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Abstract

We report here the synthesis, crystal structure, characterization and anticancer activity of a
copper(Il)-hydrazone complex, Cu(MeBHoVa)(H,0), (for short, CuHL), against human
breast cancer cells on monolayer (2D) and spheroids/mammospheres (3D). The solid-state
molecular structure of the complex has been determined by X-ray diffraction methods. The
conformational space was searched and geometries were optimized both in the gas phase and
including solvent effects by computational methods based on DFT. The compound has been
characterized in the solid state and in solution by spectroscopic (FTIR, Raman, UV-vis)
methods. The results were compared with those obtained for the hydrazone ligand and
complemented with DFT calculations.

Cell viability assays on MCF7 (ICsocunry = 1.7 £ 0.1 uM, ICsgcpppy = 42.0 £ 3.2 pM) and
MDA-MB-231 (ICsocynry = 1.6 £ 0.1 uM, ICspcpppy= 131.0 + 18pM) demonstrated that the
complex displays higher antitumor activity than cisplatin (CDDP) on 2D and 3D human

breast cancer cell models. Molecular docking and molecular dynamics simulations showed
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that CuHL could interacts with DNA, inducing a significant genotoxic effect on both breast
cancer cells from 0.5 to 1 pM. On the other hand, CuHL increases the ROS production and
induces cell programmed death on breast cancer cells at very low micromolar concentrations
(0.5-1.0 uM). Moreover, the compound decreased the amount of breast CSCs on MCF7 and
MDA-MB-231 cells reducing the percentage of CD44+/CD24-/low cells from 0.5 to 1.5 pM.
In addition, CuHL overcame CDDP with an IC50 value 65-fold lower against breast
multicellular spheroids ((ICsocunry = 2.2 £ 0.3 pM, ICsocpppy = 125 £ 4.5 upM)). Finally,
CuHL reduced mammosphere formation capacity, hence affecting the size and number of
mammospheres and showing that the complex exhibits antitumor properties on monolayer

(2D) and spheroids (3D) derived from human breast cancer cells.

Introduction

Cancer is one of the main causes of death worldwide !. In particular, breast cancer is one of
the most common cancers among women with a prevalence estimated to reach 2.3 million
by 2030 2. There are two types of breast cancer, ductal and lobular, which are divided into
invasive and in situ (non-invasive) types, with several subtypes based on histology features.
One of the most aggressive classes of breast cancer is the Triple Negative Breast Cancer
(TNBC) that accounts for approximately 15% of breast cancer cases and is associated with a
poor prognosis, since chemotherapy seems to be the only possible treatment, involving side
effects 34 Besides, Breast Cancer Stem Cells (BCSCs) have some particular features
including self-renewal, differentiation, metastasis, migration, and treatment resistance that
makes tumors more aggressive and progressive >°. Therefore, many scientific groups are
currently focusing their efforts in developing novel approaches using therapeutic agents to

improve and optimize the treatment ”.

Metal-based drugs are a class of antitumor agents largely used in the treatment of different
kinds of solid tumors including breast, colon and lung 8. The most successful metallodrugs
are cisplatin, carboplatin and oxaliplatin, widely used in the treatment of several tumors °.
However, inherent or acquired resistance to platinum is one of the most relevant clinical
problems in the treatment '° and has led to an innovative research approach focusing on the

anticancer activity of non-platinum-based compounds 112,
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Copper complexes show promising antitumor activity both in vitro and in vivo studies 3-17.
Furthermore, the anti-angiogenic and anti-metastatic properties of mono-nuclear copper(Il)
complexes have been reported '31°. Other copper complexes are cytotoxic to cancer stem
cells, which are responsible for cancer relapse 292!, It is important to highlight that different
copper complexes are active despite their ligands not showing cytotoxic activity, a fact that

evidences the central role of the metal itself in the antitumor activity 2223.

On the other hand, hydrazones and their metal complexes have attracted a remarkable interest
due to their potential pharmacological activities ?4?°. Condensation reaction of active
hydrazides with some hydroxyaldehydes leads to the formation of stable hydrazones that
have conserved activity, with less toxicity, due to the inactivation of NH, group 2°. In
particular, the reaction between 4-methoxybenzohydrazide (MeBH) with o-vanillin (oVa)
forms a stable compound called MeBHoVa (H,L) 7. Moreover, the -C=N-N-C=0 group

present in this kind of compounds, makes them excellent chelating agents.

As part of our study on the interaction of transition metals with hydrazones, we have
synthesized a new Cu(Il) coordination complex with HL and characterized it through
experimental and theoretical methods. The solid-state molecular structure has been
determined by single crystal X-ray diffraction. Vibration FTIR and Raman and electronic
spectra were measured and the bands assigned with the aid of results from computational
methods based on the Density Functional Theory (DFT). Molecular docking and molecular
dynamics studies were performed with the aim to elucidate the interaction between CuHL
and DNA. We report herein the anticancer activity and the mechanism of action of CuHL on
breast cancer cells. We focus our research on the role of oxidative stress and its effects on
apoptosis and cleavage DNA. Moreover, we studied the inhibition effect of the compound
toward BCSCs. Finally, we have investigated the antitumor properties in 3D breast cancer

models using spheroids and mammospheres.

Results and discussion

The molecular structure of CuHL has been determined by single crystal X-ray diffraction and

fully characterized by means of vibrational spectroscopy. The compound crystallizes as a
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nitrate salt of a cationic complex. As can be seen in scheme 1, the phenolic group of H,L

ligand is deprotonated, and the tridentate HL- anion coordinates de Cu(II) center through the

O,N,O donor set leading to a +1 charged species, with two water molecules completing the

coordination environment of the metal.

H,C

Scheme 1. Schematic representation of the complex structure.

Crystal structure

Crystal data and structure refinement results are summarized in Table 1. Detailed structural data

are listed as Supplementary Material (Table S1-S4).

Table 1. Crystal data and structure refinement results for CuHL.

Empirical formula

C16 H19 Cu N3 09

Formula weight 460.88
Temperature 293(2) K
Wavelength 1.54184 A
Crystal system Triclinic
Spacegroup P-1

Unit cell dimensions

a=7.07293) A
b=11.3899(7) A
c=12.9557(8) A

a=72.750(5)°
B=175.757(5)°
y =74.628(5)°
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Volume 945.08(9) A3

Z, density (calculated) 2, 1.620 mg/m?

Absorption coefficient 2.153 mm!

F(000) 474

9-range for data collection 3.63 to 72.40°

Index ranges -8<h<7,-13<k<14,-16<1<15
Reflections collected 8036

Independent reflections 3713 [R(int) = 0.0329]
Observed reflections [[>26(1)] 3205

Completeness to 9 = 72.40° 99.6 %

Refinement method Full-matrix least-squares on F2
Data / restraints / parameters 3713/6/280

Goodness-of-fit on F2 1.000

Final R indices? [I>20(1)] R1=0.0465, wR2 = 0.1329

R indices (all data) R1=0.0536, wR2 = 0.1444
Largest diff. peak and hole 0.642 and -0.404 e.A>

“RZE||Fol-|FVEIF|, wRA[ZW(Fo < [F ) Ew(Fo?)]'?

Figure 1 is an ORTEP 2 drawing of the complex, and corresponding intramolecular bond
distances and angles around copper ion are listed in Table 2. The compound crystallizes as a
complex cation with +1 charge, [Cu(HL)(H,0),]", and nitrate as a counterion. The Cu(II) ion is
in a distorted square pyramidal coordination with a HL- deprotonated hydrazone at the pyramid
basis acting as a tridentate ligand through its phenoxo and carbonyl oxygen atoms [C-O bond
distances of 1.889(2) A and 1.966(2) A] and the imine N-atom [d(Cu-N) = 1.930(2) A], nearly
along their respective electron lone-pair lobes [Cu-L-C (L: O, N) bond angles in the 113.3(2)-

5
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128.1(2)° range]. The pyramid basis is completed with a water molecule [d(Cu-Ow) = 1.975(2)
A] that binds the metal along the bisector of the oxygen lone-pair lobes (Cu-Ow-H angles of
about 124°) and a second water molecule is at the pyramid apex [d(Cu-Ow) = 2.318(2) A],
making a much weaker bond to the metal along one of the oxygen lone-pair lobes (Cu-Ow-H
angles of about 105°). The crystallographic results indicate for the copper unpaired electron (or
hole) ground state a mainly d(x-y?) orbital.

Because of extended n-bonding, the HL- ligand is planar [rms deviation of atoms from the best

least-square plane is less than 0.07 A] with the metal close onto the plane [at 0.059(1) A].
The lattice is further stabilized by a network of NHO(nitrate), OwH:-O(nitr), OwH--O(carb),

OwH~O(metx), and OwH~Ow intermolecular bonds. Corresponding H-bond distances and

angles are detailed in Table S5 (Supplementary material).

Figure 1. View of [Cu(HL)(H,0),]" complex showing the labeling of non-hydrogen atoms and
their displacement ellipsoids at the 30% probability level.

