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Lanthanide complexes with phenanthroline-based
ligands: insights into cell death mechanisms
obtained by microscopy techniquest
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Herein we report the synthesis, characterization, and photophysical and biological evaluation of the com-
plexes Ln(DBM)sz(RPhen) (Ln = Sm, R = H; Ln = Sm, Eu, Tb, R = 5-NHy) stabilized by three p-diketonate
units (DBM) and a phenanthroline (RPhen) derivative, with the aim of contributing to the development of
lanthanide-based compounds with potential application as anticancer agents. The UV-vis spectra of
[SM(DBM)z(Phen)], [Sm(DBM)3(NH,Phen)], [Eu(DBM)z(NH,Phen)] and [Tb(DBM)3(NH,Phen)] measured in
DMSO and PBS showed a strong absorption band centered at ca. 350 nm in both solvents. In DMSO, all
lanthanide compounds except [Sm(DBM)z(Phen)] show a ligand centered emission band at ca. 520 nm. In
PBS only sharp emission peaks are detected. The complexes show similar cytotoxic effects in A2780
ovarian cancer cells, presenting ICsq values at 24 h in the range 16-27 uM. The measurement of the cellu-
lar uptake of the complexes in the A2780 cells by inductively coupled plasma mass spectrometry
(ICP-MS) revealed preferential accumulation at the membrane and cytoskeleton, with the exception of
[SM(DBM)s(Phen)] that presented higher accumulation in the cytosol than in the cell membranes. All the
evaluated lanthanide complexes showed low nuclear uptake, although not negligible. Spectroscopic
studies on the interaction of the complexes with calf thymus DNA (ctDNA) revealed a moderate affinity
with apparent binding constants in the 10* M~ range. Complexes bind DNA not by intercalation but prob-
ably by electrostatic interactions. A morphological evaluation of the cells treated with the different com-
plexes by electron microscopy (TEM/SEM) proved that all of them induce mitochondrial alterations, which
seemed more pronounced for the NH,Phen complexes. In addition, the complex [Eu(DBM)z(NH,Phen)]
presented lysosomal uptake that might explain its augmented cytotoxicity.

Introduction

Medicinal chemistry is one of the most challenging areas of
research that focus on the design and evaluation of organic
and inorganic compounds aimed at the development of new
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drugs for diagnosis and therapy. In this field, the evaluation of
the interactions of drugs with biological systems and the
relationship between their chemical structure and biological
effects [structure-activity relationship (SAR)] is of paramount
importance and has received increasing attention in the last
few years."

Cisplatin represents the landmark of metal-based che-
motherapeutics and is still the most widely prescribed anti-
cancer drug.” Severe side effects and drug resistance reported
for cisplatin have prompted numerous researchers to develop
cisplatin analogues in order to collapse the net balance
observed for the therapeutic efficacy of cisplatin vs. side effects
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and drug resistance.>* The use of transition metals other than
platinum (e.g., V, Ru, Cu, and Au) has also triggered intensive
research in the modern era of metal-based anticancer
compounds.” " Ruthenium compounds have received great
attention as antitumor agents with high potential against solid
tumors or selective antimetastatic properties, particularly
[ImH][trans-RuCl,(DMSO)Im] (NAMI-A) and [ImH][trans-
RuCl,(Im),] (KP1019) (where Im = imidazole) that have pro-
gressed to clinical evaluation.">'* Based on studies with these
and other related compounds it has been shown that the bio-
logical activity of metal-based drugs, including cisplatin, is not
only centered on their interaction with DNA but also on many
other biomolecular targets and factors like pH and the redox
environment of tumor cells that could be even more relevant
than their DNA interaction.>>°

Along with transition metals, lanthanides can offer remark-
able opportunities since it is well recognized that these 4f
elements have interesting physico-chemical properties and
accordingly diverse lanthanide compounds have been evalu-
ated for a myriad of applications both in the technological
field (sensor devices, optical fibers, lasers, etc.) and in the
medical field, specifically in diagnosis and therapy.>'”’
Lanthanide complexes bearing N-heterocyclic ligands as
chromophores were also evaluated as DNA nucleases, cytotoxic
drugs or photosensitizers in photodynamic therapy (PDT), but
there are still only a few reports addressing these topics. The
potential of lanthanide complexes for this type of applications
is strongly dependent on the metal center, chromophore, and
on the stabilizing ligands.>*™*°

Luminescence is one of the remarkable characteristics of
trivalent lanthanide ions; apart from La** and Lu’’, all the
other trivalent lanthanide ions show ubiquitous luminescence.
Electronically excited Gd*" emits in the UV region, Pr’*, Sm*",
Eu*’, Tb**, Dy** and Tm** emit in the visible region and Nd**,
Ho®", Er¥* and Yb®" in the NIR region.>* However, it can be
quite challenging to achieve an efficient photoexcitation of the
lanthanide ions due to the forbidden f-f transitions, by
Laporte’s rule; this results in low extinction coefficients.
Considerable enhancement of luminescence emission has
been largely achieved by the improvement of the antenna
effect, namely by the incorporation of lanthanide ions into
polydentate ligands bearing organic chromophores to promote
the transfer of the absorbed energy into the lanthanide ions.>®
Among the lanthanide series, the complexes of Eu*" and Tb*"
ions exhibit stability and photophysical properties and are of
special interest as luminescent probes in clinical diagnostics
and accordingly they have probably been the most
evaluated.*™**

For instance, the lanthanide luminescence can be based on
N-heterocyclic chromophores such as pyridine, bipyridine, ter-
pyridine, phenanthroline and benzimidazole, most of them
associated with f-diketonate ligands. In general, the lumine-
scence of the lanthanide complexes stabilized with aromatic
B-diketones is more intense than that shown by the complexes
stabilized with the congener aliphatic f-diketonate
ligands.*>™*° For more than a century, this latter class of com-
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plexes has been explored mostly by physicists interested in
assessing their potential capabilities as electronic devices.
However, the experimental synthetic procedure to obtain such
compounds is often absent in a large number of publications
or, when reported, leads mainly to impure products or com-
pounds with poorly defined composition.®™*°

