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A B S T R A C T

A new mixed lanthanide(III) complex [LaNd(μ2-DPY)(μ4-SO4)2(Et3N)]Br2·2H2OMeOH (La-Nd-DPY) was ob-
tained by the reaction of N,N′-diphenacyl-4,4′-dipyridinium dibromide (DPB) with a mixture of La(III) and Nd
(III) sulfates in a 2:1 M ratio, in the presence of triethylamine (Et3N). The method used for the synthesis of La-
Nd-DPY promoted the in situ transformation of the pro-ligand DPB into the dipyridinium ylide-based ligand.
Fourier transform infrared spectroscopy (FTIR), elemental analysis (EA), thermogravimetric analysis (TGA) and
mass spectrometry (MS) concurred to propose a linear polymeric structure for La-Nd-DPY, in which both La(III)
and Nd(III) ions are six-coordinated. Cyclic voltammetry was also used to assess the redox potential of the mixed
complex. Scanning electron microscopy (SEM) showed quite uniform and homogeneous fibrillary net-like
morphology and also confirmed, by means of EDX analysis, the presence of both lanthanide (III) ions in the
mixed complex. UV–vis absorption spectroscopy demonstrated that the mixed Ln complex is stable up to 1 h in
DMSO and up to 72 h under the physiological conditions used for cell culture. The cytotoxic activity of La-Nd-
DPY in cancer cell lines of ovarian (A2780), breast (MCF7) and prostate (PC3) origins and in multicellular tumor
spheroids derived from PC3 cells was evaluated by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) and acid phosphatase (APH) assays. Compared to cisplatin this new complex showed improved
toxicity, with IC50 values at least 10 times higher, even at 24 h of exposure. The cytotoxic effects seemed to be
mediated by reactive oxygen species (ROS) generation but not apoptosis, confirmed by a caspase-3/7 activation
and Hoechst nuclei staining assays. The mechanism of cell death observed on the cytotoxicity assays is probably
due to other pathways of cell death, which deserve to be further investigated.

1. Introduction

Lanthanides (Lns) are a series of 15 elements with atomic numbers
ranging from 57 (lanthanum) to 71 (lutetium). Lns have electrons in the
4f orbitals and this electronic configuration results in unique char-
acteristics, such as similarity in physical properties throughout the
series, a main trivalent oxidation state, rich coordination chemistry
with high coordination numbers (usually 8–9), and a preference for
more electronegative elements, such as oxygen or fluorine [1]. Their

chemical characteristics have opened the way to a plethora of sophis-
ticated applications, exploring their magnetic and fluorescence prop-
erties [2,3]. Several exciting areas have been linked to the coordination
chemistry of 4f-elements, ranging from macrocyclic chemistry to het-
erometallic d-f compounds, nanoparticles, and coordination polymers,
whose developments make coordination chemistry of the 4f-elements
an attractive field of research with limitless perspectives [4].

Lanthanide ions can form complexes with various organic mole-
cules, such as beta-diketones [5], polyaminopolycarboxylic acids [6],
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polypyridines [7] and calixarenes [8]. When the complexes contain
organic chromophores with suitable photophysical properties, highly
luminescent lanthanide complexes can also be obtained [9].

Complex anions like silicates, phosphates and carbonates have
played an important role in the Ln chemistry as the most important
source of lanthanides, while nitrates and sulfates have been used in
their separation [10]. For the sulfates, the structural information of this
type of compounds is still limited, in particular for the anhydrous sul-
fates, in part for the reason that SO4

2− is a large anion [10]. The for-
mation of complexes of Ln chelated with sulfate is affected by several
factors, such as the ionic radius, concentration of the ligand, nature of
donor atoms, the geometry of the formed complexes and the size and
number of the coordination ring formed [4]. When used as a ligand, the
sulfate anion adopts different coordination modes upon binding to the
metallic centers of La and Nd, thus offering a possibility of a bridging
ligand. In turn, La(III) cations act not only as effective bridges, but also
as charge stabilizers. The structures could be 1-D, 2-D or 3-D, de-
pending on the ligands, metallic ions and solvents [11]. Interesting
examples of lanthanide metal-organic frameworks (Ln-MOFs), with
slightly different structures, have also been reported as having a highly
connected binodal networking by assigning the SO4

2− anion as a three-
connected node [12], or cluster-based connecting nodes [13–15].

The biological properties of lanthanides, mainly based on their si-
milarity to calcium, have prompted research into their potential bio-
logical applications. By virtue of their similar ionic radii to calcium,
they have a high affinity for Ca2+ binding sites on biological molecules.
In addition, their spectroscopic properties, resulting from their unusual
electronic configuration, make them a useful probe for calcium in
biological systems using techniques such as luminescence or fluores-
cence spectroscopy [16]. Lanthanide complexes have also been found to
have an important role in cancer diagnostic as contrast imaging agents
for MRI imaging of tumors (e.g., Gd(III)-DTPA), or in cancer therapy
using their radioactive counterparts (e.g., 177Lu) [17,18].

Presently, research on lanthanide complexes has gathered great in-
terest in view of their potential application for targeting cellular DNA
and as anticancer agents [19,20]. The evaluation of lanthanide com-
plexes as antitumor agents has been focused on lanthanide complexes
with ligands such as coumarin, warfarin, bipyridyl, phenanthroline,
among others, and their in vitro activity in cancer cell lines [21–23].
Although the cytotoxic action of lanthanide complexes is typically at-
tributed to their interactions with DNA, other mechanisms have been
proposed, such as inhibition of mitochondrial calcium transport and in-
duction of apoptosis associated with endoplasmic reticulum stress [24].
The preparation of mixed lanthanide complexes, able to simultaneously
embrace two or more lanthanide ions, is thus a very promising approach
toward the design of compounds or materials biologically useful for a
variety of chemical and biological applications [25,26].