Table 2. Bond lengths [A] and angles [°] around copper(Il) for CuHL.
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Bond lengths [A]

Experimental Calculated*

N(1)-Cu 1.930(2) 2.114
0(1)-Cu 1.889(2) 1.904
0(2)-Cu 1.966(2) 2.019
O(1W)-Cu 2.318(2)
0(2W)-Cu 1.975(2)

Bond angles [°]

O(1)-Cu-N(1)  93.51(9) 91.2
O(1)-Cu-0(2)  174.44(8) 169.4
N(1)-Cu-0(2)  81.10(9) 78.2

O(1)-Cu-O(2W) 91.61(9) -—-
N(1)-Cu-O2W)  158.4(1) -—-
0(2)-Cu-O(2W)  92.93(9) -—-
O(1)-Cu-O(1W)  90.75(9) -—-
N(1)-Cu-O(1W)  107.75(9) -
0(2)-Cu-O(1W)  92.20(9) -—-
* Water molecules and counterion are not taken into account in calculations.

Vibrational spectroscopy

The solid-state vibrational properties of the hydrazone (H,L) and its copper complex were
explored. A detailed comparative analysis of the obtained spectra, shown in Figure 2, was
done. The spectral assignments were done based on reported data 27239 and with the aid of
calculated normal modes, complete IR and Raman spectroscopic analysis is summarized in
Table S6 (Supplementary material). H,L. data previously reported by our group (already
published in ?7) and calculated data for the complex, are included. A good agreement is found
between experimental and calculated frequencies.

The IR spectrum of the copper compound shows a medium broad band, corresponding to the
characteristic stretching modes of coordinated water at 3396 cm!. It is observed that the band

assigned to NH stretching mode is red-shifted in comparison to the uncoordinated ligand. As

Page 12 of 57



Page 13 of 57

Dalton Transactions

it is seen in Table S6, NH group participates in a hydrogen bond with the oxygen of the
nitrate ion [N-H...O(NO3)], this results in an overestimation of the calculated N-H stretching
frequency with respect to the experimental one, as H-bond interactions are neglected in the
calculations. Stretching OH mode corresponding to the free ligand is not observed in either
spectra (Raman or infrared) upon coordination, nor are the bands related to the in-plane and
out-of-plane OH bending modes, as expected. Several bands calculated in between 3232 cm’!
and 3000 cm! and seen in between 3100 cm! and 2800 cm-! and can be mainly assigned to
in-phase and out-of-phase stretching of the CH in the rings and characteristic modes of the
methoxyl groups of the ligand. A very weak band is observed at 1767 cm! in the infrared
spectra of the copper complex, which is assigned to v; + v, of the nitrate counterion, in
agreement with X-ray findings 332, The strong band observed at 1607 cm! in the infrared
spectra and at 1609 cm™! in the Raman spectra, is calculated at 1688 cm! and related to the
C=0 and C=N stretching coupled with the stretching on oVa ring. This is in accordance with
the crystallographic results and previous findings 2. It is also observed that this vibrational
mode is conserved upon complexation of the ligand. Moreover, a medium band is found in
the complex spectrum, corresponding to the stretching of the C-O involved in the
coordination to the metal center, at 1538 cm! (infrared) and 1543 cm™' (Raman). Water
molecules in the solid structure interact with the oxygen atom in this C=0O bond (Figure 1),
but are not included in the calculations, so this frequency is overestimated and predicted at
1648 cm!. NH bending mode, that is observed in the Raman spectrum, as a sole band at 1494
cm!, is calculated at 1550 cm™! and appears coupled with other vibrations at lower
frequencies in the infrared spectrum (1319 and 1304 cm!). In addition, the strong band found
at 1384 cm™ and 1390 cm! in infrared and Raman spectra of the complex, respectively, is
assigned to v3 mode of the nitrate counterion, coupled with the stretching mode of the Ar-O
group of the aldehyde fragment. Furthermore, two other copper involved vibrations are found
around 640 cm! for both spectroscopies, assigned to & of the coordination ring (see Table
S6). Cu-O stretching is observed in the infrared spectra at 546 cm™!, Cu-O1 is calculated at
570 cm’! whereas Cu-O2 is calculated at 541 cm'. Moreover, y NH is conserved after

complexation.
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Figure 2. Experimental IR (top) and Raman (bottom) spectra of H,L (solid) and CuHL
(dotted) in the 1800-400 cm™! range.

Electronic spectroscopy

Electronic absorption spectra of the Cu(Il) complex and its ligand were measured in the 200-
800 nm region, on methanolic 3x10-3 M solutions. In order to observe the d-d band, a more
concentrated (1x10- M) methanolic solution of the complex was also measured. In Table S7
most significant experimental absorption bands and calculated electronic transitions of CuHL
are listed, together with the proposed assignments. Figures of the molecular orbitals involved
in the electronic transitions are also available as supplementary material (Figure S1). The
assignments were accomplished within the framework of TD-DFT. Nitrate ions were not
taken into account in the calculations. It can be seen from the table that most transitions must
be described by two or more mono-electronic excitations, which, in turn, involve many
molecular orbitals. Figure 3 shows the UV-vis spectrum of the studied copper complex in
comparison with the spectrum of the uncoordinated ligand (already published in %7), an

insight of a region of interest in the spectrum of the more concentrated solution is also
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inserted. It can be observed in Figure S1 that both HOMO and HOMO-1 are localized in oVa
ring, its -OCHj; and the coordination sphere, whereas HOMO-2 and HOMO-7 are strongly
delocalized in the oVA fragments, the two N atoms, MeBH moiety and the copper atom.
HOMO-4 and HOMO-6 are mostly situated in copper atoms and MeBH rings and its -OCHj3
substituent. LUMO and LUMO+1 are localized in both 0Va and MeBH rings, nitrogen atoms
but neither the copper atom nor the -OCH; substituents of the aromatic rings are involved.
LUMO-+S5 is localized on the copper, atom, the oVa ring and its -OCHj substituent. LUMO+6
is localized only on oVa aromatic ring.

Taking both the MO description given above and the results shown in Table S7 into account,
it can be concluded that the bands observed at 230 and 290 nm can be assigned to intra-ligand
processes, which are described by the calculated transitions at 251 and 256 nm and 279 nm,
respectively. Those transitions also show a small contribution from ligand to metal charge
transfer processes. On the other hand, the bands observed at 322 nm and 402 nm are described
by calculated transitions at 306 nm and 334 and 340 nm, respectively. Those transitions are
assigned to ligand to metal charge transfer processes. The broad and less intense band with
maximum at 710 nm involves the less energetic characteristic d-d transitions of the Cu(II)
ion in a distorted square pyramidal environment and it can be described by the calculated
transition at 572 nm. This absorption, already observed in a very closely related compound
23, involves the expected transitions for the described Cu(II) species, denoting its presence in

solution.

710 715 720

£ (mol-1 cm-1)

.,
-
ol 2

210 260 310 360 410 460
Wavelength (nm)

10
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Figure 3. Electronic absorption spectra of the complex (dotted line) and the free ligand (solid
line), in MeOH (3 x 10~ M), in the 210-550 nm spectral range. Inset: Higher concentration
(5 x 103 M) was employed to register d—d transition.

EPR spectroscopy

The X-band EPR spectrum of CuHL at RT (Figure 4) is characteristic of a dx?>-y? ground-
state, with g; = 2.278, g, = 2. 072 and g5 = 2.053, in accordance with the crystallographic
results. The G-value 33 is 4.45, (Equation 1), which suggests negligible magnetic exchange
interactions, in good agreement with the monomeric character of the paramagnetic centres.
Therefore, the g-values are meaningful in order to calculate the predominant magnetic orbital
contribution in the ground state. Thus, for a given g; < g, < g3 sequence, the calculated
parameter R (Equation 2) is 0.09. Note that R-values < I are characteristic of a dy2 y2 ground-
state 33-34, These results agree well with the square-pyramidal geometry deduced by the
Addison’s parameter * from the crystallographic data, t = (O1-Cu-O2 — N1-Cu-O2w) / 60 =
0.27.

-2
= Ez!—_zg (Equation 1)
(92— 91) .
= m (Equatlon 2)

11
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dy" / dH

Experimental
————— Fit

| I | |

300 340 H [mT]
Figure 4. EPR spectrum at 298 K (solid line) together with the best fit (dashed line).