Within our research activities in the medicinal inorganic
chemistry field, we have evaluated the antimicrobial and anti-
tumoral potential of several transition metal complexes
bearing N-heterocyclic ligands.>*~> Studies of polypyridyl com-
plexes of the type [M(SalGly)(RPhen)] (M = Cu, Zn, V) (SalGly =
N-salicylidene-glycinate) (RPhen = phenanthroline and phe-
nanthroline derivatives) by analytical and imaging techniques
revealed that the cellular uptake and the mechanisms of cell
death were dependent on the metal center.’> Most of the com-
plexes were preferentially retained at the membranes.
Notwithstanding, [Cu(SalGly)(Phen)] showed a high cellular
uptake combined with a significant accumulation in the
nucleus that probably explain the remarkable cytotoxic activity
of this complex.’* Altogether, all these findings prompted us
to extend our studies to a family of phenanthroline-based 4f-
element complexes with the aim of shedding more light on
the mechanisms behind the cellular uptake and the cell death
induced by this class of complexes.

Herein we report the synthesis and characterization of Sm,
Eu and Tb complexes stabilized by three aromatic f-diketonate
units and a phenanthroline chromophore (Fig. 1). The syn-
thesis of this type of compound was first reported in 1964 by
Melby et al.>®** However, their characterization is often absent
and/or unsatisfactory. Specifically, the samarium complex
tris(dibenzoylmethane) mono(1,10-phenanthroline) ([Sm(DBM);
(Phen)]) (1) was completely characterized for the first time
by Stanley et al in 2010, although its NMR spectra have
not been reported.”®” Concerning related complexes bearing
1,10-phenanthrolin-5-amine, to the best of our knowledge,
their structural characterization has not yet been reported
even for the commercially available tris(dibenzoylmethane)
mono(5-amino-1,10-phenanthroline) europium(m) complex
([Eu (DBM);(NH,Phen)]) (3). In this contribution, we also
report the in vitro and biological evaluation of these lantha-
nide complexes as potential anticancer drugs. This comprised

Ln=Sm; R =H ; [Sm(DBM);Phen] (1)
Ln =Sm; R = NH, ; [Sm(DBM);(NH,Phen] (2)
Ln=Eu; R =NH, ; [Eu(DBM);(NH,Phen] (3)

Ln=Tb; R =NH, ; [Th(DBM);(NH,Phen] (4)

L —3

Fig. 1 Molecular structure of the lanthanide complexes [Ln(DBM)s
(RPhen)] evaluated in this study (Ln = Sm, R = H; Ln = Sm, Eu, Tb, R =
5-NHy).
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the evaluation of their DNA interactions, the measurement of
their uptake and cytotoxicity in the A2780 ovarian and
MDAMB231 breast cancer cells, and the assessment of their
intracellular localization by confocal fluorescence microscopy
and ICP-MS, as well as the study of induced mechanisms of
cell death using microscopy tools.

Results and discussion
Synthesis and characterization

Aiming at exploring the anticancer potential of lanthanide
complexes with p-diketonates and phenanthroline (RPhen)
derivatives, we synthesized and fully characterized the four
lanthanide complexes Ln(DBM);(RPhen) (DBM = 1,3-diphenyl-
1,3-propanedionate, Ln = Sm, R = H (1); Ln = Sm (2), Eu (3), Tb
(4), R = 5-NH,), whose structural formula is depicted in Fig. 1.

The complex tris(dibenzoylmethane) mono(1,10-phenan-
throline) samarium(m) ([Sm(DBM);(Phen)] (1)) and the conge-
ner complexes [Sm(DBM);(NH,Phen)] (2) and [Eu(DBM);
(NH,Phen)] (3) (NH,Phen = 5-amino-1,10-phenanthroline)
have been synthesized by one pot in situ reactions using
slightly adapted previously reported procedures.’®™® All
attempts to synthesize the terbium complex [Tb(DBM);
(NH,Phen)] (4) using a similar procedure failed. In the
majority of the reactions performed, a pale yellow solid was
obtained but neither the ESI-MS analysis nor the elemental C,
H, and N analysis were consistent with the anticipated
product. The terbium complex could be obtained, in moderate
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yield (40%), by a two-step reaction. It was found that the
method to achieve the terbium complex is the isolation of the
intermediate aqua complex, Th(DBM);:(H,0),, formed in the
first reaction step prior to the reaction with the Lewis base
NHZPhen.SGb'59’60

The IR spectrum of [Sm(DBM);(Phen)] (Fig. S1f) is in
perfect concordance with that reported by Stanley et al.’®® The
pattern of the IR spectra of the other three Ln compounds,
[Sm(DBM);(NH,Phen)] (2), [Eu(DBM);(NH,Phen)] (3), and
[Tb(DBM);(NH,Phen)] (4), is very similar (see Fig. S6 and
Table S11). The assignment of the bands was made based on
the data reported for HDBM, phenanthroline derivative
ligands and related lanthanide complexes.’®*”>¢¢1763 The
three strong broad bands in the region 1700-1300 cm™,
related to the C-C stretching of the phenyl group, C=0 and
C=C stretching modes of HDBM, are considerably red-shifted
in the three lanthanide complexes as compared with the free
ligand. Concerning the bands due to the coordination of the
NH,Phen to the metal center it was observed that the band
assigned to the C-N stretching vibration, appearing as a
doublet at 1428 cm™" and 1407 cm™" in the free NH,Phen, is
shifted and appears as a singlet in the lanthanide complexes.
The differences observed in the position and shape of the
absorption bands of the lanthanide complexes relatively to the
ligands are also consistent with the formation of the
complexes.