In a recent contribution, we have used Ln(III) sulfates (Ln = La, Nd) to
synthesize two new homo-metallic dinuclear Ln(III) complexes in-
corporating the dipyridinium ylide form of the N-heterocyclic pro-ligand
N,N′-diphenacyl-4,4′-dipyridinium dibromide (DPB), also known as vio-
logen-type compound, with promising biological potential as anticancer
agents [27]. Past decades have underlined the high versatility of viologens
[28], which were employed as receptors in supramolecular systems [29],
for the construction of molecular machines [30], or as redox indicators
[31]. Their biological properties are due to the fact that their cation ra-
dicals not only have a strong optical absorption band in the visible range
[32], but also antibacterial, antifungal and photoelectrochemical proper-
ties [33–35]. Dipyridinium-based viologens have attracted interest also for
the construction of coordination polymers with potential applications such
as stimuli responsive chromic materials, sensors and detectors, gas sorp-
tion and separation, magnetic and switching materials [36], or as nano-
particles surface modifiers [37]. That is why, aiming at offering more
applicative valences to such types of viologens, we directed our attention
to the creation of new coordination species containing both viologens and
lanthanides, with even more potent biological properties.

In the present work, the N-heterocyclic DPB pro-ligand (Scheme 1)
and Ln(III) sulfates (Ln = La, Nd) were combined to generate a new
mixed Ln(III) complex with the aim of obtaining a complex with im-
proved potential as an anticancer agent. The synthesis, characterization
and biological properties of the new mixed Ln(III) complex are herein
presented and discussed.

2. Experimental section

2.1. Materials and methods

All the chemicals and reagents were purchased from Merck and used
without further purification. The N-heterocylic proligand N,N′-diphe-
nacyl-4,4′-dipyridinium dibromide (DPB) was prepared by the pre-
viously published method [38]. Lanthanide sulfates Ln2(SO4)3
(Ln = La, Nd) were purchased from Sigma-Aldrich Co.

Elemental analysis (C, H, N, S) were performed in-house with Fisons
Instruments 1108 CHNS-O Elemental Analyzer. Before performing the
analytical characterization, the sample was dried in vacuo (50 °C,
~10−4 bar) until a constant weight was reached.

Fourier transform infrared spectra (FTIR) were recorded using a
Nicolet iS50 FT-IR spectrometer (Thermo Scientific) equipped with a
KBr beamsplitter, built-in ATR accessory and DTGS detector. 32 scans
were co-added over the range of 4000–400 cm−1 with a resolution of
4 cm−1. In the following, the IR bands are classified as very weak (vw),
weak (w), medium (m), strong (s) and very strong (vs).

Thermogravimetric analysis (TGA) was carried out from 30 to
850 °C in a N2 stream with a Perkin-Elmer STA 6000 simultaneous
thermal analyzer, with the heating rate of 7 °C/min.

Scheme 1. Structure of N,N′-diphenacyl-4,4′-dipyridinium dibromide (DPB).

Scheme 2. Synthesis of the new mixed lanthanide(III) complex La-Nd-DPY,
highlighting the transformation route of the DPB pro-ligand (A) into the DPY
ligand (C).
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Electrospray ionization mass spectrometry (ESI-MS) was performed
on a QITMS instrument in positive and negative ionization mode, using
methanol as the eluent.

UV–vis spectra were recorded in the 200–800 nm range for the
mixed complex La-Nd-DPY, in 1% DMSO, at 0 and 1 h and in colorless
DMEM medium with 1% DMSO at 37 °C, along the time up to 72 h,

using an Agilent Cary 60 UV–vis spectrophotometer.
Cyclic voltamogramms were measured for the mixed Ln(III) complex

in 10−6 M DMSO and MeOH solution, using a three-electrode cell (20 mL)
equipped with carbon working electrode (3 mm diameter) or Pt (1.6 mm
diameter), a platinum auxiliary electrode, an Ag/AgClsat (E = 0.194 V/
NHE) reference electrode and filed in MeOH and DMSO. The applied
potential was E = ±1 V vs. EAg/AgClsat and the anodic currents (Ipa) were
registered at different scan rates from 10 mVs−1 to 500 mVs−1.
Measurements were performed using a Bio-logic potentiostat/galvanostat
SP-150 (Claix, France) at room temperature. The working electrode was
polished with BASi® polishing kit (alumina and diamond slurries), fol-
lowed by washing with solvents after each voltammetry experiment.

Powder X-ray diffraction (PXRD) analysis was carried out in the
15–90° 2θ range on a DRON-3M X-ray diffractometer using Co Kα ra-
diation (λ = 0.17903 nm), operating at room temperature, with a step
size of 0.05° and an acquisition time for a step size of 3 s. The generator
was set at 30 kV and 20 mA. A small amount of sample was mounted on
a glass fiber holder using epoxy resin, and gently pressed on the holder
so that the area to be analyzed was flat.

Scanning electron microscopy (SEM) images were collected on a
Quanta 200 scanning electron microscope equipped with EDX detector-
analyzer, operating at 15 kV. The specimen was prepared by dispersing
the powder sample in ethanol by sonication for 10 min, and by de-
positing of a few drops of the suspension on a carbon-coated grid.

