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bstract

For the first time, two organometallic triphenylethylene compounds (Fc-diOH and DFO), with strong antiproliferative activity in breast cancer
ells, but insoluble in biological fluids, were incorporated in two types of stealth nanoparticles (NP): PEG/PLA nanospheres (NS) and nanocapsules
NC). Their physicochemical parameters were measured (size, zeta potential, encapsulation and loading efficiency), and their biological activity
as assessed. In vitro drug release after high dilution of loaded NPs was measured by estradiol binding competition in MELN cells. The influence
f the encapsulated drugs on the cell cycle and apoptosis was studied by flow cytometry analyses. Notwithstanding potential drug adsorption at the
P surface, Fc-diOH and DFO were incorporated efficiently in NC and NS, which slowly released both compounds. They arrested the cell cycle

n the S-phase and induced apoptosis, whose activity is increased by loaded NS. A decrease in their antiproliferative activity by the antioxidant

-tocopherol indicated that reactive oxygen species (ROS) may be involved. Therefore, nanosystems, containing for the first time a high load
f anticancer organometallic triphenylethylenes, have been developed. Their small size and delayed drug release, combined with their enhanced
poptotic potential, are compatible with an increased persistence in the blood and a promising antitumour activity.

2007 Elsevier B.V. All rights reserved.
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. Introduction

The female hormone estradiol (E2 in Fig. 1) plays a criti-
al role in controlling the female reproductive system. One of
ts many functions is to regulate the proliferation and differ-
ntiation of the healthy breast epithelium. Therefore it is not
urprising that this molecule is involved in two-thirds of breast
umours, the second most deadly cancer for women. These
ormone-dependent cancer cells (ER+ cases) exhibit a higher

ccumulation of the estrogen receptor (ER), a transcription fac-
or of the thyroid/steroid superfamily, which can be found in
wo different isoforms: ER� and ER� ((Shiau et al., 1998),
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Gustafsson, 1999)). However, a third of breast tumours are not
ormone-dependent and are called ER negative (ER–). In the
ormone induced pathway, when estradiol binds to its intranu-
lear receptor, it induces a typical conformational change in
he protein structure, involving Helix 12 ((Shiau et al., 1998),
Jordan, 2003)). This enables the recruitment of coactivators and
he dimerization of the ER. The homo/hetero-dimer then binds
o small palindromic ERE sequences of DNA. This interaction
llows the recruitment of transcriptional factors from the general
ranscription machinery around Polymerase II, and therefore ini-
iates gene transcription and specific protein synthesis leading
nally to cell proliferation. Thus, in ER+ tumours, the increased

oncentration of estrogen receptors favours cell multiplication.

Since estradiol binding to its receptor seems to be a key
tep required for the proliferation of breast cancer cells, many
olecules targeting this protein have been synthesized to

mailto:michel.renoir@cep.u-psud.fr
dx.doi.org/10.1016/j.ijpharm.2007.06.033
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ig. 1. Structures of Fc-diOH and DFO as compared to 4-hydroxy-tamoxifen
4-OH-Tam) and 17�-estradiol (E2).

ounteract the action of estradiol ((Magarian et al., 1994),
MacGregor and Jordan, 1998), (Meegan and Lloyd, 2003)). The
ost popular and widely prescribed antiestrogen for hormone-

ependent breast cancer is tamoxifen. Its active metabolite,
ydroxytamoxifen (OH-Tam, in Fig. 1), acts as an antagonist in
reast tissue. The dimethylaminoethoxy side chain interaction
ith Asp351 of the ER is held responsible for the observed antie-

trogenic effect of hydroxytamoxifen, because it prevents the
ecruitment of coactivators, and favours the binding of corepres-
ors instead. However, depending on the nature of the promoter
o which hydroxytamoxifen binds, and the cellular context (e.g.
he major type of ER (� or �) present in the tissue and the
oactivator/corepressor ratio in the cell), this selective estrogen
eceptor modulator (SERM) can also act as an agonist. Thus, like
stradiol, OH-Tam can induce beneficial effects such as main-
aining bone density, but it also enhances endometrial tumour
rowth (MacGregor and Jordan, 1998).

