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Antiproliferative activity of a series of copper(II)
complexes derived from a furan-containing
N-acylhydrazone: monomers, dimers, charge
status, and cell mechanistic studies on triple
negative breast cancer cells†
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In this work, we evaluated the anticancer activity of compounds 1 (mononuclear) and 2 (dinuclear)

copper(II) coordination compounds derived from the ligand 5-methylsalicylaldehyde 2-furoyl hydrazone

(H2L) over MDA-MB-231 Triple-negative breast cancer (TNBC) cells, and compared their activities with

that of a newly synthesized, protonated, dinuclear analogue of 2 (complex 3). Here, we report the syn-

thesis of compound 3 and it has been characterized in the solid state (X-ray diffraction, FTIR) and in solu-

tion (EPR, UV-Vis, ESI) as well as its electrochemical profile. Complexes 1–3 impaired cell viability from

0.5 to 2.5 µM, with IC50 values around 1.25 µM for complexes 2 and 3 and a slightly higher value of

2.0 µM for the monomer 1. It is important to highlight that the three compounds are more active than cis-

platin (CDDP), by a factor of 100 in the case of 2 and 3. Our results indicate that the protonation status of

the amide group in H2L plays an important role in the stability of the dimer, being compound 2 (amide-

deprotonated) fairly stable in solution so we decided to continue the study of mechanism of action using

this compound. Complex 2 increases the ROS production and induces cell programmed death on TNBC

cells at very low micromolar concentrations (0.5–1.5 µM). Moreover, the compound decreased the

amount of breast CSCs on MDA-MB-231 cells reducing the percentage of CD44+/CD24−/low cells at 1

and 1.5 µM.

Introduction

Breast cancer is one of the most common malignancies in
women, with a projected 2.3 million cases by 2030.1 One of the
most aggressive types is TNBC, which accounts for around
15% of cases and is associated with a poor prognosis and the
chemotherapy commonly used to treat it shows severe side
effects.2 Thus, different groups around the world focused their
efforts to develop different approaches using new therapeutic
agents to improve and optimize the treatment.3

Transition metal complexes are a new class of antitumor
agents broadly used in the treatment of several solid tumors
including ovarian, breast, colorectal, bone, liver, and lung.4–6

Within the non-platinum-based compounds,7,8 copper com-
plexes have demonstrated promising anticancer activity tested
in several experimental models,9–15 both in vitro and in vivo.
Moreover, the anti-angiogenic and anti-metastatic properties
of copper(II) complexes have been reported.16 It is important to
highlight that different copper complexes are active despite
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their ligands not showing a substantial cytotoxicity, evidencing
the central role of the metal ion itself in the antitumor
activity.17,18 Besides, hydrazones and, more specifically,
N-acylhydrazones and their metal complexes have attracted a
remarkable interest due to their potential pharmacological
activities.19–21 In this context, our groups designed, synthe-
tized and tested several mono- and dinuclear copper(II)-N-acyl-
hydrazone complexes with antiproliferative activity on several
solid tumor lines, including TNBC cells.22–27

As part of our broader study on the interaction of transition
metals with hydrazones, we have recently published a mono-
nuclear (1) and a dinuclear (2) copper(II) coordination
compounds derived from the ligand 5-methylsalicylaldehyde
2-furoyl hydrazone (H2L).

28 Complex 2 is a deprotonated,
electrically neutral dimer of 1. In this work, we assessed the
antiproliferative profile of compounds 1 and 2 over
MDA-MB-231 TNBC cells, and compared their activities with
that of a newly synthesized, protonated, dinuclear analogue of
2 (complex 3). Besides being positively charged in solution, 3
is also, in fact, a more accurate dimer of hydrolyzed (chloride
ligand lost) compound 1, in the sense that the hydrazone in
both species presents the same protonation status. The
expected forms in freshly prepared DMF solutions of com-
plexes 1, 2 and 3 are depicted in Scheme 1. However, solvolysis
can quickly modify the structures of 1 and 3, as discussed in
the Results section, generating a common derivative. A com-
plete experimental characterization of 3, including single-
crystal X-ray diffraction, was performed. FTIR, EPR, electronic
absorption spectra and ESI-MS(+) were measured, as well as
the electric conductivity and electrochemical profile. As for the
previously reported compounds, the interactions of 3 with HSA
were studied too.

Working with this structurally-related set of complexes
allowed us to get a glimpse of the effect of dimerization and
net charge in the anticancer activity. Moreover, we have investi-
gated and report herein, for the first time, the mechanism of
action of 2, the most stable of the complexes considered, on
MDA-MB-231 cells. Our research was focused on the role of

oxidative stress and its effects on apoptosis. Furthermore, we
studied the inhibition effect of the compound toward breast
cancer stem cells (BCSCs).

Results and discussion
Single-crystal X-ray diffractions study

As in the case of ligand H2L, and complexes 1 and 2, the new
coordination compound specifically synthesized for this work,
3, was characterized crystallographically.

Table 1 lists the crystallographic details for 3. The crystal
structure investigation of this complex indicates that it crystal-
lizes in the triclinic system, space group P1̄, with two asym-
metric units formed by one partially deprotonated (HL−)
hydrazonic ligand, one nitrate ion, one cupric center and a
water molecule (Fig. 1a) per unit cell. Asymmetric units are
arranged into dimeric structures (Fig. 1b), for which Table 2

Scheme 1 Chemical structures of the mononuclear compound 1 and its deprotonated (neutral) and protonated (cationic) di-μ-phenoxo dimeric
forms 2 and 3, respectively, as characterized in fresh DMF solutions. Copper(II) centres are highlighted in blue colour and the acidic amido hydrogen
of the hydrazone, in red.