Cytotoxicity and cell proliferation studies

Cytotoxicity studies were determined by the MTT assay for complex, ligand and free cation
with MCF7 (breast adenocarcinoma), MDA-MB-231 (triple negative breast
adenocarcinoma), A549 (lung adenocarcinoma), MG-63 (human osteosarcoma), HT-29
(colorectal adenocarcinoma), L929 (mouse non-tumoral fibroblast) and MCF10 (non-
tumoral mammary gland) cells. Clinical agent cisplatin was used as clinical reference.
Table 3 shows that CuHL diminished the cell viability in the sub micromolar range of
concentration (0.5-2 uM) for human breast, lung and bone cancer cells showing the lowest
IC5q values on breast cancer cells (p<0.01). Besides, this compound reduced the cell viability
in the low micromolar range (5-15 pM) for human colorectal cancer cells (p<0.01).
Moreover, it is important to highlight that the compound is more active than cisplatin (CDDP)
in all the tested cell lines showing an ICs, value 25-fold lower on MCF7 and significantly
82-fold lower on MDA-MB-231 cells. In addition, the ICs, values of CuHL on MCF and
MDA-MB-231 are comparable with the clinical drug reference doxorubicin 3.

On the other hand, the ICsy values of the ligand (H,L) and Cu 2 (free metal cation) are

greater than 100 uM for both cell lines tested, hence revealing the key role of complexation

12
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to modulate the anticancer activity of CuHL, This kind of effect has been reported for other
copper complexes and other metal-based compounds 23-37-38,

To comprehend the potential of CuHL and to know its selectivity for tumor cells, we explored
it impact on the cell viability of L929 cells (mouse derived fibroblasts) and MCF10 (non-
tumoral breast cancer cells) we compared their effects by calculating the selectivity index
(SI= ICs non-tumoral cells / ICs, tumor cells).

The results show that CuHL has great selectivity for breast cancer cells showing SI values of
2.6 and 2.8 for MCF7 and MDA-MB-231, respectively. In this sense, the compound
improved the selectivity values than cisplatin in all the cancer cell lines tested.

Several scientific evidence showed that copper complexes with 1Csy values lower than 10
uM have been recognized as potent cytotoxic agents against different human cancer cell lines
13,15 Considering the type of ligand used in this work we find that Low et al reported the
anticancer activity of novel Cu(II) complex with the Schiff base NO-[1-(2-oxo0-2H-chromen-
3-yl)-ethylidene]-hydrazinecarbodithioic acid benzyl ester on MDA-MB-231 and MCF-7
cells showing ICs, values around of 20 uM 3°. Besides, four copper(Il) complexes with
vanillin Schiff base derivatives and naproxen were synthesized by Lu et al. The most
effective complex showed a good 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 uM
respectively) 40.

On the other hand, copper(Il) complex of S-methyldithiocarbazate with isatin were
synthesized and screened for cytotoxic activities against breast cancer cell lines (MCF7 and
MDA-MB-231). The complex exhibited marked and selective activity against MCF7 cell
with an ICs, value in the low micromolar range (0.45 puM) 4. In addition, Gou et al.
synthesized a Cu(Ill) complex derived from tridentate (E)-N'-(5-bromo-2-
hydroxybenzylidene) benzohydrazide Schiff base ligand, [Cu(L)(Ind)NOs] that showed an
important cytotoxicity against doxorubicin-sensitive and -resistant MCF-7 (ICso = 1.5 pM)

and MCF-7/ADR cells (ICso= 1.8 uM) 42,

13
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Table 3. ICso (uM) values of the CuHL and CDDP in several cell lines after 24 h of incubation. ND:

not determined.

IC50 CuHL IC50
CDDP

MCF7 1.7+£0.1 42 +£3.2
MDA-MB- | 1.6 £0.1 131 +18
231
A549 2.8+£0.7 114+2.3
MG-63 2.,6+0.3 39+1.8
HT-29 9.7+£0.5 191 +2.6
L929 42 +0.1 11.2 £1.6
MCF10 4.5 +0.8 ND

Due to high selectivity of the compound toward breast cancer cell lines we continue the study

of mechanism of action using MCF7 and MDA-MB-231.

To evaluate the effect of the complex on the cellular reproductive potential, a clonogenic
assay was performed.

Figure 5 shows a strong reduction of cell proliferation on MCF7 and MDA-MB-231 cells.
affecting the colony formation in a dose-dependent manner from 0,1-0.5 uM (p<0.01). These

results agree with the cell viability assay.

14
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MCF7

0.0157 Em MCF7
B MDA MD 231

Control 0,125 pM 0,25 uM 0,5 pM

Survivor fraction

MDA-MB-231

Concentration (M)

Control 0,125 uM 0,25 uM 0,5 nM
Figure 5. Clonogenic assay. Effect of CuHL on MCF-7 and MDA-MB-231 cell viability. Cells were
incubated in Dulbecco’s modified Eagle’s medium (DMEM) alone (control) or with different
concentrations (0.125, 0.25 and 0.50 uM) of compound. The results are expressed as surviving
fraction as the 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.

DNA interaction studies

Molecular docking

Molecular docking was carried out to find and score binding pose of the metal complex on
DNA. The best pose of the metal complex with DNA fragments was selected based on HEX
scores, (see Figure 6A). To avoid edge effects, it was considered that the complex location
was not very close to the ends of the DNA dodecamer. The results showed that the metal

complex was located in a minor groove of the DNA dodecamer.

Molecular dynamics and binding energy

Molecular dynamics is a computational tool to simulate the motions of a molecular system.
The method requires an interaction potential from which interatomic forces can be calculated
and the equations of motion that govern the dynamics of the system are determined.
Molecular dynamics simulation studies were then performed to study in more details the
binding modes of this metal complex. RMSD values were depicted to determine the

convergence and stability of simulations (Figure S2).

15
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The binding energy based on the molecular dynamic’s trajectory was calculated with
MM/GBSA model (-48 + 7 kcal mol ') and decomposition energies are shown in Figure S3.
This shows that the major interactions correspond to nucleotides surrounding copper, in
particular with the nucleotides DAS, DA6, DC21, and DG22. Details of the interactions of

CuHL with dodecamer are shown in Figure 6B.

Figure 6. A) The best pose of complex (cyan sticks) obtained by molecular docking using HEX. B)
Interaction details of complex (cyan) with dodecamer. Both Images are generated with Pymol

(https://pymol.org/).

Genotoxic studies

The genotoxic effect of CuHL was performed through the induction of DNA damage. The
comet assay is a valuable test used to evaluate genotoxicity.

We evaluated the tail moment parameter, which is defined as the tail length x DNA amount
in the tail 43

Figure 7 shows that complex induced a significant genotoxic effect in both breast cancer
cells from 0.5 to 1 uM with a dose-response effect (p < 0.01).

Moreover, the genotoxic effects of the complex are higher than cisplatin showing following
tail moment values on MCF7 cells: 43.7 + 6.0 (0.5 uM complex), 82.2 + 7.1 (1.0 uM
complex) and 2.4 + 0.7 (0.5 uM CDDP) 2 + 0.5 (1.0 uM CDDP). Besides, on MDA-MB-

16
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231 cells, the compound increased the DNA damage whilst cisplatin did not exert
genotoxic effects at 0.5 and 1.0 uM (p< 0.01).

MCF7
CuHL CDDP
10+
100+ .
804 81
= E
@
g 60+ * E 61
2 =
5 40 4 E 44
]
= —
20+ 24
04 o
N ) )
(e-‘o o oF L \(6\ Q’f-: Q‘-\J N
e :PQ
Concentration (uM) Concentracion (uM)
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1 CuHL 10 -
. CDDP
w 304 8
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£ S ¢
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i = 4
F 104 ©
* 2+
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o &
Concentration (uM) Concentration (uM)

Figure 7. Genotoxicity of CuHL toward MCF7 and MDA-MB-231 cancer cells by Comet assay.
After incubation with CuHL for 24 h, cells were lysed and DNA fragments were processed by
electrophoresis. After electrophoresis, the nuclei were stained and analyzed. The results are expressed
as the mean £ SEM (n = 150).

* p <0.01 differences between control and treatment.

ROS production

Copper(Il) complexes can initiate Fenton reactions intracellularly resulting in ROS
accumulation 44, Many scientific reports establish a relationship between anticancer activity
and the redox potentials of the copper(Il) complexes. The reduction of Cu(11) to Cu(I) occurs

in the presence of the intracellular thiols, such as glutathione (GSH), generating a depletion

17
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of GSH levels #°. Upon reaction with molecular oxygen, Cu(l) is reoxidized to Cu(r) thereby
producing reactive superoxide radicals (O, ™) 4647,

For a better understanding of the possible mechanism involved in the cytotoxicity of CuHL
on breast cancer cells, we investigated the effect of oxidative stress through the oxidation of
the probes Dihydroethidium (superoxide indicator) 8.

The results evidenced that CuHL (1 uM) caused an increment in ROS production of 720%
and 1400% over basal for MDA-MB-231 and MCF7, respectively. These results suggest that
ROS production could be considered as one of the relevant mechanisms of action of CuHL.
In this sense, many authors demonstrated that copper(Il) complexes induce cell death
associated with ROS generation and depletion of cellular glutathione #°. Since then various

copper(11) complexes were shown to readily react with GSH and induce oxidative stress 0,

Apoptosis

Apoptosis is a physiological process of cell death enhanced in the presence of injurious
agents °!. Consequently, a genetic program that leads to cell death is activated. Independently
of the cell type °' and the nature of the harmful agent, the externalization of
phosphatidylserine is always present in the earlier apoptotic events. Annexin V-FITC is a
fluorescent probe with high affinity for phosphatidylserine, allowing its determination by
fluorescence assays.