Unfortunately, the successful treatment of breast cancer by
ydroxytamoxifen is also overshadowed by the fact that some
ormone-dependent breast tumours do not respond to endocrine
herapy, and others respond initially to the antihormonal treat-

ent, but acquire resistance in the long term (Lewis and Jordan,
005; Osborne, 1998). To those cases of intrinsic and acquired

esistance, the insensitive ER– tumour cells have to be added
o point out the limitation of hydroxytamoxifen. These cases
ighlight the dire need for new active molecules with broader
herapeutic scopes.
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After the discovery of the potent anticancer activity of
is-platin (Rosenberg et al., 1965; Rosenberg et al., 1969),
any similar metal coordination complexes have been proposed

Jakupec et al., 2003). Though highly cytotoxic, most of them
aced problems of instability. Compared to metal coordination
omplexes, organometallic compounds should be more stable,
ecause their metal–ligand bond has a stronger covalent char-
cter (Crabtree, 2005). Our approach was to add a potentially
ytotoxic moiety, i.e. the robust organometallic group ferrocene,
o the competitive bioligand hydroxytamoxifen scaffold. We
ave shown that attaching such a neutral and stable moiety
nhanced the cytotoxicity of hydroxytamoxifen, and increased
he lipophilicity of the compound to facilitate its passage through
he cellular membrane. (Jaouen et al., 2000; Jaouen et al., 1996;
op et al., 1996; Top et al., 2003; Vessières et al., 2005).

Among the various organometallic compounds we synthe-
ised, two of them were singled out. Compound Fc-diOH
1,1-di(4′-hydroxyphenyl)-2-ferrocenylbut-1-ene, Fig. 1) is an
nalog of OH-Tam, where the tamoxifen �- aromatic benzyl
ing has been replaced by the aromatic ferrocene moiety, and
he amino side-chain has been replaced by a second hydroxyl
roup (Vessières et al., 2005). It is our most efficacious cyto-
oxic compound to date (IC50 ≈ 0.7 �M on MCF-7, 0.44 �M on

DA-MB231). In compound DFO (1,2-di(4′-hydroxyphenyl)-
-[4′′-(2′′-ferrocenyl-2′′-oxoethoxy)phenyl]but-1-ene, Fig. 1),
he amino side-chain of OH-Tam has been changed into a
arbonylferrocene moiety (Nguyen et al., 2007). DFO has
hown a weaker antiproliferative activity towards cancer cells
IC50 ≈ 10 �M on MCF-7), but good affinity for the estrogen
eceptors (RBA ≈ 14% on ER� and ER�), probably thanks to
he additional hydroxyl group on the �-benzyl ring. Interest-
ngly, both compounds are active against ER+ and ER– cancer
ells, suggesting that they do not target only the ERs in cancer
ells.

Although Fc-diOH and DFO appear to be promising poten-
ial drugs, they still encounter the problem of bioavailibility,
o common to active biomolecules discovered in laboratories,
specially for phenols. Indeed, once injected in the bloodstream,
he active molecule is often degraded or opsonized and removed
rom blood circulation by macrophages of the reticuloendothe-
ial system. Hence, in order to increase the circulation time in
he bloodstream and to enhance the probability of the molecule
o extravasate in tumour tissues, we chose to protect the active

olecule inside nanoparticles (NP). These drug carriers have
ydrophilic polyethyleneglycol (PEG) chains at their surface, to
educe the opsonization process (Soppimath et al., 2001). They
ould transport and concentrate the antiproliferative agents in
he tumours, because their size enables them to cross the gaps
f the discontinuous endothelium of cancer cells, which are
ichly vascularised (Gabizon and Papahadjopoulos, 1988). This
ethod to improve the bioavailibility has already been used for
any bioactive molecules, including tamoxifen (Hu et al., 2006;
henoy and Amiji, 2005).
Therefore, for a more targeted and effective drug delivery,
c-diOH and DFO were loaded inside nanospheres (NS) and
anocapsules (NC). A nanosphere is a matrix of polymer into
hich the active molecules are trapped. A nanocapsule is a
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Fig. 2. Structures of the PEG-

esicular system, whose oily core traps and retains the active
olecules, and is surrounded by a protective polymeric mem-

rane (Fig. 2). The polymer chosen is a biodegradable poly(d,
-lactic acid), or PLA. It is covalently bound to hydrophilic PEG
hains, which are at the surface of the NPs. The ability of the
anospheres and nanocapsules to modulate the antiproliferative
ctivity of Fc-diOH and DFO was then assessed by in vitro
iological evaluation.