Table 1 Crystal data and refinement parameters for the dimeric copper
(II) complex 3

Formula of the monomer C26H26N6O14Cu2
Mr/g mol−1 773.60
Crystal system, space group Triclinic, P1̄
Temperature/K 298
a/Å 7.1609(1)
b/Å 10.7439(2)
c/Å 11.0077(3)
α/° 61.876(3)
β/° 84.989(2)
γ/° 81.589(2)
V/Å3 1774.5(2)
Z 2
Radiation type Cu Kα
µ/mm−1 2.516
Crystal size/mm 0.03 × 0.07 × 0.19
Measured/independent reflections 30 781/3153
Observed reflections/Rint 2937/0.0630
Parameters 222
Robs, Rall 0.0659, 0.0684
wRabs, wRall, S 0.2277, 0.2287, 1.157
Δρmax, Δρmin/e Å

−3 1.286, −0.539
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displays some selected geometrical parameters. Each metal
site in the dimer is pentacoordinate in a slightly distorted
square pyramidal geometry (τ equal to 0.045). Similar to the
structure previously described by us for the analogue 2, the
N-acylhydrazone performs as a tridentate equatorial ligand
through the carbonyl oxygen O2, azomethine nitrogen N2 and
(ionized) phenolate oxygen O3, which acts as a bridge between
both copper(II) centres. Cu⋯Cu distance is 2.9846(19) Å, a
little bit shorter than the one reported by us for complex 2.
This coordination plane is completed by the bridging-phenol-
ate oxygen of a second asymmetric unit (O3i, symmetry code:
−x, 1 − y, 1 − z), thus establishing the dimeric Cu2+-(μ-
phenoxo)2-Cu

2+ scaffold. Average Cu-equatorial donor distance
is 1.954(5) Å. An oxygen atom (O5) from a nitrate ion occupies
the fifth, apical position, in each of the metal sites, where they

point out to different sides of the dimer plane. Cu–O5 distance
is 2.314(6) Å due to the Jahn–Teller effect.

As mentioned above, two crystallization water molecules
per dimer are also present in the structure, which are involved
in hydrogen bonding with the nitrate ion and HL−, giving rise
to a bidimensional (2D) network arrangement along the ab
plane. The average of O⋯O and N⋯O distances (Table 2) are
2.814(10) and 2.729(9) Å, respectively.

Electronic absorption spectroscopy – a complexation study

The UV-Vis spectrum of ligand H2L was already reported and
fully discussed by us in a previous paper.28 When titrating a 2
× 10−5 mol L−1 solution of H2L in MeOH with successive 0.05
eq. increments of a copper(II) nitrate trihydrate methanolic
solution, important spectral changes are observed (Fig. 2a). A

Fig. 1 Crystal structure representations of 3: (a) asymmetric unit and (b) dimeric structure. Ellipsoids drawn at 50% probability level. Symmetry
code: i (−x, 1 − y, 1 − z).
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series of isosbestic points is clearly present at 283, 305, 327
and 367 nm, indicating the coexistence of only two absorbent
species in equilibrium, i.e. free and copper-bound
N-acylhydrazone. Plotting the absorbance at 412 nm as a func-
tion of the number of Cu2+ equivalents give rise to a classical
saturation pattern, which points to a 1 : 1 stoichiometry
(Fig. 2a, inset). As the reaction medium is the same used
during the synthesis of complex 3, this result provides a
mechanism by which the dinuclear species can be obtained:
the initial formation of [Cu(HL)(MeOH)]+ followed by a dimeri-
zation equilibrium into the form [Cu(HL)]2

2+. However, the
latter step would only occur after days of slow solvent evapor-
ation, increasing [Cu(HL)(MeOH)]+ concentration to the point
where dimerization is favored and dimer precipitation occurs.
When the synthesized solid is dissolved in DMF, almost the
same absorption profile is observed, although the
N-acylhydrazone-related bands, present between 280 and
325 nm in methanolic solution, are bathochromically shifted
(Fig. 2b and Table 3) due to the different nature of the solvent
(i.e., protic vs. aprotic).

In DMF solution, 3 presents a d–d absorption centred at
around 688 nm, which is much closer to the one of the mono-
nuclear complex 1 (678 nm) than to the dinuclear compound 2
(630 nm), suggesting that 3 undergoes dissociation to its
monomers in solution (Fig. 2c).

EPR, electrochemical and ESI-MS profiles: supporting dimer
dissociation

Complex 3 is virtually EPR-silent in the solid state, due to an
antiferromagnetic coupling between the copper(II) centres at
close proximity [2.9846(19) Å]. Conversely, frozen DMF and

Table 2 Select bond distances and angles, as well as H-bonding para-
meters, for 3

Bond distances/Å
Cu–O2 1.976(5)
Cu–O3 1.941(4)
Cu–O3i 1.960(4)
Cu–N2 1.939(5)
Cu–O5 2.314(6)
Cu⋯Cui 2.9846(19)
Bond angles/°
O2–Cu–O3 167.0(2)
O2–Cu–O3i 105.44(19)
O2–Cu–O5 87.0(2)
O2–Cu–N2 81.0(2)
O3–Cu–O3i 80.20(19)
O3–Cu–O5 87.0(2)
O3–Cu–N2 91.9(2)
O5–Cu–O3i 94.1(2)
O5–Cu–N2 94.3(2)
N2–Cu–O3i 169.7(2)
Cu–O3–Cui 99.80(19)
H-bonding parameters
D–H⋯A D–H/Å H⋯A/Å D⋯A/Å D–H⋯A/°
O7–H7A⋯O5 0.85 2.01 2.843(9) 165.0
O7–H7B⋯O4 0.85 2.01 2.784(10) 150.0
N1–H1⋯O7 0.86 1.90 2.729(9) 163.0

Symmetry code: i (−x, 1 − y, 1 − z).