The ESI-MS spectra of all the Ln(DBM);(RPhen) complexes
showed the presence of peaks at m/z values corresponding to
the expected molecular ions (Fig. S2, S5, S9 and S117), while
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Fig. 2 IH NMR spectrum of [Tb(DBM)s(NH,Phen)] in acetone-ds.
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presenting splitting patterns consistent with the respective iso-
topic distributions. Moreover, very good agreement was found
between the theoretical and experimental data for their C, H,
and N elemental analyses, which corroborates the formation of
the desired compounds.

The "H NMR spectra of all complexes are consistent with
the formation of heteroleptic complexes containing one RPhen
ligand and three HDBM ligands. The OH resonance observed
downfield of the "H NMR spectrum of the enol form of HDBM
is absent in all the "H NMR spectra of the four lanthanide com-
plexes, as expected after coordination of the f-diketonate ligand
to the metal center. The resonances of the CH methine protons
are not considerably shifted in the spectra of the samarium
complexes 1 and 2; in the spectrum of the europium complex a
significant shift towards the high field side is noted.

Due to the paramagnetic nature of the Tb** ion (ry, = 9.72)
the proton chemical shifts in the "H NMR spectrum of
[Tb(DBM);(NH,Phen)], recorded in acetone ds, spread through
a range of about 160 ppm (from —46 to 127 ppm). The seven
resonances due to the protons of NH,Phen are dramatically
shifted to higher field whereas the resonance due to the
methine protons is shifted in the reverse direction (Fig. 2).

UV/Vis and luminescence spectroscopic studies

The UV-vis spectra of the complexes and ligands were
measured in DMSO and PBS (0.01 M, pH 7.4) and are included
in Fig. 3. All complexes show a strong absorption band cen-
tered at ca. 350 nm in both solvents. The lanthanide ions do
not contribute to the absorption spectra due to the fact that f-f
transitions are Laporte-forbidden and very weak (extinction
coefficients e < 1 M~" em™").** The 350 nm band is assigned to
the DBM™ ligand since this compound shows a strong absorp-
tion band in the same region.®® NH,Phen also absorbs in this
region and contributes to the lanthanide absorption spectra.
The excitation spectra measured in DMSO for all NH,Phen
compounds are depicted in Fig. 4. All spectra are similar
except for small intensity differences, exhibiting two broad
bands with maxima around 280 nm and 344 nm, assigned to
transitions from the NH,Phen ligand-centered excited states.®®

——sSm(DBM)3(phen)

«+=- Sm(DBM)3(NH2phen)

~—Tb(DBM)3(NH2phen)
Eu(DBM)3(NH2phen)

~ ~DBM

= = NH2phen

===phen

460
Ainm
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Fig. 4 Excitation spectra measured in DMSO for solutions containing
the NH,Phen compounds at concentrations of ca. 3 x 10°° M. dgm =
515 nm.

Free lanthanide ions yield very inefficient light absorption,
except in the presence of suitable organic ligands, such as
those reported here.®” These types of ligands act as antenna,
efficiently absorbing light in the UV region and transferring
energy to the lanthanide ion that becomes electronically
excited.®® The luminescence emission spectra of all complexes
and ligands measured in DMSO are depicted in Fig. 5a. DBM
showed no luminescence, while NH,Phen shows an intense
emission band centered at 507 nm. All complexes except [Sm
(DBM);(Phen)] show a ligand centered emission band in the
visible region at ca. 510 nm, which corresponds to the ligand
emission. The phen ligand does not show emission in the
500 nm region.

[Sm(DBM);(Phen)] shows sharp emission bands at 562, 598
and 645 nm, assigned to ‘Gs, — °Hsp, *Gsp — °Hyj, and
*Gsj, = ®Hoy, with the most intense being *Gs;, — °Hgy,. For
[Sm(DBM);(NH,Phen)] the sharp bands are overlapped with
the ligand centered bands and only the *Gs/, — ®Hg), band at
643 nm is clearly visible (Fig. 5b). The [Eu(DBM);(NH,Phen)]
complex shows bands at 578, 599, 613 and 687 nm, assigned
to °Dy — 'Fy, °Dy — 'F4, °Dy, — 'F, and °D, — ’F;, with the
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Fig. 3 UV-vis absorption spectra measured in DMSO (a) and PBS (b) for solutions of the complexes at concentrations of 1.0 x 1075 M.
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Fig. 5 Luminescence emission spectra measured in DMSO (a and b) and PBS (c) for solutions of the complexes at ca. 1.0 X 107> M. Aexc = 355 nm

and slits = 3 nm (5 nm in (c)).

most intense being the *D, — ’F, transition. These spectro-
scopic features are in agreement with the ones previously
reported for [Ln(NO,Phen);Cl;]-2H,0 complexes for which the
luminescence of the europium complex was also stronger than
that of the samarium complex.®®

In PBS, the ligand centered emission band is not observed
and only the sharp emission peaks are present, indicating
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either that the NH,phen emission is suppressed in PBS or that
efficient energy transfer from the excited state of the organic
ligand to emitting states of the Ln(m) ions occurs. For Sm(m),
the emission bands for both complexes are overlapped and are
due to the f-f transitions *Gs, — °Hsp, 'Gspn — °Hyj, and
*Gsj;, = ®Hy), at 562, 600 and 647 nm, respectively.®® In Eu(m)
the emission bands originate from electronic transitions from

35000
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30000 "./0*
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=
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[DNA] / [Complex]

Fig. 6 (a) UV-vis spectra measured for the titration of a solution in PBS of [Sm(DBM)z(NH,Phen)] (1.0 x 10> M) with increasing amounts of ctDNA
(concentrations indicated in the legend are in pM; the arrow indicates changes upon DNA addition), after dilution correction. The same amount of
DNA was added in the reference cuvette; (b) variation of the molar absorptivity at two wavelengths (339 and 390 nm) with the [DNA]/[complex] ratio;
the curves in red show the fitted model to determine the binding constants of the Ln complexes with DNA.
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the lowest excited state, °D,, to the multiple ground state,
’F; (J = 6-0). The expected peaks are well resolved, and appear
at 574, 588, 610 and 649 nm, with the band assigned to D, —
’F, (610 nm) being the most intense. The strong intensity
observed for the hypersensitive transition, °Dy — F,, is typical
of Eu(m)-diketonate complexes.”® For Tb(m) no luminescence
was detected in this solvent.