. Materials and methods

.1. Chemicals

Soy phosphatidylcholine Lipoı̈d S75® (about 70% of phos-
hatidylcholine) was purchased from Lipoı̈d GmbH (Germany).
iglyol 810N was kindly provided by Hüls (Germany).

oly(d, l-lactide) PLA50 of MW 42 kDa was supplied by Phu-
is (France). PLA-PEG (d, l-PLA50 MW 45 kDa and PEG

W 5 kDa) was synthesized and characterized as previously
escribed (Gref et al., 1995).

Compounds Fc-diOH and DFO were prepared according to
iterature procedures (Top et al., 2003) and (Nguyen et al., 2007).

The solvents were analytical grade, and all other chemicals
ere commercially available at reagent grade. Water was puri-
ed by reverse osmosis (MilliQ, Millipore®).

.2. Preparation of PEG-Coating Nanoparticles

The preparation of nanospheres (NS) according to Fessi et
l. (1989) was based on interfacial deposition of preformed
olymer, following solvent displacement.

Briefly, 20 mg of polymer or copolymer were dissolved in
mL of acetone containing 10−3 M of Fc-diOH or DFO, and

apidly dispersed into 2 mL of demineralised and sterilised
ater, followed by acetone evaporation under nitrogen flow for
h, and left overnight before use.

In the case of the nanocapsules (NC), only 5 mg of preformed
olymer was dissolved in 1 mL of acetone. An amount of 2,1 mg
f Fc-diOH or 5,9 mg of DFO was dissolved in a mixture of
ipophilic surfactant (Lipoı̈d S75®, 66 mg/mL of acetone) and oil
Miglyol 810, 25 �L/mL of acetone). An amount of 25 �L of this

reparation was added to the organic phase, before dispersion
n water.

Control particles without Fc-diOH and DFO were prepared
nder the same conditions.

i
c
t
c

nanosphere and nanocapsule.

.3. Physicochemical characterization of nanoparticles

The size of nanoparticles was measured by QuasiElastic
aser Light Scattering using a Nanosizer N4 Plus (Coulter
lectronics, Florida, USA). The potential measurements (ς
otentials) were determined with a Zetasizer 4 (Malvern Instru-
ents, UK) after dilution of NS or NC suspensions in 1 mM KCl

n a 1:2 volume ratio (NP suspension/1 mM KCl).

.4. Measurement of encapsulation efficacy

Incorporation efficiency of the ferrocenyl derivatives was
xpressed both as encapsulation rate (w/w ratio) and percentage
f encapsulation (%). The amount of Fc-diOH and DFO associ-
ted with the drug carriers was indirectly determined by UV–vis
pectroscopy (Jenway 6405 UV–vis spectrometer). These values
ere calculated as the difference between the total amount of
c-diOH or DFO used to prepare the loaded nanoparticles and

he amount of free molecules in the aqueous phase, after sep-
ration by centrifugation (60,000 g, 1 h, 4 ◦C) for nanospheres,
r by ultrafiltration/centrifugation (450,000 g, 1 h, 4 ◦C) using
illicon eppendorfs (10,000 NMWL, Millipore®, France) for

anocapsules. The concentrations of Fc-diOH and DFO in
he aqueous phase after centrifugation were determined by the
bsorbance at 304 nm for Fc-diOH and at 276 nm for DFO. This
pectroscopic method was validated for drugs with concentra-
ions between 1 and 100 �M.