Fig. 2 (a) UV-Vis titration of a 5.0 × 10−5 mol L−1 methanolic solution of
H2L with copper(II) nitrate trihydrate, at room temperature. Inset: absor-
bance at 412 nm as a function of Cu2+ equivalents. (b) Electronic spec-
trum of complex 3 (5.0 × 10−5 mol L−1) in DMF. (c) The d–d absorptions’
region (5.0 × 10−3 mol L−1).
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DMSO solutions of this complex exhibit axial spectra with well-
resolved parallel and partially resolved perpendicular copper-
related hyperfine splitting patterns (Fig. 3), indicating, once
again, that the dimer is broken to [Cu(HL)DMF]+ and [Cu(HL)
DMSO]+ upon dissolution in DMF and DMSO, respectively.
EPR data are summarized in Table 4.

In both cases, the fact that g∥ > g⊥ > 2.0023 constitutes an
indicative of unpaired electron localization in the dx2−y2 orbital
of copper, which points to a tetragonal symmetry around the
metal centre, although heavily distorted, since Sakaguchi29

ratios, i.e., g∥/A∥, equal to 137 cm (DMF) and 139 cm (DMSO)
were calculated. We also estimated the covalency parameter
α2, given by the equation proposed by Kivelson and Neiman:30

α2 ¼ A
0:036

� �
þ gk � 2:0023
� �þ 3

7
ðg? � 2:0023Þ þ 0:04

If the value of α2 is 0.5, it suggests a complete covalent
bonding, while a value of 1.0 means an entire ionic bonding.
We obtained α2 = 0.78 for both solvents, which indicate that
the donor-metal bonds in the complexes have an intermediate
covalent character.

The same conclusion, regarding dimer dissociation, can be
taken from electrochemical data measured in DMF. Fig. 4 pre-
sents the cyclic voltammogram of 3 at 100 mV s−1. It is poss-
ible to observe a major cathodic peak at −0.88 V vs. Ag/AgCl,
related to a one-electron process, altogether with a poorly
defined shoulder at less negative potentials (around −0.70 V
vs. Ag/AgCl). On the other hand, only an anodic peak (at

−0.60 V vs. Ag/AgCl) was identified, which involves a very low
current. In order to better interpreting the results obtained, we
compared this electrochemical profile with the one previously
published by us for the mononuclear complex 1 under the
same conditions (dashed voltammogram in the figure). It
became clear that the redox processes at −0.88 V and −0.60 V
vs. Ag/AgCl are related to the presence of the solvolyzed form
of 1, [Cu(HL)(DMF)]+, indicating that most of the dimeric
nature of compound 3 is lost through dissociation in solution.
The unresolved reduction shoulder observed at around −0.70
V vs. Ag/AgCl is probably associated with a remnant of the cat-
ionic dimer in DMF, although this could not be completely
established.

ESI-MS(+) studies performed after dissolution of 3 in DMSO
(as in the cytotoxicity studies discussed below) and subsequent
200x dilution in MeOH (Fig. 5), show that only one major
species can be distinguished in the range between 300 and
800 Da, at (m/z) 384.02, corresponding to the mononuclear,
cationic compound [Cu(HL)(DMSO)]+. This was clearly con-
firmed based on the isotopic distribution analysis presented
in the inset of Fig. 5. The detection of this DMSO-containing
complex indicates a strong affinity of the copper centre by
dimethyl sulfoxide, even in a methanol rich medium.

HSA-binding assessment

Fig. 6 shows the spectral changes in the 300–500 nm region
produced by the addition of successive amounts of HSA to a 2
× 10−5 mol L−1 solution of complex 3. We observe a clear bath-
ochromic effect in all the bands of the spectrum as the titra-
tion progresses. Isosbestic points could be clearly identified at
330, 345 and 404 nm, indicating the presence of only two

Table 3 Electronic absorption data for complex 3 in DMF solution, at
room temperature

λmax (nm) ε (L mol−1 cm−1) Assignment

270 36 500 ± 2000 Intra-ligand
305 29 400 ± 405 Intra-ligand
320 35 000 ± 780 Intra-ligand
336 33 900 ± 1020 Intra-ligand
406 32 150 ± 1140 LMCT
688 202 ± 1 d–d transition

Fig. 3 X-band EPR spectra of complex 3 in frozen (77 K) solution of (a) DMF and (b) DMSO. Simulated profiles are given as dashed red lines.