Interaction with DNA

The lanthanide complexes contain Phen ligands, which are
known to intercalate in between DNA base pairs. The complex
ability to interact with DNA was evaluated by UV-vis absorption
and fluorescence spectroscopy. Since in PBS the energy trans-
fer from the ligand to the lanthanide ion is efficient and no
ligand centered bands were observed, a competition assay was
employed with a known intercalator, thiazole orange (TO).”*
The fluorescence emission spectra were measured for systems
containing ctDNA, TO and increasing amounts of complexes
and for solutions containing TO and increasing amounts of
complexes. However, emission spectra showed the emergence
of a new band at ca. 580 nm that was also found to be
present in the spectra of solutions containing only TO and
increasing amounts of the complexes, ie. without DNA
(see the ESIf). This band suggests that TO interacts directly
with the Ln complex, which could interfere with the compe-
tition assay that assumes that these species bind to DNA
independently.

In view of this limitation, another approach was used to
probe the binding of the complexes to DNA by monitoring the
changes in the UV-vis absorption spectrum of solutions con-
taining the complexes that were titrated with increasing
amounts of ctDNA (see Fig. S147). The spectra measured for
[Sm(DBM);(NH,Phen)] are shown in Fig. 6a. It is clear that an
isobestic point appears at ca. 365 nm, which indicates an equi-
librium between two spectroscopic forms of Ln complexes,
free and associated with DNA. The variation of the molar
absorptivity is plotted in Fig. 6b at two selected wavelengths.

Table 1 ICsp values (uM) obtained for the Ln complexes after 24 h and
48 h incubation times using the MTT assay. Results are the mean+SD of
two independent experiments performed with at least six replicates per
concentration

ICs0 (uM)

A2780 MDAMB231
Compounds 24 h 48 h 24 h 48 h
Sm(DBM);(Phen) 17.7+3.1 53+1.1 63.5+55 11.1+4.2
Sm(DBM);(NH,Phen) 22.5+4.5 63+12 79.6+6.5 6.9+2.2
Eu(DBM);(NH,Phen) 16.4+2.6 0.6+0.1  >100 0.9+ 0.4
Tb(DBM);(NH,Phen) 26.9+5.5 1.0+0.2  >100 4.0+25
Phen >100 7.6 +1.5 >100 22.5 £8.0
NH,Phen 60.7+£10 9.5%1.5 >100 17.0 £ 5.5
SmCl; >100 >100 >100 >100
TbCl; >100 >100 >100 >100
EuCl, >100 >100 >100 >100
Cisplatin 26.7+8.0 20.7+5.6 10416 13.8 +4.5

4616 | Dalton Trans., 2019, 48, 4611-4624
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Fig. 7 Cellular uptake of the lanthanide complexes (ng per million
A2780 cells). Results are the mean+SD of two independent experiments.

These results were used to determine binding constants for
the association of Ln complexes with DNA assuming the for-
mation of a 1: 1 complex (for details see the ESIT).

The values of binding constants retrieved for the several
complexes are compiled in Table S2.f Similar binding
affinities with K, values of ca. 10° M~" were obtained for the
several complexes studied.

Cell studies

Cytotoxic activity. The MTT assay was used to test the cyto-
toxic effect of the complexes by measuring the metabolic

Fig. 8 Live-cell uptake of [Sm(DBM)s(NH,Phen)] (2) by A2780 cells visu-
alized by time-lapse confocal microscopy imaging. Cells were incubated
with Hoechst (blue) for nuclear staining and imaged every 10 s for 1 min
after the addition of 50 uM 2 (green) to the cell medium. Images
acquired at time points 0, 10, 20, 30 and 60 s show single cell fluor-
escence distributions of the green fluorescent samarium complex for
the same time points. The scale bar corresponds to 10 ym.

This journal is © The Royal Society of Chemistry 2019
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activity of live cells, which serves as a useful and convenient
marker of cellular viability. To assess the anticancer potency of
the complexes, the ICs, values (the concentration that inhibits
cell viability to 50% of the control) were determined in ovarian
(A2780) and breast (MDAMB231) cancer cells after 24 h chal-
lenge with the tested compounds. The lanthanide salts 1,10-
phenanthroline and 5-amine-1,10-phenanthroline, as well as
cisplatin as the reference compound, were also assayed under
the same conditions. The results are presented in Table 1 and
Fig. S15.7 The activity of the complexes was strongly depen-
dent on the type of cancer cell, with appreciable activity
against ovarian cells but modest activity in breast cells. The
complexes showed a similar cytotoxic effect (ICs5o = 16-27 uM),
being significantly more active than the corresponding ligands
or lanthanide salts which displayed no effect. This trend indi-
cates that the coordination to the metal center resulted in a
considerable change and improvement of the cytotoxic activity.
The lanthanide complexes showed cytotoxic effects similar to
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cisplatin in both cancer cell lines, in particular for the cispla-
tin-sensitive A2780 cell line (Table 1). The samarium com-
plexes displayed a similar cytotoxicity in both cell lines, while
[Eu(DBM);(NH,Phen)] was the most cytotoxic complex of the
series.

