest, is a great indication that the complex induces DNA
damage, making it diﬃcult for the cells to be driven to S and G2/
M phases. At concentrations higher than 20 mmol L1, an
expressive increase of sub-G1 cells was observed, indicating that
the damage caused by the complex was suﬃciently high leading
a large number of cells to apoptosis. Altogether, these results
grant this compound a particular interest as a promising antitumor chemotherapeutic agent that deserves further biological
studies.
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