Table 4 EPR parameters for complexes 3 in frozen (77 K) DMF and
DMSO solutions

Solvent g∥ g⊥ A∥ (10
−4 cm−1) A⊥ (10−4 cm−1)

DMF 2.26 2.05 165 11.7
DMSO 2.27 2.05 163 2.8
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absorbent species in equilibrium, i.e., free and bound forms of
3. Plotting the absorbance at 430 nm as a function of HSA
equivalents (Fig. 6, inset) affords a sigmoidal curve that stabil-
izes at ca. [HSA]/[3] = 0.50, indicating that HSA can host up to
two dimers or, alternatively, up to four units of the mono-
nuclear complex derived from the dissociation of 3. The last
hypothesis is in accordance to the behaviour previously

observed for the interaction of complex 1 with HSA.28 In fact,
the spectra in Fig. 6 are identical to those obtained when
studying the system HSA-1.

Cytotoxicity and cell proliferation studies

Cytotoxicity studies were determined by the MTT assay for
complexes 1–3 on MDA-MB-231 (triple negative breast adeno-

Fig. 4 Cyclic voltammogram of 3, at the scan rate of 100 mV s−1, measured in DMF/0.1 mol L−1 Bu4NPF6 (25 °C), using a Glassy Carbon Electrode
as the working electrode. The cyclic voltammogram of complex 1 under the same conditions was included for the sake of comparison (black dashed
curve).

Fig. 5 ESI-MS spectrum (positive mode) of 3 in a DMSO/methanol (0.5 : 99.5) mixture. Inset: isotope distribution pattern for [Cu(HL)(DMSO)]+

(C15H17N2O4SCu
+).
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carcinoma). The well-known clinical agent cisplatin (CDDP)
was used as a reference for antiproliferative activity.

Table 5 shows that all the three copper compounds
decreased cell viability in the submicromolar range of concen-
trations (0.5–2.5 µM), with similar IC50 values for both dimers
(complexes 2 and 3, around 1.25 µM) and a slightly higher
value of 2.0 µM for the monomer 1. Given the good activity
found, it seems that the charged nature of 3 does not prevent
its entrance in the cell, so one can conclude that some trans-
porter may be involved in the process. Furthermore, the fact
that the antiproliferative potential of this compound is, con-
sidering standard-deviation involved, exactly double that
observed for the mononuclear derivative 1 constitutes another
clue supporting dissociation of 3, previously demonstrated
through EPR, electrochemical and ESI-MS, since both com-
pounds mostly share a common derivative after their initial
dissolution in DMSO (Scheme 2). Noteworthy, all the
compounds are more active than CDDP, since it showed an
IC50 value of 131 µM on MDA-MB-231 cells. In addition, the
IC50 values obtained for 1–3 towards MDA-MB-231 cells are

comparable with those of the clinical drug reference doxo-
rubicin (DOX).31

It must be pointed out that stability studies under con-
ditions similar to those employed in the cell experiments
(0.5% DMSO solution in PBS, pH 7.4) were performed for com-
plexes 2 and 3, nominally the most active ones. Upon dis-
solution, both compounds demonstrated to be fairly stable
over a time period of 24 h (UV-Vis spectra taken over time
showed only slight variations for 2 and no noticeable changes
for 3, as presented in Fig. SM1†).

On the other hand, the IC50 values of H2L and Cu2+ (free
metal cation) are greater than 50 µM on the MDA-MB-231
strain, hence revealing the key role of complexation to modu-
late the anticancer activity of hydrazone-containing copper(II)
complexes. This kind of effect has been reported for other
copper complexes and other metal-based compounds.32–34

Previously, we have reported a series of copper(II) complexes
with N-acylhydrazones as ligands, including [Cu(N-N-Tph)
(H2O)]NO3 (or CuHL1) (IC50 = 1.6 ± 0.2 µM),35 [Cu(N-N-BzOMe)
(H2O)2]NO3 (CuHL2) (IC50 = 1.6 ± 0.1 µM),23 [Cu(N-N-BzOH)
(H2O)2]NO3 (CuHL3) (IC50 = 5.8 ± 0.4 µM),18 [Cu(N-N-BzOH)(o-
phen)] (CuHL3/phen) (IC50 = 5.3 ± 0.2 µM)36 and [Cu(N-N
BzOH)(bipy)]NO3 (CuHL3/bipy) (IC50 = 11.4 ± 0.6 µM).36

Complexes CuHL1 and CuHL2 displayed a similar anticancer
activity in comparison with 2 and 3. Nevertheless, CuHL3

exhibited less activity than CuHL1 and CuHL2, showing the
importance of methoxi above hydroxy in the benzohydrazide.
Besides, the presence of coligands as o-phen and bipy did not
improve the anticancer actions of CuHL3. Several copper(II)
complexes with vanillin derivatives and naproxen were synthe-
tized by Lu and coworkers. Among them, the most effective

Fig. 6 UV-Vis titration of a 2 × 10−5 mol L−1 solution of 3 (2% MeOH/PBS, pH 7.4) with HSA at 25 °C. Inset: absorbance at 430 nm as a function of
HSA equivalents; data fitted with a sigmoidal function.

Table 5 IC50 [µM] values of the N-acylhydrazonic ligand H2L and its
copper(II) complexes 1–3 on MDA-MB-231 cells after 24 h of incubation.
IC50 of complex 3 was calculated based on the dimer concentration

Compound IC50 [µM]

H2L >50
Cu(NO3)2·3H2O >50
1 2.0 ± 0.1
2 1.3 ± 0.1
3 1.2 ± 0.1
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compound showed a moderate cytotoxicity against bulk breast
cancer cells and breast cancer stem cells, with a medium
micromolar cytotoxicity (37.6 ± 3.3 and 36.0 ± 4.6 μM
respectively).37

Low and coworkers described the antitumor action of Cu2+

complexes containing the Schiff base N′-[1-(2-oxo-2H-chromen-
3-yl)-ethylidene]-hydrazinecarbodithioic acid benzyl ester on
MDA-MB-231 and MCF-7 cells, reporting IC50 values around
20 µM.38

Due to the higher activity and solution stability of complex
2, we decided to continue the study of mechanism of action
using this compound on MDA-MB-231 cells.

