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Homoleptic Phosphino Copper(l) Complexes with in
Vitro and in Vivo Dual Cytotoxic and Anti-angiogenic
Activity

V. Gandin,® A. Trenti,* M. Porchia,® F. Tisato,” M. Giorgetti,® |. Zanusso,? L.
Trevisi® and C. Marzano®*

Homoleptic, tetrahedral Cu(l) complexes of the type [Cu(P)4]BF4 (1-3), where P are the phosphine ligands
1,3,5 -triaza-7-phosphaadamantane (PTA), 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1] nonane
(DAPTA) and 2-thia-1,3,5-triaza-phosphoadamantane 2,2 dioxide (PTA-SO2), have been prepared. The
novel complexes [Cu(DAPTA)4]BF42 and [Cu(PTA-SOz2)4]BF4 3 have been fully characterized by means
of spectroscopic methods, corroborated by XAS-EXAFS analysis on 2. In vitro cell culture experiments
revealed a significant antiproliferative activity for Cu(l) compounds against several human cancer cell
lines derived from solid tumors with a preferential cell growth inhibition towards tumour than non-
malignant cells. In vitro monitoring of migration and capillary-like tube formation of human umbilical
vein endothelial cells (HUVEC) showed an anti-angiogenic effect of copper(l) complexes at sub-cytotoxic
concentrations. In vivo studies on the antitumor efficacy and ability to inhibit angiogenesis confirmed the
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dual cytotoxic and anti-angiogenic property of Cu(l) derivatives.

Introduction

In the search for novel metal-based drugs useful for
addressing anticancer therapy, recent findings have demonstrated that
copper complexes represent good alternatives to platinum drugs.!
Actually, copper species, besides possessing a broader spectrum of
activity and a lower toxicity, are able to overcome inherited and/or
acquired resistance to cisplatin. These features are consistent with the
hypothesis that copper complexes possess mechanism(s) of action
different from those shown by platinum drugs. Recently, numerous
experimental evidences indicated that copper metabolism is severely
altered in neoplastic diseases. In particular, elevated serum copper
concentrations correlate well with tumour burden, progression, and
recurrence in a variety of human cancers such as Hodgkin’s
lymphoma, sarcoma, cervix, prostate, liver, lung, brain and breast
cancers.2* Although the molecular mechanism underlying copper rise
in malignant cells remains poorly understood, it looks partially
explainable taking into consideration the role that copper plays in
tumour angiogenesis, especially at the early stages.® Copper seems to
take part in angiogenesis by stimulating proliferation and migration of
human endothelial cells, and by acting as co-factor of several
angiogenic factors, such as VEGF, bFGF, TNF-a, angiogenin and
IL1.5 The effect of copper on VEGF expression has been
demonstrated and exploited in many cases when there is a need for
rapid formation of micro vessels. For example, it has been reported
that the use of copper sulphate determines a faster closure of the
dermal wounds so that application of copper sulfate and VEGF has
been proposed in regenerative medicine.” In a rather contrasting
approach, copper depletion agents utilized to reduce copper content in
angiogenic tissues related to cancer proliferation (referred to as

This journal is © The Royal Society of Chemistry 2013

‘copper chelation therapy’) are currently tested in clinical phase II.
However, very recent studies report that copper chelation therapy may
produce, in certain cases, an angiogenesis enhancement.® °® These
contrasting evidences support the idea that processes underlying the
role of copper in angiogenesis have not been completely clarified yet.
Angiogenesis-driven or not, tumor tissues have proved to be avid of
copper. This feature may turn tumor cells into targets for Cu-based
drugs, whereas non-tumour cells may promote the elimination of
excess Cu through homeostatic mechanisms.

Our research group has a long-time interest in designing
phosphine copper(l) compounds as potential anticancer agents.
Hydrophilic tertiary phosphines (P) have been used to obtain stable,
water-soluble [Cu(P)4]* species that proved to be easy to handle
during in vitro tests and showed promising antiproliferative effects.1®
1 n particular, the monocationic [Cu(thp)4][PFe] complex (thp = tris-
hydroxymethylphosphine) showed excellent in vitro antitumor
activity against a wide range of solid tumors,® including platinum
drug refractory/resistant tumors.*> Moreover, [Cu(thp)s][PFs] was
much less cytotoxic against non-tumor cells than Pt(Il) drugs with
selectivity index (SI, the quotient of the average ICso toward non-
malignant cells divided by the average 1Cso for the malignant cells)
values about 35- and 10-fold higher than those calculated for cisplatin
and oxaliplatin, respectively.'?

Whereas for several years the search for anticancer drugs has
been focused on the suppression of cancer cell growth, more recently
it has been demonstrated that the inhibition of angiogenesis represents
another promising antitumor strategy. Several ‘accidental’
angiogenesis inhibitors have been discovered among conventional
cytotoxic chemotherapeutics.’® The current interest in developing
multiple anticancer functional drugs relies on the assumption that

J. Name., 2013, 00, 1-3 | 1
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these bioactive compounds may enhance anticancer potency by
reducing the risk of systemic toxicity induced upon separate use of
cytotoxic and antioangiogenic drugs.*

For some classes of gold(l,111) and ruthenium(l1,111) complexes,
a dual cytotoxic and antiangiogenic activity has already been
described.’>1° Analogously, mono- and bi-nuclear mixed-ligand
copper(ll) complexes containing the Schiff base b-[(3-formyl-5-
methyl-2-hydroxy-benzylidene)amino]propionate ligand and 1,10’-
phenanthroline or 4,4’-bipyridine were found to exert multiple
anticancer functions by inhibiting cancer cell proliferation inducing
apoptosis, and by suppressing angiogenesis.?° In vitro studies showed
that the antiangiogenic activity of the mononuclear complex could be
related to a stabilization of G-quadruplex structures in the proximal
VEGF promoter region determining a repression of the VEGF gene
that, in turn, suppresses angiogenesis.?’ According to the authors, the
binuclear complex, instead, exerts anticancer and antiangiogenesis
activity mainly by inhibiting p-Akt and p-Erk1/2 activation.?