Table 4 and Figure S4 displayed the flow cytometry results of the apoptotic process in the
presence of CuHL (0.25, 0.5, 0.75 and 1.0 uM) on MCF7 and MDA-MB-231 cells.

CuHL increased the late apoptotic (Annexin V+/PI+) cell fractions from 0.25-1.0 uM for
MCF7 and the early (Annexin V+/PI-) and late apoptotic (Annexin V+/PI+) cell fractions
from 0.75-1.0 uM for MDA-MB-231 cells.

On MCF7 cells, the basal condition showed 5% of V+/PI+ cells but these results changed
with the compound incubation, showing a significant increase in the late apoptotic cellular
fraction (51% at 0.75 pM, 70% at 1.0 uM).

On the other hand, on MDA-MB-231 cells, the basal condition showed 1 % of V+/PI- cells
and 2% of V+/PI+ cells whilst after incubation with 0.75 uM of complex these values
increased until 19% and 26%, respectively. At 1 uM, CuHL resulted on 14% of V+/PI- cells
and 42% of V+/PI+ cells cells,
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Our results are in agreement with the cell viability studies, suggesting that CuHL induced the
cell apoptosis depended on its concentration in both breast cancer cell lines. It is important
to highlight that the apoptosis cell death have also been reported as the leading mechanism
of action for many copper complexes with antitumor activity toward different cancer cell

lines 13.

Table 4 Percentage of apoptotic cells treated with CuHL. *p < 0.01 differences between control and

treatment.
MCF7 cells MDA-MB-231
Concentration | V+/ PI- cells V+/ PI+ cells V+/ PI- cells V+/ PI+ cells
(nM)
0 1.9£0.6 49+2.1 1.4+0.2 2.1+03
0.25 50+2.1 8.2+ 1.7* 1.5+0.1 3.1£0.1
0.5 3.1+1.0 28.0 £5.5% 2.4+0.2 49+0.2
0.75 23+£0.8 50.8 £2.5% 19.1 £ 1.5% 259 +3.4%
1.0 47+1.1 70469 * 14.0£0.7* 42.4 +2.4%

Cancer stem cell studies

Solid tumors are made up of heterogeneous cancer cell populations with different hierarchical
pattern >2. In this sense, cancer stem cells (CSCs) are an immortal subgroup within the total
malignant cell population with the potential to accumulate mutations to promote the tumor
development 33. CSCs play a key role in tumor aggressiveness, due to the self-renewal and
the stemness capacity >*. Therefore, in the last years, the development of anti-CSC-agents

had great attention and the CSCs became an important and specific cell target °.

In order to evaluate the anti-CSCs activity of CuHL, we performed flow cytometry

experiments using CD44 and CD24 antibodies. The breast CSC subpopulation CD44/CD24-
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with described tumorigenic capacity which originated the heterogeneity of the parental tumor

56

Table 5 and Figure S5 depicted that the complex decreased the amount of breast CSCs on
MCF7 and MDA-MB-231 cells. On MCF7, complex reduced the percentage of
CD44%/CD24- cells showing the following values: 1.7 % (basal condition), 1.0 % (0.5 uM),
0.5 % (1.0 uM) and 0.3% (1.5 puM). Besides, on MDA-MB-231 cells the basal condition
resulted on 98.6 % CD44%/CD24- whilst this value is extremely reduced after incubation with
compound displaying 85.6 % (1.0 uM) and 68.3% (1.5 uM), respectively. In addition, the
percentages of CSCs are higher on MDA-MB-231 than MCF7 cells.

Table 5 Percentage of CD 447/ CD24- MDA-MB-231 and MCF7 cells after treatment with 0, 0.5, 1,
1.5 uM of CuHL. *p < 0.01 differences between control and treatment.

% CD 44%/ CD24 - % CD 44%/ CD24 -
MCF7 cells MDA-MB-231 cells
0 1.63 + 0.08 98.10 +0.45
0.5 0.88 +£0.14 * 98.34 +0.12
1 0.44 +0.06 * 87.44 +1.86 *
1.5 0.35 £0.09 * 74.61 £6.29 *

3D studies: cell viability and cell proliferation

For many years, 2D cell culture has been used to study breast cancer. Nevertheless, in last 10
years, the importance of 3D culture to demonstrate the complexity of human disease has
received attention, so several clinically relevant models have developed and implemented a

to study breast cancer *’.
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To verify the anticancer activity of complex, we evaluated CuHL and cisplatin effects on the

cell viability of MCF-7 multicellular spheroids using resazurin reduction assay.

The results showed the ICsy value for CuHL is 2.2 + 0.3 pM while for CDDP is 125 £ 4.5
UM on spheroids derived from MCF7 cells showing an evident greater anticancer activity
than cisplatin. The complex exhibited an ICs, value 57-fold lower than CDDP against breast
multicellular spheroids. It is relevant to mention that ICsy values of complex on 2D and 3D
cell models are close similar (ICsoopy = 1.7 vs ICsospy = 2.2) confirming the potential
application of this copper compound in breast cancer treatment. Besides, as it can be seen in
Figure 8A, the complex diminished the cell viability affecting the shape and volume of the
spheroids.

To confirm the anticancer potency of the complex on the 3D cell model we performed a
clonogenic assay. Figure 8B shows that the compound reduced the colony formation in a
dose-dependent manner (p<0.01). The basal condition (0 uM) showed the formation of 160.0
+ 7.2 colonies whilst this value was reduced until 102.0 £3.0 colonies and 39.7 + 2.3 colonies
for 2.5 and 10 uM, respectively (p<0.01). On the other hand, Figure 7C shows that the
compound reduced the spheroid spreading in a dose-dependent manner from 1 to 5 uM

(p<0.01).
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Figure 8. Effect of CuHL on MCF-7 spheroids A) Images of spheroids after the treatment with 0.5-
10 puM of CuHL B) Clonogenic assay of spheroids. Spheroids were incubated in Dulbecco’s modified
Eagle’s medium (DMEM) alone (control) or with different concentrations (2.5, 5.0 and 10.0 uM) of
compound. The results are expressed as a surviving fraction as the 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. C) Spreading of spheroids. Spheroids were incubated in Dulbecco’s modified
Eagle’s medium (DMEM) alone (control) or with different concentrations (0.25-5 uM) of compound.
The results are expressed as a migration area and represent the mean =+ the standard error of the mean

(SEM) (n =18). *p < 0.01 differences between control and treatment.

3D studies: mammospheres forming capacity

Mammospheres are tumor-like three-dimensional structures composed of a high proportion
of breast cancer stem cells (BCSCs) 8. In this sense, the ability of the metal-based drugs to
inhibit mammosphere formation from single-cell suspensions provides a reliable marker for
CSC potency ¥.

Figure 9 shows that CuHL diminishes the formation and size of MCF7 mammospheres from
0.5to 1 uM (p<0.01). At 0.5 uM, complex reduced the mammospheres formation efficiency
by 40% whilst at 1 uM the compound appreciably decreased this efficiency until 75% (*p <
0.01). Besides, as it can be seen in Figure 8, the size and number of mammospheres formed
was also remarkably reduced in a dose dependent manner by CuHL.

In this sense, many copper(Il) complexes with heterocycles and Schiff base ligands reduced

the formation of mammospheres in the micromolar range 210,
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Figure 9. Mammospheres forming capacity. Mammospheres were incubated in Dulbecco’s modified
Eagle’s medium (DMEM) alone (control) or with different concentrations (0.25-1uM) of CuHL. The
results are expressed as Mammospheres forming efficiency (Number of mammospheres forming /
Number of mammospheres seeded) x 100) and represent the mean =+ the standard error of the mean

(SEM) . *p < 0.01 differences between control and treatment.
Conclusions

A new copper(Il) complex obtained by the reaction of the hydrazone of 4-methoxy-
benzohydrazide with oVa was synthesized and characterized. The crystal structure of the
cationic complex was determined and it was found that Cu(Il) ion is in a distorted square
pyramidal coordination and has nitrate as a counterion. DFT calculated geometrical

parameters and spectroscopic features are in good agreement with experimental data.

Solid state FT-IR, Raman, EPR solid spectra and solution UV-vis of the complex along with
spectroscopic data for the unbonded ligand were recorded and analyzed. In addition, solid
spectra are in agreement with the crystallographic results and calculations allowed a complete
assignment of the vibrational spectra. During the assignment of vibration bands for the
copper complex it was observed strong coupling between some modes. The calculated

electronic spectrum of the complex agrees with the observed one, allowing the assignment
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of experimental bands of the Cu(Il) complex in solution. In most cases, more than one
electronic transition was involved in each absorption band.

