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Abstract—A new copper(II) complex of santonic acid [Cu2(sant)4(H2O)2]Æ21
2
H2O has been prepared and characterized by electronic,

vibrational, EPR spectral studies, and stability determinations in solution. The presence of two antiferrromagnetically coupled cop-
per centers in the solid state was detected by EPR. The dinuclear Cu(II) complex crystallizes in the tetragonal P43212 space group,
with a = b = 14.498(3), c = 64.07(1) Å. Biological studies indicate that the complex displays interesting potential antitumoral
actions.
� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Parasitic nematodes are among the most common and
economically important infectious diseases of grazing
livestock, especially in small ruminants. The develop-
ment of safer ascaricides is the aim in the field of the vet-
erinarian pharmacology against helmintic infections in
the livestock. Synthetic anthelmintics, namely ivermec-
tin, pyrantel, and piperazine have long been considered
the most effective way of controlling parasitic infections.
Because of the rapid escalation of anthelmintic resis-
tance worldwide, other approaches to nematode control
are developed. This has stimulated research into alterna-
tive medications, such as medicinal plants. Naturally
produced plant anthelmintics offer possible alternatives
that may be both sustainable and environmentally
acceptable.1,2 The active ingredients of the extracts of
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Myrsinacaea and Artemisia are embelin and santonin,
respectively, which are chemically characterized. Sesqui-
terpenes are a class of naturally occurring molecules that
have demonstrated therapeutic potential in decreasing
the progression of cancer. These molecules are 15-car-
bon isoprenoid compounds that are typically found in
plants and marine life. This class of compounds has fre-
quently provided encouraging leads for chemotherapeu-
tics, displaying potential as anticancer agents.3 Santonic
acid (Fig. 1) is derived from the sesquiterpenoid (�)-a-
santonin, whose transformations have provided rich
subject material for numerous structural, analytical,
and synthetic studies.

As part of a project devoted to the development of tran-
sition metal complexes with potential pharmacological
properties, the synthesis and structural characterization
of the binuclear complex Cu(II)–santonic acid is re-
ported. Furthermore, copper deficiency includes some
skeletal alterations such as metaphyseal dysplasia, oste-
oporosis, and fracture of the long bones. Besides, it is
well known that once absorbed many metal compounds
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Figure 1. Scheme of santonic acid.
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are distributed among tissues in the organisms and
stored mainly in bone.4–6 For this reason it is interesting
to investigate the effects of the biometal, the organic ac-
tive drugs and their metal complexes on bone-related
cells. In the present study, the effect of these compounds
has been tested on two osteoblast-like cells in culture,
one normal (MC3T3E1) and the other tumoral
(UMR106). In order to expand the study of the possible
antitumoral properties of this complex, the effects were
also tested on two human colon adenocarcinoma cell
lines (Caco-2 and TC7).
2. Results and discussion

2.1. Structural results

Bond distances and angles around the metals in the com-
plex are given in Table 1. An ORTEP7 molecular plot of
the Cu(II) dinuclear complex is shown in Figure 2.
Table 1. Bond lengths [Å] and angles [�] around copper in

[Cu2(sant)4(H2O)2]Æ21
2
H2O

Cu(1)–Cu(2) 2.606(3) O(11)–Cu(1)–O(31) 168.2(6)

Cu(1)–O(11) 1.92(1) O(11)–Cu(1)–O(41) 89.9(5)

Cu(1)–O(31) 1.95(1) O(31)–Cu(1)–O(41) 88.1(5)

Cu(1)–O(41) 1.97(1) O(11)–Cu(1)–O(21) 88.8(5)

Cu(1)–O(21) 1.97(1) O(31)–Cu(1)–O(21) 90.2(5)

Cu(1)–O(1W) 2.16(1) O(41)–Cu(1)–O(21) 165.6(7)

Cu(2)–O(12) 1.95(1) O(11)-Cu(1)–O(1W) 92.8(6)

Cu(2)–O(22) 1.96(1) O(31)-Cu(1)–O(1W) 98.8(6)

Cu(2)–O(42) 1.99(2) O(41)-Cu(1)–O(1W) 91.4(6)