.5. Cell culture and transcription measurements

We used a method based on the capacity of free and encapsu-
ated antiestrogens to inhibit estradiol-induced transcription in

ELN cells, as previously described (Ameller et al., 2003b).
ELN cells are MCF-7 cells stably transfected with a con-

truct in which the luciferase (LUC) reporter gene is placed
ownstream of an estrogen responsive element (ERE) linked to
he minimal �-globin promoter (ERE-�-globin-LUC). MELN
nd MCF-7 cells were cultured in DMEM (DMEM Biologi-
al Industries, Inc., Kibbutz Beit Haemek, Israel) supplemented
ith l-glutamine (2 mM), penicillin (50 UI/mL), streptomycin

50 UI/mL) and 10% FCS and maintained at 37 ◦C, with 5% CO2

n a humidified atmosphere. Before steroid treatment, MELN
ells were grown for 3 days in phenol red free DMEM con-
aining 10% charcoal-stripped FCS. Under these experimental
onditions, 0.1 nM of 17�-estradiol (E2) was found to induce the
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aximum LUC transcription. In order to evaluate the release of
c-diOH and DFO from the formulations, NCs and NSs con-

aining Fc-diOH or DFO were added to the culture medium
ontaining 0.1 nM E2. After a total incubation time of 18 h at
7 ◦C, cells were collected, rinsed and lysed in 250 �L of LUC
uffer (25 mM Tris/HPO4 at pH 7.8, 10 mM MgCl2, 1% Triton
100, 15% glycerol, 1 mM EDTA, 1 mM DTT). Protein concen-

ration was determined by the Biorad assay (Bio-Rad GmbH,
unich, Germany). Quantification of LUC activity was per-

ormed in triplicate in a luminometer (TD 20/20, Tuner Designs,
unnyvale, CA), after injection of the LUC buffer (100 �L)
upplemented with 100 mM ATP and 87 �g of luciferin/mL to
00 �L of cellular extract. Each experiment was repeated twice.

.6. Cell cycle analyses and apoptosis estimation

MCF-7 cells (2 × 105) were exposed or not to the free or the
ncapsulated drugs (1 or 10 �M) during 48 h and 72 h. The cells
ere washed twice in cold phosphate-buffered saline (PBS),
elleted and suspended in ice-cold ethanol (80% in MilliQ
ater). In some experiments, 10 �M �-tocopherol was added

or 1 h to the cell medium prior to further treatment. Fixed
ells were then centrifuged and resuspended in PBS at 25 ◦C
ontaining 100 �g/mL RNase A (Roche Molecular Biochem-
cals, Meylan, France) and 20 �g/mL propidium iodide (PI,
igma–Aldrich) for 30 min at 37 ◦C. Cells were further analysed
ith a FACS Calibur (Becton–Dickinson, Le-Pont-de-Claix,
rance) equipped with an argon laser tuned at 488 nm and data
ere obtained with the CellQuest 1.2.2 and the ModFit LT 1.01

oftwares (Becton–Dickinson).

. Results

.1. Characterization of NPs

The size and the zeta (ς) potential of both empty NSs and
Cs loaded with the organometallic compounds Fc-diOH and
FO are summarized in Table 1. The ς potential indicates the

urface charge of the NP. While the size of the NCs was in the
ange of 150–200 nm, that of the NSs was three times smaller.

he incorporation of the drug did not modify this parameter for
ither formulation. This was not the case for the ς potential:
he decrease of the ς potential of Fc-diOH- and DFO-charged
Ss, as well as the increase of NC ς potential indicate that some

b
b
t
F

able 1
haracterization of the nanoparticles (mean values ± S.D., n = 6)

Mean diameter (nm) Zeta potential (mV)

anospheres
mpty 50 ± 18 −1.1 ± 0.5
c-diOH 52 ± 16 −7.3 ± 0.6
FO 56 ± 18 −2.9 ± 0.4

anocapsules
mpty 178 ± 77 −73.5 ± 1.4
c-diOH 180 ± 56 −44.0 ± 0.7
FO 130 ± 35 −57.8 ± 4.0
Pharmaceutics 347 (2008) 128–135 131

mount (though small) of the compounds were adsorbed at the
P surface. Indeed, the ς potential of the aqueous suspension of
c-diOH and DFO at 1 mM was definitely negative, and mea-
ured as −35.5 ± 5.2 and −36.6 ± 0.5 mV, respectively. These
alues are lower than the ς potential of the unloaded NSs. Hence,
f the organometallic compounds were adsorbed at the surface
f the NSs, the ς potential of the loaded NSs should decrease.
n the other hand, the ς potential of the free compounds are
igher than those of the empty NCs. Therefore, we expected the
potential of the loaded NCs to increase, if the organometallic

