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Background: To overcome the hurdles of cisplatin, majorly its toxicity and resistance, there has been extensive
search for alternative anti-cancer metal-based compounds. Here, three Cu(II)-complexes, Cu(Sal-Gly)(phen),
Cu(Sal-Gly)(pheamine), Cu(Sal-Gly)(phepoxy) are characterized for their interaction with DNA, cytotoxicity
and mechanism of action.
Methods: The binding ability of the complexes to Calf-Thymus DNA was evaluated by competition fluorescence
studies with thiazole-orange, UV–Vis and circular dichroism spectroscopic titrations. Cytotoxicity was evaluated
by MTT analysis. The DNA damage was analyzed through cleavage of supercoiled DNA via agarose
gel-electrophoresis, and 8-oxo-guanidine and ɣH2AX staining in cells. Apoptosis was detected via DNA
condensation/fragmentation, mitochondrial membrane potential, Annexin V staining and caspase 3/7 activity.
Formation of reactive oxygen species was determined by DCFDA- and GSSG/GSH-analysis.
Results: Binding constants to DNA were evaluated as 1.7 × 106 (Cu(Sal-Gly)(phen)), 2.5 × 106 (Cu(Sal-
Gly)(pheamine)) and 3.2 × 105 (Cu(Sal-Gly)(phepoxy)). All compounds induced DNA damage. Apoptosis
was the main form of cell death. There was an increase in ROS, which is most likely responsible for the
observed DNA-damage. Although the compounds were cytotoxic to all tested cancer cell lines, only Cu(Sal-
Gly)(pheamine) displayed significantly lower toxicity towards non-cancer cells, its associated phenotypes
differing from the other two Cu-complexes. Thus, Cu(Sal-Gly)(pheamine) was further assayed for molecular
changes in response to drug treatment using a custom designed RT-qPCR array. Results showed that Harakiri
was significantly upregulated. Presence of p53 was not required for apoptosis in response to Cu-complexes.
Conclusions and general significance: These Cu-complexes, namely Cu(Sal-Gly)(pheamine), may be considered
promising anticancer agents with activity in cancer cells even with deficient p53 status.

© 2016 Published by Elsevier B.V.
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1. Introduction

Metal-basedmolecules offer huge possibilities for the design of ther-
apeutic agents not accessible to organic compounds; and cisplatin,
which is prescribed to almost half of the cancer patients [1,2], is still
regarded as one of the most important drugs in anticancer therapy.
Despite its success, its clinical use is limited due to severe side effects,
in addition to intrinsic or acquired resistance to cisplatin. These
limitations triggered an exponential growth in the development of al-
ternative metal-based drugs bearing metal ions other than platinum,
n), icorreia@tecnico.ulisboa.pt
which allow alternative mechanisms of action, and might have
improved anticancer activity.

Among the non-platinum based compounds, copper complexes
have received particular attention. Copper is an essential element for
humans and most aerobic organisms [3,4]. It is important for the func-
tion of several enzymes and proteins involved in energy metabolism,
respiration, and DNA synthesis [5], and most Cu-based complexes
have been investigated on the assumption that endogenous metal ions
may be less toxic for normal cells, than to cancer cells. Cu-complexes
can easily undergo redox reactions [6], and furthermore, cancer cells
have showed increased Cu uptake [7,8]. Based on these observations,
Cu-compounds are expected to be less toxic, while retaining effective
cytotoxicity towards cancer cells [9].

The majority of compounds developed so far are mononuclear
CuII-species [9,10]; their mode of action is miscellaneous but differs

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbagen.2016.10.014&domain=pdf
http://dx.doi.org/10.1016/j.bbagen.2016.10.014
mailto:icorreia@tecnico.ulisboa.pt
Journal logo
http://dx.doi.org/10.1016/j.bbagen.2016.10.014
http://www.sciencedirect.com/science/journal/03044165
www.elsevier.com/locate/bbagen


Fig. 1.Molecular structures of the three Cu-complexes studied.
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from that of cisplatin; it includes DNA interaction, mitochondrial
toxicity and ROS generation [3,9–11]. Depending on the Cu-
complex size, charge, electron affinity and ability for adduct
formation, Cu-compounds may also bind to biomembranes leading
to cytotoxicity [12].

A great variety of Cu-complexes has been tested as cytotoxic
agents and showed antitumor activity in several in vitro tests and a
few in vivo experiments [3,5], namely 2,2′-bipyridine (bipy)
and 1,10-phenanthroline (phen) containing complexes [13–19].
Regarding DNA interaction, the compounds containing phen have
been reported to bind DNA by intercalative and non-intercalative
interactions, either as free ligands or included in the metal complex
[11]. Overall, they have been proposed as agents for binding,
cleavage and oxidative modification of DNA [19–23].

In this study, we aimed to determine the cytotoxicity andmolecular
mechanism of action of three CuII-complexes. Cu(Sal-Gly)(phen) was
synthesized by our group and showed promising cytotoxicity in breast
cancer cells [19]. Here, we further characterize this complex and two
novel derivatives, Cu(Sal-Gly)(pheamine) and Cu(Sal-Gly)(phepoxy)
(Fig. 1), for their cytotoxicity in a broader spectrum of cancer cell
lines, DNA binding properties and biological mechanism of action,
aiming to be able to design agents with improved drug activity. DNA
condensation/fragmentation, assessment of Annexin V staining, caspase
3/7 activity and mitochondrial membrane potential (MMP) were
evaluated. Cu(Sal-Gly)(pheamine) was further tested for differential
expression of genes in response to drug treatment.
Fig. 2. First derivative X-band EPR spectra measured for frozen solutions (77 K) of the
compounds. Cu(Sal-Gly)(phen) 4.0 mM in MeOH and Cu(Sal-Gly)( pheamine) and
Cu(Sal-Gly)(phepoxy), 1.0 mM in DMSO.
2. Materials and methods

2.1. Instrumentation

Elemental analysis for C, H, and N were carried on a FISONS EA
1108 CHNS-O apparatus. The Infra-Red spectra were recorded on a
Jasco spectrophotometer and the UV–Visible absorption spectra
were recorded on Perkin Elmer Lambda 35 UV–Vis spectrophotome-
ter with 10.0 mm cuvettes. A 500-MS Varian Ion Trap Mass
Spectrometer was used to measure ESI-MS spectra of methanolic
solutions of the complexes in the positive mode. The first derivative
X-band EPR spectra of the frozen solutions (frozen in liquid nitrogen)
were recorded on a Bruker ESP 300E spectrometer at 77 K. The ESP
300E spectrometer was operated at ~9.51 GHz with a frequency
modulation of 100 KHz. Fluorescence measurements were carried out
on a SPEX® Fluorolog spectrofluorometer (Horiba Jobin Yvon) in a
FL3-11 configuration, equipped with a Xenon lamp. The instrumental
response was corrected by means of a correction function provided by
the manufacturer. The experiments were carried out at room tempera-
ture and are all steady-state measurements. Circular dichroism (CD)
spectra were recorded at 25 °C on a Jasco J-720 spectropolarimeter
with an UV–Vis (180–800 nm) photomultiplier (EXEL-308) using
quartz Suprasil® CD cuvettes.
2.2. Preparation of complexes

The complexes were prepared adapting previously reported
methods [19,20,24]: to a solution of glycine (ca. 1 mmol) in water,
salicylaldehyde (ca. 1 mmol) was added; the mixture was stirred
and heated at about ~60 °C. After ca. 15 min, a methanolic solution
of the appropriate phenanthroline derivative (ca. 1 mmol) was
added, followed by the addition of an equimolar amount of
copper(II) acetate (ca. 1 mmol) in ~20 mL of water, and a very
dark greenish solution was formed. Depending on the compound
greenish/brown solids gradually deposited within about 1 to 6 h.
The reaction mixtures were allowed to cool, and were filtered and
washed with H2O, ~50% methanol and diethyl ether.
2.2.1. Synthesis of Cu(Sal–Gly)(phen)
Green solid. Yield ~80%. Anal. Calcd for C21H15N3O3Cu + 5.5 H2O

