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Complexes of cerium(III), lanthanum(III) and neodymium(III) with 3,5-pyrazoledicarboxylic
acid (H3pdc) were synthesized and their compositions determined by elemental analysis.
To identify the binding of Ce(III), La(III) and Nd(III) with H3pdc, detailed vibrational analysis
was performed comparing experimental vibrational spectra of the ligand and its Ln(III)
complexes with theoretically predicted and with literature data from related compounds.
Significant differences in the IR and Raman spectra of the complexes were observed as
compared to spectra of the ligand. The ligand and the complexes were tested for cytotoxic
activities on the chronic myeloid leukemia derived K-562, overexpressing the BCR-ABL
fusion protein and the non-Hodgkin lymphoma derived DOHH-2, characterized by
an overexpression of the antiapoptotic protein bcl-2 cell lines. The results indicate that the
tested compounds exerted considerable cytotoxic activity upon the evaluated cell lines in a
concentration dependent manner; we constructed dose-response curves and calculated
corresponding IC50 values. The lanthanide complexes exhibited potent cytotoxic activity,
even more than cisplatin towards K-562 and DOHH-2 cell lines. In order to elucidate some
of the mechanistic aspects of the observed cytotoxic effects, we evaluated whether the
established cytotoxicity of the most active complex La(H2pdc) is related to its capacity to
induce cell death through apoptosis.

Keywords: Lanthanide complexes; 3,5-Pyrazoledicarboxylic acid; IR- and Raman-spectra;
Cytotoxic activity; DNA

1. Introduction

New metal complexes with 3,5-pyrazoledicarboxylic acid (H3pdc) have attracted
attention due to the interesting properties of H3pdc, including access to the six
coordination sites controlled by varying the pH, allowing control over the synthesis of
coordination polymers using various metal centers [1, 2]. A series of M(II) complexes
with H3pdc has been synthesized via hydrothermal reactions [3]. Simple mononuclear
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[M(II)¼Co(II), Zn(II) and Cu(II)] and dinuclear building blocks have been isolated [4].

Hydrothermal reactions of simple alkaline salts or their hydroxides with H3pdc yielded

new coordination compounds at different pH levels [5]; increase in pH resulted

in a higher connectivity of the ligand, which in turn leads to a higher dimensionality

of the crystal structures. Coordination polymers of UO2
2 have been prepared and

characterized by single-crystal X-ray diffraction, thermogravimetric analyses (TGA)

and fluorescence spectroscopy [6]. Rare-earth metal coordination polymers have also

been obtained, e.g. ([Eu2(Hpdc)3(H2O)6] [7]. Lanthanide atom sizes (the lanthanide

contraction) directly control the type of structure formed by coordination of a single

3,5-pyrazoledicarboxylic acid [8].
H3pdc can use its carboxylate oxygen and pyrazole nitrogen atoms, which are highly

accessible to metals, to form both monodentate and/or multidentate M–O and M–N

bonds. The structural motifs thus generated can readily form hydrogen-bonded

networks [9, 10]. This ligand possesses three different protonated hydrogens (Ha, Hb,

and Hc in figure 1). The difference in these protons allows them to deprotonate

at different pH levels. The flexible, multifunctional coordination sites also give

likelihood for generation of coordination polymers with high dimensions. ‘‘Harder’’

lanthanide metals coordinate preferably to oxygen, while ‘‘softer’’ nitrogens bind to

transition metals.
Although a variety of coordination polymers and complexes of H3pdc containing

transition metals have been synthesized, very few rare-earth metal complexes have been

reported. Herein, we report a series of coordination systems containing rare-earth

metals and discuss their antiproliferative activity. Little is known about cytotoxic

activity of lanthanide(III) coordination compounds with H3pdc. Our recently published

studies on rare-earth metal coordination compounds involving biologically active

ligands showed that a number of human tumor cell lines are very sensitive to lanthanide

complexes and these metals have different cytotoxic profiles [11–20]. These promising

results prompted our search for cytotoxic lanthanide complexes with 3,5-pyrazoledi-

carboxylic acid.
Thus, the aim of this work was to synthesize and characterize complexes of

cerium(III), lanthanum(III) and neodymium(III) with 3,5-pyrazoledicarboxylic acid

and to determine the cytotoxic activities of these complexes in in vitro tumor test

systems as chronic myeloid leukemia derived K-562, overexpressing the BCR-ABL

fusion protein and the non-Hodgkin lymphoma derived DOHH-2, characterized by an

overexpression of the antiapoptotic protein bcl-2 cell lines.