2.2. Synthesis of [LaNd(μ2-DPY)(μ4-SO4)2(Et3N)]Br2·2H2OMeOH (La-
Nd-DPY)

The mixed complex La-Nd-DPY was synthesized according to the
following procedure: in a 50 mL round bottom flask 0.277 g of N,N′-

Fig. 1. Experimental PXRD patterns of La-Nd-DPY (orange), La(III) sulfate (blue), Nd(III) sulfate (red), and DPB pro-ligand (green). (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. IR spectra of the DPB proligand (black) and La-Nd-DPY mixed complex
(red). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)
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diphenacyl-4,4′-dipyridinium dibromide (0.5 mmol) and 0.192 g of
lanthanum(III) sulfate (0.33 mmol) were dissolved in 20 mL of me-
thanol, under heating at 60 °C and stirring. 1 mL of triethylamine (Et3N)
was added and a color change from light yellow to violet was observed.
After 1 h, 0.096 g of neodymium(III) sulfate (0.165 mmol) were then
added, and the resulting mixture was continuously stirred for 6 h.
During this time a deep violet precipitate was formed, and after cooling
down, the solid product was filtered off, washed three times with 5 mL
of methanol and distilled water, and was finally dried in air for 24 h.
Yield: 60%. La-Nd-DPY is soluble in dimethylsulfoxide and di-
methylformamide, and it is poorly soluble in alcohols, acetone,

acetonitrile and water. Anal. Calc. for C33H43Br2LaNdN3O13S2
(FW = 1196.79 g mol−1): C, 33.12; H, 3.62; N, 3.51; S, 5.36%. Found:
C, 33.35; H, 3.80; N, 3.71; S, 5.60%. IR ν(cm−1): 3600–3200 (br),
3100 ÷ 3000 (vw), 3000–2800 (w), 1694 (w), 1642 (w), 1596 (w),
1538 (w), 1446 (w), 1400 (m), 1309 (w), 1270 (w), 1223 (w),
1200–900 (vs br), 852 (w), 800 (s), 708 (s), 617 (m), 500 (m), 503 (m),
410 (m). ESI-MS (m/z): 530.1 ([La(DPY)-H]+), 673.5 (LaNd(DPY)-
2H]+).

2.3. Biological assays

2.3.1. Cellular viability
Human tumor cell lines, A2780/A2780cisR ovarian (Sigma-

Aldrich), PC3 prostate (ATCC), and MCF7 breast (ATCC), were cultured
in RPMI (A2780/A2780cisR, PC3) or DMEM (MCF7) culture media
(Gibco) supplemented with 10% fetal bovine serum (FBS) and 1% an-
tibiotics in an incubator (Heraeus, Germany) with humidified atmo-
sphere at 5% CO2, 37 °C. The cells were adherent in monolayers and
upon confluence were harvested by digestion with trypsin-EDTA
(Gibco). Cell viability was evaluated using the MTT ([3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide]) assay which is
based on the reduction of the tetrazolium salt to an insoluble purple
formazan by a mitochondrial succinate dehydrogenase in metabolically
active cells [39]. For the assays, cells were seeded in 96-well plates (2-
3x104cells/200 µL) and were allowed to adhere overnight. Then, dilu-
tion series of the compounds in fresh medium in aliquots of 200 µL per
well were prepared. Cisplatin was first solubilized in water (1 mg/mL)
to produce a stock solution of 3.33 mMwhile the Ln mixed complex was
first solubilized in DMSO to produce a stock solution of 10 mM. Both
compounds were then solubilized in medium to prepare work solutions
in the range 0.1–100 µM. The highest concentration of DMSO in cell
culture medium was 1%. After continuous exposure to the compounds
for 24 h and 48 h at 37 °C, the medium was removed, and the cells were
incubated with 200 µL of the MTT solution (0.5 mg/mL). After 3 h of
incubation, the solution was discarded and the purple formazan inside
the cells were dissolved in 200 µL DMSO. The cellular viability was
evaluated by measuring the absorbance at 570 nm on a plate spectro-
photometer (PowerWave Xs, Bio-Tek Instruments, Winooski, VT, USA).
The cytotoxic effects of the compounds were quantified by calculating
the IC50 using GraphPad Prism software (vs. 5.0). All compounds were
tested in at least two independent experiments, each comprising six
replicates per concentration.

2.3.2. 3D spheroid cultures
PC3 spheroids were prepared in Nunclon™ Sphera™ ultra-low at-

tachment 96U-well plates. Briefly, cells from 80 to 90% confluent
monolayer cultures were tripsinized and seeded at ~175 cells/well.
The plate was then centrifuged at 1500 rpm for 5 min and incubated at
37 °C in a humidified atmosphere of 5% CO2. Spheroid growth was
monitored daily in a Primovert Inverted ZEISS Microscope (objective
4x), with an integrated HDcam camera and images were analysed
using SpheroidSizer, a high-throughput MATLAB-based image ana-
lysis free software (http://pleiad.rwjms.rutgers.edu/CBII/downloads/
SpheroidSizer.zip). When the spheroids reached diameters in the
range of 350–400 μm (typically at day 3), a viability assay was per-
formed. At day 3 of spheroid platting, 100 μL of culture medium were
removed from each well and 100 μL of medium with serial dilutions of
the complex were added to the spheroids. Spheroids incubated only
with medium or with 0.5% DMSO (maximum conc. in medium) were
used as controls. After 48 h of incubation, the viability was assessed
with an acid phosphatase assay (APH), with at least 10 spheroids per
condition tested. The APH assay is based on measuring the activity of
the enzyme acid phosphatase that is an indirect measure of the
number of live cells in the spheroid. This enzyme catalyzes the de-
phosphorylation of the phosphate group of p-nitrophenyl phosphate to
a yellow-colored product.

Fig. 3. The UV–vis spectra of the mixed complex La-Nd-DPY, recorded in
DMSO, at 0 and 1 h (top), and the UV–vis spectra of the complex recorded at
37 °C in the cell medium at 100 µM (1% DMSO), along the time up to 72 h
(down). Inlet (top) the UV–vis spectra of the previously reported pro-ligand
DPB, and the homo-metallic La-DPY and Nd-DPY complexes.