Based on these evidences, in the present study we report on the
synthesis and characterization of two homoleptic, phosphino Cu(l)
complexes [Cu(DAPTA)]BFs 2 and [Cu(PTA-SO2)4]BFs 3
containing 3,7-diacetyl-1,3,7-triaza-5-phosphabicyclo[3.3.1] nonane
(DAPTA) and 2-thia-1,3,5-triaza-phosphoadamantane 2,2 dioxide
(PTA-S0O») as coordinating phosphines (Scheme 1).
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Scheme 1. Pictorial view of the ligands and complexes utilised in
this study

Relevant structural information concerning the Cu site in
[Cu(DAPTA)s]BF4 2 has been obtained by X-ray Absorption
Spectroscopy (XAS).?2-% These novel Cu(l) complexes, together with
the PTA derivative (PTA = 1,3,7-triaza-5-
phosphabicyclo[3.3.1]nonane), [Cu(PTA)4][BF4] 1,2 were tested for
their cytotoxic properties against a panel of human cancer cell lines.
Complexes 1-3 were also evaluated as potential antiangiogenic agents
by monitoring their effects on migration and capillary-like tube
formation of human umbilical vein endothelial cells (HUVEC) in
comparison to the effects induced by the well-known antiangiogenic
drug sunitinib. PTA and DAPTA complexes 1-2 induced a tumor-
preferential cell growth inhibition over non-malignant cells, and
displayed remarkable anti-angiogenic properties at concentrations
that were not cytotoxic for HUVEC. In vivo studies were performed:
i) in a model of solid tumour, the murine Lewis Lung Carcinoma-
bearing (LLC) im injected in C57BL mice in order to evaluate the
suppression of tumour growth and ii) in a Matrigel plug assay, as in
vivo bioassay of physiological angiogenesis, to evaluate angiogenesis
inhibition. For the first time it has been demonstrated that phosphino
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copper(l) complexes, beside a remarkable in vivo antitumor activity,
are endowed with antiangiogenic properties.

Results and discussion

Synthesis and characterization of copper(l) complexes

Two PTA derivatives, namely DAPTA and PTA-SO2 were
utilized for the synthesis of new homoleptic, tetrahedral Cu(l)
complexes (Scheme 1). DAPTA, analogously to the parent PTA
phosphine, is highly water soluble (water solubility ca. 7.4 M), and
has been extensively used in coordination chemistry.?”- 2 On the
contrary, PTA-SOzis insoluble in water at room temperature, and only
few examples of PTA-SO2 complexes have been reported so far.?” 28

[Cu(DAPTA)4]BF4, 2 and [Cu(PTA-SO2)4]BFs, 3 were
prepared starting from the labile precursor [Cu(CHsCN)4]BFs by
ligand exchange reactions using a 1:4 metal:ligand stoichiometric
ratio in acetonitrile solution. Both complexes are white colored and
air stable powders; 2 is soluble in water and acetonitrile, and 3 is
soluble in DMSO, but sparingly soluble in water and in common
organic solvents. Their identity has been assessed by elemental
analysis (C, H, N), multinuclear NMR (*H, 3P, 13C) and IR
spectroscopies, and high resolution Electrospray lonization Mass
Spectrometry ESI-MS in the positive ion mode. Moreover, relevant
structural information concerning the Cu site of complex
[Cu(DAPTA)4]BFs, 2 was collected by X-ray absorption
spectroscopy (XAS). Determination of the log P values via RP-HPLC
methods? indicates that complex 2 is the most hydrophilic complex
of the series (log P = - 0.59) followed by 1 (log P =0.93) and 3 (log P
=2.75).

The infrared spectra of complexes 2-3 (Figures S1 and S5)
showed the characteristic bands of the pertinent phosphine ligands: an
intense C=0 stretching vibration at 1636 cm™ in complex 2, and
intense SO; stretching vibrations at 1377 and 1172 cm™ in complex
3, along with a broad band at ca. 1050 cm™ due to the presence of the
BF4 counter anion in both complexes.

'H NMR spectra of complex 2 collected in acetonitrile-ds or in
dmso-ds showed a series of multiplets arising from diastereotopic
methylene protons and two singlets due to unequivalent methyl
protons. This pattern confirmed the magnetic unequivalence of
methylene protons present in the DAPTA ligand itself.3® As shown in
Figure 1, methylene protons of DAPTA upper rim (al, a2, b1 and b2)
were the most affected upon copper coordination.
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Fig. 1. 'H NMR spectra of DAPTA (upper trace) and of
[Cu(DAPTA)4][BF4], 2 (lower trace) in acetonitrile-ds. Numbering
scheme of DAPTA ligand (insert).

This journal is © The Royal Society of Chemistry 2012
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The magnetic unequivalence of the acetyl groups was further
validated by the presence of two quaternary acetylic carbons at 169.05
and 169.56 ppm and two methyl carbons at 21.20 and 21.75 ppm in
the 3C NMR spectrum (Figure S3). 3'P NMR of complex 2 showed a
broad singlet centered at — 64.6 ppm (Figure S2), downfield shifted
by 10.7 ppm compared to the corresponding signal in uncoordinated
DAPTA. The lack of spherical symmetry in complex 2 precluded the
observation of the characteristic quartet in the 3!P spectrum due to the
31p.6385Cy coupling, as observed in other spherical [Cu(P)4]*
complexes.14 20

Analogously to what observed in complex 2, 3'P NMR spectrum
of complex 3 collected in DMSO-ds showed a broad singlet signal
centered at 8 = - 97.9, (Figure S7) downfield shifted with respect to
the corresponding signal at = - 116.2 ppm shown by uncoordinated
PTA-SOz. In the *H NMR spectrum of complex 3 (Figure S6), the
upper rim proton signals of coordinated PTA-SO2 showed
disappearance of the coupling with the P atom, as previously reported
by other authors in PTA-SO: containing Au(l) and Pt(11) complexes.®!