To evaluate the effect of 2 on the cellular reproductive
potential, a clonogenic assay was performed. Fig. 7 shows a
strong reduction of cell proliferation on the MDA-MB-231
strain, affecting colony formation at 0.25 μM (p < 0.01).
Concentrations of 0.1 and 0.175 μM, instead, were unable to
change basal conditions. Results agree with the cell viability
assay.

ROS production

Several copper drugs can initiate pseudo-Fenton reactions
intracellularly, resulting in the production of ROS.39,40 For a
good consideration of the possible mechanism involved in the
cytotoxicity of complex 2 on TNBC cells, we explored the effect

of this dinuclear compound (1–15 µM) on oxidative stress
using a specific probe (DHR123).41

The results (Table 6) evidenced that 2 increased ROS pro-
duction of 242, 447 and 530% over basal levels on
MDA-MB-231 cells for concentrations of 5, 10 and 15 µM after
3 h of incubation, thus suggesting that ROS production could
be considered as one of the relevant mechanisms of action of
compound 2. Several reports show that many copper(II) com-
plexes have ROS generation as an important mechanism of
action related to their anticancer activity42–44 and associated
with cell death.

Scheme 2 Upon dissolution in a coordinating solvent as DMSO, complex 1 undergoes partial chloride substitution, while complex 3 dissociates
into monomers. These processes converge in a common, positively charged mononuclear derivative, which is probably the active form of both
compounds.

Fig. 7 Clonogenic assay. Effect of complex 2 on MDA-MB-231 cell viability. Cells were incubated in DMEM alone (control) or with different concen-
trations (0.1, 0.175 and 0.25 µM) of complex 2. The results are expressed as surviving fraction (percentage of the basal level) and represent the mean
± the standard error of the mean (SEM) (n = 18). *p < 0.01 differences between control and treatment.

Table 6 ROS generation after 3 h of incubation of MDA-MB-231 cells
with 2. The results are expressed as the mean ± SEM (n = 18). Asterisks
sign significant differences between treatments: *(p < 0.01), **(p <
0.001)

Complex 2 concentration [µM] % ROS level

0 100.5 ± 3.2
1 97.6 ± 4.1
2.5 206.2 ± 18.6
5 242.2 ± 34.4 *
10 446.9 ± 55.8 **
15 530.4 ± 44.1 **
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To confirm the importance of ROS as a mechanism of cell
death by complex 2, we carried out a cell viability assay using
radical scavengers, such as a mixture of vitamins C and E,
under the same experimental conditions. Fig. 8 shows that cell
viability was completely recovered at [2] = 1 µM, whilst the
deleterious effects of this complex were only partially overcome
at the higher concentrations of 2.5 and 5 µM.

Apoptosis

With the aim to evaluate if 2 induces programmed cell death, we
performed cell cytometry assays using annexin V (early apoptotic

biomarker) and propidium iodide (PI). Fig. 9 and SM2 show the
flow cytometry results of the apoptotic process in the presence
of different concentrations of compound 2 (0.5, 1, 1.5 μM) on
MDA-MB-231 cells. Complex 2 augmented the late apoptotic
(Annexin V+/PI+) and necrotic (Annexin V−/PI+) fractions from
1 μM on. The basal condition showed 1.2% of V+/PI+ cells whilst
after incubation with 1 and 1.5 µM of 2 this value increases until
31.7% and 69.6%, respectively. Also, at [2] = 1.5 µM, the necrotic
population (V−/PI+) increased until 19.3%.

Our results are in agreement with the cell viability studies,
suggesting that 2 induced cell apoptosis in a concentration-
dependent manner. It is important to highlight that apoptosis

Fig. 8 Effect of complex 2 on MDA-MB-231 cell viability in the presence of a mixture of vitamins C and E (each at 50 µM). TNBC cells were incu-
bated with different concentrations (1–20 µM) of 2 and a mixture of the vitamins at 37 °C for 3 h. The results are expressed as the mean ± SEM (n =
18). Asterisks sign significant differences between treatments: *(p < 0.01), **(p < 0.001), *** (p < 0.0001).

Fig. 9 Effect of complex 2 over induction of apoptosis on MDA-MB-231 cells. TNBC cells were incubated with different concentrations
(0.5–1.5 µM) of 2 for 24 h. The results are expressed as the mean ± SEM (n = 9). Asterisks sign significant differences between treatments: *(p <
0.01), **(p < 0.001), *** (p < 0.0001).
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cell death have also been reported as the leading mechanism
of action for many copper complexes with antitumor activity
toward different cancer cell lines.4

Cancer stem cell studies

Solid tumors are composed of diverse cancer cell types with
varying hierarchical structures.45 In this respect, cancer stem
cells (CSCs) constitute an immortal subset of the total malig-
nant cell population with the ability to accumulate mutations
that drive tumor growth.46 CSCs play an important role in
tumor aggressiveness due to their self-renewal and stemness
potential. As a result, in recent years, there has been a lot of
interest in developing anti-CSC medicines, and CSCs have
emerged as an important and specialized cell target.47