Fig. 4. TGA curve of La-Nd-DPY.
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In parallel, PC3 cells in monolayer incubated in the same conditions
were also tested in a 96 well plate (with 6–8 wells per condition). For the
APH assay, 180 μL of culture mediumwere removed from each well and the

spheroids were washed twice with 180 μL PBS. Then 100 μL of PBS were
removed from each well and 100 μL of acid phosphatase buffer (0.1 M
sodium acetate, 0.1% (v/v) triton X-100, and p-nitrophenylphosphate pH
4.8, 2 mg/mL) were added to the wells. As a negative control, 100 μL of PBS
and 100 μL of acid phosphatase buffer were added to empty wells. After
90 min. at 37 °C at a humidified atmosphere of 5% CO2, 10 μL of NaOH 1M
were added to each well to stop the reaction, and the absorbance was
measured at 405 nm using a microplate reader (PowerWaveXs, Bio-Tek).

2.3.3. Intracelullar ROS levels
Intracellular ROS levels in A2780 cells were measured by using the

cell-permeant 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA).
Upon cleavage of the acetate groups by intracellular esterases and
oxidation by ROS, the non-fluorescent H2DCFDA is converted to the
highly fluorescent 2′,7′-dichlorofluorescein (DCF). In a typical assay,
A2780 and PC3 cells (2 × 104/well) were seeded in 96-well plates and
left to grow overnight. Then, the medium was replaced with a solution
of 10 μM H2DCFDA in colorless Dulbecco's Modified Eagle Medium/
Nutrient Mixture F-12 (DMEM/F12) and cells were incubated at 37 °C
for 30 min. Then, the solution was removed, and cells were incubated
with the mixed Ln complex at 1, 10, 20 and 50 μM and cisplatin at
50 µM (A2780) and 50 and 100 µM (PC3) in DMEM/F12 for 3 h. DCF
fluorescence was measured using an Infinite 200 Plate Reader (Tecan)
at 492 nm excitation and 517 nm emission. Results in relative fluor-
escence units were obtained from a typical experiment done with four
replicates (mean ± SD).

Fig. 5. ESI-MS(+) spectrum of La-Nd-DPY.

Table 1
Identified fragments and the corresponding m/z values of the presumed ions
from the mass spectrum of La-Nd-DPY.

Identified fragments m/z values

105.5

171.9

276.7

318.1

[La(DPY)-H]+ 530.1
[LaNd(DPY)-2H]+ 673.5

Fig. 6. Portion of the proposed 1-D polymeric structure of La-Nd-DPY.
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2.3.4. Apoptosis assays
2.3.4.1. Caspase 3/7 assay. Apoptosis was assessed using the Caspase-
Glo® 3/7 Assay (Promega) luminescent assay, according to the
manufacturer's instructions. The assay provides a pro-luminogenic
caspase 3/7 substrate containing aminoluciferin. In the presence of
caspase 3/7 this substrate is cleaved, aminoluciferin is released and
consumed by luciferase (provided in the reaction mixture), generating a
luminescent signal. The luminescent signal is proportional to the
caspase activity present in the cells. The assay was carried out in
A2780 and PC3 cells, plated in 96 wells, and incubated with the
complex for 24 h, at a concentration equivalent to the IC50 found for
each cell line. After 24 h, 100 μL of medium was removed from each
well. Caspase 3/7® reagent was added in a 1:1 ratio and the plate was
shaken in an orbital shaker for 30 s at 300–500 rpm. The plate was
incubated at room temperature, protected from light for 1.5 h. The
luminescence intensity was measured using an Infinite 200 Plate
Reader (Tecan). Each experiment was repeated twice and each
concentration was tested with at least three replicates. Results
(mean ± SD) were expressed as relative fluorescence units.

2.3.4.2. Hoechst staining assay. Hoechst dyes are cell permeable
fluorophores used to stain DNA in living and fixed cells. These dyes
are excited by UV light at around 350 nm, and emit blue-fluorescent
light around a maximum at 461 nm. The assay was performed to look
for signs of apoptotic markers in the PC3 cultures, such as DNA
condensation, chromatin fragmentation, or formation of apoptotic
bodies by using a fluorescence microscope. For the assay, PC3 cells at
a concentration of 2.0 × 105 cells/mL were seeded on a coverslip

placed in a 6-wells plate and left to attach overnight. Then, cells were
incubated in culture medium containing a concentration equivalent to
the IC50 previously calculated of La-Nd-DPY or an equivalent
concentration of the corresponding vehicle (DMSO, as a control) for
24 h or 48 h. After being washed with PBS, cells were fixed in 4% PFA
for 15 min at room temperature, followed by three additional washing
steps. Cells were then stained with a 1 μg/mL solution of Hoechst for
20 min at room temperature (Hoechst 33342, Thermo Fisher Scientific),
washed, and mounted in anti-fade mounting media (SlowFade™
Diamond Antifade Mountant, Invitrogen). The slides were imaged in
a confocal microscope (Zeiss LSM 710) using a standard DAPI filter and
20× magnification. At least 450 nuclei were analyzed in total from
several random microscopic fields imaged per sample, in two
independent experiments performed.

3. Results and discussion

3.1. Synthesis and characterization of the mixed complex La-Nd-DPY

The synthesis of the new mixed lanthanide(III) complex La-Nd-DPY
was based upon the reaction of the diquaternary salt-type pro-ligand
N,N′-diphenacyl-4,4′-dipyridinium dibromide (DPB) with a mixture of
lanthanum(III) sulfate and neodymium(III) sulfate in 2:1 M ratio, in
methanol under reflux, in the presence of triethylamine (Et3N). The
latter reagent was used as a base which promoted the in situ transfor-
mation of the DPB pro-ligand into the dipyridinium ylide-based ligand
(Scheme 2), as was already shown by us in a recent work [27]. The new
mixed Ln(III) complex was isolated in the form of a violet powder,
which is air and moisture stable, and shows good solubility in di-
methylsulfoxide and dimethylformamide, while it is poorly soluble in
other common solvents like alcohols, acetone, acetonitrile and water.
The violet color displayed by La-Nd-DPY indicated the transformation
of DPB pro-ligand into its reactive intermediate DPY, induced by the
basic trimethylamine [40]. Therefore, the resulting intermediate DPY is
the ligand towards the complexation of both La(III) and Nd(III) ions.