ESI(+)-MS spectrum of complex 2 recorded in methanol or
acetonitrile solutions did not show the signal corresponding to the
[M]* molecular ion, but only the fragment ions due to [Cu(DAPTA)2]*
and [Cu(DAPTA)]* at m/z 521 (100%) and 292 (20%), respectively
(Figure S4). This behaviour is common for [Cu(P)4]*-type complexes,
and the lack of the parent [Cu(P)s]* ion was previously explained
taking into account dissociation processes occurring in dilute
solutions (ca. 105 M). 32 3% Another low abundant ion at m/z 333
corresponding to the solvent adduct [Cu(DAPTA)(MeCN)]* was also
observed in acetonitrile solution.

ESI(+)-MS spectra of complex 3 in DMSO showed only the
peaks corresponding to the solvated species [Cu(DMSO)z]* at m/z
219 and [Cu(DMSO)]* at m/z 141 (Figure S9); also acetonitrile
solutions of complex 3 gave peaks corresponding to solvato species
[Cu(MeCN).]* at m/z 145, and [Cu(MeCN)]* at m/z 104. No peaks
corresponding to phosphine-containing adducts were detected.
Instead, ESI(-)-MS spectra of complex 3 in acetonitrile solutions
showed several peaks including both phosphine and the BF4
counteranion. In detail, in the full ESI(-) spectrum peaks
corresponding to [Cu(PTA-SO2)2(BFa)2(MeCN)2]- (m/z  733),
[Cu(PTA-SO2)2(BF4)2]" (m/z 651), [Cu(PTA-SO2)(BF4)2]" (m/z 445),
[Cu(BFa)2]" (m/z 237) and [Cu(F)(BF4)]" (m/z 169) were detected
(Figure S10). MS" studies on the cluster ion [Cu(PTA-
S02)2(BF4)2(MeCN)2]" at m/z 733 showed that it decomposed first
through consecutive losses of PTA-SO. with formation of the
fragment ions [Cu(PTA-SO2)(BF4)2(MeCN)2]- (m/z 526) and
[Cu(BF4)2(MeCN)2] (m/z 319), followed by losses of BFs from the
coordinated anion with formation of [Cu(BF4)(F)(MeCN)z]" (m/z 251)
and [CuF2(MeCN)2]" (m/z 183). No further decomposition of the latter
ion was detected confirming the presence of stable solvated ions, a
behaviour already observed in the positive ion modality.

The difficulty of growing crystals of complexes 2 and 3 suitable
for X-ray diffraction studies and the lack of unambiguous NMR and
MS data confirming the [Cu(P)s]* assembly prompted us to
investigate the molecular structure at the Cu site in the representative
[Cu(DAPTA)4]BF4, 2 by X-Ray Absorption spectroscopy (XAS).
XANES spectra of Cu complexes displayed a typical feature in the
rising part of the XAS spectrum which is assigned to the 1s-4p
electronic transition.3* Both position and intensity can be considered
for local geometric purposes. Figure 2 panel (a) reports the normalized
XANES spectra of the complex.

The observed position at 8983.4 eV falls among the values observed
for Cu(l) complexes with similar environment.?? 3* Also, the intensity
value (normalized) of about 0.4 is typically observed in 4-fold
coordinated Cu(l) complexes.?> 35 A more qualitative structural

This journal is © The Royal Society of Chemistry 2012

information was obtained by the analysis of the extended x-ray
absorption spectrum (EXAFS). According to XANES indications, we
started the data analysis postulating a ‘CuP4’ figure for the first atomic
shell. While submitted, this choice was corroborated by a very recent
study focused on the removal of copper from amyloid-b peptide using
the PTA ligand as scavenger, that reported a similar XANES profile
for the resulting [Cu(PTA)4]* complex.36
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Fig. 2. XAS data for complex [Cu(DAPTA)4][BF4], 2. (2) Normalized
XANES spectrum; (b) Best fit of the Cu K-edge EXAFS signal. The
figure shows the comparison of the experimental (-) and theoretical
(+) k?-extracted EXAFS signals; (c) Comparison of the theoretical (-)
and experimental (-) Fourier Transform signal relative to (b).

Details of such an analysis are available as Supporting
Information. The outcome of the fitting procedure is illustrated in
panels (b) and (c) of Figure 2 that contain the comparison of the k?-
extracted EXAFS signals (solid line) with the theoretical one (dotted
line), and the corresponding Fourier Transform (FTs), respectively.
Theoretical curves matched completely with the experimental ones in
both panels confirming the 4-fold coordination of the Cu site in 2. The
best fit of the inter-atomic distance for the four equivalent Cu-P

Metallomics, 2015, 00, 1-3 | 3

Page 4 of 11



Page 5 of 11

©CoO~NOUTA,WNPE

e
[Ny

U OO AR DMBEDRAMDIMBAEDIAEMDIMNDMWOWWWWWWWWWWNNNDNNNNNNNRERPRPRERPREREREPR
QOO NOUPRRWNRPOOO~NOUOPRARWNRPRPOOONOUOPRARWNRPOOONOODURAWNRPOOO~NOOODMWN

Metallomics
ICso (UM) + SD

Compound

A549 A431 MCF-7 LoVo A2780 HelLa Capan-1 A375 HEK293 Sl
[Cu(PTA)4][BF4], 1 8.13£3.07 13.54+2.00 18.47+2.14 11.33+2.70 17.52+3.17 7.42+2.13 5.35+2.16 10.15+3.01 59.05+2.03 51
[Cu(DAPTA)4][BF4], 2 18.16+2.13 12.25+3.13 17.15+2.16 8.25+3.17 25.27+2.86 21.24+2.29 9.52+1.96 19.35+1.25 79.95+1.35 4.8
[Cu(PTASO,)4][BF4], 3 21.14+2.14 18.64+1.25 19.25+2.15 12.52+3.13 21.97+2.44 23.45+2.87 13.23+3.41 23.23+3.03 73.24+3.16 3.8
PTA >100 >100 >100 >100 >100 >100 >100 >100 >100 ND
PTASO; >100 61.12+4.36 69.46+3.35 >100 >100 >100 >100 >100 >100 ND
DAPTA >100 >100 85.32+3.95 >100 >100 >100 >100 >100 >100 ND
cisplatin 12.64+0.81 2.25+0.21 7.60+0.21 8.53+1.14 3.64+1.03 10.50+1.51 9.81+1.38 1.29+2.11 19.56 + 3.47 21