The anticancer activity and the mechanism of action of CuHL was examined in the frame of
a multidisciplinary scientific proposal concerned with the development of copper(Il)
complexes with potential antitumor effects. In this sense, CuHL caused cytotoxicity in a
concentration-dependent fashion on several cancer cell lines, showing stronger anticancer
activity than CDDP on bone, lung, colorectal and particularly on breast cancer cells.
Docking and molecular dynamics studies predicted that the complex could interacts with
DNA. These results are confirmed by comet assay in which the compound induced a
significant genotoxic effect in MCF7 and MDA-MB-231 cells from 0.5 to 1 uM. Moreover,
CuHL augments the ROS levels and conveys the breast cancer cell to apoptosis at 0.5 uM.
Besides, the compound diminished the amount of breast CSCs on MCF7 and MDA-MB-231
cells, reducing the percentage of CD44+/CD24-/low cells from 0.5 to 1.5 uM. Finally, CuHL
showed a ICs, value 65-fold lower than CDDP on breast multicellular spheroids and reduced
the size and number of mammospheres.

Taking into account the selectivity and anticancer activity of CuHL and the scarce options
on the treatment of triple negative breast adenocarcinoma, our results indicate that this
complex is an engaging candidate for potential antitumor therapies and it would be attractive

to further test this complex in in vivo assays for breast cancer treatments.

Experimental

Material

MeBH and oV A (Sigma-Aldrich), HCI (Carlo Erba), Cu(NOs),.6H,0 (Riedel de Héen) and
96% EtOH (Soria), were used as purchased. High purity methanol (Carlo Erba) was used for
the electronic spectroscopy measurements. 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 isothiocyanate
(FITC), propidium iodide (PI), DHR123 and Dihydroetidium were from Invitrogen (Buenos
Aires, Argentina). CD44 and CD24 antibodies were purchased by BD (USA)
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Methods
Synthesis

The hydrazone was prepared according to the procedure reported in 7. Equimolar amounts
of EtOH solutions of both the ligand and the cupric salt were heated and stirred separately.
The copper solution was dropwise added to the ligand solution, leading to a green solution
after the reaction shown in scheme 2. The system was kept under mild heating and stirring
for 30 minutes. It was let stand at room temperature for two weeks. The green needle-shaped
crystals were filtered off, washed with cold ethanol and dried in desiccator. M. P. 272-274
°C. Anal. Calc. for Cis Hj9 Cu N3 Oqg: C: 41.69%, H: 4.15%, N: 9.12 %. Found: C: 41.48%,
H: 4.00%, N: 9.01 %.

4
0 N
\N =
N o i

NN :

N CH j < > <

N s +  CulNOsly6Hy0 - - H,c/ 0,,“.;5:..__0 NS+ Ho
RO g b

0 HO o 10 1. )
H -

Scheme 2. Schematic representation of the reaction between MeBHoVa and copper

nitrate.

Physicochemical analysis

Spectroscopic data
IR spectra were recorded with a FTIR Bruker EQUINOX 55 instrument, using the KBr pellet
technique and in the 4000-400 cm! range. A WITEC alpha 300 RA spectrophotometer was used
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to measure the Raman spectra, with a laser excitation wavelength of 532 nm, an integration time
of 60s and a 20x objective lens. The laser power was 15mW for both compounds. The electronic
spectra were done with a Hewlett-Packard 8452-A spectrophotometer in 10 mm quartz cells.
Melting point (M. P.) was obtained with a Bock Monoscop “M” instrument. X-band EPR spectra
were recorded on powdered samples in a Bruker EMX spectrometer, equipped with a Bruker
ER 036TM NMR-teslameter and an Agilent 53150A microwave frequency counter. The
simulations of the EPR spectra were performed using the SimFonia program ¢!, and graphics
were represented by the Kaleidagraph v3.5 program 2. Experimental parameters of the data
collection: modulation amplitude 0.1 mT, time constant 81.92 ms, conversion time 327.68 ms,

gain 6.32 10?2 and power 20 mW. Microwave frequencies: 9.7773 GHz (Figure 4).

X-ray diffraction data

The measurements were performed on an Oxford Xcalibur Gemini, Eos CCD diffractometer
with graphite-monochromated CuKo (A = 1.54178 A) radiation. X-ray diffraction intensities
were collected (w scans with & and k-offsets), integrated and scaled with CrysAlisPro 3 suite
of programs. The unit cell parameters were obtained by least-squares refinement (based on the
angular setting for all collected reflections with intensities larger than seven times the standard
deviation of measurement errors) using CrysAlisPro. Data was corrected empirically for
absorption employing the multi-scan method implemented in CrysAlisPro. The structure was
solved by direct methods with SHELXS of the SHELX package ® and the molecular model
developed by alternated cycles of Fourier methods and full-matrix least-squares refinement with
SHELXL of the same suit of programs. All H-atoms but the water ones were positioned on a
stereo-chemical basis and refined with the riding model. The waters H-positions were refined at
their found positions with isotropic displacement parameters.

Crystallographic structural data have been deposited at the Cambridge Crystallographic Data
Centre (CCDC). Any request to the Cambridge Crystallographic Data Centre for this material
should quote the full literature citation and the reference numbers CCDC 1544958.

Computational methods
Taking the structural data obtained by x-ray diffraction methods as the starting point, the
geometry of CuHL was optimized in the gas-phase using the hybrid density functional known
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as B3LYP 9. The 6-311G** basis set was used for C, N, H and O ¢, while the LANL2DZ
pseudopotential was used for Cu ¢7.

The optimized geometry was characterized by the sign of the eigenvalues of the Hessian matrix
of the total electronic energy with respect to the nuclear coordinates. When all the eigenvalues
were positive, they were converted to harmonic vibrational frequencies.

Electronic transitions were calculated within the framework of the Time-Dependent DFT 63
using the PBEO hybrid density functional ®. The 6-311+G(d,p) basis set was used for C, N, H
and O %70 and the same pseudopotential used for geometry optimization was used for Cu.
Solvent effects (methanol) were included implicitly through the Conductor-like Polarizable
Continuum Model 7. Geometry optimizations, Hessian matrix calculation and diagonalization,
and electronic transition calculations were performed with Gaussian 09 program 72. The
corresponding figures were done with wxMacMolPIt 73. Marvin was used for drawing,
displaying and characterizing chemical structures, substructures and reactions, Marvin 20.14,

2020, ChemAxon (http://www.chemaxon.com).

Cell line and growth conditions

Human osteosarcoma cell line (MG-63), human lung cancer cell line (A549), breast cancer
cell line (MCF-7 and MDA-MB-231), human colorectal cancer cell line (HT-29) and mouse
non tumoral fibroblast (L929) were grown in Dulbecco’s modified Eagle’s medium (DMEM)
containing 10% fetal bovine serum (FBS), 100 [U/mL penicillin and 100 pg/mL streptomycin
at 37 °C in 5% CO, atmosphere. Human non tumoral breast cells (MCF10) was grown in
DMEM F12 supplemented with 10 % FBS, 0.3 g/L glutamine, 20 ng/mL epidermal growth
factor (EGF), 10 pg/mL insulin, 0.5 pg/mL hydrocortisone and 0.04 g/L gentamicin.

Cell viability study

The MTT assay was performed according to Mosmann et al 7. Briefly, cells were seeded in
a 96-multiwell dish, allowed to attach for 24 h and treated with different concentrations of
complex at 37 °C for 24 h. Afterward, medium was changed and cells were incubated with
0.5 mg/ml MTT under normal culture conditions for 3 h. Cell viability was marked by the
conversion of the tetrazolium salt MTT (3.(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl-
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tetrazoliumbromide) to a coloured formazan by mitochondrial dehydrogenases. Colour
development was measured spectrophotometrically in a microplate reader (model 7530,
Cambridge technology, Inc. USA) at 570 nm after cell lysis in DMSO (100 ul/well). Cell

viability was plotted as the percentage of the control value.

Clonogenic assay

Cells were seeded in 24 well plates, after attachment of the cells to the dishes, they were
treated with CuHL at a range of 0,125 to 0,5 uM. After 24 h, the cells were washed with PBS
and 2 ml of complete DMEM were add. The plates were incubated for 10 days at 37°C and
5% CO,. After this time, medium was removed, and cells were rinsed with PBS. Cells were
stained with a mixture of 6% of glutaraldehyde and 0.5% of crystal violet for 30 minutes at
room temperature. Then, the plates were washed with distilled water and dried. After, 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).

DNA studies
Computational methods
Structure preparation

The metal complex structure was drawn with Avogadro Molecular Editor °. This coordinate
served as a starting point for optimization via Density Functional Theory (DFT) calculation,
which was carried out with the Gaussian 09 package 7> using the B3LYP functional and 6-

311G* and default parameters.

A dodecamer structure of the B-DNA duplex C-G-C-G-A-A-T-T-C-G-C-G was used as
target sequence, and was taken from the Brookhaven Protein Data Bank 7. PDB ID: 1BNA7’.
Water molecules were deleted from the structure and missing hydrogen atoms were added

with UCSF Chimera molecular editor 78.