Attempts to obtain single crystals for the mixed La-Nd-DPY complex,
suitable for the X-ray structure determination, were so far unsuccessful,
and therefore, the crystal structure is yet to be revealed. On the other
hand, X-ray powder diffraction analysis revealed the amorphous nature
of the complex. The experimental PXRD patterns for both the complex
and the starting compounds, recorded for comparison, are given in Fig. 1.
Nevertheless, different characterization tools, such as Fourier transform
infrared spectroscopy (FTIR), elemental analysis (EA), electrospray io-
nization mass spectrometry (ESI-MS) ultraviolet–visible spectroscopy
(UV–vis) and thermogravimetric analysis (TGA), were employed in order
to propose the structure for La-Nd-DPY. The elemental analysis allowed
to hypothesize its stoichiometric formula, being of the type [LaNd(μ2-
DPY)(μ4-SO4)2(Et3N)]Br2·2H2OMeOH.

The infrared spectrum of the La-Nd-DPY mixed complex (Fig. 2)
shows a number of weak and medium absorption bands located in the
region 1640–1440 cm−1, which are ascribed to the stretching vibra-
tions of the C]C and C]N double bonds from both phenyl and pyr-
idine rings present in the DPY ligand [41]. The strong and sharp ab-
sorption band at 1694 cm−1, specific to the carbonyl (C]O) group
from the DPB pro-ligand (Fig. 2), is no longer present in the IR spectrum
of La-Nd-DPY, thus indicating the transformation of DPB pro-ligand
into its dipyridinium ylide intermediate DPY.

The broad band present in the range 3600–3200 cm−1, together
with the weak band at 1685 cm−1 can be assigned to the stretching and
bending vibrations of clathrated water, possibly coming either from
methanol, used as solvent in the synthesis, or from air. The weak bands
at 1017 and 1057 cm−1, recognizable for the bending vibrations of
methine –C]CH and CeO groups, respectively, resulted from the
transformation of DPB into DPY [41]. From the strong and broad band
located in the range 1200–990 cm−1, the peaks at 990 cm−1 and those
at 1061, 1119 and 1169 cm−1 are observed, which are attributed to the

Fig. 7. Cyclic voltammograms of the mixed complex in 10−6 M DMSO (top)
and MeOH (down) solutions, on platinum working electrode; E = ±1 V vs.
EAg/AgClsat; scan rate of 50 mVs−1; 10 consecutive voltammetric cycles.
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ν1 and ν3 vibration modes, respectively, of the sulfate ions in the
bridging bis-chelate mode [42]. Such a coordination mode of the sulfate
ions was also encountered in, e.g., the samarium(III) complex (H2prz)
[Sm2(HIDC)2(SO4)2] (HIDC = imidazole-4,5-dicarboxylic monoacid,
H2prz = piperazine) [43], the mixed 3d-4f complex (H2en)2[La2Co
(SO4)6(H2O)2] (H2en = diprotonated ethylendiamine) [44], and in our
recently reported dinuclear homo-metallic Ln(III) complexes [Ln2(μ2-
DPY)(μ4-SO4)(SO4)2(Et3N)2] (Ln = La or Nd) [27]. The medium band
identified at 614 cm−1 is assigned to the ν4 bending [δd(OSO)] modes
in the sulfate group [45]. In different papers reported in the literature
for lanthanide complexes, the vibrations of Ln-N and Ln-O bonds were

attributed to, e.g., Nd-N = 437 cm−1, Nd-O = 499 cm−1 and La-
N = 428 cm−1, La-O = 492 cm−1 [46], or La-N = 365 cm−1, La-
O = 435 cm−1 and Nd-N = 366 cm−1, Nd-O = 436 cm−1 [47]. In the
case of our new mixed complex, the medium absorption band observed
at 410 cm−1 was assigned to the Ln-N vibration, while the medium and
broader band detected at 500 cm−1 was assigned to the Ln-O vibration.
This should be a clear indication that the Et3N molecule is coordinated
to the Ln(III) ions, instead of the water molecules, which are much less
sterically hindering with respect to the former so to be able to enter the
coordination sphere of the metal ions. Moreover, the presence of trie-
thylamine in the mixed Ln(III) complex is evidenced by the weak

BA

C D

K
 C

nt
.

E

Fig. 8. A-D: SEM images of La-Nd-DPY at different magnifications; E: EDX spectrum acquired on a selected point from the 50.000x magnification image, along with
the elemental composition.
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absorption band observed at 1216 cm−1, which is assigned to the CeN
vibration [42]. On the other hand, the occurrence of single bands re-
lated to the vibration of Ln-O and Ln-N bonds is indicative of the fact
that the two Ln(III) ions have very close ionic radii, and thus, very si-
milar vibrations, also considering the symmetric positions of the two
enolic oxygen atoms from the DPY structure.

The UV–vis absorption spectra of La-Nd-DPY was recorded in DMSO
and in the cell medium to ascertain the stability of the complex in both
solutions. As can be observed from Fig. 3, the mixed complex is stable in
DMSO at least for 1 h and very stable in the cellular medium (with 1%
DMSO) at 37 °C up to 72 h. The latter condition simulated the cellular
medium at a maximum complex concentration (100 µM) and the ex-
perimental procedures with the cancer cells. The pro-ligand DPB by itself
exhibits a single absorption band centered at 260 nm (Fig. 3, inlet), at-
tributed to intraligand (π-π*) charge-transfer transitions [48]. The ab-
sorption band centered at 260 nm, was already encountered in our re-
cently reported dinuclear homo-metallic Ln(III) complexes [Ln2(μ2-DPY)
(μ4-SO4)(SO4)2(Et3N)2] (Ln = La or Nd) (Fig. 3, inlet) [27].