Cu(2)–O(32) 2.00(2) O(21)–Cu(1)–O(1W) 103.0(6)

Cu(2)–O(2W) 2.26(1) O(11)–Cu(1)–Cu(2) 83.2(4)

O(31)–Cu(1)–Cu(2) 85.1(4)

O(41)–Cu(1)–Cu(2) 82.0(5)

O(21)–Cu(1)–Cu(2) 83.6(4)

O(1W)–Cu(1)–Cu(2) 172.2(5)

O(12)–Cu(2)–O(22) 87.7(6)

O(12)–Cu(2)–O(42) 88.5(6)

O(22)–Cu(2)–O(42) 168.7(6)

O(12)–Cu(2)–O(32) 168.6(6)

O(22)–Cu(2)–O(32) 90.7(6)

O(42)–Cu(2)–O(32) 91.0(6)

O(12)–Cu(2)–O(2W) 101.3(6)

O(22)–Cu(2)–O(2W) 100.7(6)

O(42)–Cu(2)–O(2W) 90.4(6)

O(32)–Cu(2)–O(2W) 90.0(6)

O(12)–Cu(2)–Cu(1) 85.2(4)
The dimeric complex exhibits a distorted lantern-like
conformation, typical of dicopper carboxylate com-
plexes (see, for example, Refs. 8 and 9). The pair of
Cu(II) ions in a dimer is bridged through the carboxylic
groups of four santoric molecules. Each copper ion is in
an elongated octahedral environment, coordinated
equatorially to four carboxylic oxygen atoms [Cu–O
bond distances vary from 1.92(1) to 2.00(2) Å] and axi-
ally to a water molecule [Cu–Ow distances of 2.16(1)
and 2.26(1) Å] and to the other Cu(II) ion, 2.606(3) Å
apart. Opposite carboxylic groups are twisted with re-
spect to each other in about 25�.

The conformation of the four santonic ligands closely
resembles to one another and to the native santonic
acid.10 In fact, the ligands’ common molecular frame-
works can be least-squares fitted to one another by the
Kabsh’s procedure11 giving a rms deviation of homolo-
gous atoms that varies from 0.105 to 0.197 Å. The best
least-squares superposition of these ligands to the san-
tonic acid leads to corresponding rms values in the range
from 0.108 to 0.158 Å.

Ligands #1, 3, and 4 show asymmetric Cu. . .O@C–
O. . .Cu bridging where longer Cu. . .O distances [in the
range from 1.96(1) to 2.00(2) Å] correlates with adjacent
carboxylic O@C double bonds [lengths from 1.20(2) to
1.28(2) Å] while shorter O. . .Cu distances [from 1.91(1)
to 1.97(1) Å] correspond to adjacent C–O single bonds
[lengths from 1.28(2) to 1.33(2) Å]. Ligand #2 Cu. . .O–
C–O. . .Cu bridging is more symmetric [Cu. . .O distances
of 1.95(1) and 1.97(1) Å] and therefore the carboxylic
group shows a more delocalized bonding structure [C–
O bond distances of 1.23(2) and 1.25(2) Å].

There are three crystallization water molecules, one of
them sited at a crystallographic twofold axis. The short
Ow. . .Ow and Ow. . .O(ket) distances [in the range from
2.67 to 3.281 Å] and corresponding Cu. . .Ow. . .Ow,
Cu. . .Ow. . .O(ket), Ow. . .Ow. . .Ow, and Ow. . .Ow. . .
O(ket) angles [from 100� to 140�] suggest an extended
H-bonding network in the lattice.

2.2. Electronic spectrum

The electronic spectra of dinuclear carboxylate cop-
per(II) complexes usually show two transitions (Bands
I and II). Band I has been identified as copper(II)
d! d transitions. This band, due to the dxz;yz ! dx2�y2

transition is broad and presents a shoulder at lower
energies corresponding to the d2

z ! dx2�y2 transition.
Band II, traditionally assigned to Cu–Cu transitions
has been recently considered indicative of a charge
transfer transition between carboxylic oxygens and the
metal ion and is characteristic of bridged systems with
antiferromagnetic interactions.12–14 The diffuse reflec-
tance spectrum of the solid powder displays a broad
Band I centered at 690 nm and a band (Band II) located
at 390 nm. These bands shift at 704 nm
(e = 190 M�1 cm�1) and 380 nm (e = 350 M�1 cm�1) in
the UV–vis spectrum of an ethanolic solution of the
complex. The position of Band I indicates an oxygen-
ated environment around de copper ion and the epsilon