In order to evaluate the anti-CSCs activity of compound 2,
we performed flow cytometry experiments using CD44 and
CD24 biomarkers. Table 7 and Fig. SM3† show that 2 decreased
the amount of breast CSCs on MDA-MB-231 cells. The basal
condition resulted on 99.1% CD44+/CD24− whilst this value is
reduced after incubation with 2, displaying 95.1% (1.0 µM) and
91.6% (1.5 µM). However, another copper(II)-hydrazone com-
pound, CuHL2, exhibited better anti-CSCs activity than
complex 2 on MDA-MB-231 cells, with a reduction of CD44+/
CD24− population from 98.6% (basal condition) to 68.3% (at
1.5 µM).23 Furthermore, Boodram et al. and Laws described the
anti-CSCs activity of copper(II)-non-steroidal complexes and
copper(II)-phenanthroline on breast cancer cells.48,49

Conclusions

The synthesis of a new dimeric complex containing the
phenol-deprotonated/amide-protonated form of H2L (5-methyl-
salicylaldehyde 2-furoyl hydrazone), i.e. compound 3 – [Cu(HL)
(NO3)]2·2H2O, allowed us to establish a link between the pre-
viously published complexes 1 – [Cu(HL)Cl]·H2O (mono-
nuclear, phenol-deprotonated/amide-protonated) and 2 – [Cu
(L)(i-PrOH)]2 (dimeric, fully deprotonated form of the ligand).
Our results indicate that the protonation status of the amide
group in H2L plays an important role in the stability of the
dimer, being compound 2 (amide-deprotonated) fairly stable
in solution. Conversely, complex 3, in which the amide group
remains protonated, mainly dissociates into monomers upon
dissolution, as proved by UV-Vis, EPR and cyclic voltammetry.
When a coordinating solvent is employed, compounds 1 and 3
generate virtually the same species: [Cu(HL)Solv]+.

The anticancer activities of complexes 1 and 2 on
MDA-MB-231 TNBC cells were assessed, and compared with
that of the new analogue 3. All the three compounds reduced
cell viability in the submicromolar range of concentrations
(0.5–2.5 µM), with IC50 values around 1.25 µM for complexes 2
and 3 and a slightly higher value of 2.0 µM for the monomer 1
(which almost double the one observed for the dimers). It
seems that the charged nature of the solvolysis/dissociation
products of 1 and 3 does not prevent their entrance in the cell,
so one can conclude that some transporter may be involved in
the process. Remarkably, all the compounds are more active
than the clinically used drug CDDP, by a factor of 100 in the
case of 2 and 3. Due to the high activity and solution stability
of complex 2, we decided to continue the study of mechanism
of action using this compound.

Our findings highlighted that the main mechanism of
action of 2 involves the ROS production and apoptosis induc-
tion. Also, this compound decreased the amount of breast
CSCs, reducing the percentage of CD44+/CD24− from 1.0 µM
on. Taking into account the antiproliferative activity of the
dimer 2 on MDA-MB-231 cells, we strongly believe that this
complex is an engaging candidate for potential antitumor
therapies and it would be attractive to further test it on TNBC
in vivo experimental models.

Experimental part
Materials

Solvents and reactants were purchased from commercial
sources. Human serum albumin (HSA) was bought from
Sigma-Aldrich. All chemicals were used without any type of
pretreatment or further purification.

Dulbecco’s modified Eagle’s médium (DMEM) and TrypLE
™ were purchased from Gibco (Gaithersburg, MD, USA), and
fetal bovine serum (FBS) was purchased from Internegocios
(Argentina). Tissue culture materials were purchased from
Corning (Princeton, NJ, USA). Annexin V, fluorescein isothio-
cyanate (FITC), propidium iodide (PI), DHR123 and
Dihydroetidium were from Invitrogen (Buenos Aires,
Argentina). CD44 and CD24 antibodies were purchased by BD
(USA).

Methods

Syntheses. H2L was prepared as previously described.28 M.p.
= 150 ± 2 °C. 1H NMR (DMSO-d6, ppm): 12.08 (s, 1H, –NH–);
10.88 (s, 1H, –OH); 8.60 (s, 1H, H7); 7.96 (dd, 1H, H12); 7.34
(bs, 1H, H5); 7.31 (d, 1H, H10); 7.10 (dd, 1H, H3); 6.82 (d, 1H,
H2); 6.71 (dd, 1H, H11); 2.25 (s, 3H, H13). TGA: a two-step
weight loss of approximately 6.7% (calcd 6.9%) is observed
between 60 and 160 °C, consistent with a hydration water
molecule. Mid IR (KBr, cm−1): 3225 [ν(N–H)hydrazone]; 3202
[ν(O–H)phenol]; 1653 [ν(CvO)]; 1628 [ν(CvN)hydrazone]; 1495
[δ(C–N–H)hydrazone]; 1326 [ν(C–O)phenol]; 1164 [ν(N–N)].