Thermogravimetric analysis (TGA) was used not only to assess the
thermal stability of the mixed Ln(III) complex obtained, but also to
evaluate the main weight losses recorded upon heating, and to confirm
its hypothesized stoichiometric formulation. According to the TGA curve
of La-Nd-DPY (Fig. 4), a first weight loss, amounting to ca. 14.15%, is
registered in the temperature range 30–180 °C, which corresponds to the
cumulative evolution of the two clatharated water molecules, one me-
thanol molecule and one triethylamine molecule (theoretical loss:
14.12%). After this first event, the complex undergoes a progressive
decomposition, whose decomposition onset was established at 200 °C,
slightly lower than the decomposition onset recorded for the free DPB
proligand, stable up to 225 °C, due to its quaternary ammonium nature
[32]. The decomposition of the complex, continued until 500 °C, is ac-
companied by the weight loss of ca. 45.85%, which corresponds to the
evolution of both DPY ligand and bromine (theoretical loss: 46.12%).
The range from 500 °C until the end of the heating process is left to the
decomposition of the remaining inorganic Ln(III) sulfates.

The mass spectrum profile of the mixed complex (Fig. 5) suggests its
fragmentations with the appearance of some intense characteristic
peaks in the range 0–500 (m/z), corresponding to the DPY ligand, and

very less intense peaks after m/z 500, corresponding to the lanthanide-
based fragments (Table 1).

All the characterizations described above allowed the proposition of
a structural model for the mixed complex La-Nd-DPY in the form of a
coordination polymer, whose monomeric units are constituted by one
DPY ligand, one La(III) ion, one Nd(III) ion, two sulfate groups and one
triethylamine molecule. More in detail, one Ln(III) ion, either La(III) or
Nd(III), is coordinated by one oxygen atom from the DPY ligand, four
oxygen atoms from two bridging bis-chelate sulfate groups, and one
nitrogen atom from triethylamine, therefore assuming six-coordination,
and thus, an octahedral geometry. The other Ln(III) ion is coordinated
by six oxygen atoms, of which two oxygen atoms coming from two
distinct DPY ligands and four oxygen atoms coming from two bridging
bis-chelate sulfate groups, are also assuming six-coordination, and thus,
an octahedral geometry. Furthermore, a linear chain is formed by the
sulfate groups bridging two alternate La(III) and Nd(III) ions, while the
DPY and triethylamine ligands are disposed, also alternately co-
ordinated to the Ln(III) ions, above and under the -La(SO4)Nd- chain to
finally generate a linear coordination polymer (Fig. 6).

To the best of our knowledge, no other report has revealed such a type
of linear chain built up with alternate Ln(III) ions bridged by the sulfate
groups in a bis-chelate mode. On the other hand, the six-coordination of
such Ln(III) ions, although still relatively rare, is joining the very scarce
family of lanthanide-based complexes so far reported in the literature
[27,49–52]. The higher coordination requirements of both La(III) and Nd
(III) ions are likely causing the occurrence of a polymeric complex of La-
Nd-DPY. However, the ‘large ionic radii – small coordination numbers’
relationship can be an interesting strategy attainable through the use of
bulky ligands, such as DPY for the present case [50].

The redox behavior of La-Nd-DPY was evaluated by cyclic vol-
tammetry (CV) experiments, both in methanol (pH = 7.3) and DMSO
(pH = 10.4), which reveals that the oxidation/reduction potentials of
the mixed complex are shifted towards positive or negative values at-
tributed to its corresponding ligand (Fig. 7). OCP (open circuit poten-
tial) measurements on both solutions show slightly positive potentials,
stable in time, with differences of ca. 20 mV to more positive values in
methanol compared with DMSO, but it remains stable after 30 min in
both solvents. An electrochemically reversible and partiallly chemically
reversible one-electron reduction is observed in both solvents.
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Fig. 9. Cytotoxic activity expressed as the IC50 values for La-Nd-DPY in the
different types of cancer cells after 24 and 48 h incubation. Data are
(mean ± SD) of at least two independent experiments done with six replicates.

Table 2
The comparison of the IC50 (µM) values found for La-Nd-DPY and cisplatin in the different types of cancer cells after 24 and 48 h incubation. Data are (mean ± SD)
of at least two independent experiments with six replicates each.

Compounds A2780
24 h

A2780
48 h

A2780
cisR
24 h

A2780
cisR
48 h

PC3
24 h

PC3
48 h

MCF7
24 h

MCF7
48 h

La-Nd-DPY 1.7 ± 0.5 1.2 ± 0.1 12 ± 3.0 1.5 ± 0.5 14 ± 2.5 3.6 ± 1.4 1.6 ± 0.4 0.3 ± 0.2
Cisplatin 43 ± 10 14 ± 5.5 75 ± 15 44 ± 15 100 ± 10 57 ± 17 45 ± 18 20 ± 6.0

Table 3
The cytotoxic activity expressed as the IC50 (µM) of the lanthanide salts, the
ligands, the mixed Ln complex and cisplatin in the A2780 ovarian cancer cell
line up to 72 h. Data are (mean ± SD) of at least two independent experiments
with six replicates each.