N

N

HCO

HbO

O

OHa 

(H3pdc)

Figure 1. The structure of the ligand 3,5-pyrazoledicarboxylic acid.
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2. Experimental

2.1. Chemistry

The compounds used for preparing the solutions were Merck products, p.a. grade:
Ce(NO3)3 � 6H2O, La(NO3)3 � 6H2O and Nd(NO3)3 � 6H2O. 3,5-Pyrazoledicarboxylic
acid was used as a ligand for preparation of metal complexes (figure 1).

2.1.1. Physical and spectroscopic measurements. Carbon, hydrogen and nitrogen
contents of the compounds were determined by elemental analysis. The water content
was determined by Metrohn Herizall E55 Karl Fisher Titrator.

The solid-state infrared spectra of the ligands and their complexes were recorded
in KBr from 4000–400 cm�1 by FT-IR 113V Bruker spectrometer, in Nujol by
IR-spectrometer FTIR-8101M Shimadzu and in the range 700–200 cm�1 by
IR-spectrometer Perkin-Elmer GX Auto image system.

The Raman spectra of the compounds were recorded with a Dilor Labram
microspectrometer (Horiba-Jobin-Yvon, model LabRam) equipped with a
1800 groovesmm�1 holographic grating. The 514.5 nm line of an argon ion laser
(Spectra Physics, model 2016) was used for the probe excitation. The spectra were
collected in a backscattering geometry with a confocal Raman microscope equipped
with an Olympus LMPlanFL 50x objective and with a resolution of 2 cm�1.
The detection of Raman signal was carried out with a Peltier-cooled CCD camera.
Laser power of 100mW was used in our measurements.

2.1.2. General method of synthesis. The complexes were synthesized by reaction of
cerium(III), lanthanum(III) and neodymium(III) salts, and the ligand in molar ratio of
1 : 2. Different ratios (1 : 1, 1 : 2, 1 : 3) were tried, but in all cases the product had
composition 1 : 2. The complexes were prepared by adding an aqueous solution of
cerium(III), lanthanum(III) and neodymium(III) salt to an aqueous solution of the
ligand and raising the pH of the mixture gradually to ca 5.0 by adding dilute sodium
hydroxide. The reaction mixture was stirred with an electromagnetic stirrer at 25�C for
one hour. At the moment of mixing the solutions, precipitates were obtained.
The precipitates were filtered (pH of the filtrate was 5.0), washed several times with
water and dried in a desiccator to constant weight. The complexes were insoluble in
water, methanol and ethanol and soluble in DMSO.

2.2. Pharmacology

In the present study we investigated the cytotoxic effects of the three newly synthesized
lanthanide complexes using the standard MTT-dye reduction assay for cell viability.
The cytotoxic effects of the tested lanthanide complexes were assessed on the chronic
myeloid leukemia derived K-562, overexpressing the BCR-ABL fusion protein and the
non-Hodgkin lymphoma derived DOHH-2, characterized by an overexpression of the
antiapoptotic protein bcl-2 cell lines. In order to elucidate some of the mechanistic
aspects of the observed cytotoxic effects, we evaluated whether the established
cytotoxicity of the most active complex La(H2pdc) is related to its capacity to induce
cell death through apoptosis.
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2.2.1. Cell culture maintenance, drug solutions and treatment. The cell culture flasks
and the 96-well microplates were obtained from NUNCLON (Denmark). MTT, FCS
and cisplatin were purchased from Sigma Co.

In this study the cell lines were grown as suspension-type cultures in a controlled
environment, RPMI 1640 medium (Sigma), with 10% heat inactivated fetal bovine
serum (Sigma) and 2mM L-glutamine (Sigma), in a ‘‘Heraeus’’ incubator with
humidified atmosphere and 5% carbon dioxide, at 37�C. In order to maintain the cells
in log phase, cell suspension was discarded two or three times per week and the cell
culture was re-fed with fresh RPMI-1640 aliquots.