Molecular docking studies
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Macromolecular docking was done using HEX 8.1 software . In Hex’s docking
calculations, each molecule is modeled using 3D parametric functions which encode both
surface shape and electrostatic charge. Hex docking reads DNA as a receptor file and

complex as a ligand file from PDB-format.

The parameters used in the docking process were: correlation type: SHAPE-ELECTRO-
DARS, FTT mode: 3D, grid dimension: 0.6, receptor range: -180, ligand range: -180, twist

range: -360, distance range: 60, number of poses stocked: 10.

Molecular dynamics (MD)

MD simulation was performed on the best score pose of the metal complex in DNA resulting
from molecular docking. The complex-DNA system has a negative net charge, so sodium
cations were added as counterions with the Leap module to achieve electroneutrality. The
neutralized complex was immersed in a box of TIP3P waters which extended up to 15 A
from the solute. DNA was described using the Amber14SB force field #. The metal complex
CuHL was modeled with MCPB.py 3!, included in the package AmberTools 19 32, MD
simulation was run using the NAMD 2.13 software 33. The van der Waals interaction cutoff
distances were set at 12 A and long-range electrostatic forces were computed using the
particle mesh Ewald summation method with a grid size set to 1.0 A. The 1-4 contributions
were multiplied by a factor of 0.83 to match the AMBER force field requirements. The
system was subjected to 100000 minimization steps, heating from 0 to 300K in 30 ps, and 20
ns of equilibration/production simulation. For equilibration/production simulations, constant
temperature (300 K) was maintained using Langevin dynamics with a damping coefficient
of 5 ps!, while pressure was kept constant at 1 atm through the Nosé-Hoover Langevin piston
method with a decay period of 200 fs and a damping time constant of 100 fs. A time step of
1 fs was used along molecular mechanics. Bonds involving hydrogen atoms of water were

constrained using the SHAKE algorithm.

MM-GB/SA calculation
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Binding free energy of CuHL with DNA was computed using the MM-GB/SA method,
where the binding free energy is calculated as the difference between the bound and unbound
state of DNA and metal complex 34,

The solvation free energy was calculated using the generalized Born (GB) model #
implemented in MMPBSA.py module 8¢, ighb=2 as selected parameters. The hydrophobic
contribution was determined using the solvent-accessible surface area (SASA). The DNA—-
metal complex binding free energy was calculated using a single trajectory based on 500
snapshots taken from the last 10 ns portion (20 ps interval) of the MD simulation trajectories.
To obtain the detailed representation of interactions, free energy decomposition analysis was
employed to decompose the total binding free energy into CuHL—nucleotide pairs. This
calculation was performed using a pairwise energy decomposition scheme (idecomp option

3) also with the MMPBSA .py module.

Single cell gel electrophoresis (SCGE) assay

For detection of DNA strand breaks the single cell gel electrophoresis (‘comet’) assay was

used in the alkaline version, based on the method of Singh et al with minor modifications ¥’.

Under alkaline conditions, DNA loops containing breaks loose supercoiling, unwind and are
released from the nuclei and form a ‘comet-tail’ by gel electrophoresis. For this experiment,
2x 10* cells were seeded in a twelve-well plate; 24 h later the cells were incubated with
concentrations of the complex (0.25-1 uM). After 24 h of treatment, cells were suspended in
0.5 % low melting point agarose and immediately poured onto glass microscope slides. Slides
were immersed in ice-cold prepared lysis solution at darkness for 1 h (4°C) in order to lyse
the cells, remove cellular proteins and to allow DNA unfolding. Immediately after, slides
were put in a horizontal electrophoresis tank containing ImM Na,EDTA, 0.3M NaOH (pH
12.7) and then electrophoresis was performed for 30 min at 25V (4°C). Afterwards, slides
were neutralized and stained with SyberGreen. Analysis of the slides was performed in an
Olympus BX50 fluorescence microscope. Cellular images were acquired with the Leica
IM50 Image Manager (Imagic Bildverarbeitung AG). A total of 50 randomly captured cells

per experimental point of each experiment was used to determine the tail moment (product
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of tail length by tail DNA percentage) using a free comet scoring software (Comet Score

version 1.5).

Reactive Oxygen Species studies

Oxidative stress in MCF7 and MDA-MB-231 cells was evaluated by measurement of
intracellular production of ROS after incubation of the cell monolayers with different
concentrations of complex for 24 h at 37 °C. ROS generation was determined by oxidation

of Dihydroethidium by spectrofluorimetry.

Apoptosis

Cells in early and late stages of apoptosis were detected with Annexin V-FITC and propidium
iodide (PI) staining. Annexin V, fluorescein isothiocyanate (FITC), and propidium iodide
(PI) Cells were treated with the CuHL for 24 h prior to analysis. For the staining, the cells
were washed with PBS and were diluted with 1 puL binding buffer. To 100 pL of cell
suspension, 2.5 pL. of Annexin V-FITC and 2 pL PI (250 mg/mL) were added and incubated
for 15 min at room temperature prior to analysis. Cells were analyzed using a flow cytometer
BD Accuri C6 Plus and 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

MCF7 and MDA-MB-231 cells were collected and monoclonal antibodies against human
CD44-FITC and CD24PE (BD Biosciences, USA) were added to the cell suspension with
the recommended concentration and incubated at room temperature in dark for 30 min. Then,
the cells were washed with phosphate-buffered saline (PBS) and analyzed by the BD Accuri
C6 Plus.

Multicellular tumor spheroid formation

Multicellular tumor spheroids were formed with MCF7 cells using the adapted hanging drop
method #8. In brief, an aliquot of 25 ul cell suspension containing 1500 cells was suspended

on the lid of the cell culture plate. After the time-point required for cell aggregation (72 h),
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the spheroids were transferred to agarose-coated 96-well plates (one droplet in one well) and
cultured with 150 pl culture medium. Spheroids were allowed to grow until reaching a size

of 300 um diameter.

Spheroids cell viability study

Multicellular spheroids were treated in 96-well plates with 0.5% DMSO in DMEM (control)
and with complex in a range of concentration 0.5 to 10 uM in DMEM for 48 h. Afterward,

cell viability of spheroids was evaluated by the resazurin reduction assay.

Spheroid clonogenic assay

Multicellular spheroids were treated in 96-well plates with 0.5% DMSO in DMEM (control)
and with complex in a range of concentration 2.5 to 10 uM in DMEM for 48 h.

Afterward, spheroids were dissociated enzymatically (10 min at 37°C in 0.05% trypsin), and
mechanically by gently pipetting, and resuspended in DMEM with 10% FBS. Cells were
then transferred to a 6-well plate (one spheroid per plate) and incubated for 7 days. After this
time, cells were stained using a mixture of 6% glutaraldehyde and 0.5% crystal violet. The

number of colonies formed was counted.

Spheroids spreading assay

Multicellular spheroids were treated in 96-well plates with 0.5% DMSO in DMEM (control)
and with complex in a range of concentration 1 to 10 uM in DMEM for 48 h.

Afterward, spheroids were transferred to a conventional 48-well plate and images were
obtained after 48h, using an inverted microscope. Effects of the compound were analyzed by

measuring the area covered by migration cells using ImagelJ software.

Mammospheres formation
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Single cells derived from MCF-7 cell line was plated in 12-well low attachment suspension
culture plates at a density of 2000 viable cells/well. Cells were grown in 1000 mL serum-free
media, supplemented with B27 and 20 ng/mL EGF as previously described >S.
Mammospheres were counted after 5-8 days in culture with an Olympus [X20 inverted

microscope.

Statistical analysis

Results are expressed as the mean of three independent experiments and plotted as mean +
standard error of the mean (SEM). The total number of repeats (n) is specified in the legends
of the figures. Statistical differences were analyzed using the analysis of variance method
followed by the test of least significant difference (Fisher). The statistical analyses were

performed using STATGRAPHICS Centurion XVLI.
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Supplementary Material

Table S1. Full bond lengths [A] and angles [°] for [Cu(HL)(H,0),].NOs.
Bond lengths [A]

C(1)-C(6) 1.407(4) C(11)-C(12) 1.381(4)
C(1)-C(2) 1.409(4) C(12)-C(13) 1.385(5)
C(1)-C(8) 1.440(4) C(13)-0(3) 1.348(4)
C(2)-0(1) 1.319(3) C(13)-C(14) 1.385(5)
C(2)-C(3) 1.422(4) C(14)-C(15) 1.375(4)
C(3)-0(4) 1.370(4) C(16)-0(3) 1.432(5)
C(3)-C(4) 1.376(4) N(1)-N(2) 1.384(3)
C(4)-C(5) 1.391(5) N(1)-Cu 1.930(2)
C(5)-C(6) 1.364(5) O(1)-Cu 1.889(2)
C(7)-0(4) 1.417(4) 0(2)-Cu 1.966(2)
C(8)-N(1) 1.286(4) O(1W)-Cu 2.318(2)
C(9)-0(2) 1.256(3) O(2W)-Cu 1.975(2)
C(9)-N(2) 1.343(4) N(3)-0(33) 1.187(4)
C(9)-C(10) 1.471(3) N(3)-0(32) 1.232(4)
C(10)-C(15) 1.392(4) N(3)-0(31) 1.249(4)