Cellular uptake by ICP-MS. Subcellular distribution in the
A2780 cells was evaluated by ICP-MS. The lanthanide content
in each cellular fraction was determined after 24 h treatment
with the complexes at a concentration equivalent to their ICs,
values in this cell line. The results presented in Fig. 7 show
that the total uptake in terms of lanthanide content (ng per
million cells) is quite comparable between [Sm(DBM);(Phen)]
and its congener [Sm(DBM);(NH,Phen)] (276 vs. 244 ng per
10° cells), being lower for [Th(DBM),;(NH,Phen)] (177 ng per
10° cells) and higher for [Eu(DBM);(NH,Phen)] (349 ng per 10°
cells). With the exception of [Sm(DBM);(Phen)], complexes
were mostly retained in membrane/particulates and cytoskele-
ton fractions, practically to an equal extent (Fig. 7 and

Fig. 9 A2780 cells after 24 h treatment with the lanthanide complexes at concentrations corresponding to their ICso. On the top (TEM): 1 — Control
(no treatment); 2 — [Sm(DBM)z(Phen)] (18 pM); 3 — [Eu(DBM)3(NH,Phen)] (16 pM); 4 — [Tb(DBM)s(NH,Phen)] (27 pM); 5 — [Sm(DBM)3(NH,Phen)]
(22 pM). M = mitochondria; N = nucleus; L = lysosomes. At the bottom (SEM): 1 — Control; 2 — [Sm(DBM)z(Phen)]; 3 — [Sm(DBM)s(NH,Phen)]. B = cell

surface blobs; AB = apoptotic bodies.

This journal is © The Royal Society of Chemistry 2019
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Fig. S167). For all complexes the uptake in the nucleus is low
but not negligible (4.5-8%).

The results point out that cell membranes and cytoskeleton
structures could play a key role in the effects induced by these
complexes, deserving further investigation due to the impor-
tance of the cytoskeleton in biological processes such as cell
division, cell proliferation and cell migration.”?

Cellular uptake by confocal microscopy. Due to the narrow
and wavelength-restricted lasers in confocal microscopy fluo-
rescence, emission intensity is seriously restricted. Excitation
at 405 nm poorly overlaps with the complexes’ absorption
bands and attempts to evaluate the cellular uptake by fluo-
rescence imaging were made only for [Sm(DBM);(NH,Phen)]
(2) in the A2780 cells. As shown in Fig. 8, immediately after the
addition of the complex (50 uM) to the medium, a diffused
green staining inside the cells was observed. The complex
seemed to be rapidly taken up by the cells, showing no rele-
vant nuclear accumulation within the 30 s incubation time.
Increasing the incubation times does not increase the cellular
uptake and even seemed to reduce the fluorescence intensity
inside the cells, most probably due to photobleaching of the
samples.

Morphological alterations by TEM/SEM

Electron microscopy has been a valuable tool for investigating
cells and their alterations at the ultrastructural level, which
very often cannot be explored with other imaging approaches.
Transmission electron microscopy (TEM) is mostly used to
study the morphological alterations of cellular and subcellular
compartments, while scanning electron microscopy (SEM) can
be useful to reveal cell surface features.

In this work, TEM was used to investigate the effects of the
lanthanide complexes on the A2780 cells. After treatment with
the complexes for 24 h at a concentration equivalent to their
ICsy, the cells presented mitochondrial alterations that were
not present in the controls, usually enlargement and distor-
tions of a few mitochondrial clusters (cells with no treatment),
as can be observed in the images presented in Fig. 9. These
alterations were more accentuated for the complexes with the
NH,Phen ligand. For the cells treated with these complexes, in
particular with [Sm(DBM);(NH,Phen)] (2), the lysosomes pre-
sented dense inclusions and the mitochondria were smaller
and with a dense matrix.

The role of mitochondria and lysosomes in the mecha-
nisms of cell death induced by the reported lanthanide com-
plexes need further elucidation, in particular for the europium
complex. By SEM and for the Sm complexes, apoptotic cells
were found in the treated samples, more advanced stages of
apoptotic bleb formation and cellular fragmentation being
observed for 2.

Conclusions

Four Ln(m) mixed-ligand complexes containing three
B-diketonate units and a phenathroline derivative as ligands
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were synthesized and characterized by analytical and spectro-
scopic techniques. Absorption spectroscopy showed the pres-
ence of a band at ca. 350 nm due to the DBM ligand for all the
complexes. The luminescence emission spectra measured in
DMSO show ligand centered emission bands in the visible
region at ca. 520 nm, except for [Sm(DBM);(Phen)]. In PBS
only sharp emission peaks were present, indicating efficient
energy transfer from the excited state of the organic ligand to
the emitting states of the Ln(m) ion, except for Tb(um). The
UV-Vis titrations yielded apparent binding constants for the
interaction of the complexes with DNA in the 10° M~" range.
The complexes bind DNA probably by electrostatic interactions
or H-bonds between the amino group of the Phen ligands and
the phosphate and sugar groups of DNA.

The complexes present a similar cytotoxic activity and a
similar uptake profile with the exception of [Sm(DBM);(Phen)].
Interestingly, the different uptake profiles found for Sm com-
plexes do not result in different cytotoxic activities. The
NH,Phen complexes accumulate primarily in the membrane
and the cytoskeleton. A different profile was found for
[Sm(DBM);(Phen)] that showed relatively important accumu-
lation in the cytosol. The morphological analysis revealed that
all complexes presented more pronounced mitochondrial
alterations for the NH,Phen complexes when compared with
[Sm(DBM);(Phen)]. The Eu complex showed additional effects
in the lysosomes. Interestingly, this complex was more
cytotoxic than the others, particularly for longer exposure
times. To sum up, the NH,Phen ligand seems to tailor the
cytotoxic effect of these complexes.

The TEM/SEM imaging techniques used in this study gave
valuable insights into the biological action of the
Ln(DBM);(RPhen) complexes. To our knowledge, these tech-
niques have not been explored to evaluate anticancer effects
exerted by this type of lanthanide-based compounds. The TEM
results showed an important effect of these complexes in the
mitochondria and lysosomes, in particular for the Eu complex.
The elucidation of the nature of these effects remains a chal-
lenge deserving future studies, so the potential of this class of
complexes as anticancer agents should be properly evaluated.