The stock solutions of tested compounds (20mM) were freshly prepared in DMSO,
and thereafter, diluted in RPMI-1640 medium in order to achieve the desired final
concentrations. The serial dilutions of tested compounds were prepared immediately
before use. At the final dilutions, the concentration of DMSO never exceeded 1%.
The solutions were stored at 4�C, protected from light for a maximum of 1 week.
The cell culture maintenance, the drug solution preparation, as well as the treatment
procedures, were performed in a ‘‘Heraeus’’ Laminar flow cabinet.

2.2.2. Cell viability determination (MTT assay). The cell viability was determined
using the MTT-dye reduction assay. Briefly, exponentially growing cells were seeded in
96-well microplates (100 mLwell�1) at a density of 1� 105 cells per mL; after 24 h
incubation at 37�C they were exposed to various concentrations of the lanthanide
complexes for 48 h. After the incubation with the test compounds MTT solution
(10mgmL�1 in PBS) was added (10mLwell�1). The plates were further incubated for
4 h at 37�C and the formazan crystals formed were dissolved through addition of
100 mLwell�1 5% solution of formic acid in 2-propanol (Merck). The absorption of
the samples was then measured using an ELISA reader (Uniscan Titertec) at 580 nm.
The blank solution consisted of 100 mL RPMI 1640 medium (Sigma), 10 mL MTT stock
and 100 mL 5% formic acid in 2-propanol. The survival fractions were calculated as
percentage of the untreated control using the formula:

SF% ¼
Atest

Acontrol
� 100

where Atest is the average value for the absorption at a given concentration and Acontrol

is the average absorption of the untreated control, respectively.

2.2.3. Apoptosis assay. The oligonucleosomal fragmentation of genomic DNA, which
is characteristic for the apoptotic process, was detected using a ‘Cell Death Detection’
ELISA kit (Roche Diagnostics, Germany). K-562 cells were exposed to
equitoxic concentrations (IC50) of La(H2pdc) or cisplatin for 24 h. Cytosolic fractions
of 1� 104 cells per group (treated or untreated) served as an antigen source in a
sandwich ELISA, utilizing primary anti-histone antibody-coated microplate and a
secondary peroxidase-conjugated anti DNA-antibody. The photometric immunoassay
for histone-associated DNA fragments was executed using a microprocessor-controlled
microplate reader (Labexim LMR-1). The results were expressed as the oligonucleo-
some enrichment factor (representing a ratio between the absorption in the treated
versus the untreated control samples).
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2.2.4. Statistics. The data processing included the Student’s t-test with p� 0.05 taken
as significance level using Microsoft EXCEL for PC, and the plots were generated using
Microcal Origin, version 3.5.

3. Results and discussion

3.1. Chemistry

The compositions of the new complexes were characterized by elemental analysis.
The metal ions were determined after mineralization. The water content in the
complexes was determined by Karl Fisher analysis. The elemental analyses and the
results of the Karl Fisher analysis are presented in table 1.

In the syntheses, the ligand was first deprotonated with sodium hydroxide and the
corresponding anionic species are active in reaction with lanthanide ions. The Hc in this
ligand (figure 1) on the nitrogen of the pyrazole ring is more difficult to deprotonate
than the two carboxylate protons. Thus, carboxylate oxygens are the preferred sites for
coordination to Ln(III) ions. Although Ha and Hb are both attached to carboxylic
oxygen atoms, Ha can be deprotonated more easily, allowing the oxygen to form a
chelating bond to a metal center. This will be checked by a detailed and comparative
vibrational study of the ligand and its Ln(III) complexes.

3.2. Vibrational analysis of H3pdc and its Ce(III), La(III) and Nd(III) complexes

The bonding of the ligand to Ce(III), La(III) and Nd(III) was elucidated by recording
the IR and Raman spectra of the complexes as compared with those of the free ligand.
The vibrational fundamentals from the IR and Raman spectra (figures 2 and 3) were
analyzed by comparing these modes with those from the literature [21] in combination
with the results of our DFT calculations (i.e., harmonic vibrational wavenumbers and
their Raman scattering activities) [22]. In tables 2(a) and 2(b) selected, calculated and
experimental IR and Raman data together with tentative assignments are given. All the
calculated modes are numbered from the largest to the smallest frequency within each
fundamental wavenumber. The last columns in tables 2(a) and 2(b) respectively
show the approximate description of the normal modes according to the B3PW91
and B3LYP methods [22]. A survey of the last column shows that many vibrations
are complex and involve strongly coupled motions. The assignments have been given
by studying literature reports [23] and comparing the spectra of the ligand and of the

Table 1. Elemental analysis of Ln(III) complexes of 3,5-pyrazoledicarboxylic acid.