Figure 2. Molecular plot of the copper(II) dinuclear complex in [Cu2(sant)4(H2O)2]Æ21
2
H2O showing the labeling scheme of the non-H atoms and their

displacement ellipsoids at the 20% probability level. Copper–oxygen bonds are indicated by solid lines and Cu. . .Cu contact by dashed line. For

clarity, only one santonic ligand has been fully labeled.

Table 2. Assignment of the main bands of the infrared spectra of

santonic acid (Hsant), and the copper complex (CuSant) (band

positions in cm�1)

HSant CuSant Assignments

3500br m(O–H)

1731vs 1736vs m(C@O), c-ketone, strained

1706vs m(C@O), e-ketone

1683s m(C@O), carboxylic acid and m(C@O), e-ketone

1617vs mas(COO�)

1415vs ms(COO�)

1182s m(C–O), carboxylic acid

vs, very strong; s, strong; br, broad.
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value suggests a tetragonal distortion of the coordina-
tion sphere. The higher intensity of Band II implies a
charge transfer transition.13

2.3. Stability studies

Due to the linearity of the plot of lnA (A = absor-
bance at 380 nm) versus time, the decomposition of
[Cu2(sant)4(H2O)2]Æ21

2
H2O (CuSant) is demonstrated

to be of the first order in the concentrations of the
complex. The decomposition rate of the complex was
determined in ethanol at 25 �C since the stock solu-
tions for EPR and UV–vis determinations were pre-
pared in this solvent at room temperature. The rate
constant for the decomposition of the dimer into
monomers of a 0.15 mM CuSant solution was
k = 3.66 · 10�3 min�1. The presence of monomeric
impurities in the EPR spectrum (see below) can be as-
signed to the split of the bridge between the two cop-
per centers, rendering near 2% of the monomer during
the manipulation time.

2.4. Vibrational spectroscopy

As it can be seen from Table 2 the band corresponding to
the carboxylic acid stretching (mC@O) splits into two new
strong bands assigned to the symmetric and antisymmet-
ric vibrations of the deprotonated carboxylate groups
coordinated to the copper cation. The value of the differ-
ence between these two absorption bands together with
the results of structural data, UV–vis spectrum and
EPR determinations (see below) indicates that the car-
boxylate anion binds to two copper centers in a bridging
mode.9,15 The band at 1731 cm�1 has been assigned to
the C@O stretching of the ‘strained’ c-ketone. The e-ke-
tone band is masked by the C@O stretching of the carbox-
ylic acid (1683 cm�1). Upon deprotonation of the
carboxylic acid group and coordination with the metal
ions, the characteristic C@O stretching band of the car-
boxylic acid disappeared and this change allowed the
observation of m(C@O), e-ketone at 1706 cm�1, as it has
been previously reported.16,17

Moreover in the copper complex the O–H stretching
band of the coordinated water molecules appeared as
a broad band at 3500 cm�1. The bending modes of these
groups are overlapped with the strong bands located at
ca. 1600 cm�1.
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Figure 4. Effect of copper(II) ( ) and [Cu2(sant)4(H2O)2]Æ21
2
H2O ( )

compounds on MC3T3E1 (a) and UMR106 (b) cell proliferation. Cells

were incubated in serum-free DMEM alone (basal) or with different

concentrations of free copper (from CuCl2) and the complex CuSant

(per copper atom) at 37 �C for 24 h. Results are expressed as % basal

and represent means ± SEM, of three independent experiments carried

out in triplicate.
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2.5. EPR spectra

The presence of strong antiferromagnetic interaction in
the solid dinuclear complex has been determined by
the absence of the X-band EPR signal at liquid helium
temperature. Usually, dinuclear copper complexes pres-
ent this type of coupling (S@0) at 4 K.18,19 The D
Ms = ±2 transitions at half field were not observed. This
is probable due to long-range inter-dimeric magnetic
coupling between the dimer upper level S = 1 spins of
neighboring dinuclear complexes. The corresponding
super-exchange interactions could be in part mediated
by the presumed H-bond network described in Section
2.1.