Experimental section
General materials and methods

All reagents and solvents were purchased commercially and
used as received, without further purification, unless other-
wise stated. Anhydrous LnCl; (Ln = Sm, Eu, Tb) were obtained
from Alfa Aesar. 1,10-Phenanthroline monohydrate (Phen),
1,10-phenanthroline-5-amine (NH,Phen), 1,3-diPhenyl-1,3-pro-
panedione (HDBM), sodium hydroxide, and triethylamine
were obtained from Sigma-Aldrich.

Infrared spectra were recorded on a Bruker Tensor 27
spectrometer as KBr pellets in the range 4000-400 cm ™. Mass
spectra were recorded in an ESI/QITMS Bruker HCT, using
electrospray ionization in the positive ion mode. Elemental
analyses (CHN) were performed in an automated analyzer (EA
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110; CE Instruments). The '"H and "*C NMR spectra were
recorded on a Varian Unity instrument operating at 300 and
75 MHz, respectively. Deuterated chloroform (CDCls, 'H &y =
7.26) or acetone-d, ("H, 8y = 2.04) were used as solvents.
Chemical shifts of "H (5, ppm) are reported relative to the
residual solvent peaks. UV-Visible absorption spectra were
recorded on a PerkinElmer Lambda 35 UV-Vis spectrophoto-
meter with 10.0 mm quartz cuvettes. Luminescence measure-
ments were carried out using a SPEX® Fluorolog spectrofluori-
meter (Horiba Jobin Yvon) in an FL3-11 configuration,
equipped with a xenon lamp and a 10.0 mm quartz cuvette.
The instrumental response was corrected by means of a correc-
tion function provided by the manufacturer. The experiments
were carried out at room temperature and all are all steady-
state measurements.

Synthesis and characterization of lanthanide complexes

[Sm(DBM);(Phen)] (1). Tris(dibenzoylmethane) mono(1,10-
phenanthroline) samarium(m) was synthesized according to a
previously reported procedure.’®® Its purity was checked by
infrared spectroscopy, CHN elemental analyses and by 'H
NMR and ESI-MS (see the ESIf). "H NMR in CDCl; (5, ppm)
8.27 (d, 2H, Phen), 8.20 (d, 2H, Phen), 8.03 (d, = 7.0 Hz, 12H,
0-Ph), 7.90 (d, J = 7.2 Hz, 2H, Phen), 7.60-7.50 (m, 18H, m-Ph
and p-Ph), 7.41 (d, J = 7.2 Hz, 2H, Phen), 6.89 (s, 3H, CH).

[Sm(DBM);(NH,Phen)] (2). The tris(dibenzoylmethane)
mono(5-amino-1,10-phenanthroline) samarium(m) complex
was synthesized according to the procedure described by
Ahmed et al. with some adjustments.’”” Briefly, an ethanolic
solution of  1,3-diphenylpropane-1,3-dione (183 mg,
0.81 mmol) was added to 0.82 mL of an ethanolic solution of 1
N NaOH and stirred for 30 min. Thereafter, an ethanolic solu-
tion of 5-amino-1,10-phenanthroline (52 mg; 0.27 mmol) and
SmCl; (70 mg, 0.27 mmol) was added. The reaction mixture
was stirred at 60 °C for 3 h, followed by overnight stirring at
room temperature. The yellow pale precipitate formed was fil-
tered and recrystallized from dichloromethane n-hexane
(188 mg; 68%). ESI-MS: m/z caled for [M + K]" 1055.2; found
1055.5. Anal. Calc. for Cs;H;,N30,Sm C, 67.42; H, 4.17; N,
4.14%, found C, 67.43; H 4.59; N, 4.14%. IR (KBr, v cm™"):
3462 (w), 3360 (W), 3058 (W), 1734 (w), 1634 (w), 1594 (s), 1548
(s), 1516 (s), 1492 (s), 1478 (s), 1456 (s), 1409 (s), 1310 (m),
1284 (sh, m), 1220 (w), 1179 (w), 1157 (w), 1069 (8w), 1023 (m),
748 (sh, m), 743 (w), 722 (m), 520 (w). "H NMR in CDCl; (6,
ppm) 9.62 (s, 2H, NH,Phen), 8.11 (d, J = 7.0 Hz, 12H, o-Ph),
7.98 d, J = 7.2 Hz (1H, NH,Phen), 7.85 (s, 3H, CH), 7.41-7.32
(m, 18H, m-Ph and p-Ph), 7.01 (s, 1H, NH,Phen), 6.91 (d, J =
7.4 Hz, 1H, NH,Phen), 6.78 (s, 1H, NH,Phen), 6.62 (s, 1H,
NH,Phen), 4.77 (s, 1H, NH,Phen).

[Eu(DBM);(NH,Phen)] (3). Tris(dibenzoylmethane) mono(5-
amino-1,10-phenanthroline) europium(ur) was synthesized and
isolated in a similar way to samarium complex 2, using EuCl;
instead of SmCl;. The yellow precipitate formed was filtered
and recrystallized from dichloromethane/n-hexane (112 mg;
0.11 mmol, 50%). ESI-MS: m/z caled for [M + Na]® 1040.2;
found 1040.4. Anal. Calc. for C5;H,4,N3;04Eu: C, 67.32; H, 4.16,
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N, 4.13%, found C, 67.40; H 4.70; N, 4.15%. IR (KBr, v cm™"):
3443 (w), 3357 (W), 3058 (w), 1634 (sh, w), 1594 (s), 1540 (s),
1518 (s), 1493 (s), 1478 (s), 1458 (s), 149 (s), 1308 (m), 1283 (sh,
m), 1219 (w), 1177 (w), 1156 (w), 1068 (m), 1023 (m), 940 (m),
926 (sh, w), 896 (w), 846 (m), 782 (m), 749(sh, w), 721 (m), 689
(m), 682 (m), 608 (m), 513 (m). "H NMR in CDCIl; (5, ppm)
10.60 (s, 1H, NH,Phen), 10.40 (psd, 1H, NH,Phen), 10.10 (s,
1H, NH,Phen), 9.38 (s, 1H, NH,Phen), 8.78 (bs, 1H, NH,Phen),
8.63 (bs, 2H + 1H, NH,Phen) 8.40 (psd, 1H, NH,Phen), 6.90
(pss, 18H, m-Ph and p-Ph), 6.33 (pss, 12 H, o-Ph), 3.11(s, 3H,
CH).