Calculated/Found (%)

Compound formula C H N H2O Ln

Ce(H2pdc)2(OH) � 4H2O 20,86/20,80 2,61/2,67 9,74/9,85 12,52/12,05 24,35/23,93
La(H2pdc)2(OH) � 4H2O 20,90/20,79 2,61/2,64 9,76/9,75 12,54/12,08 24,22/23,87
Nd(H2pdc)2(OH) � 4H2O 20,72/20,71 2,59/2,41 9,67/10,16 12,43/12,15 24,87/24,56

H3pdc¼C5H4N2O2; H2pdc¼C5H3N2O
�
2 .
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Figure 2. IR spectra of H3pdc and its Ce(III), La(III) and Nd(III) complexes.
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metal complexes. We emphasize that some stretching and deformation modes are
coupled so that the proposed assignments should be regarded as approximate
descriptions of the vibrations.

To illustrate the vibrational behavior of the ligand upon the metal coordination we
present the FT-IR spectra in the 4000–500 cm�1 range (figure 2), as well as the Raman
spectra of the investigated compounds in the 1800–200 cm�1 range (figure 3). Both the
IR and the Raman spectra were considered for full description of the vibrational
behavior of the investigated species. Below we discuss characteristic vibrational modes
of the ligand changes upon complexation with Ln(III).

3.2.1. O–H stretching modes, l(OH). According to the calculations, the IR band
at 3220 cm�1 for the ligand is assigned to the O–H stretching mode [22], shifted
to lower wavenumbers due to intramolecular O � � �H–O bonds. In the �(OH)/H2O
region the spectra of Ce(III), La(III) and Nd(III) complexes show one medium
band at about 3230 cm�1, attributed to coordinated water. This band overlaps
with �(NH2).

1800 1600 1400 1200 1000 800 600 400

Wavenumber (cm−1)

R
am

an
 in

te
ns

ity

H3pdc

Ce(H2pdc)

La(H2pdc)

Nd(H2pdc)

Figure 3. Raman spectra of solid state of H3pdc and its Ce(III), La(III) and Nd(III) complexes.
Excitation: 514.5 nm, 50mW.
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The assignment of O–H and N–H stretching bands overlapped in the same spectral
region is rather difficult, and the involvement of these groups in hydrogen bonds affects
their wavenumbers and produces broadening in the IR and Raman spectra.

3.2.2. Vibrational modes of the carbonylic Ĉ O and carboxylic COOH groups. The
most informative for the metal-ligand binding mode in the Ln(III) complexes is the
�(C¼O). According to our DFT calculations [22], bands in the 1720–1630 cm�1 region
were assigned to the asymmetric and symmetric stretching vibration of the carboxylic
and carbonylic groups. Some of these stretching modes are active in the IR spectra and
others are active in the Raman spectra. The strong IR bands at 1717, 1700 and
1633 cm�1 and the Raman bands at 1679 and 1641 cm�1 were assigned to �(C¼O)
modes of the carboxylic and carbonylic groups in the ligand, respectively [tables 2(a)
and 2(b)]. In general, strong peaks in the spectra of the complexes around
1600–1400 cm�1 are characteristic of asymmetric and symmetric vibrations for uni
and bidentate carboxylate groups. The difference, ��, between the asymmetric and
symmetric COO� stretching frequencies is greater in complexes than in simple salts.
Bidentate binding of the COO� group in the complexes was suggested, as reported in
the literature [8].The structure of the complexes is presented in figure 4.

According to our calculations [22], bands at 1322 (IR) and 1316 (Raman) cm�1 for
the ligand were assigned to �(C–O) with low intensity in the Raman spectra. The bands
around 1200 cm�1, weak in IR and very weak in Raman, were attributed to the
asymmetrical C–O stretching and were slightly changed in the complexes.