[Cu(C13H11O3N2)(NO3)]2·2H2O (3). 242 mg of Cu
(NO3)2·3H2O (1.0 mmol) were dissolved in 10 mL MeOH and

Table 7 Percentage of CD44+/CD24− MDA-MB-231 cells after incu-
bation for 24 h with complex 2. Asterisks sign significant differences
between basal condition and treatment. *(p < 0.01)

Compound [µM] % CD44HIGH/CD24LOW

0 99.1
0.5 99.1
1.0 95.1 *
1.5 91.6 *
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dropwise added to 15 mL of a H2L methanolic solution
(262 mg, 1.0 mmol). The reactants were stirred at room temp-
erature for 1 h, affording a dark green solution. After a few
days on the bench, green crystals suitable for XRD analysis
were isolated. Yield = 310 mg (0.40 mmol of dimer, 80%).
Elemental analysis (%) − calculated for [Cu(C13H11O3N2)
(NO3)]2·2H2O (773.60 g mol−1): C − 40.4, H − 3.4, N − 10.9;
found: C − 39.9, H − 3.0, N − 10.6. ICP-OES (%) − calculated:
Cu − 16.4; found: Cu − 16.2. TGA: a weight loss of approxi-
mately 4.6% (calcd 4.6%) between 110 and 145 °C, consistent
with the removal of two hydration water molecules per dimer.
Mid IR (KBr, cm−1): 3198 [ν(N–H)hydrazone]; 1630 [ν(CvO)];
1610 [ν(CvN)hydrazone]; 1610 [ν(CvN)hydrazone]; 1384 [ν(NO2)as
nitrate]; 1345 [ν(C–O)phenol]; 1305 [ν(NO2)sym nitrate]; 1118 [ν(N–
N)].

Molar conductivity in DMF: 160.4 ohm−1 cm2 mol−1 (equi-
valent to a 1 : 2 electrolyte system),50 indicating that both
nitrate ions are dissociated upon dissolution. In DMSO, the
value of 112 ohm−1 cm2 mol−1 was obtained, also in agree-
ment with a 1 : 2-type electrolyte (expected range: 110–195
ohm−1 cm2 mol−1, according to the reference by Ali et al.)51

Physicochemical analyses

Crystal data. Single-crystal XRD data for 3 were collected in a
Rigaku Synergy diffractometer using CuKα (λ = 1.54184 Å) radi-
ation at room temperature (298 K). Data collection and
reduction, as well as cell refinement, were performed using
the CRYSALISPRO software.52 The structures were resolved and
refined by SHELX53 using OLEX2 system,54 and all non-hydro-
gen atoms were refined with anisotropic thermal parameters.
H atoms connected to carbon were placed in idealized posi-
tions and treated by a rigid model, with Uiso(H) = 1.2 Ueq for
aromatic rings and CH groups. The figures were drawn using
ORTEP-3 for Windows55 and Mercury56 programs.

Spectroscopy. Mid-infrared (Mid IR) vibrational spectra were
acquired on a PerkinElmer Spectrum 100 FTIR spectrophoto-
meter, at room temperature, in KBr pellets, in the
4000–400 cm−1 range with resolution of 4 cm−1. UV-Vis absorp-
tion (electronic) spectra, over the wavelength range
250–800 nm, were recorded in an Agilent spectrophotometer
Cary 100 Conc, after dissolving the compounds in DMF. In the
case of the complexation study of the ligand, the measure-
ments were performed using methanolic solutions in order to
emulate the synthetic conditions employed in the preparation
of compound 3, using [H2L] = 2 × 10−5 mol L−1 and adding
successive 0.05 eq. increments of a copper(II) nitrate trihydrate
solution. The ligand H2L was characterized by 1H NMR spec-
troscopy as well. The spectrum was recorded on a Bruker
Avance III HD-400 spectrometer, calibrated in reference to the
residual peak for DMSO-d6 (2.50 ppm) and processed with the
TopSpin 3.6.5 software. EPR spectra of 3 were recorded at
300 K (room temperature, solid state) or 77 K (liquid nitrogen,
DMF and DMSO solutions) on a CW-Bruker EMX-Plus spectro-
meter with X-band cavity (9.5 GHz), employing microwave
powers of 10 mW, with a 100 kHz modulation field of about 1

Oe in amplitude. Spectra were fitted using theEasyspin45

MATLAB routine.
CHNS and copper content. Elemental analyses were per-

formed in a CHN 2400 PerkinElmer instrument. All the
measurements were carried out in duplicate. On the other
hand, copper content in complex 3 was estimated using an
inductively coupled plasma optical emission ICP-OES
PerkinElmer Optima 7300 DV spectrometer. Sample was
treated with nitric acid and diluted in water. Measurements
were done with the dye laser pulsed in the 324.7 nm line.

Thermogravimetric analysis and electrical conductivity. The
thermogravimetric curve of 3 was acquired in a
Thermogravimetric Analyzer PerkinElmer, Pyris 1 TGA. TGA
scans were performed from 25 to 900 °C at 10 °C min−1 under
nitrogen flow. Curve optimization and calculations were pro-
cessed in the Pyris v 8.0.0.0172 software. Conductivity
measurements were performed at room temperature in a
Metrohm 856 electrical conductivimeter equipped with a 900
Touch Control. Complex 3 was dissolved in DMF or DMSO at a
final concentration of 1 × 10−3 mol L−1.

Cyclic voltammetry. Cyclic voltammetry was performed at
room temperature in a BASi Epsilon™ EC potenciostat/galva-
nostat. Experiments were carried out in DMF solution with
0.1 mol L−1 Bu4NPF6 as supporting electrolyte, under nitrogen
atmosphere, in a three-electrode cell. A 3.0 mm diameter
Glassy Carbon Electrode was employed as the working elec-
trode. Reference was the BASi MF-2052 Ag/AgCl (3 mol L−1

NaCl) electrode, while the counter-electrode consisted of a
platinum wire.