(MM = 420.91 + 99.08 = 519.99), Found (Calcd) (%): C 48.41
(48.51); H 5.06 (5.04); N 7.94 (8.08). IR (KBr pellet): ν(O\\H):
3200–3600, νasym(CO2): 1647, ν(C_N) and ν(C_C): 1602,
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Fig. 3. Fluorescence emission spectrameasured for solutions containing TO:DNA=0.8, [CT-DNA]= 2.5 μMand increasing amounts of: A) Cu(Sal-Gly)(phen) from 0 to 2.4 μM; B) Cu(Sal-
Gly)(pheamine) from 0 to 4.2 μM; and C) Cu(Sal-Gly)(phepoxy) from 0 to 18 μM. Excitation at 509 nm. Arrows indicate changes with increasing complex concentration. D) Stern–Volmer
plots at 528 nm obtained from steady-state I0/I values. The I0/I data were corrected for inner-filter effects.
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νsym(CO2) or ν(O\\Ph): 1380; C\\Hbending: 775, 728 [25,26]. UV–Vis
(1% DMSO and PBS): λmax (nm) 242, 293, 360. Spin Hamiltonian
parameters (MeOH, 4.0 mM): gx,y = 2.069, gz = 2.283, Ax,y =
15.5 × 10−4 cm−1, Az = 167.4 × 10−4 cm−1.

2.2.2. Synthesis of Cu(Sal–Gly)(pheamine)
Brown solid. Yield ~60%. Anal. Calcd for C21H16N4O3Cu + 2.5 H2O

(MM = 435.92 + 45.04 = 480.96) Found (Calcd) (%): C 52.14
(52.44); H 4.10 (4.40); N 11.64 (11.65). IR (KBr pellet, cm−1):
ν(N\\H): 3300–3500, ν(O\\H): 3200–3600, νasym(CO2): 1640,
N\\Hbend: 1622, ν(C_N) and ν(C_C): 1604, νsym(CO2) or ν(O\\Ph):
1384; C\\Hbending: 766, 731 [25,26]. UV–Vis (1% DMSO and PBS):
λmax (nm) 265, 283, 350. Spin Hamiltonian parameters (DMSO,
1.0 mM): gx,y = 2.074, gz = 2.270, Ax,y = 31.0 × 10−4 cm−1, Az =
169.1 × 10−4 cm−1.

2.2.3. Synthesis of Cu(Sal–Gly)(phepoxy)
Greenish-brown solid. Yield ~65%. Anal. Calcd for C21H15N3O4Cu+3.0

H2O (436.91 + 54.03 = 490.94) Found (Calcd) (%): C 51.09 (51.37);
H 4.40 (4.31); N 8.87 (8.56). ν(O\\H): 3200–3600, νasym(CO2):
1644, ν(C_N): 1611, ν(C_C): 1601, νsym(CO2) or ν(O\\Ph): 1384;
C\\Hbending: 852, 731 [25,26]. IR (KBr pellet): νasym(CO2): 1630 cm−1,
ν(C_N) and ν(C_C): 1601; νsym(CO2) or ν(O\\Ph): 1372. UV–Vis (1%
DMSO and PBS): λmax (nm) 273, 296, 319 (sh) 364 (sh), 420 (sh), 684.
Spin Hamiltonian parameters (DMSO, 1.0 mM): gx,y = 2.078, gz =
2.276, Ax,y = 18.5 × 10−4 cm−1, Az = 177.8 × 10−4 cm−1.

2.3. Calf Thymus DNA binding experiments

Millipore water was used for the preparation of TRIS and Phosphate
Saline Buffer (PBS) buffers (0.10M, pH= 7.4). DMSO from Panreacwas
used for the preparation of the stock solutions of the complexes. Calf
Thymus DNA (CT-DNA) was purchased from Sigma (#D3664) and
used as received. DNA stock solutions were prepared by dissolution in
TRIS or PBS buffer. The concentration of CT-DNA was determined
by UV–Vis absorbance using the molar absorption coefficient at
260 (6600 M−1 cm−1). The UV absorbance at 260 nm and 280 nm of
the CT-DNA solution gave ratios of 1.8–1.9, indicating that the DNA
was sufficiently free of protein. The stock solutions of the compounds
were prepared by dissolving them in DMSO and dilution in TRIS buffer;
they were used within a few hours. The amount of organic solvent was
kept below 1% (v/v) or 5% [for Cu(Sal-Gly)(phepoxy)]. The fluorescence
experiments were done using a quartz cuvette of 1 cm path
length and bandwidths of 5 nm in both excitation and emission.
Titrations were done by adding increasing amounts of the complexes
([CuLL’] ~400 μM) to a solution containing thiazole orange (TO) and
CT-DNA (0.8:1) ([DNA] 2.5 μM). The DNA-TO samples were excited at
509 nm and the emitted fluorescence was recorded between 520 and
700 nm. UV–Vis absorption spectra were collected in all measured sys-
tems to correct the data for reabsorption and inner filter effects [27,28].
The concentrations were selected in order to have absorbance
values below 0.2 at the excitation and emission wavelengths. Blank
fluorescence spectra (containing everything except the fluorophores)
were measured and subtracted from each sample's emission spectra.

Circular dichroism studies were done with 3 mL solutions in
quartz SUPRASIL® cuvettes of 1 cm optical path. The CT-DNA solu-
tion was prepared by dilution of the stock solution in PBS buffer
and its concentration (ca. 50–60 μM)was determined in each sample
by measuring the absorbance at 260 nm, prior to addition of the
Cu-complexes' stock solutions in DMSO (ca. 2.0–3.0 mM) to obtain
each Cu:DNA ratio. For selected samples spectra were re-measured
with time, to evaluate temporal changes, which did not occur. To
study the influence of the DMSO amount in the CD spectra, samples
were prepared containing 0, 2.5, 5.0 and 7.5% (v/v) of DMSO. PBS
buffer was used to obtain the baseline, which was subtracted from
each spectrum. Spectra were collected from 200 to 350 nmwith a reso-
lution of 1 nm band width, 3 accumulations, scan speed 100 nm/min
and 2 s response time.

Image of Fig. 3
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Fig. 4. Circular dichroism spectra (1 cm optical path) of CT-DNA (50–60 μM) in the absence and presence of A) and B) Cu(Sal-Gly)(phen); C) Cu(Sal-Gly)(pheamine)
and D) Cu(Sal-Gly)(phepoxy) in PBS buffer (pH 7.4, 0.10 M). The molar ratios are indicated in each figure. D) Changes in the Δε observed with the molar ratios of Cu-complex
to DNA. E) F) and G) Induced CD (ICD) spectra obtained by subtraction of the CD spectra of CT-DNA from each individual CD spectrum. E) Cu(Sal-Gly)(phen); F) Cu(Sal-Gly)(pheamine)
and G) Cu(Sal-Gly)(phepoxy). It is assumed, but it is not necessarily correct, that by subtracting the spectrum of CT-DNA, the induced CD spectra of the complexes are obtained. However,
even if not totally correct, this way of visualizing the ICD spectra helps in understanding the trends observed upon increasing the relative amount of Cu-complex present.
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UV–Vis absorption titrations were done by adding aliquots of the
DNA stock solution in PBS to solutions of the complexes (20 to 60 μM)
in PBS (with 1% or less DMSO). Previously the complexes' stability in
the aqueousmediawas evaluated bymeasuring spectral changeswithin
1–2 h after preparation of the solution.
2.4. Cell culturing, drug treatment and cell viability