Table 1. Cytotoxicity assays. Cells (3-8 x 10*mL™) were treated for 72 h with increasing concentrations of tested compounds.
Cytotoxicity was assessed by MTT test. 1Cso values were calculated by a four parameter logistic model (P < 0.05). S.D.= standard

deviation. ND: not determined

interactions is 2.256(2) A with a corresponding EXAFS bond variance
of 0.0057(3) A2 (see Table S1). This value is in perfect agreement
with the Cu-P value of 2.258(2) A obtained in the X-ray crystal
structure determination of the similar complex
[Cu(PTA)4][BF4]-6H20.%: 37

Cytotoxicity assays

The ability of complexes 1-3 and of the corresponding
uncoordinated ligands (PTA, DAPTA and PTA-SOz2) to promote cell
death was evaluated versus several human cancer cell lines derived
from solid tumors (A549 lung, MCF-7 breast , LoVo colon, A2780
ovary, Hela cervix, Capan-1 pancreatic adenocarcinoma cells and
A375 melanoma cells) as well as versus HEK293 non-malignant
fibroblasts. The cytotoxicity parameters, in terms of 1Cso obtained
after 72 h exposure by the MTT assay, are listed in Table 1. For
comparison purposes, cytotoxicity of cisplatin was assessed under the
same experimental conditions. Uncoordinated PTA, DAPTA and
PTA-SO:2 ligands elicited a negligible cytotoxic activity (mean ICso
values over 90 pM). Complexes 1-3 showed a significant in vitro
antitumor activity with ICso values in the low micromolar range.
Complex 1 emerged as the most cytotoxic derivative, eliciting mean
I1Cso values quite similar to those calculated for cisplatin (11.4 and 7.0
uM, respectively). Noteworthy, against human lung A549 and human
pancreatic Capan-1 cancer cells complex 1 was roughly 2-fold more
effective than cisplatin and overall, Capan-1 cancer cells were the
most sensitive to the cell killing effect provoked by phosphino
copper(l) complexes. Against non tumor cells in rapid proliferation
(human embryonic kidney HEK293 cells), complex 2 was found the
least cytotoxic (Table 1). Anyway, all copper(l) complexes elicited a
cytotoxic activity lower than that recorded after cisplatin treatment;
the selectivity index values (SI = quotient of the average 1Cso toward
non-malignant cells divided by the average ICso for the malignant
cells) calculated for complexes 1, 2 and 3 were approximately 2 times
higher than that calculated with the reference drug, attesting to a
preferential cytotoxicity of copper(l) complexes versus neoplastic
cells.

The antiproliferative effect of phosphino copper(l) complexes
was also evaluated on HUVEC.

4 | Metallomics, 2015, 00, 1-3
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Fig. 3. Effect of copper(l) complexes on HUVEC viability and
proliferation. HUVEC were treated for 48 h in complete culture
medium in the presence of 1-400 uM of [Cu(PTA)4][BF4], 1,
[Cu(DAPTA)4][BF4], 2, [Cu(PTA-SO2)4][BF4], 3. Data are the
mean = SE of three independent experiments performed in
quadruplicate (*P<0.05, **P<0.01 vs control cells, one-way
ANOVA post test Dunnet).

As shown in Figure 3, treatment of exponentially growing
HUVEC for 48 h with compounds 1, 2 and 3 induced a moderate
decrease of cell proliferation and viability with 1Cso values of 119, 92
and 98 puM for compounds 1, 2 and 3, respectively.

Effect of copper complexes on HUVEC migration

It is well-known that endothelial migration is a key process in
angiogenesis. To determine whether compounds 1-3 could affect
HUVEC migration the wound healing assay was performed. This in
vitro test measures HUVEC haptotaxis (integrin-mediated non-
directional motility) and is also advantageous as it allows long
exposures of HUVEC to the tested compounds before performing the
migration assay. The antiangiogenic potential of copper complexes
was evaluated at concentrations that were not toxic for HUVEC (1-25
uM). As shown in Figure 4, pretreatment of HUVEC for 24 h with
phosphino copper(l) complexes caused a concentration-dependent
inhibition of wound closure respect to control cells and the relative
inhibitory potency was: 1>2>3. Treatment of HUVEC with the
respective uncoordinated phosphine ligand (100 uM) did not affect
HUVEC migration and wound closure (data not shown).

This journal is © The Royal Society of Chemistry 2012
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Fig. 4. Effect of copper(l) complexes on HUVEC migration. (A) Wound closure in HUVEC cultures after overnight incubation with 1-25
uM of [Cu(PTA)4][BF4], 1, [Cu(DAPTA)4][BF4], 2, [Cu(PTA-SO2)4][BF4], 3 in complete culture medium. Data are the mean + SE of three
independent experiments (*P<0.05, **P<0.01 vs control cells, one-way ANOVA post test Dunnett). (B) Phase contrast micrographs
showing the effect of compounds 1, 2 and 3 (25 uM) on HUVEC wound closure. Magnification x40.