3.2.3. N–H and C–H stretching modes. Stretching vibrations around 3500 cm�1 in all
spectra are attributed to secondary aromatic amine. In the 3600–2700 cm�1 region the

N

N

HO

O

H

O

O

N

N

HO

O

O

O

H 

Ln3+

OH−

Figure 4. The proposed structure of the lanthanide(III) complexes with 3,5-pyrazoledicarboxylic acid.
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N–H stretching mode is a shoulder at 3353 cm�1 for H3pdc, and a strong or medium
strong band for the Ce complex (3378 cm�1), La complex (3405 cm�1) and Nd complex
(3404 cm�1). The out of plane NH bending modes in the IR spectra, H3pdc (522 cm

�1),
Ce complex (527 cm�1), La complex (524 cm�1) and Nd complex (526 cm�1) are absent
in the Raman spectra. The absence of large systematic shifts of these bands in the
spectra of the complexes implies that there is no interaction between the amino nitrogen
and the lanthanide(III).

Bands around 3100 cm�1 can be attributed to C–H stretching. The wavenumber
region 2700–2500 cm�1 in IR and Raman spectra is typical of strong hydrogen bonded
intermolecular complexes due to a strong anharmonic coupling (Fermi resonance) of
the NH stretching vibrations with overtones and combinations of lower frequency
modes of the bonded molecules [22].

3.2.4. Ring stretching modes, l(CC). Coordination of Ln(III) to the carboxylate
oxygens affected to some extent the IR and Raman bands of pyrazole-ring modes. In
the IR spectra of H3pdc, and its Ce, La and Nd complexes, medium and very strong
bands at 1560, 1585, 1587 and 1596 cm�1 were assigned to the symmetric stretching
mode of the pyrazole ring, while in Raman spectra this vibration is a weak peak at
1558 cm�1 for the ligand, and strong bands at 1549, 1570 and 1554 cm�1 for the Ce, La
and Nd complexes, respectively. Other bands from pyrazol ring stretching modes
in the IR spectra are at 1460, 1395, 1357 cm�1 (for the H3pdc), 1438, 1361 cm�1

(for the Ce complex), 1438, 1361 cm�1 (for the La complex) and 1437, 1356 cm�1

(for the Nd complex), shifted to lower wavenumbers (tables 2a and 2b). The in-plane
bending of the pyrazole ring can be observed at 1500 cm�1 in the IR and Raman spectra
for all componds; bands at 880 and 600 cm�1 in the IR and Raman spectra can be
assigned to out of plane pyrazole ring bending. Bands for the pyrazole-ring vibrations
were not shifted significantly in the spectra of Ce(III), La(III) and Nd(III) complexes,
indicating that Ln(III) did not produce substantial polarization on the pyrazole ring.

3.2.5. CH bending modes, d(CCH) and ring in-plane and out-of-plane

deformations. The CH in-plane bending modes, �(CH)ip, were observed at their
usual positions in the 1250–1020 cm�1 region, stronger in the Raman than in the IR
spectra. Medium IR bands in the 880–750 cm�1 region were assigned to out-of-plane
deformation vibrations of the hydrogen atoms in the ring, �(CH)op. The bands due to
the CH bending modes and to ring deformations are slightly changed in spectra of the
complexes. The assignment of IR and Raman bands in this spectral range is difficult
because highly coupled modes and combination bands overlap with those due to
fundamentals, distorting the observed bands.

3.2.6. Ln–O stretching and O–Ln–O bending modes. The spectra in the region below
600 cm�1 are particularly interesting since they provide information about the
metal-ligand vibrations. The Raman spectra are particularly useful in studying
the metal-oxygen stretching vibrations, with medium intensity bands that are weak in
the infrared spectra.

New bands at about 510–520 cm�1, which appear in the IR and Raman spectra of the
Ce, La and Nd complexes, are due to metal-oxygen vibrations. In the low wavenumber
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region in the Raman spectrum of H3pdc (figure 3) we observe a medium band at
366 cm�1, which is slightly shifted in Raman spectra of the Ce, La and Nd complexes
and becomes weaker.

The metals interact with symmetric, bidentate carboxylate anions and both oxygen
atoms of the carboxylate are symmetrically bonded to the metal. We observe in the
Raman spectra of the Ce, La and Nd complexes bands at 210–220 cm�1, perhaps due to
O–M–O vibrations. Because of the predominant electrostatic character of the Ln–O
bonding, the �(Ln–O) modes have low intensities and are coupled with other modes;
hence, their assignment is very difficult. Our previous calculations [14] predict that
bands due to �(Ln–O)water and �(Ln–O)OH should also appear about 200 cm�1.