All cancer cells (A-549, HCT-116, MDA-MB-231, HeLa and
SH-SY5Y) and normal cells (HASMC1 and HASMC2) were main-
tained in Dulbecco's Modified Eagle Medium/F12 (DMEM/F12,
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Fig. 5.Agarose gel electrophoresis of plasmid DNA incubatedwith the Cu-complexes. PlasmidDNAwas incubatedwith different doses of Cu-complexes (12.5–100 μM) and the changes in
themigration pattern were observed through agarose gel electrophoresis (A) and the bandswere quantified using Image J software (B). Linear plasmid was obtained by BamHI digestion.
Addition of all Cu-complexes resulted in disappearance of the supercoiled and linear bands and increase in relaxed forms in a dose dependent manner indicating that the compounds
caused single stranded DNA breaks. Treatment with 100 μM Cu(Sal-Gly)(pheamine) led to degradation of relaxed forms in addition to relaxing the double stranded plasmids,
suggesting that higher doses may shear DNA. The bands are labelled as: SR: super relaxed, R: relaxed, L: linear, SC: supercoiled.
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Sigma-Aldrich, #D0547) supplemented with fetal bovine serum
(FBS, 5% for cancer cells and 10% for normal cells, Biochrom,
#S0415) and penicillin/streptomycin (Biochrom, #A2212), and
incubated at 37 °C, in 5% CO2. For viability assays, 5–8 × 103 cells
(~70–80% confluency depending on the cell line) were seeded
in 96-well plates in regular culture medium, overnight. The
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Fig. 6. Cytotoxicity of the Cu-compounds as determined by MTT analysis. Cell viability of cance
non-cancer controls (Grey lines: HASMC1 andHASMC2) in response to treatmentwith differen
Cell viability was measured using MTT assay. x-axis: concentration in μM, y-axis: cell viability
following day, serial dilutions of complexes, Cu(Sal-Gly)(pheamine),
Cu(Sal-Gly)(phepoxy) and Cu(Sal-Gly)(phen) (0.19–12.5 μM),
were freshly prepared and added to the cells. After 24 or 72 h, cell
viability was measured using MTT reagent (3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide) (Sigma, #M5655) as
described before [29] and IC50 values were extrapolated from the
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dose-response curves (Fig. 6). Sulforhodamine B (SRB) colorimetric
assay was employed to verify loss in cell viability in A-549, HCT-116
and HeLa cells, as described in [30].

2.5. DNA condensation/fragmentation analysis and immunofluorescence
staining

5 × 104 cells (HeLa and HCT-116) were seeded on 12 mm round
cover slips and incubated overnight at 37 °C in 5% CO2. Freshly prepared
Cu-complexes (12.5 or 25 μM) were added on the cells and incubated
further for 24 h. Cells were fixed in −20 °C methanol and counter
stained with DAPI for nuclear morphology as described in [31]. Images
were taken using fluorescence microscope (Leica DMI 6000). For
immunofluorescence, cells were fixed in freshly prepared 4% parafor-
maldehyde for 15 min at room temperature (RT), permeabilized in
0.3% Triton X-100/PBS (1h, RT), blocked in 0.2% gelatin (RT) and stained
with ɣH2AX (Cell Signaling, #9718S, 1:400) or 8-oxo-Guanine (EMD
Millipore, MAB3560, 1:100) antibodies overnight at 4 °C.

2.6. Plasmid DNA interaction

Plasmid DNA (100 ng, pcDNA3.1/actin-GFP, diluted in ddH2O) was
incubated with the freshly prepared Cu-complexes (12.5, 25, 50 and
100 μM) at RT for 20 h in a total reaction volume of 20 μL in ddH2O.
Linear DNA was obtained through enzymatic digestion of the plasmid
DNA with BamHI (MBI Fermentas). The changes in the migration
pattern of the plasmid DNA were analyzed on 1% agarose gels, run at
90 V for 2.5 h. DNA bands were displayed via a UV transilluminator
(UVITEC, Cambridge). Image J software was used for quantification of
the bands.

2.7. Determination of caspase 3/7 activity and Annexin-V staining

2 × 105 cells (HeLa or HCT-116) were seeded in 6-well plates and
cultured overnight. Cells were then treated with the Cu-complexes
at the IC90 concentration for 24 and 48 h. At the end of the treatment,
cells were washed with PBS, harvested by trypsinisation, and ana-
lyzed for the detection of early/late apoptosis and cell death mode
using Annexin V/Dead Cell (kit MCH100105, Millipore, Darmstadt,
Germany) and caspase 3/7 kit (MCH100108, Millipore, Darmstadt,
Germany) respectively, according to the manufacturer's instructions.
The live, dead, early and late apoptotic cells were counted with the
Muse Cell Analyzer (Millipore, Hayward, CA, USA).

2.8. Determination of changes in MMP

The percentage of cells undergoing oxidative stress and changes
in the MMP were determined by using the Muse MitoPotential
kit (MCH100110, Millipore, Darmstadt, Germany) according to the
manufacturer's instructions. In order to perform the assays, cells were
Table 1
IC50 values deducted from the cell viability curves (Fig. 6) where the viability was in the linear

Cancer cells Cancer c

24 h (μM) 72 h (μM) 24 h (μM

A549 N12.50 1.93 ± 1.56 N12.50
HCT 116 11.87 ± 0.66 1.79 ± 0.43 N12.50
HeLa 10.80 ± 1.63 3.13 ± 0.51 9.16 ± 1
MDA-MB-231 N12.50 3.60 ± 0.37 10.19 ±
SHSY5Y N12.50 1.08 ± 0.63 N12.5

Non-cancer cells Non-can

24 h (μM) 72 h (μM) 24 h (μM

HASMC1 N12.50 N12.50 N12.50
HASMC2 N12.50 N12.50 7.42 ±
seeded in 6-well plates and exposed to the Cu-complexes at the IC90

concentration for 24 and 48 h. Then, cells were washed with PBS, and
collected by trypsinization. To carry out the MitoPotential assay, cells
were incubated with the Muse MitoPotential working solution for
20 min at 37 °C. At the end of the incubation 7-AAD was added as a
dead cell marker for an additional 5 min. Cells were analyzed by using
the Muse Cell Analyzer (Millipore).

2.9. Total ROS measurement using 2′,7′–dichlorofluorescein diacetate
(DCFDA)

5 × 103 cells were seeded in 96-well plates, and incubated at 37 °C in
5% CO2. The following day, HeLa and HCT-116 cells were pretreated
with 5 μM of DCFDA (dissolved in PBS, Sigma, cat # D6883) for 2 h.
Following pretreatment, 5 μM of DCFDA and 0.20–12.50 μM of freshly
prepared complexes, Cu(Sal-Gly)(pheamine), Cu(Sal-Gly)(phepoxy),
Cu(Sal-Gly)(phen) were simultaneously added on cells. Then, plates
were read on a micro-plate fluorometer (FLx800 Bio-Tek, Vermont,
USA) using excitation and emission wavelengths of 485 and 535 nm,
respectively. The experiment was done using three biological repeats
in duplicate wells.

2.10. Measurement of GSSG/GSH

GSSG/GSH ratio was measured using Luminescence based
GSH/GSSG Glo assay kit (Promega, Madison, WI, USA) following
manufacturer's protocols with a slight modification. Briefly, HCT-
116 and HeLa cells were seeded at a density of 5 × 103 cells per well
of 96-well plate the day before drug treatment and treated with
12.5 μM of complexes for 24 h. Following treatment, medium was re-
moved and 30 μL of Total Glutathione Lysis Reagent and/or Oxidized
Glutathione Lysis Reagent was added. The plate was incubated on a
plate shaker (600 rpm, RT, 5 min). An equal volume of Luciferin
Generation Reagent was added and incubated in dark (RT, 30 min).
Lastly, 60 μL of Luciferin Detection Reagent was added (RT, 15 min).
Luminescent signal was measured using a count integration time of
1 s at luminometer (Bio-Tek, Vermont, USA). The ratio of GSSG/GSH
was calculated by (GSSG RLU ∕ 2) ∕ (GSH RLU − GSSG RLU) equation.
The experiment was replicated twice in duplicate wells.