The solution EPR spectrum recorded in ethanol at 4.3 K
shows a very weak EPR signal attributed to a small
amount of a monomeric impurity of the dissolved com-
plex. The spectrum is characteristic of an axial symmetry
with (gII > g?). This indicates that the unpaired electron
is located mostly on dx2�y2 orbital of the copper(II)
atom. The experimental and simulated spectra are
shown in Figure 3. Simulation has shown that the mol-
ecule has axial symmetry with g: 2.0700 (gx), 2.0790 (gy),
2.3525 (gz) typical of a square pyramidal environment of
copper(II) complexes. The hyperfine coupling constant
components, A(x) = A(y) = 10 · 10�4 cm�1 y A(z) =
155 · 10�4 cm�1 point to an oxygenated coordination
sphere around the metal center.20

2.6. Cell proliferation

Previous to the proliferation studies with the copper
compounds the effect of DMSO 0.5%–serum-free
DMEM (Dulbecco’s modified Eagle’s medium) 99.5%
was tested in order to determine any toxic effect attrib-
uted to DMSO. At this maximum concentration used
for the organic solvent no effect was observed on cell
survival. The effects of the hexaacuocopper(II) ion
and the complex can be observed in Figures 4 and 5.
Besides, santonic acid did not cause any significant ef-
fect on cell proliferation of all the cell lines employed
in this study in the whole range of concentration (data
not shown). The copper complex in a copper concen-
tration of 500 lM produced a stronger inhibition
(55% of basal) on tumoral osteoblasts (UMR106) than
on the non-transformed cells (25% of basal)
(MC3T3E1) (Fig. 4a and b).
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2
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Hexaacuocopper(II) produced a stronger decrease in cell
proliferation (45% of basal, 500 lM) than the com-
plexed copper (CuSant) on the normal osteoblasts in
culture. On the contrary, it did not exert any significant
effect on the tumoral ostoeblasts up to 500 lM. In the
human colon adenocarcinoma cell lines CuSant exerted
stronger inhibition on cell proliferation than the free
copper ion (Fig. 5a and b). The inhibition of the
500 lM complex reached a value of ca. 55–60% of the
basal value for the three tested tumoral lines. Taking
into consideration the high antiproliferative effect of
the complex in tumoral cell lines, it may be considered
as a potential candidate for future antineoplastic
studies.

2.7. Cell morphology

The ability of CuSant, free copper ions and santonic
acid to induce morphological changes was investigated
in the four cultured cell lines. After overnight incubation
in a serum-free medium with or without the addition of
the compounds, cells were fixed, stained, and observed
by light microscopy. Under these starved conditions, a
moderate number of cells started to detach from the cul-
ture dishes.

In the case of MC3T3E1 cells (Fig. 6a) the monolayer of
the control showed the aspect of a typical fibroblast-like
culture. Cells were stellate in shape and exhibited slender
lamellar expansions. These processes appeared to con-
nect each other among neighbor cells. The nuclei con-
tained moderately thick chromatin granules, while the
cytoplasm showed numerous inclusions and vacuoles.
After treating the culture with 500 lM hexaacuocop-
per(II) ions, the cytoplasms are denser and thinner and
the cells become more fusiform. The nuclei retain their
normal characteristics (Fig. 6b). Incubation of the cells
with 500 lM CuSant caused the following changes: the
cells become more elongated than when treated with
[Cu(H2O)6]2+ alone. The nuclei also acquire fusiform
shape. As in the case of copper addition there are a
few number of cells by field (see Fig. 6c).

For UMR106 cells the control (medium alone) showed a
polygonal morphology with irregular nuclei that showed
great amount of nucleoles. Cells displayed abundant
intercellular connections (Fig. 7a). When incubated with
[Cu(H2O)6]2+ ion, few cells by field with trapezoidal
form and few and very long intercellular connections
were observed. The nuclei were condensed with vacuoles
in their interior. It was not possible to distinguish the
nucleoles (Fig. 7b). The complex produced a similar ef-
fect to copper(II) ions but a smaller number of cells by
field can be observed in this case. The cells display a neu-
ron-like shape (Fig. 7c).