Unfortunately, we were not able to obtain suitable single crystals for X-ray
diffraction determination of the crystal and molecular structure of the complexes
studied. Therefore, molecular modeling of the molecular structure was used to suggest
the type of the metal coordination. In our previous investigation, we performed an
accurate density functional theory study (DFT) of the ligand [22]. The results showed
the most probable site for metal binding are the carboxylate oxygens. Our IR
and Raman spectral data confirmed that carboxylate oxygens coordinate to the metal
ion. Thus, on the basis of the experimental and theoretical results, we suggest the
metal ion coordinates to the carboxylate after deprotonation of Ha (figure 1). The other
carboxylic groups of the ligands can coordinate with another metal ion,
forming a polymeric structure in accord with previous published data on related
compounds [7–10, 24].

3.3. Pharmacology

3.3.1. In vitro cytotoxicity. The screening performed revealed that all lanthanide
complexes evaluated exerted cytotoxic effects against the chronic myeloid leukemia
derived K-562, overexpressing the BCR-ABL fusion protein and the non-Hodgkin
lymphoma derived DOHH-2, characterized by an overexpression of the antiapoptotic
protein bcl-2 cell lines in a concentration dependent manner, which enabled
construction of concentration response curves (a sample is shown in figure 5; all are
in Supplementary Material), tables 3–6. The corresponding Ln(III) nitrate salts were
inactive in the investigated concentration range [11–20].

The newly reported compounds inhibit the proliferation of K-562 cells significantly,
outclassing cisplatin in terms of the IC50 values obtained. Indeed this CML-derived cell
line is characterized via a high expression of the fusion protein BCR-ABL [25], which is
a constitutive non-receptor tyrosine kinase rendering K-562 less responsive to
chemotherapeutic agents and other pro-apoptotic stimuli [26]. Unlike cisplatin,
however, the cytotoxic efficacy of the novel complexes was not influenced by the
BCR-ABL over expression and caused 50% inhibition of the malignant cell growth at
substantially lower concentrations than cisplatin.

Even more intriguing discrepancy between the cytotoxic efficacy of the lanthanide
complexes and cisplatin was encountered in DOHH-2 cells. Notwithstanding the
practically equivalent relative potencies (in terms of IC50) the new complex compounds
caused almost total eradication of DOHH-2 within the higher concentrations exploited,
while the efficacy of cisplatin reached a plateau with more than 30% viable cells even at
the highest concentration exploited (200mM), generally ascribed to the well-established
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high level of bcl-2 expression in DOHH-2 cells [25]. This anti-apoptotic protein
abolishes several of the cell-death signaling pathways, which are involved in the
cytotoxic action of cisplatin, and conversely higher levels of bcl-2 are well established to
confer resistance to platinum-based drugs [27–29]. The superior inhibition of DOHH-2
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Figure 5. Cytotoxic effects of Ce(H2pdc)2(OH) � 4H2O on the chronic myeloid leukemia-derived K-562 cell
line after 48 h exposure, as assessed by the MTT-dye reduction assay. Each data point represents the
mean� SD (n� 6).

Table 3. Spectrophotometric data from the MTT assay concerning the cytotoxic effects of the compounds
on K–562 cells.

MTT-formazan absorption at 580 nm

Cell line
Untreated
control 12.5mM 25 mM 50 mM 100mM 200 mM

C5H4N2O2 0.48� 0.04 0.40� 0.02 0.46� 0.03 0.37� 0.02 0.42� 0.01 0.20� 0.02
Ce(H2pdc)2(OH) � 4H2O 0.62� 0.08 0.110� 0.001 0.110� 0.001 0.10� 0.02 0.05� 0.01 0.04� 0.004
La(H2pdc)2(OH) � 4H2O 0.62� 0.08 0.25� 0.02 0.07� 0.01 0.06� 0.01 0.05� 0.03 0.05� 0.005
Nd(H2pdc)2(OH) � 4H2O 0.62� 0.08 0.29� 0.01 0.07� 0.01 0.05� 0.01 0.04� 0.02 0.04� 0.01
Cisplatin 0.81� 0.04 0.73� 0.03 0.57� 0.05 0.23� 0.02 0.18� 0.02 0.09� 0.03

Table 4. Spectrophotometric data from the MTT assay concerning the cytotoxic effects of the compounds
on DOHH-2 cells.