2.11. ɣH2AX assay for the assessment of DNA damage using flow cytometry

HeLa and HCT-116 cells were exposed to the Cu-complexes at the
IC90 concentration for 12 h, were centrifuged at 300 ×g for 5 min,
washed once with PBS and fixed with the Muse Fixation Buffer, which
is a component of the Muse ɣH2AX Activation Dual Detection (kit
MCH200101, Millipore, Darmstadt, Germany) for 5 min on ice. After
fixation, cells were permeabilized by ice-cold Muse Permeabilization
Buffer and incubated on ice for 5 min. The cells were centrifuged
(300 ×g, 5 min), resuspended in 45 μL 1× Assay Buffer, and incubated
range.

ells Cancer cells

) 72 h (μM) 24 h (μM) 72 h (μM)

3.32 ± 0.40 N12.50 3.58 ± 0.67
3.84 ± 0.10 11.30 ± 0.86 3.02 ± 1.11

.38 3.21 ± 0.53 7.30 ± 0.59 1.86 ± 1.34
0.49 3.70 ± 0.37 8.14 ± 0.02 3.05 ± 0.76

1.66 ± 0.25 N12.50 0.86 ± 0.99

cer cells Non-cancer cells

) 72 h (μM) 24 h (μM) 72 h (μM)

N12.50 10.81 ± 0.65 7.17 ± 0.13
0.58 6.18 ± 0.34 6.31 ± 0.21 2.47 ± 0.32



Table 2
Significance of data. Cell viability between cancer cells and non-cancer controls was
compared following 24 or 72 h of drug exposure. The area under cell viability curves
was calculated and the statistical analysis was performed using independent samples
t-test. A p-value below 0.01 was considered to be significant.

p value
(AUC, t-test)

Cu(Sal-Gly)
(pheamine)

Cu(Sal-Gly)
(phepoxy)

Cu(Sal-Gly)
(phen)

24 h p = 0.387 p = 0.562 p = 0.484
72 h p = 0.001 p = 0.047 p = 0.018
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with the mixture of 2.5 μL of antiphospho-Histone H2AX and 2.5 μL of
anti-Histone H2AX, PECy5 (30 min, dark, at RT). At the end of the incu-
bation, cells were resuspended in 100 μL of 1× Assay Buffer, centrifuged
(300 ×g, 5min), and resuspended in 150 μL of 1×Assay Buffer. The data
were acquired on theMuse Cell Analyzer (Millipore, Hayward, CA, USA).

2.12. RNA isolation and real time qPCR

3 × 105 cells were seeded in 35 mm plates, and incubated under cell
culture conditions. The following day, 3.13 μM of freshly prepared
Cu(Sal-Gly)(pheamine) was added on the cells and incubated for 48 h.
Total RNA was isolated similarly to previously described before [32]
using Nucleospin RNAII kit (Macherey-Nagel, Germany), and was mea-
sured usingNanoDrop™ 1000 Spectrophotometer, Celbio. 1000 ng total
RNA was used for cDNA synthesis. Three housekeeping genes (GAPDH,
HPRT1, YWHAZ) were used for relative quantification of the target
genes.

3. Results and discussion

3.1. Syntheses and characterization of complexes

The CuII-complexes were prepared using a common synthetic
procedure by reaction of a stoichiometric amount of the correspond-
ing metal salt with the corresponding ligand and co-ligand. The
resulting compounds precipitated as green (or brown)microcrystalline
solids and were characterized by elemental analysis, UV–Vis,
FTIR and EPR spectroscopies, and by ESI-MS. Cu(Sal-Gly)(phen)
Control Cu(Sal-Gly)(pheamine)

Cu(Sal-Gly)(phen)Cu(Sal-Gly)(phepoxy)

Fig. 7. Change in the nuclear morphology of cells in response to Cu-complexes. HeLa cells
treated with 12.5 μM of Cu-complexes are shown in the figure. Insets indicate enlarged
views of selected cells exhibiting these features. HeLa cells displayed typical features of
apoptosis such as fragmentation and condensation. Note that the nuclei appear smaller
and more intense (condensed) and in smaller pieces (fragmented) in treated samples
with fewer cells per frame compared to untreated control.
was previously reported [19,20,24], but Cu(Sal-Gly)(pheamine)
and Cu(Sal-Gly)(phepoxy) are novel complexes.

Fig. 1 depicts the structural formulae of the compounds Cu(Sal-
Gly)(phen) (MW: 420.91), Cu(Sal-Gly)(pheamine) (MW: 435.92) and
Cu(Sal-Gly)(phepoxy) (MW: 436.91), which are under analysis in this
study. The compounds were synthesized as described in Materials
and methods section and were obtained in reasonable yields (≥60%),
all containing water molecules. The ESI-MS spectra of Cu(Sal-
Gly)(phepoxy) measured in the positive mode showed a peak at
m/z 423.18 with 100% abundance and the Cu isotopic pattern.
This peak may be assigned to the Cu-complex upon deoxygenation
of the epoxide, the heterocyclic ligand being 5,6-dihydro-1,10-
phenanthroline. For Cu(Sal-Gly)(pheamine), the most abundant
peak at m/z 453.18 was assigned to [ML1L2 + NH4]+ (theoretical:
453.08). For Cu(Sal-Gly)(phen) the most abundant peak appeared at
m/z 423.15, which was the same observed for Cu(Sal-Gly)(phepoxy).
Another one was observed at m/z 840.48 (30%) that we assign to
[2(ML1L2) + H]+ (theoretical: 841.08).

In general, the CuII and the previously reported VIVO-complexes [19]
exhibit comparable spectroscopic features, suggesting that they have
similar molecular structures. For VIVO(Sal-L-Ala)(H2O) the IR spectrum
was calculated by DFT methodologies [26] and the νasym(CO2), ν(C_N)
and νsym(CO2) stretches appeared at ca. 1640, 1600 and 1380 cm−1, re-
spectively. ν(C_C) also showed up at ca. 1600 cm−1. All three CuII-
compounds had bands at 1640–1650, 1600–1610 and 1380–1385
cm−1 that were assigned accordingly.

The isotropic electronic absorption spectra of the complexes (see
examples included in Fig. 1 in ref [30]) depict strong intraligand bands
at 230–250 and at 270–300 nm and an intense band at 375–385 nm,
frequently assigned to azomethine π–π* from the Schiff base, [26,33]
as well as weak d-d bands. TD-DFT (time-dependent density functional
theory) calculations for [VIVO(Sal-L-Ala)(H2O)] [26] allowed assign-
ment of these bands to a predominantly LMCT (ligand to metal
charge transfer) band (PhO− → V), specifically a transition from π*
(phenol) to a π V\\N bond, also spread over benzene π* and the dxz

orbital, thus we favor an equivalent assignment for the present set
of compounds.

The 1st derivative EPR spectra measured from DMSO solutions
[or MeOH for Cu(Sal-Gly)(phen)] frozen at 77 K (Fig. 2) show axial
symmetry with a more intense absorption at higher field. The spin
Hamiltonian parameters obtained by simulation of the experimental
spectra are included in the Materials and methods section.
No superhyperfine coupling with the nitrogen donors could be
observed, due to the low bandwidth resolution, which is common
in solvents with high viscosity such as DMSO.

Peisach and Blumberg compiled experimental gz and Az values ob-
tained from a wide range of model CuII-compounds and constructed a
gz/Az plot [34]. This representation allowed the establishment of corre-
lations between geometry, donor group and experimental gz and Az

data obtained from EPR spectra. Sakaguchi and Addison [35] published
an updated version of this plot, and introduced another empirical
relation known as the tetrahedral distortion index, which is obtained
by dividing gz for Az (in cm−1). Values ranging from 100 to 135 cm in-
dicate a square-planar geometry withminimal distortion and the larger
this index, the greater the extent of the tetrahedral distortion. For the
present complexes the representation of the (gz, Az) data in the gz/Az

plot fall between the values typical of N2O2 and O4 binding sets,
and the gz/Az values are 136, 134 and 128 for Cu(Sal-Gly)(phen),
Cu(Sal-Gly)(pheamine) and Cu(Sal-Gly)(phepoxy), respectively. This
suggests that the N3O2 (or N3O3, if a water molecule is also coordinated
to the CuII-center) probably corresponds to a square-pyramidal (or
elongated octahedral, if H2O is coordinated) geometry, with relatively
weakly bound axial donor atom(s).