The characteristics of Caco-2 cells can be seen in Figure
8. The cells displayed polygonal form with great nuclei
with numerous nucleoles. Several intercellular connec-
tions are observed (Fig. 8a).21 Upon incubation with
copper(II) ions, the cytoplasmic borders became weakly
visible. In the cytoplasm numerous irregular vacuoles
were observed. The nuclei are condensed without visible
nucleoles (Fig. 8b). The previously described effects for
the treatment with [Cu(H2O)6]2+ appeared more notice-
able with the addition of the complex. The nuclei were
more condensed and irregular. There were abundant
irregular vacuoles in the cytoplasmic region. Smaller
number of cells by field could be seen in agreement with
the results of the cellular proliferation (Fig. 8c).

The morphological changes induced in TC7 cells, a sub-
clone of Caco-2 cells, were the same as those displayed



Figure 6. Effect on cell morphology for the treatment of the osteoblast-like cells MC3T3E1 without drug addition (control) (a) with CuCl2 (500 lM)

(b), and [Cu2(sant)4(H2O)2]Æ21
2
H2O (500 lM per copper atom) (c). (objective 40·).

Figure 7. Effect on cell morphology for the treatment of the osteosarcoma UMR106 cells without drug addition (control) (a) with copper (500 lM

CuCl2) (b), and [Cu2(sant)4(H2O)2]Æ21
2
H2O (500 lM per copper atom) (c). (objective 40·).
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Figure 8. Effect on cell morphology for the treatment of the human colon adenocarcinoma Caco-2 cells without drug addition (control) (a) with

copper (500 lM CuCl2) (b), and [Cu2(sant)4(H2O)2]Æ21
2
H2O (500 lM per copper atom) (c). (objective 40·).
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by Caco-2 (data not shown). Santonic acid did not in-
duce any morphological change in the four cell lines.
3. Conclusions

The present study reveals the potential antitumoral activ-
ity of the complex [Cu2(sant)4(H2O)2]Æ21

2
H2O obtained

and characterized for the first time. The dimeric structure
of the complex has been established by crystallographic
data. The lack of EPR signals in the solid state supported
that there exists a strong antiferromagnetic coupling be-
tween the two metallic nuclei. The infrared and the diffuse
reflectance spectral determinations also confirmed the
carboxylate bridges between two Cu(II) ions.

The bioactivity of the new complex was tested in four
cell lines in culture. For the osteoblastic-like cells the
complexation of copper with santonic acid modulated
the toxic effect of the free ion. In the normal osteoblasts
the complex caused a significantly smaller inhibition
than copper(II) while in the tumoral osteosarcoma cells
the complex was more deleterious. The stronger inhibi-
tion of the complex in the tumoral cells is promissory
for further in vivo investigations of its antitumoral prop-
erties. This behavior correlated with the action of the
complex in other two tumoral cell lines of human colon
adenocarcinoma, where the inhibitory power of the
complex was ca. 60% while the free metallic ion pro-
duced an inhibition of only 35%. Morphological cellular
observations were in accord with proliferation studies
since the greater alterations in the nuclei and cytoplasms
were displayed by the complex treated cells. In these
cases, the number of surviving cells per field was statis-
tically lower than for control conditions. The cytotoxic
properties of the new complex have been established in
the three tumoral cell lines. Altogether these promising
results point to the interest of the synthesis and charac-
terization of new copper coordination compounds to be
tested in different tumoral cell lines in order to establish
their potential antitumoral properties.
4. Experimental

Santonic acid has been prepared according to Brunskill
et al.22 CuCO3ÆCu(OH)2 was synthesized according to
reported methods.23 Corning or Falcon provided tissue
culture materials. DMEM and trypsin–EDTA were pur-
chased from Gibco (Gaithersburg, MD, USA) and fetal
bovine serum (FBS) from Gibco-BRL (Life Technolo-
gies, Germany). All other chemicals used were of analyt-
ical grade. The electronic UV–vis spectra were recorded
on a Hewlett–Packard 8453 diode-array spectrophotom-
eter. Diffuse reflectance spectrum was registered with a
Shimadzu UV-300 instrument, using MgO as an internal
standard. Infrared spectra were recorded on a Bruker
IFS 66 FTIR-spectrophotometer from 4000 to
400 cm�1 using the KBr pellet technique. Elemental
analysis for carbon and hydrogen was performed using