C(10)-C(11) 1.395(4)
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Bond angles [°]

C(6)-C(1)-C(2) 119.8(3) C(12)-C(13)-C(14) 119.7(3)
C(6)-C(1)-C(8) 116.9(3) C(15)-C(14)-C(13) 120.4(3)
C(2)-C(1)-C(8) 123.32) C(14)-C(15)-C(10) 120.8(3)
0(1)-C(2)-C(1) 125.7(2) C(8)-N(1)-N(2) 120.02)
0(1)-C(2)-C(3) 116.7(2) C(8)-N(1)-Cu 128.12)
C(1)-C(2)-C(3) 117.6(2) N(2)-N(1)-Cu 111.92)
0(4)-C(3)-C(4) 125.3(3) C(9)-N(2)-N(1) 114.5(2)
0(4)-C(3)-C(2) 113.42) C(2)-0(1)-Cu 126.1(2)
C(4)-C(3)-C(2) 121.3(3) C(9)-0(2)-Cu 113.32)
C(3)-C(4)-C(5) 120.0(3) C(13)-0(3)-C(16) 118.0(3)
C(6)-C(5)-C(4) 120.3(3) C(3)-0(4)-C(7) 118.6(3)
C(5)-C(6)-C(1) 121.0(3) O(1)-Cu-N(1) 93.51(9)
N(1)-C(8)-C(1) 123.1Q2) 0(1)-Cu-0(2) 174.44(8)
0(2)-C(9)-N(2) 119.12) N(1)-Cu-0(2) 81.10(9)
0(2)-C(9)-C(10) 120.4(2) 0(1)-Cu-O(2W) 91.61(9)
N(2)-C(9)-C(10) 120.4(2) N(1)-Cu-O(2W) 158.4(1)
C(15)-C(10)-C(11) 118.3(2) 0(2)-Cu-0(2W) 92.93(9)
C(15)-C(10)-C(9) 118.12) 0(1)-Cu-O(1W) 90.75(9)
C(11)-C(10)-C(9) 123.5(3) N(1)-Cu-O(1W) 107.75(9)
C(12)-C(11)-C(10) 121.0(3) 0(2)-Cu-O(1W) 92.20(9)
C(13)-C(12)-C(11) 119.8(3) O(2W)-Cu-O(1W) 93.1(1)
0(3)-C(13)-C(12) 124.8(3) 0(33)-N(3)-0(32) 119.1(4)
0(3)-C(13)-C(14) 115.5(3) 0(33)-N(3)-0(31) 119.7(3)
0(32)-N(3)-0(31) 121.1(3)

Table S2. Atomic coordinates (x 104) and equivalent isotropic displacement parameters (A2
x 103) for [Cu(HL)(H,0),].NOs. U(eq) is defined as one third of the trace of the
orthogonalized Ujj tensor.

atom X y z U(eq)
C(1)  4235(4) 3246(3) 7176(2) 41(1)

C(2) 5163(4) 1979(3) 7545(2) 40(1)
C(3)  5890(4) 1246(3) 6758(2) 44(1)
C@d)  5758(5) 1765(3) 5668(2) 52(1)
C(5)  4864(5) 3023(3) 5321(2) 58(1)
C(6)  4094(5) 3745(3) 6059(2) 52(1)

C(7)  7474(7) -810(4) 6495(3) 75(1)



C(8)
C(9)
C(10)
c(11)
C(12)
C(13)
C(14)
C(15)
C(16)
N(1)
N(2)
Oo(1)
0(2)
O(1W)
0(3)
0(2W)
0(4)
Cu
N@3)
0(31)
0(32)
0(33)

3430(4)
3035(4)
2265(4)
1514(4)
846(4)

887(4)

1616(5)
2317(5)
-562(5)
3513(3)
2727(3)
5429(3)
3976(3)
2279(3)
277(4)

6780(4)
6724(4)
4741(1)
7943(4)
9054(4)
7864(7)

6378(8)

4091(2)
4203(2)
5018(2)
6307(3)
7029(3)
6468(3)
5187(3)
4474(3)
8399(4)
3763(2)
4628(2)
1408(2)
3098(2)
1005(2)
7081(2)
879(2)
20(2)
2158(1)
2278(2)
2830(3)
1179(3)

2833(4)

7886(2)
10589(2)
11359(2)
11034(2)
11791(3)
12893(3)
13227(3)
12468(3)
13410(4)
8916(2)

9548(2)

8561(2)

10900(2)
10595(2)
13700(2)
10517(2)
7196(2)

9758(1)

12271(2)
11473(2)
12378(3)

12913(3)
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41(1)
41(1)
42(1)
47(1)
51(1)
50(1)
57(1)
52(1)
70(1)
39(1)
42(1)
49(1)
50(1)
53(1)
65(1)
62(1)
58(1)
45(1)
54(1)
80(1)
107(1)

127(2)

Table S3. Anisotropic displacement parameters (Az X 103) for [Cu(HL)(H,0),].NO;. The

anisotropic displacement factor exponent takes the form: -2n~[ h™a*

12

b* U “].
atom Ull U22 U33 U23 U13 U12

C(l)  43(1) 41(1) 38(1) -11(1) -4(1) -11(1)
C(2) 46(1) 40(1) 37(1) -11(1) -5(1) -13(1)
C(3) 52(1) 42(1) 41(1) -14(1) -6(1) -11(1)
C4)  60(2) 59(2) 38(1) -21(1) -4(1) -10(1)
C(5)  702) 64(2) 34(1) -91) -9(1) -7(2)

2

2

260 o hkar
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C(6) 60(2) 49(2) 41(1) -6(1) -10(1) -4(1)
() 1133) 522) 63(2) -322) 9Q2) -6(2)
C(8)  46(1) 34(1) 41(1) -8(1) -8(1) -5(1)
C9)  49(1) 34(1) 44(1) -14(1) -8(1) -10(1)
C(10) 47(1) 35(1) 48(1) -19(1) -7(1) -7(1)
C(11) 52(1) 38(1) 51(2) -14(1) -9(1) -7(1)
C(12) 52(1) 35(1) 67(2) -22(1) -8(1) -2(1)
C(13) 46(1) 50(2) 62(2) -31(1) -7(1) -9(1)
C(14) 72(2) 53(2) 492) -19(1) -16(1) -4(1)
C(15) 67(2) 39(1) 52(2) -16(1) -15(1) -4(1)
C(16) 61(2) 62(2) 93) -532) 9Q2) -2(2)
N(1)  46(1) 31(1) 42(1) -13(1) -6(1) -6(1)
N@) 51(1) 31(1) 44(1) -15(1) -8(1) 0(1)

o)  79(1) 33(1) 34(1) -12(1) -12(1) -4(1)
0(Q2) 74(1) 33(1) 44(1) -16(1) -16(1) 1(1)

O(1W) 62(1) 42(1) 48(1) -13(1) -4(1) -6(1)
03) 71(1) 63(1) 712) -43(1) -7(1) -6(1)
0(2W) 89(2) 39(1) 63(1) -20(1) -35(1) 8(1)

O@4) 89(2) 39(1) 47(1) -19(1) -11(1) -6(1)
Cu  68(1) 29(1) 38(1) -13(1) -13(1) -3(1)
NGB)  68(2) 45(1) 43(1) -13(1) -15(1) 6(1)

031) 792) 69(2) 62(2) -3(1) -2(1) 10(1)
0(32) 167(4) 51(2) 106(3) -15(2) -53(3) -9(2)
0(33) 174(4) 92(2) 90(3) -48(2) 48(3) -22(3)

Table S4. Hydrogen coordinates (x 104) and isotropic displacement parameters (Az X 103)

for [Cu(HL)(H,0),].NO;.

atom X y z U(eq)
H4) 6267 1273 5163 62
H(5) 4790 3374 4582 70
H(6) 3467 4580 5821 63
H(7A) 6428 -829 6151 113

H(7B) 7954 -1639 6918 113



H(7C)
H(8)
H(11)
H(12)
H(14)
H(15)
H(16A)
H(16B)
H(16C)
H(2)
H(1A)
H(1B)
H(2A)

H(2B)

8546
2822
1462
370
1630
2832
375
-858
-1766
2092
1250(40)
2700(50)
7140(70)

7140(80)

524
4913
6636
7890
4807
3618
8822
8728
8531
5377
1510(30)
500(30)
890(40)

131(19)

Dalton Transactions

5941
7586
10296
11561
13968
12700
12851
14047
13137
9294
10820(30)
11168(17)
11090(20)

10450(40)

113
49

56

61

69

63
105
105
105
51
69(12)
57(10)
89(15)

102(18)

Table S5. Hydrogen bond distances and angles in [Cu(HL)(H,0),].NOs.