To evaluate the stability of the complexes in organic solvents EPR
spectra were recorded with time. Spectra are included in Fig. 2 in ref
[30], and show that all CuII-complexes are reasonably stable since only
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Fig. 8. Cu-complexes induce apoptosis in HeLa cells as determined by Annexin V/PI staining. HeLa cells were treated with the Cu-complexes and were stained with Annexin V/dead cell
marker and countedwith a flowcytometer as described inMaterials andmethods. Representative plots for HeLa cells following 24h drug exposure are shown in thefigure (A). The graphs
represent averages from2 independent experiments from24 h of exposure (left graph) and 48h of exposure (right graph), where 10,000 cellswere scored (B). x-axis: % cells, y-axis: name
of the drug, NC: negative control, mock treated cells.
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a small decrease with time is observed in the intensity of the EPR
spectra. The stability of the complexes in PBS (pH 7.4, containing ca.
1% DMSO) was also evaluated by UV–Vis isotropic absorption. Data
show reasonable stability for the CuII-compounds derived from phen
and phepoxy for at least 1 h, since only minor changes are observed in
the spectra within this time frame (Fig. S3). For Cu(Sal-Gly)(pheamine)
slightly more significant changes were observed in the 250–290 nm
range and isosbestic points are detected.

3.2. DNA binding experiments

3.2.1. Competitive binding studies
Competitive binding of drugs to DNA provides information regard-

ing the DNA binding affinity. Ethidium bromide (EB) is widely used in
competitive binding studies involving DNA to probe binding by interca-
lation. The enhancement of EB fluorescence through binding to dsDNA
is ca. 20-fold and varies with base pair's sequence. Thiazole orange
(TO) exhibits a different excitation and emission fluorescence (509
and 527 nm, respectively) and displays a higher, less sequence depen-
dent affinity for DNA, generating a higher fluorescence enhancement
upon binding to duplex DNA (50–2000 vs 20-fold for EB) [36].
For these reasons, as well as the higher toxicity of EB, TO was
chosen as the intercalator in the fluorescence competition titrations.
The study started by evaluating the best DNA:TO ratio to maximize
the TO fluorescence emission, which under the experimental
conditions - TRIS buffer 0.10 M, pH 7.4, 2.5 μM CT-DNA – was a
ratio TO:DNA = 0.8.

All studied complexes showed very low intensity fluorescence
when excited at 509 nm, and the corresponding fluorescence spectra
were subtracted from the DNA-TO-CuL spectra. Fig. 3 shows fluores-
cence emission spectra measured for the three systems containing
TO:DNA = 0.8, by addition of increasing amounts of each complex,
indicated in the caption. In all cases, fluorescence quenching was
observed – ca. 35, 85 and 62% – for the Cu-complexes containing
phen, pheamine and phepoxy, respectively, indicating that they were
able to compete with TO for the same binding sites, or interact with
DNA at different sites.

The quenching data was analyzed with the Stern–Volmer equation,

I0=I ¼ KSV Q½ � þ 1

where I0 is the emission intensity in the absence of the quencher, I is the
emission intensity in the presence of the quencher, KSV is the quenching
Stern-Volmer constant, and [Q] is quencher concentration. The KSV

value is obtained as the slope from the plot of I0/I versus [Q]. The
Stern-Volmer plots obtained after correction for inner filter effects
and reabsorption [27,28] are shown in Fig. 3. The KSV constants
obtained were: 4.6 × 105 and 7.7 × 105 M−1 for Cu(Sal-Gly)(phen)
and Cu(Sal-Gly)(pheamine), respectively, and 7.1 × 104 M−1, one
order of magnitude lower, for Cu(Sal-Gly)(phepoxy).
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Fig. 9. Induction of caspase 3/7 activity in response to Cu-complexes. HeLa cells were treated with the Cu-complexes and were stained using caspase 3/7 kit and counted with a flow
cytometer as described in Materials and methods. Representative plots for HeLa cells following 48 h drug exposure are shown in the figure (A). The graphs represent averages from
2 independent experiments from24h of exposure (left graph) and 48 h of exposure (right graph),where 10,000 cellswere scored (B). x-axis: % cells, y-axis: nameof thedrug, NC: negative
control, mock treated cells.
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The binding constant (Kapp) values can be obtained using the
following equation:

KTO TO½ � ¼ Kapp Q½ �

in which the quencher concentration [Q] has the value at 50% reduction
of the fluorescence intensity, KTO = 1.9 × 106 M−1 [37] and [TO] is the
TO concentration used in each assay (ca. 2.0 μM). Since in the system
with Cu(Sal-Gly)(phen) the fluorescence quenching saturated at ca.
35%, the [Q] at 50% quenching was extrapolated. The following values
were obtained for the binding constants: ~1.7 × 106, 2.4(8) × 106 and
3.2(3) × 105 M−1, for Cu(Sal-Gly)(phen), Cu(Sal-Gly)(pheamine) and
Cu(Sal-Gly)(phepoxy), respectively. We can conclude that the phen
and pheamine complexes have similar affinity for CT-DNA, with the
presence of the amino group enhancing the affinity in Cu(Sal-
Gly)(pheamine), possibly due to electrostatic and hydrogen bonding in-
teractions between the charged amino group (NH3+) and phosphate
(and sugar) moieties of DNA. The complex with phepoxy as co-ligand
shows much lower affinity.

3.2.2. Circular dichroism (CD) binding studies
DNA is chiral due to the chiral sugars and sugar–phosphate

backbone, and thus, produces a characteristic CD spectrum in the
200–300 nm range. Changes in this spectral region are useful to
detect DNA conformational changes, damage and/or cleavage. Even for
non-chiral complexes, their association with the right-handed DNA
helix, besides possibly affecting the 3D arrangement of the CT-DNA
helix, thus its CD spectrum, may also give rise to induced CD spectra
(ICD) in the range where the complexes present absorption bands.
CT-DNA in PBS buffer showed a spectrum characteristic for right-
handed B-form consisting of a positive band centered at ~275 nm,
mainly due to base stacking and a negative band at ~245 nm, a result
of right-handed helicity [38].

Fig. 4 shows the CD spectra measured for solutions containing ca.
50–60 μM of CT-DNA and different amounts of the Cu-complexes.
Addition of the complexes changed quite significantly both the intensity
and the shape of the DNA UV-bands, and thus we can definitely infer
that these compounds are able to interact with CT-DNA. Since DMSO
was used to dissolve the complexes, its effect on DNA was also evaluat-
ed. Upon observation of Fig. 3 in ref [30], it can be concluded that DMSO
affects the band up to ~245 nm even for 2.5% v/v, but not much the
bands for λ N 250 nm; this is why the spectra depicted in Fig. 4 were
cut at 250 nm. However, even with 7% v/v DMSO only minor changes
were observed in the ~275 nm positive band. Nonetheless, the %
DMSO in the studies was always kept below 5%, and considerations
will be made only from effects observed above 250 nm.