Table 3. Crystal data and structure refinement for

[Cu2(sant)4(H2O)2]Æ21
2
H2O (CuSant)

Empirical formula C60H81Cu2O20.5

Formula weight 1261.36

Temperature 296(2) K

Wavelength 1.54184 Å

Crystal system, space group Tetragonal, P43212 (#96)

Unit cell dimensionsa a = b = 14.498(3) Å

c = 64.07(1) Å

Volume 13467(4) Å3

Z, Calculated density 8, 1.244 mg/m3

Absorption coefficient 1.344 mm�1

F(000) 5336

Crystal color/shape Blue/prism

Crystal size 0.40 · 0.32 · 0.28 mm

Diffractometer/scan Enraf-Nonius CAD-4/x-2#

Radiation, graphite monochr. CuKa, k = 1.54184 Å

Scan width 0.8 + 0.35 tan#

Standard reflection (2,8,�2)

# range for data collection 2.76–65.13�
Index ranges 0 6 h 6 12, 0 6 k 6 16,

�75 6 l 6 1

Reflections collected/unique 6535/6509 [R(int) = 0.0154]

Observed reflections [I > 2r(I)] 4251

Completeness to # = 65.13� 96.8%

Max. and min. transmission 0.726 and 0.667

Data collection EXPRESS24

Data reduction and correctionb XCAD-425

Absorption correction PLATON26

Structure solutionc SHELXS-9727

Refinementd SHELXL-9728

Refinement method Full-matrix least-squares on F2

Weights, w w ¼ ½r2ðF 2
oÞ þ ð0:2PÞ2��1

P ¼ ½MaxðF 2
o; 0Þ þ 2F 2

c �=3

Data/restraints/parameters 6509/0/757

Goodness-of-fit on F2 1.933

Final R indicese [I > 2r(I)] R1 = 0.1558, wR2 = 0.4105

R indices (all data) R1 = 0.2108, wR2 = 0.4678

Absolute structure parameter 0.29(15)

Extinction coefficient 0.0008(2)

Largest different peak and hole 1.380 and �0.966 e A�3

a Least-squares refinement of [(sin#)/k]2 values for 24 reflections in the

17.44 < # < 33.03� range.
b Lorentz and polarization corrections.
c Structure solved by direct and Fourier methods.
d Neutral scattering factors and anomalous dispersion corrections.

Final molecular model obtained by anisotropic full-matrix least-

squares refinement of non-hydrogen atoms.
e R indices defined as: R1 = RkFo| � |Fck/R|Fo|, wR2 ¼ ½RwðF 2

o � F 2
cÞ

2=

RwðF 2
oÞ

2�1=2.
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a Carlo Erba EA 1108 analyzer. Electron paramagnetic
resonance spectra of the Cu(II) ion were recorded on a
Bruker ELEXSYS E580 (Bruker BioSpin, Rheinstetten,
Germany) at liquid helium temperatures (4 K). The tem-
perature was controlled by an Oxford ITC503 cryogenic
system. EPR samples were frozen by immersion in liquid
nitrogen and then placed in the spectrometer cavity. The
microwave frequency was 9.4752 GHz; modulation
amplitude, 0.5 mT; modulation frequency, 100 kHz;
microwave power 10.08 mW, and sweep field
120.0 mT. The Cu(II) EPR parameters were determined
by means of spectral simulation using the Bruker Win-
EPR-SimFonia program.

4.1. Synthesis of the complex

A solution of santonic acid (1 mmol, 264 mg) in methyl
alcohol (10 mL) is warmed at 50 �C. The solution is
added to a suspension of CuCO3ÆCu(OH)2 (0.75 mmol,
166 mg) in water (25 mL) and stirred for 30 min with
heating. The green powder obtained is filtered and
washed with methyl alcohol. Green monocrystals suit-
able for X-ray structure determinations are obtained
by recrystallization from ethyl alcohol in 5 days. Anal.
Calcd C60H85O20Æ5Cu2: C, 57.1; H, 6.7. Exp: C, 57.2;
H, 6.6. Yield: 81%.