MTT-formazan absorption at 580 nm

Cell line
Untreated
control 12.5mM 25 mM 50 mM 100 mM 200 mM

C5H4N2O2 0.25� 0.02 0.10� 0.01 0.09� 0.01 0.09� 0.01 0.09� 0.003 0.000
Ce(H2pdc)2(OH) � 4H2O 1.13� 0.07 0.38� 0.02 0.24� 0.06 0.18� 0.06 0.09� 0.03 0.05� 0.01
La(H2pdc)2(OH) � 4H2O 1.13� 0.07 0.32� 0.07 0.19� 0.08 0.07� 0.03 0.04� 0.02 0.03� 0.03
Nd(H2pdc)2(OH) � 4H2O 1.23� 0.12 0.46� 0.06 0.40� 0.06 0.13� 0.07 0.05� 0.02 0.05� 0.01
Cisplatin 1.26� 0.07 0.49� 0.05 0.45� 0.05 0.45� 0.04 0.46� 0.04 0.40� 0.06
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proliferation by the lanthanide compounds implies that this class of tumor-inhibiting
metal coordination compounds bypass the bcl-2 mechanisms of cellular resistance.

3.3.2. Apoptosis induction. The ability of anticancer agents to recruit the apoptotic cell
death signaling pathways plays a crucial role in their cytotoxic mode of action. We
evaluated whether the established cytotoxicity of La(H2pdc) is related to its capacity to
induce cell death through apoptosis. Thus, the level of oligonucleosomal DNA
fragmentation following 24 h exposure was monitored using a commercially available
ELISA-kit. As evident from the results summarized in figure 6, both the most active

Table 5. Relative potency of the investigated
compounds in the panel of human tumor cell line

K-562, following 48 h treatment cells.

Compound IC50 value

C5H4N2O2 4200 mM
Ce(H2pdc)2(OH) � 4H2O 11.01 mM
La(H2pdc)2(OH) � 4H2O 10.50 mM
Nd(H2pdc)2(OH) � 4H2O 11.74 mM
Cisplatin 36.68 mM

Table 6. Relative potency of the investigated
compounds in the panel of human tumor cell line

DOHH-2, following 48 h treatment cells.

Compound IC50 value

C5H4N2O2 12 mM
Ce(H2pdc)2(OH) � 4H2O 9.44mM
La(H2pdc)2(OH) � 4H2O 8.75mM
Nd(H2pdc)2(OH) � 4H2O 9.92mM
Cisplatin 10.25 mM
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Figure 6. Cytosolic enrichment of K-562 with oligonucleosomal DNA fragments, following a 24 h exposure
to equitoxic concentrations (IC50) of cisplatin (gray column) or La(H2pdc) (black column) vs. the untreated
control (white column). The results represent the arithmetic means (�SD) of four independent experiments.
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complex La(H2pdc) and cisplatin led to significant enrichment of K-562 cytosole with
mono- and oligonucleosomal DNA fragments, whereby the fragmentation of genomic
DNA was even more prominent after exposure to the lanthanum complex.

We have previously reported that the cytotoxicity of diverse lanthanide complexes is
mediated through apoptosis induction and the results from this study corroborate the
generality of this phenomenon. The prominent proapoptotic activity of La(H2pdc) in
K-562 is of special interest, taking into account the fact that this cell line is characterized
via the strong expression of the non-receptor protein kinase BCR-ABL which
endows them with low responsiveness to diverse proapoptotic stimuli, including
chemotherapeutic agents.

4. Conclusions

The vibrational properties of 3,5-pyrazoledicarboxylic acid and its Ln(III) complexes
have been investigated by FT-Raman and FT-IR spectroscopies and supported by
previously published theoretical calculations [22]. The difference between observed and
calculated wavenumber values of most of the fundamental modes is very small.
Vibrational evidence for bidentate coordination of carboxylic oxygens to the Ce(III),
La(III) and Nd(III) ions was found. On the basis of the above detailed vibrational study
we were able to suggest the most probable structural formula of the investigated
complexes (figure 4).

All of the newly synthesized Ln(III) complexes exhibited cytotoxic activity in
micromolar concentrations. These results confirmed our previous observations on the
cytotoxicity of lanthanide(III) complexes as well as on their possible mechanism of
action. Taken together the results from the cytotoxicity screening suggest that
lanthanide(III) complexes with 3,5-pyrazoledicarboxylic acid, being very active
cytotoxic agents, necessitate further pharmacological evaluation.
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