Fig. 4 depicts the changes observed in the positive band, which is
mainly due to base stacking in CT-DNA. From the data presented, we
can speculate that the changes observed in the CD spectra for the com-
plexes containing phen and phepoxy ligands are rather similar: above



A Cu(Sal-Gly)(phen)Control Cu(Sal-Gly)(pheamine) Cu(Sal-Gly)(phepoxy)

B

Fig. 10. Change in MMP in response to Cu-complexes. HeLa cells were treated with the Cu-complexes and were stained using MitoPotential kit and counted with a flow cytometer as
described in Materials and methods. Representative plots for HeLa cells following 48 h drug exposure are shown in the figure (A). The graphs represent averages from 2 independent
experiments from 24 h of exposure (left graph) and 48 h of exposure (right graph), where 10,000 cells were scored (B). x-axis: % cells, y-axis: name of the drug, NC: negative control,
mock treated cells.
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the ratio [Cu]/[DNA] of ~0.5 the positive bands loose intensity, while for
the pheamine complex the intensity of this band increases steadily. This
indicates that the interaction of Cu(Sal-Gly)(pheamine) with CT-DNA is
much stronger; probably the amino moiety is partly protonated this
allowing a stronger interaction with the phosphate groups of DNA and
also with the chiral sugar moieties.

In order to get further insight into the changes occurring in the
systems and taking into consideration: i) the presence of isodichroic
points in some systems and ii) the fact that the measured CD spectrum
is the weighted sum of the spectrum of each individual chiral species in
solution, the ICD spectra were evaluated by subtraction of the DNA
spectrum, since in solution we may have the chiral DNA, and one or
more chiral DNA-copper adducts. The resulting ICD spectra are depicted
in Fig. 4.

Interpretation of the data is not straightforward; however, a few
considerations can be made. In the Cu(Sal-Gly)(phepoxy) system
(Fig. 4H) only one species seemed to be present up to a ratio of
Cu:DNA of 2:1, since only one negative signal centered at ca. 270 nm
is observed.

In the Cu(Sal-Gly)(phen) system (Fig. 4F), a similar band was ob-
served, however, another chiral species may be contributing to the
total CD signal since there were isodichroic points (between 290 and
300 nm) and other bands present. A total of 3 bands could be observed.
The spectrumwith ratio Complex:DNA=0.5 showed bands at 266 (−),
282 (+) and 299 (+) nm. Increasing the amount of the Cu-complex:
i) increased the intensity of the 266 nm (−) band that shifted to
273 nm; decreased the intensity and shifted the maximum of the
282 nm band to 290 nm; iii) the band at 299 slightly increased in inten-
sity. Globally, the magnitude of the ICD bands was similar in both the
Cu(Sal-Gly)(phen) and Cu(Sal-Gly)(phepoxy) systems.

The ICD bands observed in the system containing Cu(Sal-
Gly)(pheamine) (Fig. 4G) was considerably different from those
for the other two complexes, both in form and magnitude. It has
been reported that intercalators generally exhibit small ICD signals
(b10 M−1 cm−1), with larger ICD signals being indicative of
groove-binding interactions [38]. As mentioned above, the presence
of the amino group (a significant fraction of it as NH3

+) in the
phenanthroline ligand allows the involvement of this group in elec-
trostatic interactions with negatively-charged phosphate groups.
Hydrogen bonds with other moieties, e.g. sugar OH groups, may
also be relevant. Therefore the binding may involve grove binding
and/or hydrogen bonding. Nonetheless, intercalation cannot be ex-
cluded and probably several types of binding are involved, resulting
in higher binding affinity for this complex when compared to the
others, as was observed in the fluorescence competition studies.

3.2.3. UV–Vis isotropic absorption spectral studies
Attempts were made to determine DNA binding constants from

UV–Vis absorption titrations, however, the small changes occurring
with time in the complexes' solutions diluted in buffer precluded the
use of this technique for this purpose. Nonetheless, qualitative observa-
tions can be made (Fig. 4 in Ref. [30]): i) a faster decrease in the
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Fig. 11. Increase in ROS in response to Cu-complexes. (A) Cells were pretreated with DCFDA with the indicated doses of Cu-complexes for 6–72 h and ROS was measured as described
in Materials and methods. Averages from at least three replicates from HeLa cells are shown in the graphs. y-axis: fold increase in DCFDA staining of cells relative to untreated controls,
x-axis: concentration of Cu-complexes (μM). Asterisks denote significant change compared to untreated controls (Paired samples t-test, p b 0.05). (*: Cu(Sal-Gly)(pheamine),
**: Cu(Sal-Gly)(phepoxy), ***: Cu(Sal-Gly)(phen).) (B) HeLa cells were treated with 12.5 μM of the Cu-complexes and lysed 24 h post-incubation. The cellular GSSG/GSH
(oxidized/reduced forms of glutathione) levels were measured, and a significant increase in oxidation was observed with all three Cu-complexes. Significance is indicated by
asterisks (Paired samples t-test, p b 0.05).
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absorbance values at 267 nm for solutions containing Cu(Sal-
Gly)(phen) and CT-DNA 1:1 can be observed,when compared to the so-
lution containing the complex alone (ca. ~5%decrease vs. 8.5%); ii) a de-
crease in the intensity of the intraligand bands at 256 and 278 nmwhen
increasing amounts of DNA are added to a solution containing Cu(Sal-
Gly)(pheamine) and iii) a small decrease in the intensity of the
band at 273 nm upon addition of CT-DNA to Cu(Sal-Gly)(phepoxy).
All these observations are consistent with the binding of the
complexes to DNA.

3.2.4. DNA cleavage activity
In order to test the interaction of the complexes with DNA, 12.5, 25,

50 or 100 μM of the compounds were incubated with plasmid DNA
(pcDNA3.1 actin) for 16 h, and the plasmid DNA was run on agarose
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Fig. 12. Oxidative DNA damage in response to Cu-complexes as determined by 8-oxo-G
staining. HeLa cells were treated with the 12.5 μM of Cu-complexes for 24 h and were
stained for DNA (blue) and 8-oxo-guanine (red), the most common lesion in response
to oxidative stress. 8-oxo-G stainingwas increased upon treatmentwith all Cu-complexes.
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gels (Fig. 5A). Linear form was visualized by enzymatic digestion
(BamHI) of the plasmid DNA. As expected, uncut plasmid (last lane)
showed three major bands, representing the supercoiled, linear and
relaxed (plasmid DNA nicked on a single strand) forms of DNA. The
intensity of the bands was quantified from the gel images and the
analysis showed that increasing doses of all three compounds lead to
disappearance of the supercoiled band and a subsequent increase in
the relaxed form (Fig. 5B). The difference was most pronounced with
Cu(Sal-Gly)(pheamine), where both the linear and supercoiled bands
were lost at the highest concentration. This result suggests that the
complexes induce DNA breaks, which were mostly single stranded as
shown by relaxation of the supercoiled form.When two single stranded
breaks (SSB) were close together, they probably led to a double
stranded break (DSB), hence disappearance of the linear and even
relaxed forms due to shearing of DNA as seen in the lane of 100 μM
treatment of Cu(Sal-Gly)(pheamine).

3.3. Cytotoxicity of the complexes

The potency of the compounds was investigated on various cancer
cell lines of different origins such as lung (A-549), colon (HCT-116),
breast (MDA-MB-231), cervix (HeLa), and neural tissue (SH-SY5Y) in
comparison to non-cancer controls (HASMC1 and HASMC2). Cells
were exposed to 0–12.5 μM of the complexes for 24 h or 72 h, and cell
viability was determined using MTT assay, a colorimetric assay based
on metabolic activity (Fig. 6). The cytotoxicity was confirmed using
another method on a subset of cancer cell lines (A-549, HCT-116 and
HeLa) using SRB analysis, which measures cellular protein content to
evaluate viability (Fig. 5 in Ref. [30]). Our results indicate that all three
compounds were cytotoxic on all cell lines tested, and the effect was
more pronounced by 72 h compared to 24 h (Fig. 6, top panel versus
bottom panel). The half maximal effective doses were determined
from the dose response curves, and the IC50 values were calculated
(Table 1). In order to assess specificity towards cancer cells, cell viability
between cancer cells and non-cancer controls was compared via area
under curve analysis (Table 2). Area under curve was selected as some
of the calculated IC50 values were above the highest tested concentra-
tion (12.5 μM). Interestingly, while all compoundswere effective in kill-
ing cancer cells, Cu(Sal-Gly)(pheamine) was significantly more potent
on cancer cells (independent samples t-test, p b 0.01). As specificity is
one of the foremost properties expected from an ideal anticancer
drug, Cu(Sal-Gly)(pheamine) appears to be the most promising
compound among the derivatives reported here.