Effect of copper complexes on capillary-like tube formation

Another important step in the angiogenic process is tubule
formation. We investigated the ability of copper complexes to
interfere with HUVEC differentiation into capillary-like tubes when
seeded onto a suitable basement membrane matrix in the presence of
an angiogenic stimulus. This assay is useful as an in vitro angiogenesis
test since summarizes some fundamental steps of blood vessel
formation, including endothelial cell adhesion, migration, alignment,

protease secretion and tubule formation.®® Figure 5A shows that
control HUVEC placed on Matrigel formed robust, elongated tube-
like structures after incubation with complete culture medium
containing pro-angiogenic growth factors. After treatment with
copper complexes (25 uM) a significant reduction of HUVEC
tubularization occurred. Noteworthy, the effect induced by 1-3 was
comparable to that shown by the clinically used antiangiogenic drug
sunitinb (5 uM), a receptor tyrosine kinase inhibitor which targets
VEGFRs and PDGFRs.® In figure 5B is depicted the effect of
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Fig. 5 Effect of copper(l) complexes on HUVEC ability to form capillary-like tubes. (A) Phase contrast micrographs showing the effect
of 10 uM of [Cu(PTA)4][BF4], 1, [Cu(DAPTA)4][BF4], 2, [Cu(PTA-SO2)4][BF], 3 and sunitinib (5 pM) on HUVEC tubularisation when
cultured onto Matrigel™ for 16 h in complete cell culture medium. Magnification x40. (B) Quantitative analysis of the effect of compounds
1, 2and 3 (10 uM) and sunitinib (5 uM) on dimensional (total tubule length) and topological (number of nodes, junctions and meshes and
total mesh area) parameters of the capillary-like network. Data are the mean + SE of three independent experiments (**P<0.01,
***p<0.001 vs control cells, one-way ANOV A post test Bonferroni).
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copper(l) complexes and sunitinib on dimensional (total tubule
length) and topological parameters (number of nodes, junctions and
meshes and total mesh area) of the capillary-like network. These
results demonstrated that copper complexes 1-3 are able to hamper
HUVEC tube formation.

In Vivo Antitumor Activity

Since from the in vitro studies complexes [Cu(PTA)4]BF4 1 and
[Cu(DAPTA)4]BF42 distinguished themselves as the most promising
derivatives, they were further evaluated for their potential antitumor
effects in a model of solid tumor, the syngeneic murine Lewis lung
carcinoma (LLC) implanted i.m. in C57BL mice. Copper complexes
were firstly evaluated for their tolerability estimating the maximal-
tolerated doses (MTD) for single intravenous (ip) dosing. MTDs
calculated for 1 and 2 were about one order of magnitude higher than
those recorded with cisplatin (data not shown). Copper complexes
have been administered in aqueous solution taking advantage of their
excellent solubility and stability in water. The tumour growth
inhibition induced by treatment with copper complexes was compared
with that promoted by the reference metallo-drug cisplatin tested
using a standard protocol. Three days after tumor inoculation, tumor-
bearing mice were randomized into vehicle control and treatment
groups (7 mice per group). Control mice received the vehicle (0.9%
NaCl), whereas treated groups received at day 3, 5, 7, 9, 11 and 13
after the tumor cell inoculum doses of 1 or 2 (50 mg-kg ) or cisplatin
(1.5 mg-kg ). Tumor growth was estimated at day 15, and the results
are summarized in Table 2. For the assessment of the adverse side
effects, changes in the body weights of tumor-bearing mice were daily
monitored (Figure 6). Chemotherapy with complexes 1 and 2 induced
a marked reduction of tumor mass compared to the control group
indicating that treatment of LLC-bearing mice with copper complexes
leads to a tumor growth inhibition comparable to that achieved with
cisplatin treatment. Noteworthy, the time course of body weight
changes indicated that treatment with both copper complexes, mostly
with complex 2 did not induce significant body weight loss and no
signs of discomfort were evident, whereas mice treated with cisplatin
appeared prostrate and showed substantial weight loss (Figure 6).

Average Tumor

Daily dose Weight Inhibition of
(mgkg™) (meanS.D., g) tumor growth (%)
control? 0.638+0.01
[Cu(PTA)4]BF4, 1 50 0.223+0.16%* 65.05
[Cu(DAPTA)4]BF4, 2 50 0.207+0.13**P 67.55
cisplatin 15 0.168+0.10**P 73.66

2 vehicle (0.9% NaCl)® **p< 0.01.

Table 2. In Vivo Anticancer Activity toward LLC. Starting from day
3 after tumor implantation, the tested compounds were administered
intraperitoneally (ip) at day 3, 5, 7, 9, 11 and 13. At day 15, mice were
sacrificed, and tumor growth was detected as described in the
Experimental Section. The Tukey—Kramer test was performed.
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—e— control

120 —0— cisplatin 1.5 mg/kg

—v— [Cu(DAPTA),JBF, 50 mg/kg
—a— [Cu(PTA),JBF, 50 mg/kg

Body weight change %

1 s 5 7 o 1 o1

Day after transplantation
Fig. 6. Body weight changes. The body weight changes of LLC-
bearing C57BL mice treated with vehicle or tested compounds. Each
drug was administered at day 3, 5, 7, 9, 11 and 13 after the tumor cell
inoculum. Weights were measured every two days. Error bars indicate
the SD.
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Fig. 7. Effects of [Cu(DAPTA)4][BF4], 2 on in vivo angiogenesis.
Quantitative haemoglobin (Hb) content in the Matrigel plug was
determined using the Drabkin’s Reagent kit. Bars are means = S.D. of
two separate experiments.

In Vivo Antiangiogenic Activity

The antiangiogenic potential of homoleptic copper(l) complexes was
also investigated in vivo evaluating the neovascularization into a
biocompatible polymer matrix containing a known angiogenic factor.
Complex 2, emerged as the most advantageous copper(l) complex,
both in terms of antitumor efficacy and toxicity profile, was tested for
its in vivo anti-angiogenic activity by means of an in vivo Matrigel
plug assay as previously described.®® As expected, the mean
hemoglobin concentration in FGF-2-treated Matrigel plugs were
much higher than that determined in control ones (Figure 7).
Compound 2 significantly (P < 0.05) counteracted the FGF-2-induced
neovascularization even if hemoglobin content was higher than the
one of control plugs.

Experimental

Materials and General Methods.