D-H d(D-H) d(H..A) «(D-H..A) d(D..A) A Symmetry operation
N2-H2 0.86  2.03 171.8 2.886(3) 031 [-x+1,-y+I1, -z+2]
OIW-HI1A 0.85(1) 2.06(1) 171(4) 2.903(3) 031 [x-1,y,7Z]
OIW-HIB  0.85(1) 2.21(2) 132(3) 2.847(3) Ol [-x+1, -y, -z+2]
O1W-HIB  0.85(1) 2.14(2) 156(3) 2.936(3) 04  [-xt1, -y, -z+2]
O2W-H2A  0.85(1) 1.99(1) 172(4) 2.839(5) 032

Table S6. Complete IR and Raman spectra of H,L. and [Cu(HL)(H,0),].NOs.

H,L [Cu(HL)(H;0),]"
IR Rama | Assignment IR Rama | Calcula | Assignment
n n ted

3571 m v H,O 3396 v Hy0 coord
m,b

3213 m v NH 3178 3539 v NH
w,b

3006 vw v OH v OH

3102w v CHip MeBH 3114 3232 v CHip MeBH
VW

3080 w [3083 |vCHipoVa 3087 3217 v CHip oVa
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VW VW
2929 vw v.s CH; MeBH 3075 3160/30 |v, CH; MeBH
VW 90
2951 vw v, CH; oVa 2985 3142/50 |v, CH; o0Va
VW 56
2833 vw v C8H 2948 3030 vv C8H
VW
2888 3025 v, CH; MeBH
2847 vw v, CH; oVa 2855 3001 v,CH; 0Va
1767 vi+v4 NO;3
VW
1650s |1660 |[vC=0
w
1608s |1610 |[vC=N 1607s [1609 |1688 vC=N+vC=0
(b) Vs \& + vring oVa
1590 w | 1590 | 1666 vring MeBH +
sh Ar-C
1577 m | 1581 |vring+ Ar-OCH; (MeBH + oVa) 1575 w | 1564 | 1661 vring oVa
s m
1589 (vring + v Ar-
OCHj;) oVa
1538 m | 1543 | 1648 v C=0 + vring
sh MeBH
1514m |1518 |vring+ Ar-C (MeBH) 1512 m | 1516 |1606 v ring MeBH +
W W v coord ring
1476 m | 1485 |v C-NH + v ring +v Ar-OCHj; (oVa) 1494 | 1550 C-NH +Ar-
m-w w OCH; MeBH+ 8
NH
1460 sh | 1473 |vring+v Ar-C (oVa)+v Ar-OH+9d |1468 w 1519 6 as CH;oVa
sh as CH; oVA 1517 6 as CH; MeBH
1440 vw | 1449 |vring+ 3 sim CH;oVa+vC-NH+6 |1434m [1435 [1506 (v ring + 6 sim
VW NH w CH3) oVa+6
NH
1419 vw 6 as CH; (MeBH) 1424 sh 1505 6 as CH; MeBH
1398 vw | 1389 |6 as CH; oVa 1501 6 as CH; oVa
VW
1371 m | 1369 |3 OH
vVw
1384 vs | 1390 |1473 vring (oVa) +v
m Ar-O (oVa)
coord ring
+vs NO3'
1337 sh | 1344 1335sh 1332|1369 (6 CH + v ring)
w oVa+ 6 C8H
1327m |1327 |vring (oVa)+v Ar-OH 1319 sh 1366 O NH + 06 C8H +
m v ring (MeBH)
1315m |1320 |8 CH+vas N-C(O)-C+v OH 1304 w [ 1308 |1298 8 C8H +v Ar-C
sh vw MeBH
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1296 m | 1300 |(v C-OCH; + v ring) MeBH 1272 1310 (vC-OCH; +v
m mw ring) MeBH
1268
sh
1252 s | 1259 |(v C-OCHj; + 6 ring) oVA 1247 m 1284 (vC-OCH; + 6
w ring) oVA
1235
w
1182 m |1186 |vring+v Ar-OCHj; (oVa)
w
1124 sh | 1130 |8 C8H + v ring (oVa) 1217 s 1243 8 C8H + v ring
VW (oVa)
1150 w p; CH; + 8 CH (oVa) 1221 p: CH; oVa
1212 p: CH; MeBH
1168w |1161 |[vN-N+3 CH + v, NNC 1186w [1192 | 1158 vN-N +- 8 CH
w sh (rings)
1177w [1179 |1140 vN-N+-3 CH
w MeBH
1122w |1220 |6 CH (MeBH)
VW
1106 sh |1111 |v C-O(OCHs;) + o ring breath (MeBH) (1125w [1111 [1070 (v C-O(OCHj;) +
1098 w |sh VW d ring) MeBH
1103
w
1080w |1087 |v C-O(OCHj;) + 6 ring (oVa) 1083 w 1118 (v C-O(OCH3) +
w d ring)) oVa
1065m | 1066
VVW
1036 sh 1043 1001 (v C-O(OCH3;) +
W d ring) oVa
1035m | 1038 |o ring (MeBH) 1023 m 6 ring MeBH
VW
967 m vy CH + ¥ 1ing (MeBH) 977w |981 989 v CH MeBH
958 w 972 sh |vvw
893 m [899w |y CH (oVa) 906 w 956 vy C8H + ring
885 (oVa)
VVW
893 m |899w |y CH (oVa) 856 sh 875 v C8H + ring
(oVa)
850 s vy CH (MeBH) 846 m 863 v CH MeBH
836m |839w|yOH
794w |768 |y CH +yring +y CO (MeBH)
760w |VW
736 s vy CH + 6 ring (oVa) 743 m 870 d ring oVA
814 4 ring MeBH
680w [680 |6 N-N-C+ vy C8H 648 w | 644 916 d coord. ring
VW VVW
610 m vy NH 625m |[625 482 v NH
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VW
546 vw 570/541 |v Cu-O

472 vw |476 |y NH 482 vw vy NH

VW

436 463 v NH +v N-Cu
vw, b

418 vw & Ar-O-CHj; + 6 C(O)-NH-N 416 5 Ar-OCH; + 8
VW C(O)-NH-N

Calculated frequencies are not scaled. vs: very strong; s: strong; m: medium; w: weak; vw: very weak;
vvw: very,very weak; sh: shoulder. v: stretching; 8: in-plane deformation; y: out-of-plane deformation; pr:
rocking. coord.ring = N-N-C=0-Cu

Table S7. Electronic absorption spectra of 3 x 10—5 M methanolic solution of the
ligand and Cu complex. Results from TD-DFT are also shown. Percentage contributions
of calculated transitions are given in parentheses. Absorption maxima are given in nm.
Oscillator strengths, shown in parenthesis, are in a.u.

H,L [Cu(HL)(H,0),]"
Experimental |(Experimental Calculated |Assignment
HOMO-1—-LUMO+5 (24%)
HOMO-1—-LUMO+6 (16%)
251 (0.1246) |[HOMO—LUMO+6 (13%) |Intra-ligand transition
HOMO-6—LUMO+1 (12%)
220 230 sh (1.95x10%) 256 (0.0804) [HOMO-4—LUMO+1 (47%) |Intra-ligand transition
HOMO-7—LUMO (45%) ) .
Intra-ligand transition
HOMO-6—LUMO (26%) o
Charge transfer transition
260 sh 290 sh (1.11x10°) {279 (0.1612) [HOMO-4—LUMO (11%) |[(L—M)
310 HOMO-7—LUMO (34%) ) o
Intra-ligand transition
HOMO-6—LUMO (19%) o
Charge transfer transition
330 sh 322 (1.20x10%) 306 (0.2182) |[HOMO-4—LUMO (34%) |(L—>M)
HOMO-2—LUMO (16%) |Charge transfer transition
402 (1.22x105) 334 (0.1389) |HOMO-1—-LUMO+1 (56%) |(L—M)
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340 (0.4314) [HOMO—LUMO+1 (20%) .
Charge transfer transition
HOMO-2—LUMO (77%) |(L—M)

710* (125.9) 532 (0.0039) |HOMO—LUMO (27%) d—d

(L—M): Ligand to Metal

*found using a more concentrated solution of the complex (1x10-*M).

Figure S1. Drawings of Molecular orbitals most involved in electronic transitions

m LUMO+5 E
LUMO+1

HOMO

Energy

HOMO-6

HOMO-7
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Figure S2. Root-mean-square deviation (RMSD) of dodecamer (blue line) and CuHL
complex (red line) versus the dynamics simulation time.

Sl 5]

RMSD (A)
M2

Time (ns)

Figure S3. Energy decomposition of CuHL with nucleotides, based on molecular
dynamics trajectory and using MM/GBSA model: total energy (green), interaction with
Cu(II) (red) and interaction with the ligand (yellow). The original 1BNA PDB numbering
was respected.
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Figure S4 Apoptosis assay. The plots are representative of three independent
experiments.
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Figure S5 Cancer Stem Cell studies. The plots are representative of three independent
experiments.
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