4.2. Diffraction data and structure solution and refinement

Crystal data, structure solution methods, and refinement
results are summarized in Table 3.24–28 The crystal dif-
fracted poorly; in fact, only about 61% of the reflection
intensities up to 0.85 Å resolution were above two stan-
dard deviations of measurement errors. This leads to a
low reflection to parameter ratio and consequently to
rather limited crystallographic agreement factors and
bond distance and angle errors. The H-atoms of the san-
tonic ligand groups were positioned stereochemically
and refined with the riding model. The methyl hydrogen
atom locations were optimized during the refinement by
treating them as rigid bodies which were allowed to ro-
tate around the corresponding C–C bond. The water
hydrogen atoms could not be located in different Fou-
rier maps and hence they were not included in the final
molecular model.

4.3. Stability studies

To test the stability of the ethanolic solutions of CuSant
used in the UV–vis and EPR spectra, we analyzed the
electronic spectra recorded at times ranging from 0 to
5 h, at 25 �C. The rate of decomposition of the dimeric
complex was spectrophotometrically measured at
380 nm (this band identified the dimeric structure of
the complex, see below). The decomposition rate con-
stant was estimated.

4.4. Cell culture

Rat osteosarcoma UMR106, osteoblastic non-trans-
formed mouse calvaria-derived MC3T3E1 cells, human
colon adenocarcinoma cell lines Caco-2, and TC7 were
grown in DMEM supplemented with 10% (v/v) FBS
and antibiotics (100 U/mL penicillin and 100 mg/mL
streptomycin) in a humidified atmosphere of 95% air/
5% CO2. Cells were grown at near-confluence (70–
80%) and were subcultured using 0.1% trypsin–1 mM
EDTA in Ca2+–Mg2+-free phosphate-buffered saline
(PBS). For experiments, 5.5 · 104 cells/well (UMR
106), 3.3 · 104 cells/well (MC3T3E1), and 1 · 105 cells/
well, for Caco-2 and TC7 were plated into 24 well/plates.
After the culture reached 70–80% confluence, the cells
were washed twice with DMEM.

4.5. Cell proliferation assay

A mitogenic bioassay was carried out as described by
Okajima et al. with some modifications.29 Briefly, cells
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in 24 well/plates were washed with PBS and fixed with
5% glutaraldehyde/PBS at room temperature for
10 min. Cells were then stained with 0.5% crystal vio-
let/25% methanol for 10 min. After that, the dye solu-
tion was discarded and the plate was washed with
water and dried. The dye in the cells was extracted
using 0.5 mL/well 0.1 M glycine/HCl buffer, pH 3.0/
30% methanol and transferred to test tubes. Absor-
bance was read at 540 nm after a convenient sample
dilution. The correlation between cell number/well
and the absorbance at 540 nm of diluted extraction
sample after crystal violet staining has been previously
established.30 Data are expressed as means ± SEM.
Statistical differences were analyzed using Student’s t-
test. t-Tests were done to compare treated cultures with
the untreated cultures. Freshly prepared solutions of
santonic acid, CuCl2 and CuSant were added to the
culture dishes at the following concentrations: 0, 5,
10, 25, 50, 100, and 500 lM. The dissolution of the
complex was performed using DMSO 0.5% and ser-
um-free DMEM 99.5% was added for the different con-
centrations. Considering the dimeric nature of the
complex the final concentrations of the complex have
been calculated per copper atom. The biological effects
of these solutions were compared with those of free
copper (from CuCl2). Cells were incubated overnight
with the compounds at different doses in serum-free
DMEM.

4.6. Cell morphology

All the cell lines were grown in six well/plates. The cells
were incubated overnight with fresh serum-free
DMEM plus 0 (basal), 500 lM solutions of copper
complex and Cu2+ (CuCl2). The monolayers were sub-
sequently washed twice with PBS, fixed with methanol,
and stained with 1:10 dilution of Giemsa for 10 min.31

Next, the monolayers were washed with water and the
morphological changes were examined by light
microscopy.
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