The Cu(l) precursor [Cu(CHsCN)4][BF4] was prepared by
reaction of [Cu(H20)s][BF4]2 with metallic copper in acetonitrile. The
ligands PTA,*: DAPTA, %% and PTA-SO2, 42 and the copper complex
[Cu(PTA)4]BFs, 1 26 were synthesized according to published
methods. Elemental analyses were performed on a Carlo Erba 1106

This journal is © The Royal Society of Chemistry 2012
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Elemental Analyzer. H, 3P and 3C NMR spectra were recorded on
a Bruker AMX-300 instrument (300.13 MHz for H, 75.47 MHz for
13C and 121.41 MHz for 3'P), using SiMes as internal reference (*H
and *3C) and 85% aqueous HsPOj4 as external reference (3!P). FT IR
spectra were recorded on a Mattson 3030 Fourier transform
spectrometer in the range 4000-400 cm! in KBr pellets. Mass spectra
have been recorded by an electrospray LCQ ThermoFinnigan mass
spectrometer. The purities of compounds 1-3 used for biological
activity determination, were checked by elemental analysis and were
found to be >95%.

Synthesis and Characterization of Homoleptic Phosphino
Copper(l) Complexes.

A general procedure was employed for the synthesis of copper
complexes 2 and 3. To an acetonitrile solution (10 ml) of
[Cu(CH3CN)4][BF4] (31 mg, 0.1 mmol) a stoichiometric amount of
phosphine ligand (0.4 mmol) was added at room temperature. After 3
h the volume of the reaction mixture was reduced by solvent
evaporation to ca. 2 mL. By addition of diethylether (4 mL) a white
product was formed which was recovered by filtration and dried under
vacuum.

[Cu(DAPTA)4]BF4 (2)

Yield: 82%. Anal. Calcd. for CuBFsCssHsaN120sP4: C 40.52, H 6.04,
N 15.75. Found: C 40.37, H 6.07, N 15.68. IR (KBr, cm): 1636s
(C=0 stretching), 1048s (BF4 stretching). 'H NMR (dmso-ds) & (ppm)
=5.59 (d, 1H, H®?); 5.25 (d, 1H, H3); 4.98 (d, 1H, H%); 4.71 (d, 1H,
H9Y); 4.40 (d, 1H, HY); 4.17 (d, 1H, HeY); 4.05 (m, 1H, H%?); 3.79 (m,
2H, HM2); 350 (d, 1H, H®); 2.02, 1.96 (2s, 6H, 2-CH3). 3*P{H}
NMR (CD3CN): 8 -60.1 (s, broad). 3C{H} NMR (dmso-ds): & (ppm)
=169.62 (s, C5-0); 169.20 (s, C'-O); 66. 93 (s, N-C5-N); 61.43 (s, N-
C*-N); 47.61 (s, P-C>N); 43.93 (s, P-C3-N); 22.05 (s, C®Ha); 21.61
(s, C°H3). *H NMR (CD3CN) 5 (ppm) = 5.73 (d, 1H, H®?); 5.31 (d, 1H,
Ha1); 5.01 (d, 1H, H%?); 4.65 (d, 1H, H); 4.44 (d, 1H, HY); 4.09 (d,
1H, HeY); 3.99 (m, 1H, H?); 3.70 (d, 2H, HbY2); 3.41 (m, 1H, H%®);
2.01 (d, 6H, 2-CH3). 31P{H} NMR (CD3CN): § -64.6 (s, broad).
13C{H} NMR (CD3CN): § (ppm) = 169.05 (s, C®-O); 169.56 (s, C'-
0); 66. 90 (s, N-C5-N); 61.34 (s, N-C*-N); 46.99 (s, P-C?-N); 43.08
(s, P-C3-N); 37.75 (s, P-C*-N); 21.75 (s, C®H3); 21.20 (s, C°Ha). H
NMR (D20) & (ppm) = 5.60 (d, 1H, H®?); 5.51-4.86 (2H, H¥, H®);
4.69 (1H, H9); 4.53 (d, 1H, HY); 4.22-4.12 (2H, HeY, H?); 3.82 (m,
2H, Hb02): 3,59 (m, 1H, H?); 2.04, 2.03 (2s, 6H, 2-CHa). 3'P{H}
NMR (CDsCN): & -59.2 (s, broad). ESI(+)MS in MeCN (m/z
assignment, % intensity): 521 ([Cu(DAPTA):]*, 30), 333 ([Cu +
DAPTA + MeCNJ*, 5), 292 ([Cu(DAPTA)]*, < 5), 230 ([DAPTA +
H]*, 100). ESI(+)MS in DMSO/MeOH (m/z assignment, % intensity):
521 ([Cu(DAPTA):]*, 45), 481 ([2DAPTA + Na]*, 100), 252
([DAPTA + Na]*, 20). ESI(+)MS in H20/MeOH (m/z assignment, %
intensity): 521 ([Cu(DAPTA):]*, 40), 481 ([2 DAPTA + Na]*, 100),
252 ([IDAPTA + Na]*, 40), 230 ([DAPTA + H]*, 15).

[Cu(PTA-SO2)4]BF4 (3)

Yield: 64%. Anal. Calcd for CuP4SsOsNi2H40C20BF+CH3CN C
25.90, H 4.25, N 17.85%. Found: C 26.09, H 4.41, N 17.75 %. IR
(KBr, cm™) 1377s, 1172s (SOz stretching), 1051s (BF4 stretching). H
NMR (dmso-ds): & (ppm) 4.00 (s, 2H, PCH2N), 4.64 (AB quart,, 4H,
PCH2N), 5.01 (AB quart, 4H, NCHzN) 3P {H} NMR (dmso-ds):
8(ppm) -97.9 (s, broad). 3C{H} NMR (dmso-ds): & (ppm) 49.66 (bs,
PCH2N), 51.10 (bs, PCH:N), 72.24 (bs, NCHzN). ESI(+)-MS (m/z
assignment, % intensity) in MeCN: 145 ([Cu(MeCN)z]*, 85), 104
(ICuMeCN]*, 100); in DMSO/MeOH (219 [Cu(DMSO)2]*, 100).
ESI(-)-MS (m/z assignment, % intensity) in MeCN: 733([Cu(PTA-
S02)2(BF4)2(MeCN)2]", 45), 651 ([Cu(PTA-SO2)2(BFa)2]" 30), 444

This journal is © The Royal Society of Chemistry 2012

([Cu(PTA-SO2)(BF4)]°
[Cu(F)(BF4)]", 40).