Compounds A2780
24 h

A2780
48 h

A2780
72 h

La2(SO4)3 > 100 69 ± 11 72 ± 15
Nd2(SO4)3 > 100 79 ± 15 71 ± 18
DPB 70 ± 15 30 ± 4.5 12 ± 2.6
DPY 32 ± 8.5 15 ± 4.2 19 ± 3.0
La-DPY 40 ± 9.0* 6.3 ± 1.5* ——
Nd-DPY 30 ± 11* 3.6 ± 1.5* ——
La-Nd-DPY 1.7 ± 1.1 1.2 ± 0.1 1.1 ± 0.2
Cisplatin 43 ± 10 14 ± 5.5 1.3 ± 0.1

* Data from Ref. [27].
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Cyclic voltammograms of the mixed complex in methanol revealed
moderate electrochemical activity, starting at −0.5 V/E vs. EAg/AgClsat
(E½ = 0.78 V; for 100 mVs−1) with an anodic current Ipa = 6.55 μA in
DMSO and Ipa = 13.2 μA in methanol (double than in DMSO), as a
result of more pairs of compound’s ions obtained than free ions in this
solvent, which are capable to exhibit reduction potential.

In both solvents the redox activity is observed, in negative and
positive potential range. The registered current intensity depends on
the working electrode (WE) used in the CV experiments. The intensity
of the current is more relevant in DMSO (carbon–WE) at negative po-
tential (from –0.56 V vs. EAg/AgClsat; Ipa = 0.25 μA), with a slightly
constant increase for the next scan cycles (up to −0.53 V;
Ipa = 0.84 μA) at 50 mVs−1, and it has shown favorable change for the
next electron transfer. In the same time, on Pt electrode (WE) the
current intensity registered is less with 0.52 μA and at a potential of
−0.58 V, after 10 consecutive cycles.

It is worth mentioning that the assessed redox potentials fall in the
biologically relevant and accessible range. In proliferating cells, the
reduction potential is about −0.24 V [53], while inside the tumor it is
up to 100 mV lower. This means that the biological reducing agents,
e.g., redox couple GSSG/2GSH, or ascorbic acid, are capable to reduce
the synthesized compounds [54] and, according to our measurements,
the biological reduction process of our mixed complex is possible.

Scanning electron microscopy (SEM) showed that the new mixed
complex develops into quite uniform and homogeneous fibrillary net-
like morphology with porous features, as can be observed at higher
magnifications (Fig. 8, C and D). This kind of morphology is thus dif-
ferent from the homo-metallic La-DPY and Nd-DPY complexes, which
exhibited multiform crystal structures and morphologies (elongated
micro- and nanoparticles, aggregated micro- and nanoparticles) [27].
EDX analysis, acquired on a selected point from the highest magnifi-
cation image, confirmed the presence of both lanthanide (III) ions in the
mixed complex (Fig. 8, E).

3.2. Biological evaluation

3.2.1. Cytotoxic activity in cancer cell lines
The cytotoxic activity of La-Nd-DPY was evaluated in different cell

lines representative of human cancers, such as ovarian A2780 and
A2780cisR, sensitive and resistant to cisplatin respectively, prostate PC3
and breast MCF7 cells. Cisplatin was included in the assays for com-
parison, as it is the clinically approved metallodrug used for cancer
chemotherapy. The effect of the compounds on the cellular viability was
evaluated by the MTT assay after incubation for 24 h and 48 h. As de-
picted in Fig. 9, La-Nd-DPY displayed consistently high cytotoxic activity
for all cell lines upon 48 h of exposure to the compounds. At shorter

Fig. 10. Representative images of the PC3 spheroids before (0 h) and after (24 and 48 h) exposure to different concentrations of the mixed Ln complex. Controls
consist of spheroids incubated only with medium (control) or with 0.5% DMSO (control vector).

0

20

40

60

80

100

120

C
el

lu
la

r v
ia

bi
lit

y 
(%

 o
f c

on
tro

l)

Spheroid Culture
Monolayer Culture

Fig. 11. Effect of exposure to the Ln complex on PC3 spheroids growth (left), represented by the mean spheroids diameter (in µm) as a function of the number of days
in culture, and cellular viability at 48 h (right), assessed by the APH assay, in parallel to monolayer cultured cells. Controls consist of spheroids or monolayer cultured
cells incubated only with medium or with 0.5% DMSO. Data are (mean ± SD) of at least six replicates.
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incubation times (24 h), the cytotoxic profile differed in particular for the
A2780cisR ovarian cells and the prostate cells. Cisplatin at both in-
cubation times is less cytotoxic than the mixed Ln complex in all types of
cells studied (Table 2), and, most importantly, in the cisplatin resistant
cells and the PC3 cells known for their highly aggressive behavior [55].

The lanthanide sulfate salts were also included in this study and
showed a very low cytotoxic effect, while the pro-ligand DPB showed a

moderate activity up to 48 h. At longer incubation times (72 h), DPB
was more active but considerably less active than the corresponding Ln
complex in the ovarian cells (Table 3). These results seem to confirm
that neither the pro-ligand DPB nor the salt precursors seemed to be the
active species responsible for the cytotoxicity observed. We also as-
sessed the cytotoxicity of the DPY ligand, which was generated in situ
from DPB, and observed that it presented some moderate cytotoxicity
for prolonged incubation times.

The cytotoxic effect observed for the mixed Ln complex was far
superior than cisplatin up to 48 h, and also higher than the one pre-
viously reported for the La-DPY (40 vs. 1.7 µM) or Nd-DPY (30 vs.
1.7 µM) complexes in the A2780 ovarian cells upon 24 h treatment or
upon 24 h treatment in the MCF7 breast cells (La-DPY, 24 h: 43 vs. 1.6)
[27].

3.2.2. Cytotoxic activity in cancer spheroids
Following the assessment of the cytotoxicity in human cancer cell

lines, we evaluated the mixed complex in an advanced cancer cell
model, multicellular tumor spheroids derived from the prostate cancer
cell line PC3. This type of 3-dimensional culture method better re-
capitulates the in vivo microenvironment of tumors, in the sense that
cells grow forming spheres that promote cell-cell and cell-ECM inter-
actions, lacking in the conventional 2D culture. PC3 spheroids were
allowed to grow for 3 days and then were incubated with La-Nd-DPY
for 48 h. Images of PC3 spheroids that have been exposed to different
concentrations of the mixed Ln complex are represented in Fig. 10.