Electrospray ionization mass spectrometry. ESI-MS data were
collected on a Bruker Daltonics impact HD mass spectrometer,
in the positive mode. A stock solution of the sample was pre-
pared by dissolving 2.0 mg of 3 in 1.0 mL of DMSO. A 10 μL
aliquot of this solution was diluted in 1990 μL of methanol
(200×) and analysed by direct infusion. Standard configuration
parameters were used.

Solution stability of the complexes. Stock solutions of com-
pounds 2 and 3 were prepared in DMSO and then diluted with
PBS (pH 7.4) to a concentration of 2 × 10−5 mol L−1, final
DMSO content of 0.5%. These solutions were monitored over
24 h by UV-Vis spectrophotometry in the range 250–500 nm.

HSA-binding studies. The experimental interaction between
HSA and the dinuclear coordination compound 3 was
confirmed by UV-Vis spectroscopy (Cary 100 Conc). Solution of
the complex was prepared at 2 × 10−5 mol L−1. 3 was dissolved
in 2% MeOH/PBS (50 × 10−3 mol L−1, pH 7.4). On the
other hand, HSA stock solution (3 × 10−4 mol L−1) was pre-
pared in pure PBS. 3,0 mL of complex solution were placed in
the cuvette and equal amounts (10 μL) of HSA were added at
each titration point. All measurements were carried out at
25 °C.

Cell line and growth conditions. MDA-MB-231 (ATCC
HTB-26) were grown in DMEM-F12 (Dulbecco’s modified
Eagle’s medium F12) containing 10% fetal bovine serum
(FBS), 100 IU mL−1 penicillin and 100 μg mL−1 streptomycin at
37 °C in 5% CO2 atmosphere.
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Cell viability study with and without scavengers. For the
cytotoxicity studies, we firstly dissolved the compounds in
pure DMSO at a concentration of 5 mM, and then dilute to
25 µM with DMEM-F12 (final DMSO amount in the stock solu-
tion: 0.5%). The MTT assay was performed according to
Mosmann et al.57 Briefly, cells were seeded in a 96-multiwell
dish, allowed to attach for 24 h and treated with different con-
centrations of complexes 1–3, H2L and Cu(NO3)2·3H2O at 37 °C
for 24 h. Afterward, medium was changed and cells were incu-
bated with 0.5 mg mL−1 MTT under normal culture conditions
for 3 h. Cell viability was marked by the conversion of the tetra-
zolium salt MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide] to a coloured formazan by mitochondrial
dehydrogenases. Colour development was measured spectro-
photometrically in a microplate reader (model 7530,
Cambridge technology, Inc., USA) at 570 nm after cell lysis in
DMSO (100 µL per well). Cell viability was plotted as the per-
centage of the control value. To evaluate the potential recovery
of cell viability for the use of scavengers, we carried out the
cell viability assays in the same condition but with the pres-
ence of a mixture of vitamins C and E (each at 50 µM).

Clonogenic assay. Cells were seeded in 24 well plates, after
attachment of the cells to the dishes, they were treated with
complex 2 at a range of 0.1 to 0.25 µM. After 24 h, the cells
were washed with PBS and 2 mL of complete DMEM were
added. Plates were incubated for 10 days at 37 °C and 5% CO2.
After this time, medium was removed, and cells were rinsed
with PBS. Cells were stained with a mixture of 6% of glutaral-
dehyde and 0.5% of crystal violet for 30 minutes at room temp-
erature. Then, the plates were washed with distilled water and
dried. After that, we proceed to count the colonies. The plating
efficiency (PE) is the ratio of the number of colonies to the
number of cells seeded whilst the number of colonies that
survive after treatment, expressed in terms of PE, is called the
surviving fraction (SF).

Reactive oxygen species studies. Oxidative stress was evalu-
ated in the MDA-MB-231 cell line by measurement of intra-
cellular production of ROS after incubation of the cell mono-
layers with different concentrations of complex 2 for 24 h at
37 °C. ROS generation was determined by oxidation of
Dihydrorhodamine 123 to rodamine by spectrofluorimetry.

Apoptosis. Cells in early and late stages of apoptosis were
detected through Annexin V-FITC (fluorescein isothiocyanate)
and PI (propidium iodide) staining. Cells were treated with the
compound 2 for 24 h prior to analysis. For the staining, the
cells were washed with PBS and then diluted with 1 µL
binding buffer. To 100 µL of cell suspension, 2.5 µL of
Annexin V-FITC and 2 µL PI (250 mg mL−1) were added and
incubated for 15 min at room temperature. Cells were analysed
using a BD Accuri C6 Plus flow cytometer with the BD Accuri
C6 Plus software. For each analysis 10 000 counts, gated on an
FSC vs. SSC dot plot, were recorded.

Cancer stem cell studies. MDA-MB-231 cells were collected
and monoclonal antibodies against human CD44-FITC and
CD24PE (BD Biosciences, USA) were added to cell suspension
in recommended concentration and incubated at room temp-

erature in dark for 30 min. Then, cells were washed with phos-
phate-buffered saline (PBS) and analysed by the BD Accuri C6
Plus.

Statistical analysis. Results are expressed as the mean of
three independent experiments and plotted as mean ± stan-
dard error of the mean (SEM). The total number of repeats (n)
is specified in the legends of the figures. Statistical differences
were analysed using the analysis of variance method followed
by the test of least significant difference (Fisher). The statisti-
cal analyses were performed using STATGRAPHICS Centurion
XVI.I.
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