70), 237 ([Cu(BFs)], 100), 169

XAS data collection and data analysis

X-ray Absorption Spectroscopy experiments at the Cu K-edge
were performed at the XAFS beamline of Elettra Synchrotron
(Basovizza, Italy).*® The storage ring operated at 2.0 GeV in top up
mode with a typical current of 300 mA. The data were recorded at Cu
K-edge in transmission mode using ionization chamber filled with a
mixture of Ar and N2z gas in order to have 20%, 80%, and 95% of
absorbing in the 10, 11, 12 chambers, respectively. An internal
reference of copper foil was used for energy calibration in each scan,
allowing a continuous monitoring of the energy during consecutive
scans. The energies were defined by assigning to 8980.3 eV the first
inflection point of the spectrum of the metallic copper. The white
beam was monochromatized using a fixed exit monochromator
equipped with a pair of Si(111) crystals. Harmonics were rejected by
using the cutoff of the reflectivity of the Platinum mirror placed at 3
mrad with respect to the beam upstream the monochromator and by
detuning the second crystal (of the monochromator) by 30%. X-Ray
absorption near edge structure (XANES) spectrum was normalized to
an edge jump of unity. A prior removal of the background absorption
was done by subtraction of a linear function extrapolated from the pre-
edge region. The EXAFS spectrum was analyzed using the GNXAS
package** 4 that takes into account the Multiple Scattering (MS)
theory. The method allows the direct comparison of the raw
experimental data with a model theoretical signal. Our initial
structural model was based on the crystal structure (coordinates) of
the DAPTA ligand.?® More details on the XAS analysis are available
as supplementary information.

Experiments with cultured human cells.

Cu(l) complexes 1 and 2, and the corresponding uncoordinated
ligands and cisplatin were dissolved in 0.9% sodium chloride solution.
Complex 3 was instead dissolved in the minimum amount of DMSO
just before the experiment and a calculated amount of drug solution
was added to the cell growth medium to a final solvent concentration
of 0.5%, which had no detectable effect on cell killing. Endothelial
cell growth supplement (ECGS), MTT (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide) and cisplatin were obtained from
Sigma Chemical Co, St. Louis, USA.

Cell cultures.

Human lung (A549), breast (MCF-7), cervical (HelLa), colon
(LoVo), pancreatic (Capan-1) and ovarian (A2780) carcinoma cell
lines along with melanoma (A375) cells were obtained by American
Type Culture Collection (ATCC, RocKville, MD). Embryonic kidney
HEK?293 cells were obtained from European Collection of Cell
Cultures (ECACC, Salisbury, UK). A431 are human cervical
carcinoma cells kindly provided by Prof. F. Zunino (Division of
Experimental Oncology B, Istituto Nazionale dei Tumori, Milan,
Italy). Cell lines were maintained in the logarithmic phase at 37 °C in
a 5% carbon dioxide atmosphere using the following culture media
containing 10% foetal calf serum (Euroclone, Milan, Italy), antibiotics
(50 units/mL penicillin and 50 pg/mL streptomycin) and 2mM I-
glutamine: i) RPMI-1640 medium (Euroclone) for MCF-7, A431,
A2780 and Capan-1 cells; ii) F-12 HAM'S (Sigma Chemical Co.) for
LoVo, Hela and A549 cells; iii) DMEM for A375 and HEK?293 cells.
HUVEC were isolated as previously described*® from human
umbilical cords obtained after cesarean sections following informed
consent from all the subjects. Cells were grown at 37°C under 5% CO2
in medium M199 supplemented with 15% FBS, 100 pg/mL ECGS,
100 U/mL heparin, 2 mM L-glutamine, 100 U/mL penicillin-G, and
100 pg/mL streptomycin. HUVEC were used from passage 2 to 6.
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MTT assay.

The growth inhibitory effect towards tumor cells was evaluated
by means of MTT assay.*” Briefly, 3-8 x 102 cells/well, dependent
upon the growth characteristics of the cell line, were seeded in 96-well
microplates in growth medium (100 pL). After 24 h, the medium was
removed and replaced with a fresh one containing the compound to be
studied at the appropriate concentration. Triplicate cultures were
established for each treatment. After 48 (for HUVEC) or 72 h (for the
other cell lines), each well was treated with 10 pL of a 5 mg/mL MTT
saline solution, and following 5 h of incubation, 100 pL of a sodium
dodecylsulfate (SDS) solution in HCI 0.01 M were added. After an
overnight incubation, cell growth inhibition was detected by
measuring the absorbance of each well at 570 nm using a Bio-Rad 680
microplate reader. Mean absorbance for each drug dose was expressed
as a percentage of the control untreated well absorbance and plotted
vs drug concentration. 1Cso values, the drug concentrations that reduce
the mean absorbance at 570 nm to 50% of those in the untreated
control wells, were calculated by four parameter logistic (4-PL)
model. Evaluation was based on means from at least four independent
experiments.

Wound healing assay:

HUVEC (2 x 105 cells) were seeded in complete culture medium
on 12-well culture plate and allowed to reach confluence.
Subsequently, the media was replaced with complete medium
containing the compounds tested. After 24 hours, one scratch was
made and the media was replaced with fresh complete medium
containing the drugs. Images were captured at 40X with a phase
contrast inverted microscope (Nikon Eclipse Ti) equipped with a
digital camera, immediately after the scratch was made (time 0) and
after 16 hours of incubation. The wound spaces were measured from
10 random fields of view using ImageJ software. Quantitative analysis
of cell migration was performed using an average wound space from
those random fields of view, and the percentage of change in the
wound space was calculated using the following formula: %
change=(average space at time 0 h) - (average space at time 24
h)/(average space at time 0 h) x 100. Values were expressed as percent
change from control cells.