[Tb(DBM);(NH,Phen)] (4). The tris(dibenzoylmethane)
mono(5-amino-1,10-phenanthroline) terbium(um) complex was
synthesized by a procedure similar to that reported by Stanley
et al®® To an ethanolic solution (15 mL) of HDBM
(0.72 mmol) was added 0.73 mmol (55 pL) of 25% NH; and
the resulting mixture was stirred in a closed boiling flask, until
the smell of ammonia disappeared. Then, an aqueous solution
(50 mL) of TbCl; (0.24 mmol) was added dropwise over a
period of 30 min, with continuous stirring. The reaction was
heated to 55 °C for 6 h and at room temperature for 1 h; there-
after, the solution was cooled to 0 °C and the yellow solid
formed was isolated by vacuum filtration, washed with ethanol
and water and vacuum dried for several hours. The recovered
solid was dissolved in 5 mL of acetone and an ethanolic solu-
tion of NH,Phen (0.24 mmol) was added and stirred at 55 °C
for 3 h. After cooling to room temperature, 10-15 mL of
n-hexane were added to the solution, which was then refriger-
ated overnight. After filtration, 4 was obtained as a pale yellow
solid (97 mg, 0.095 mmol, 40%). ESI-MS: m/z caled for
[M + Na]" 1046.2; found 1046.2 and for [M + K]" 1062.2; found
1062.5. Anal. Calc. for Cs,H,,N;04-H,OTb: C, 65.71; H, 4.26,
N, 4.03%, found C, 65.78; H 4.53; N, 4.07%. IR (KBr, v cm™):
3378 (w), 3058 (w), (W), 1634 (m), 1595 (s), 1551 (s), 1518 (s),
1493 (s), 1478 (s), 1458 (s), 1411 (s), 1384 (m), 1309 (m), 1285
(sh, m), 1220 (w), 1178 (w), 1068 (m), 1023 (m), 941 (w), 783
(sh, w), 747 (w), 721 (m), 689 (m), 609 (m), 522 (w). "H NMR in
acetone-ds (5, ppm): —46.20 (s, 1H, NH,Phen), —40.46 (s, 1H,
NH,Phen), —24.15 (s, 1H, NH,Phen), —20.96 (s, 1H, NH,Phen),
-18.07 (s, 1H, NH,Phen), —12.40 (s, 1H, NH,Phen) —2.21 (s,
1H, NH,Phen), 8.48 (pss, 12H, m-Ph), 9.30 (pss, 6H, and p-Ph),
13.36 (pss, 12 H, 0-Ph), 127.30 (s, 3H, CH).

Spectroscopic measurements

The DMSO used was of spectroscopic grade from Carlo Elba.
Thiazole orange, PBS (0.01 M in phosphate, NaCl 0.138 M; KCl
0.0027 M, pH 7.4 at 25° C) and ctDNA (D3664) were from
Sigma.

The UV-Vis absorption luminescence spectra were
measured in DMSO and PBS with solutions of ca. 1 x 107>
M. The compound stock solutions were prepared in DMSO
and then suitable dilutions were made, either in DMSO or
PBS. The DMSO concentration is 1% or less. The stock solu-
tions of DNA were prepared by dissolving the nucleic acid in
PBS, were kept at 4 °C for about 48 h and used within two
days. Solutions of DNA gave ratios of absorbance A,¢0/Azg0 Of
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ca. 1.9, indicating that the DNA was sufficiently protein
free.”>’* The concentrations of the prepared ctDNA stock solu-
tions were calculated based on their absorbance at 260 nm
using the per nucleotide extinction coefficient e,59 = 6600
M em™.7® The thiazole orange (TO) solution was prepared
by dissolving 1.21 mg of the compound in 5 mL of deionized
water, providing a solution at 508 pM concentration, which
was used on the same day. Before the addition of the com-
plexes, DNA was saturated with thiazole orange. Selected
volumes of the ctDNA and TO stock solutions were mixed in
order to obtain a molar ratio TO/DNA of 0.8. The fluorescence
emission spectra were recorded between 520 nm and 700 nm.
The following parameters were used: Aexe = 509 nm, and exci-
tation and emission bandwidths of 5 nm. Successive aliquots
of the complexes’ stock solutions (1.0 x 107> M) were added
directly to the cuvette and the fluorescence emission spectra
were recorded for each of them. Blank assays were performed
for each complex where the fluorescence under the same con-
centrations, for TO and the complex, was recorded and sub-
tracted from each corresponding emission spectrum. TO was
added to the blank solutions since the spectra collected in the
competition assay showed the development of an emission
band centered at ca. 570 nm on increasing the concentrations
of the complexes. In blank spectra measured for solutions
containing only the complexes this band did not appear.

The UV-Vis absorption titrations with c¢tDNA were carried
out by adding increasing volumes of a c¢tDNA solution (ca.
180 uM) directly to the complex solution (1.0 x 10> M, 2.5 mL)
in the cuvette. The same amount was added each time to the
reference cuvette.

Cell culture

Human ovarian cancer cells A2780 and human breast cancer
cells MDAMB231 from the ATCC were maintained in RPMI
1640 (A2780) or Dulbecco’s modified Eagle’s medium (DMEM
+ GlutaMAX™) supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin antibiotic solution (all from
Gibco Invitrogen). Cells were cultured under a humidified
atmosphere of 95% air and 5% CO, at 37 °C (Heraeus,
Germany). For the assays the cellular viability was first checked
by the trypan blue dye exclusion test, and then cells were sus-
pended in the medium and seeded further apart.