3.4. Mode of cell death

3.4.1. Nuclear morphology
One of the first steps in investigating the cytotoxic activity of novel

complexes involves determination of themean of cell death, and under-
standing whether the process occurs through programmed pathways.
Hence, a series of experiments were set to thoroughly assess how the
cells die in response to these Cu-complexes. HeLa cells were treated
with 12.5 μM of Cu(Sal-Gly)(pheamine), Cu(Sal-Gly)(phepoxy) or
Cu(Sal-Gly)(phen), and the chromosomal morphology was examined.
In accordance with our cell viability analysis, there was a great reduc-
tion in the number of cells per field after exposure to all drugs (Fig. 7).
The results were replicated in HCT-116 cells (Fig. 6 in ref [30]). Further-
more, typical characteristics of apoptosis, signified by pyknotic and
fragmented nuclei were observed, indicating apoptosis as the mean of
cell death (Fig. 7, Fig. 6 insets in ref [30]).

3.4.2. Annexin V/7-AAD analysis
Annexin V is awell-establishedmarker to investigate apoptosis even

at early stages [39]. Flow cytometry analysis of HeLa cells stained with
Annexin V/7-AAD revealed an increase in phosphatidylserine external-
ization both after 24 h and 48 h, with all drugs under investigation
(Fig. 8). The increase was most evident following treatment with
Cu(Sal-Gly)(phen), and least for Cu(Sal-Gly)(pheamine) exposure
after 24 h, which were further elevated at 48 h (Fig. 8B). Therefore,
cells responded differently to Cu(Sal-Gly)(pheamine) both in terms
of time and level of increase in Annexin V, potentially allowing an
explanation for the specificity of Cu(Sal-Gly)(pheamine).

For all drugs under investigation, Annexin V positive cells were
mostly in the late apoptotic quadrant, which could imply that the time
for early apoptosismight have beenmissed by 24h. However, this result
did not change even when earlier time points were taken (data not
shown). Hence, it appears that cells quickly proceeded to later stages
of apoptosis, leading to only a slight increase in the early apoptotic
quadrant and a larger elevation in the late apoptotic cells. Similar results
were obtained when another cell line (HCT-116) was used to confirm
these findings (Fig. 7 in ref [30]).

3.4.3. Caspase 3/7 activity
Oneof the essential steps during apoptosis is activation of execution-

er caspases [40,41]. Hence, caspase 3/7 activity wasmonitored 24 h and
48 h following drug exposure, and analyzed via flow cytometry (Fig. 9).
The activity was examined in combination with a dead cell dye (7AAD)
that provided information on membrane integrity, distinguishing cells
that are apoptotic/live and apoptotic/dead (Fig. 9A, bottom right and
top right quadrants). Elevated levels of caspase 3/7 activity were
observed in response to exposure to all three complexes, once again
with highest increase after treatment with Cu(Sal-Gly)(phen) and low-
est with Cu(Sal-Gly)(pheamine) (Fig. 9B). The results were repeated in
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HCT-116 cells with similar outcomes (Fig. 8 in ref [30]). Therefore, our
data support apoptotic pathways that are dependent on caspase
activity.

3.4.4. Mitochondrial membrane potential (MMP)
Depolarization of themitochondrial membrane is considered as one

of the initial and irreversible steps during the process of apoptosis, albeit
not necessarily obligate for apoptosis induction to occur [42]. In order to
investigate if apoptosis induced by our CuII-complexes involved disrup-
tion of mitochondrial membrane integrity, MMP was monitored via
flow cytometry in combination with a live/dead cell marker. Hence,
four populations of cells were counted as live, depolarized/live,
depolarized/dead, and dead cells (Fig. 10A, Fig. 9A in ref [30]).
Consistent with our previous observations, we detected loss of MMP
with all three compounds suggesting apoptotic pathways. While the
shift from live cells was mostly to depolarized/live population in
response to Cu(Sal-Gly)(pheamine) (Fig. 10B, Fig. 9 in ref [30]), the
shift was towards the depolarized/dead by 24 h, and then towards the
dead population following treatment with Cu(Sal-Gly)(phepoxy) and
Cu(Sal-Gly)(phen). Hence, the degree of the molecular changes
that occur in response to Cu(Sal-Gly)(pheamine) seemed to be milder
than with the other derivatives, which could explain specificity for
cancer cells. Interestingly, despite the lowest level of increase in
Annexin V, caspase activity and MMP; cell death was similar in
comparison to other derivatives (Fig. 11 and Table 2), which could
indicate other forms of cell death in addition to apoptosis following
Cu(Sal-Gly)(pheamine) treatment.

3.5. Oxidative DNA damage

Manymetal based compounds depend on their redox chemistry and
their ability to activate oxygen to induce DNA damage/cleavage [43].
In order to assess the oxidative stress in cells in response to the present
Cu-complexes, radical formation was quantitatively measured using
DCFDA, a well-characterized agent for the detection of ROS in cell
populations. Both HeLa and HCT-116 cells showed an increase in
intracellular ROS formation in a dose dependent manner following
treatment with all three drugs compared to vehicle treated controls
(Fig. 11A, Fig. 10A in ref [30]) (Paired samples t-test, p b 0.05 at indicat-
ed doses). The increase in ROS started as early as 6 h after treatment and
was detectable throughout the treatment at all timepoints tested (6, 12,
24, 48, 72 h). Hence, it appears that the Cu-complexes under investiga-
tion may induce oxidative stress in cells. The increase in ROS was the
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most evident following Cu(Sal-Gly)(pheamine) in both cell lines tested.
Therefore, Cu(Sal-Gly)(pheamine) appears to act differently from
the other derivatives, which is another property that may help in
understanding the observed specificity.

To assess the cellular effects of ROS overproduction, we examined
oxidation of glutathione (GSH), which prevents cell damage caused by
ROS through generation of GSSG. Upon exposure to elevated oxidative
stress, cells accumulate GSSG and the ratio of GSSG to GSH increases.
Only one time point (24 h) and concentration (12.5 μM) was selected
for this analysis. As expected, GSSG/GSH ratio was significantly
increased upon exposure to all Cu-complexes compared to vehicle
treated controls in both HeLa (Fig. 11B) and HCT-116 cells (Fig. 10B in
ref [30]) (Paired samples t-test, p b 0.05 where indicated by the
asterisks). The degree of increase was different in the two cell lines
probably reflecting differences in their genetic background. This result
further supported our previous finding for increased oxidative stress
in response to Cu-complexes.

As DNA is sensitive to oxidation, the possible damage on DNA by
these complexes was tested via staining for 8-oxo-guanine, which is
the most abundant lesion due to determine the extent of cellular
oxidative stress [44]. There is a clear induction in the fluorescence
intensity following all drug treatments in both HeLa and HCT-116 cells
(Fig. 12 and Fig. 11 in ref [30]). Hence, all three complexes induced
formation of ROS, which possibly triggered DNA oxidation. The damage
might be mediated by diffusible species and oxidative chemistry at a
distance, by specific and tight non-covalent interactions of the
Cu-complexes with the DNA, or by formation of DNA adducts of the
Cu-complexes [43]. Indeed, the present studies may grant the base for
further experiments to test which of these mechanisms take place in
the Cu-induced DNA lesions in cells (Fig. 12).