Capillary-like tube formation assay

HUVEC (1x10° cells/well) were plated onto a thin layer (250
pL) of basement membrane matrix (Matrigel™, Becton Dickinson,
Waltham, MA, USA) in 24-well plates. The cells were incubated at
37 °C for 16 h in complete cell culture medium with or without the
tested compounds. Five images per well were captured at 40X with a
phase contrast inverted microscope (Nikon Eclipse Ti) equipped with
a digital camera. Images were analyzed using Angiogenesis Analyzer,
a plugin developed for the Imagel software.*® Data on dimensional
parameters (total tubule length) and topological parameters (number
of nodes, junctions and meshes and total mesh area) of the capillary-
like network were analyzed in control and treated wells. VValues were
expressed as percent change from control cells.

In vivo experiments

All experiments were performed according to D.L.G.S. 116/92
which warrants care of experimental animals in Italy. The research
project was approved by the Italian Health Department according to
the art. 7 of above mentioned D.L.

In Vivo Anticancer Activity toward Lewis lung carcinoma (LLC)

The mice were purchased from Charles River, Italy, housed in
steel cages under controlled environmental conditions (constant
temperature, humidity, and 12 h dark/light cycle), and alimented with
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commercial standard feed and tap water ad libitum. The LLC cell line
was purchased from ECACC, United Kingdom. The LLC cell line was
maintained in DMEM (Euroclone) supplemented with 10% heat-
inactivated fetal bovine serum (Euroclone), 10 mM L-glutamine, 100
U mL? penicillin, and 100 pug mL* streptomycin in a 5% CO2 air
incubator at 37 °C. The LLC was implanted intramuscularly (i.m.) as
a 2 x 10 cell inoculum into the right hind leg of 8 week old male and
female C57BL mice (24 £ 3 g body weight). After 7 days from tumor
implantation (tumor visible), mice were randomly randomized into
vehicle control and treatment groups (7 mice per group) and treated at
day 3, 5, 7, 9, 11 and 13 after the tumor cell inoculum with a i.p.
injection of 1 and 2 (50 mg kg ), cisplatin (1.5 mg kg?) or the vehicle
solution (0.9% NaCl). At day 15, animals were sacrificed by CO2
inhalation, the legs were amputated at the proximal end of the femur,
and the inhibition of tumor growth was determined according to the
difference in weight of the tumor-bearing leg and the healthy leg of
the animals expressed as a percentage referring to the control animals.
Body weight was measured every 2 days and was taken as a parameter
for systemic toxicity.

In Vivo Matrigel plug assay

Three-month-old C57/BL6 mice were anesthetized with
isoflurane (2-3%) via nose cone and 100% oxygen used as carrier gas;
the flank was shaved and disinfected with ethyl alcohol. A total of 0.5
mL of growth factor-reduced Matrigel (BD), mixed with 12 U.I.
heparin (Vister) with or without 200 ng/plug FGF-2 and 10 uM
compound 2, was injected subcutaneously into the right flank. After
injection, the Matrigel polymerized forming a plug. After 7 days, the
animals were sacrificed and the plugs were carefully removed and
steeped in 300 pL/plug Brij-35 0.1% solution in PBS overnight at 4°C.
Hemoglobin concentration was analyzed using Drabkin's Reagent kit
(Sigma). The optical density was read at 540 nm using a Microplate
autoreader EL 13. The results were expressed as mg/mL haemoglobin.

Statistical analyses

All of the values are the means + SD of not less than three
measurements starting from three different cell cultures. Multiple
comparisons were made by ANOVA followed by Dunnett or Tukey—
Kramer multiple comparison test (**P < 0.01; *P < 0.05), using
GraphPad Software.

Conclusions

Three copper(l) phosphine complexes, whose [Cu(P)4]*
molecular structure has been assessed by XAS-EXAFS analysis,
revealed a significant in vitro antiproliferative activity against several
human cancer cell lines derived from solid tumors. Additionally, a
tumor-preferential cell growth inhibition over non-malignant cells has
been detected. In vitro monitoring of HUVEC migration and
capillary-like tube formation evidenced an anti-angiogenic of copper
complexes 1-3 at sub-cytotoxic concentrations. The dual in vitro
cytotoxic and anti-angiogenic property has been corroborated by in
vivo experiments in C57BL mice, on a murine model of solid tumor
and on an established in vivo bioassay of physiological angiogenesis,
respectively. Chemotherapy with complexes 1 and 2 induced a
marked reduction of tumor mass without a significant body weight
loss indicating that both complexes had smaller adverse side effects
than cisplatin. Overall complex 2, emerged as the most advantageous
copper(l) complex, both in terms of antitumor efficacy and toxicity
profile. Moreover, by the in vivo Matrigel plug assay the
antiangiogenic properties of 2 have been confirmed.

Although combined antiproliferative and antiangiogenic effects
promoted by copper complexes were previously reported in the
literature,?® 2! the biological basis for the sensitivity of angiogenesis
to copper and the delineation of the cellular target(s) responsible of

This journal is © The Royal Society of Chemistry 2012
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the antitumor activity of copper-based agents remain elusive. In
addition, it appears to be rather arduous (difficult) to match the above
antiproliferative and antiangiogenic effects with the plethora of
literature data concerning the pro-angiogenic activity of copper.*®
What is certain is that our phosphino Cu(l) complexes 1-3 are able to
affect cancer cell viability and HUVEC migration/tubularisation at
doses about 2 order of magnitude lower than that induced by copper
ions.

Even if many aspects need to be elucidated, these findings have
provided new insights for the development of tumor selective copper-
based anticancer drugs.
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