Cytotoxicity assays

The lanthanide compounds were screened for their cytotoxic
activity against the ovarian and breast cancer cells within the
concentration range of 107’-10"* M using the colorimetric
MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide] assay, which is based on the reduction of the yellow
tetrazolium salt to purple formazan by metabolically active
cells. Cells were treated with the different compounds by a pro-
cedure similar to a previously described one with cells seeded
in 200 pL of complete medium in 96-well plate format.>®> The
compounds were first dissolved in DMSO to prepare 10 mM
stock solutions. Then serial dilutions were done in complete
medium. For the higher concentration of 10™* M the percen-
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tage of DMSO was 1%, which displayed no cytotoxic effect. The
commercial metallo-drug cisplatin was included in this study
just for comparison. Analysis of the percentage of cell survival
was carried out after 24 and 48 h cell exposures to the com-
pounds and after incubation with MTT (0.5 mg mL™" PBS).
The absorbance of formazan in each well was measured at
570 nm with a plate spectrophotometer (Power Wave Xs,
Bio-TeK). Each experiment was repeated at least three times
and each concentration was tested in at least six replicates.
Results were expressed as ICs, values, which were calculated
using the GraphPad Prism software (v. 5.0).

Cellular uptake and distribution by ICP-MS

To measure the lanthanide content, ca. 10° cells per 5 mL
medium were treated with the complexes at 20 uM equimolar
final concentration for 24 h at 37 °C. Then the cells were
washed with PBS buffer, tripsinized and centrifuged to obtain
a cell pellet. Extraction of subcellular protein fractions
(cytosol, nucleus, membrane/particulate, and cytoskeletal frac-
tions) was done wusing a cell fractionation system
(fractionPREP™, Biovision). Each cell fraction was dissolved in
0.5 mL nitric acid (65%) in a hot plate at 100 °C for 12 h. The
solution digest was diluted in ultrapure water to 10 mL,
obtained from a MilliQ instrument. The lanthanide content
was measured using a Thermo X-Series Quadrupole ICP-MS
(Thermo Scientific), equipped with Ni cones and a glass con-
centric nebulizer (Meinhard, 1.0 mL min™") refrigerated with a
Peltier system. Indium (**°In) at a concentration of 10 pg L™
was used as an internal standard. Standards were prepared
from multi-elemental ICP-MS 71 A or, for Tb, ICP-MS
MSTB-10PPM-125MS (Inorganic Venture) with a final concen-
tration of 5.0% nitric acid. The following quality control was
applied: the internal standard showed variations between 80
and 120%; the blank’s concentrations were inferior to the
limit of detection (1 pug L") and the sample duplicates don’t
differ more than 10%.

Cellular uptake by confocal fluorescence microscopy

Cellular uptake of [Sm(DBM);(NH,Phen)] was visualized by
time-lapse confocal microscopy imaging of live A2780 cells.
Briefly, cells in the medium were seeded on sterile 35 mm
Petri dishes (MatTek, Ashland, MA, USA) at a density of
approximately 10° cells per mL. After 24 h incubation at 37 °C
the cells were labelled with Hoechst 33342 (Molecular Probes,
Eugene, OR, USA) at 1 puL per 2 mL of medium for 5 min at
37 °C. Hoechst 33342 is a cell permeant nuclear probe that
emits blue fluorescence when bound to DNA. After labelling,
the cells were washed three times with medium and main-
tained in DMEM/F12 without Phenol red for live imaging
experiments. Cells were imaged using a Zeiss LSM 710 inverted
laser scanning confocal microscope (Carl Zeiss, Germany)
equipped with a large incubator for 37 °C temperature control
(Pecon, Germany) using a PlanApochromat 63%/1.4 oil-immer-
sion objective. Hoechst fluorescence was detected using a
405 nm diode laser (30 mW nominal output) for excitation and
a 425-485 nm spectral detection window. The fluorescence of
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the lanthanide compound was detected using the same
405 nm violet laser and a 543-797 nm detection window. The
pinhole aperture was adjusted in both channels to achieve the
same optical slice thickness (1 um). After the addition of the
lanthanide complex to the cell medium, 50 pM (final conc.),
sequential images in both green (lanthanide compound) and
blue (Hoechst) channels were then acquired every 10 s for 60 s
time period.

Morphological analysis by TEM

A2780 cells at approximately 70% confluence were treated with
20 pM Ln complexes at 37 °C for 24 h. Untreated cells were
used as the controls. After incubation, the culture medium was
discarded and replaced by 5 mL of the primary fixative that
consisted of 3% glutaraldehyde in 0.1 M sodium cacodylate
buffer pH 7.3. Following primary fixation for 2 h at 4 °C, cells
were scrapped, pelleted and embedded in 2% agar for further
processing. The samples were washed in cacodylate buffer and
secondarily fixed for 3 h in 1% osmium tetroxide in 0.1 M
sodium cacodylate buffer pH 7.3. Then samples were washed
with 0.1 M acetate buffer, pH 5.0, and further fixed with 0.5%
uranyl acetate in the same buffer for 1 h. Dehydration was
carried out in increasing concentrations of ethanol. After
passing through propylene oxide, the samples were embedded
in Epon-Araldite using SPI-Pon as an Epon 812 substitute.
Thin sections were prepared with glass or diamond knives and
stained with 2% aqueous uranyl acetate and Reynold’s lead
citrate. The stained sections were studied and photographed
using a JEOL 100-SX electron microscope.

Morphological analysis by SEM

Cell samples grown in coverslips and treated as stated in the
above section (“Morphological analysis by TEM”) were fixed
for 2 h in 3% glutaraldehyde in 0.1 M sodium cacodylate
buffer at pH 7.3. The cells were then dehydrated in increasing
concentrations of ethanol, passed through liquid ¢butanol at
40 °C for 2 x 10 minutes and then the ¢-butanol was solidified
in a refrigerator at 4 °C. Solid ¢-butanol was removed by subli-
mation under vacuum in a vacuum excavator for 2 h. The
dried cell layers were covered with gold in a JEOL JEE-4X
vacuum evaporator and observed using a JEOL JSM-5400 scan-
ning electron microscope.
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