As it is possible to discern in the photographic registries, spheroids
size and shape were affected by the exposure to higher concentrations
of the complex, as confirmed by the decrease in growth of PC3 spher-
oids upon exposure to the compound (Fig. 11, left). In particular, there
was a decrease in the size of the spheroids incubated with the higher
concentration (50 μM), although there was already a noticeable delay
in the growth of the spheroids, compared with the control, starting at
5 μM. The viability results presented in Fig. 11 (right) show that, in
comparison with the conventional monolayer cultures, in 3D spheroids
the complex presents lower cytotoxicity (values of ~80% of the control
at the higher concentrations). This is not surprising as 3D culture sys-
tems are frequently more refractory to anti-cancer treatments due to
limited drug penetration and activation of several resistance mechan-
isms [56]. In fact, spheroid models can mimic the metabolic and pro-
liferative gradients of in vivo tumors, with consequent changes in cel-
lular phenotype and status, exhibiting multicellular chemoresistance.

Fig. 12. ROS production by A2780 cells (top) and PC3 (down) upon 3 h ex-
posure to La-Nd-DPY and cisplatin (cisPt) detected by the H2DCFDA probe.
Results in relative fluorescence units are representative of a typical experiment
done with four replicates (mean ± SD). Controls (Ctrl) consist of cells in-
cubated only in medium.

Fig. 13. Caspase −3 and −7 activity in A2780 cells (left) and PC3 cells (right), upon 24 h exposure to a concentration corresponding to the IC50. Data was obtained
from three replicates per condition and was expressed as the mean ± SD from two independent assays, in relative fluorescence units.
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3.2.3. Production of ROS
The potential induction of intracellular ROS formation by La-Nd-

DPY and cisplatin in A2780 and PC3 cells was analysed using the
H2DCFDA fluorescent probe, which can detect hydrogen peroxide, hy-
droxyl radicals or peroxynitrite. The effect of La-Nd-DPY and cisplatin
on ROS production is presented in Fig. 12. The formation of ROS was
evident for the mixed complex in a concentration-dependent mode for
both cell lines. Concerning cisplatin, its cytotoxicity has been correlated
to the generation of mitochondrial ROS that can promote a series of
deleterious events and influence multiple metabolic functions, which
may ultimately lead to cell death [57]. However, in the same experi-
mental conditions, no detectable ROS seem to be produced by cisplatin,
probably due to the short exposure time of 3 h required in the experi-
mental method.

3.2.4. Apoptosis evaluation
3.2.4.1. Caspase activation. Apoptotic cell death is mediated by
caspases, a family of cysteine proteases important for maintaining
homeostasis through the regulation of cell death and inflammation
[58]. To detect apoptotic events induced by the mixed Ln complex, the
active form of caspases-3 and 7 were quantified in A2780 and PC3 cells
[59]. As depicted in Fig. 13 the complex was unable to activate caspase-
3/7 in these cell lines, since the values detected were similar to the ones
obtained for control cells incubated only in media.

3.2.4.2. DNA fragmentation. In order to confirm the results obtained
with the caspase activation assay, we performed a Hoechst nuclei
staining assay to determine the percentage of apoptotic cells in a
population of PC3 cells exposed, or not, to the La-Nd-DPY complex.
The morphological hallmarks of apoptosis include DNA condensation,
chromatin fragmentation, or formation of apoptotic bodies and, as such,
we looked for signs of those apoptotic markers in our cultures.
Corroborating the inability of this prostate cancer cell line to activate
caspase-3/7 observed in the previous assay, we saw no statistically
significant increase in the level of apoptosis on a cell population after
exposure for 24 h or 48 h to IC50 concentrations of the compound

(Fig. 14). This implies that the cell death observed on the cytotoxicity
assay is not mainly due to apoptosis and that there are other pathways
of cell death at play under these conditions.

4. Conclusions

The new mixed lanthanide(III) complex La-Nd-DPY was success-
fully prepared by the reaction of La(III) and Nd(III) sulfates with the
diquaternary bis(pyridinium) salt DPB, acting as pro-ligand, in alco-
holic ambient. The basic triethylamine, added in the reaction system,
promoted the in situ conversion of DPB into the reactive ylide inter-
mediate DPY, acting as ligand towards the complexation of both Ln(III)
ions. All the characterization techniques described in this work allowed
the disclosure of the possible structure for the new mixed Ln complex,
thus featuring a 1-D polymeric chain, in which the Ln(III) ions are in the
relatively rare six-coordination geometry. Cyclic voltammetry revealed
the redox potentials of La-Nd-DPY, which were found to fall in the
biologically relevant range. The cytotoxicity of the new mixed Ln
complex is far superior than La-DPY or Nd-DPY, two complexes studied
in a recent contribution, supporting the conclusion that the combined
two Lns arrangement generate a new mixed Ln(III) complex with im-
proved potential as an anticancer agent. Induction of apoptotic cell
death does not seem to be the most relevant mechanism responsible for
cellular cytotoxicity, as was the case of the previous La/Nd-DPY com-
plexes. However, the cytotoxic mechanism seemed to be mediated by
the generation of reactive oxygen species (ROS). Although speculative
at present, the cytotoxicity of the new mixed Ln complex can be cor-
related to the generation of mitochondrial ROS that can influence
multiple pathways that are known to sensitize cells towards suffering
cell death. These findings will be worth of further investigation.
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Fig. 14. Left: Representative images of PC3 cells stained with Hoechst 33,342 (A) in the absence (ctrl) or upon exposure to the complex (La-Nd-DPY) for 24 h (top) or
48 h (bottom). Right: Quantification (in %) of the number of apoptotic PC3 cells grown in the conditions described for A. The results are shown as mean values
(± SD) obtained from two independent experiments in which at least 450 nuclei were counted per sample.
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