3.6. Double stranded DNA breaks in response to drug treatment

Our in vitro plasmid ligation assay provides preliminary information
on how the complexes might be interacting with DNA; and the com-
plexes appear to induce SSBs, which may eventually lead to DSBs, if
the nicks are close enough (Fig. 5). To test this hypothesis in cell culture,
both HeLa and HCT-116 cells were treated with the Cu-complexes, and
stained for ɣH2AX, which is a sensitive and well-established marker to
evaluate formation of DSBs [45]. All complexes activated H2AX
phosphorylation, although the percentage in the increase for ɣH2AX
expression varied (Fig. 13, Fig. 12 in ref [30]). The expression was
quantitatively evaluated using flow cytometry (Fig. 13A, Fig. 12A in ref
[30]), and also qualitatively through immunofluorescence microscopy
(Fig. 13B, Fig. 12B in ref [30]) in line with each other in both cell lines.
Therefore, all three complexes appeared to induce DSBs in cell culture,
which might have been due to increased oxidative species.

3.7. Role of p53 in drug induced cell death

As p53 is considered to be the guardian of the genome, wewished to
determine if the p53 status of the cells had any effect on the cytotoxicity
of the compounds. For this purpose, we used HeLa cells, which have
wild type p53 ([46], RIKEN Biosource Center DNA Bank, and our own
observations), and three clones of HeLa cells that were stably
transfected with a lentiviral shRNA towards p53. The efficiency of
knockdown in the clones used in this study is shown in Fig. 14A
(independent samples t-test, p=0.000 between thep53+and silenced
cells for all clones). Our results showed that cell viability was similar in
HeLa cells irrespective of their p53 status in response to all three
complexes after 72 h of drug exposure (Fig. 14B). This result indicated
that the pathways in response to these compounds either did not
involve p53 mediated cell death, or that other pathways may become
activated to compensate for the absence of p53 to induce cell death.
Hence, the complexes appear to be equally effective in p53 deficient
cancers. As p53 is mutated in approximately 50% of the cancers [47],
the Cu-complexes used in this study are expected to be potent even in
the p53 deficient cancer cells.

3.8. Molecular changes triggered by drug exposure

Compared to platinum compounds, not much is known about
the molecular basis of the mechanism of action on Cu-complexes.
Non-platinum active compounds are likely to exert a different mecha-
nism of action, which may make them potential drugs in poor chemo-
sensitive or resistant human cancers, and display broader spectrum
[9]. Based on current literature, Cu-complexes can exert their cytotoxic
effect through DNA damage [3,48,49], via inhibition of topoisomerases
[50–52] or inhibition of the proteasome pathway [7,53,54]. Since our
observations indicated oxidative stress induced DNA damage as the
mechanism of action, and apoptosis as themode of cell death, we devel-
oped a custom RT-qPCR array consisting of 80 genes, which cover DNA
damage response pathway, oxidative stress genes as well as apoptotic
genes to be able to understand which molecules were active during
drug induced cell death. Cu(Sal-Gly)(pheamine) was selected for
further investigation, as among the present Cu-complexes under evalu-
ation, it is the most specific towards cancer cells (t-test, p b 0.01). HeLa
cells were treated with 3.13 μM of Cu(Sal-Gly)(pheamine) for 48 h and
total RNA was isolated. The dose and time point was selected based on
visual inspection of cells in combination with cell viability analysis,
where the cells were affected but not dead. The array was run in
duplicate using two different extracts and genes that showed
significant N1.5-fold up/down regulation were re-tested in a third
extract. The arithmetic average of three housekeeping genes (YWHAZ,
HPRT andGAPDH)was used for normalization. The average fold change,
standard deviations and p-values are given in Table 1 in ref [30].
Our analysis revealed that only one out of 80 genes (Harakiri) was
upregulated consistently and significantly (Paired samples t-test, p =
0.000). The expression was reevaluated using 6.25 μM drug treatment,
and it was found to be further elevated, suggesting that the increase
was dose dependent (Fig. 15, Paired samples t-test, p = 0.012). As
Harakiri has been shown to induce cell death through its interactions
and inhibition of Bcl-2 and Bcl-XL [55], the intrinsic apoptotic pathways
seem to be activated in response to Cu(Sal-Gly)(pheamine).

4. Conclusions

Three copper(II) mixed-ligand complexes, Cu(Sal-Gly)(phen),
Cu(Sal-Gly)(pheamine) and Cu(Sal-Gly)(phepoxy), containing the
Schiff-base derived from the reaction of salicylaldehyde and glycine as
one of the ligands and 1,10-phenanthroline and derivatives as
co-ligand are synthesized and characterized. The compounds are
isolated as green/brown solids, also containing water molecules; their
spectroscopic properties suggest they correspond to N3O2 (or N3O3, if
a water molecule is coordinated) binding sets with slightly distorted
square-pyramidal (or elongated octahedral, if a water molecule is
coordinated) geometry.

All compounds interact with CT-DNA, this being clearly shown by
circular dichroism and fluorimetric measurements. From fluorimetry
the binding constants were evaluated as ~1.7 × 106, 2.5 × 106 and
3.2 × 105 M−1, for Cu(Sal-Gly)(phen), Cu(Sal-Gly)(pheamine) and
Cu(Sal-Gly)(phepoxy), respectively. CD spectra in the range 250–
350 nm depict significant changes as the Cu/DNAmolar ratios increase,
particularly in the case of Cu(Sal-Gly)(pheamine), possibly because in
this complex the presence of the NH3

+ in the pheamine co-ligand allows
additional interactions with the phosphate and sugar (chiral) moieties.

Besides binding to CT-DNA, the three Cu-compounds studied induce
DNAdamage as determined by cleavage of supercoiledDNA in vitro and
induction of 8-oxo-guanidine and ɣH2AX staining in cells. The com-
plexes also induced ROS in cells, which are likely to be responsible for
the observed DNA damage, which may eventually lead to cell death.
While all three complexes were cytotoxic, especially after 72 h, one of
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the compounds, Cu(Sal-Gly)(pheamine), showed specificity towards
cancer cells. Our analysis also showed that phenotypes associated
with Cu(Sal-Gly)(pheamine) were slightly different from the other
two compounds under analysis, such as the time required to induce
phosphatidylserine translocation (Annexin V staining), caspase 3/7
activity or mitochondrial membrane depolarization (compare
induction between 24 h and 48 h) and the level of induction for
these parameters. In all cases, Cu(Sal-Gly)(pheamine) showed the
mildest phenotypes while retaining similar levels of cell death.
Perhaps, the damage induced by Cu(Sal-Gly)(pheamine) can be
tolerated by normal cells, yet is enough to kill cancer cells, potential-
ly explaining the specificity of this compound. In order to ameliorate
cancer cell specificity, we are currently investigating the use of
nanocarrier systems for the controlled and targeted delivery of this
compound to cancer cells.

Since Cu(Sal-Gly)(pheamine) was the most specific complex, it was
further tested for molecular changes in response to drug treatment
using a customdesigned RT-qPCR array, where potential genes involved
in oxidative stress, DNA damage or apoptosis were studied. Only one
gene, Harakiri, which is an activator of apoptosis, was found tobeupreg-
ulated (N1.5-fold) significantly in response to Cu(Sal-Gly)(pheamine).
As Harakiri is a part of intrinsic apoptotic pathway [55], this finding is
well in accordance with DNA damage induced cell death response.
Interestingly, although there was a drastic increase in caspase 3/7
activity in response to treatment with Cu(Sal-Gly)(pheamine), there
was no significant increase in themRNA expression. Hence, the increase
in activity appears to be post-transcriptionally, indicating a more rapid
response such as through cleavage of caspase 3 and/or 7. Consistent
with p53 independent cell death, there was no significant difference
in themRNA expression of p53. Indeed, we cannot exclude the possibil-
ity that p53 might still be involved in Cu(Sal-Gly)(pheamine) induced
cell death through post-transcriptional events such as oligomerization
or other post translational modifications; and that its absence could be
tolerated by redundant proteins.

Copper being an essential element, CuII-compounds are expectedly
less toxic than those based on metals such as Pt. Thus, globally the
presently studied complexes may be considered potentially useful
anticancer agents with activity in cancer cells even with deficient
p53 status.
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