ompounds were adsorbed at the surface of the NCs.
The encapsulation yield of both molecules in the NSs was

igher than that in the NCs. The maximum concentrations of
ncapsulated Fc-diOH and DFO were similar in the NSs (1 mM)
nd were estimated at 70 �M and 160 �M in the NCs respec-
ively. The encapsulation efficiency and encapsulation yield of
oth types of NP showed that the organometallic compounds
ave a high affinity for the copolymer. Nevertheless, NC had
tendency to incorporate a lower concentration of both com-

ounds, a feature characteristic of such nanoparticles, because
f the reduced oil solubility (Ameller et al., 2003b).

.2. Modulation of the antiestrogenic activity by
errocifen-loaded NP

We wondered next about the biological activity of the NPs.
n a previous work, we showed that unloaded PEG/PLA NPs
ave no inhibitory activity on the luciferase gene expression in
ELN cells (Ameller et al., 2003b). As shown in Fig. 3, free

c-diOH had a weak inhibition on estradiol-induced transcrip-
ion in MELN cells at 16 h, with an IC50 value about 100-fold
hat of OH-Tam. However, the trapped Fc-diOH has an even
eaker ability to inhibit the expression of luciferase than the

ree compound at 16 h. This feature suggests that only a limited
mount of drug was released from the NPs. Surprisingly, the
ype of NP does not seem to affect the transcription inhibition
ctivity.

Data from Fig. 4 indicate that DFO has a better antiestrogenic
ctivity than compound Fc-diOH. Precisely, its luciferase inhi-
ition activity is ten times stronger than that of Fc-diOH. Again,

oth DFO-loaded NCs and NSs have a weaker transcription inhi-
ition activity than free DFO. Interestingly, DFO released from
he NC has an inhibitory activity somewhat similar to that of
c-diOH trapped in the NPs (data from Fig. 3 compared to data

Encapsulation efficiency (�g/mg polymer) Encapsulation yield (%)

– –
198 ± 4 95 ± 2
255 ± 20 93 ± 7

– –
8 ± 1 83 ± 4

25 ± 1 93 ± 5
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Fig. 3. Inhibitory capacity of free and PEG/PLA NS and NC loaded with Fc-
diOH on E2-mediated transcription. MELN cells (106) grown in phenol red
free medium for 3 days were treated in triplicates during one night (16 h) with
increasing concentrations of Fc-diOH, free and entrapped in either NS or NC
as described in Materials and Methods. In the control experiment, E2-induced
transcription (at 1 nM) was estimated as 100%. It corresponds to a 8–9 fold
increase as compared to the basal level of transcription (obtained without E2,
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Fig. 4. Inhibitory capacity of free and PEG/PLA NS and NC loaded with DFO
on E2-mediated transcription. MELN cells were treated as in Fig. 3 with free
and NS, NC-trapped compound DFO. Results are expressed as in Fig. 3.

Table 2
FACS analysis on MCF-7 cells exposed to free and encapsulated ferrocene
derivatives in nanospheres (NS) of PEG/PLA

G0/G1 S G2/M Sub G1

48 h 72 h 48 h 72 h 48 h 72 h 48 h 72 h

Control 69 79 14 12 14 8 3 2
Fc-diOH 10 �M 63 54 24 37 6 6 11 10
DFO 10 �M 66 62 13 18 19 16 5 10
NS Fc-diOH 64 52 25 38 8 7 8 17
NS DFO 80 66 10 20 9 9 5 15
Empty NS 70 73 13 11 14 9 2.5 3

Table 3
FACS analysis on MCF-7 cells exposed to free and encapsulated ferrocene
derivatives in nanocapsules (NC) of PEG/PLA

G0/G1 S G2/M Sub G1

48 h 72 h 48 h 72 h 48 h 72 h 48 h 72 h

Control 67 72 16 15 17 13 1.1 1.25
Fc-diOH 1 �M 36 44 38 36 25 19 4 3
ut only vehicle). After harvest and lysis, luciferase activity was measured. Data
re expressed as mean% ± S.D. (n = 3) of inhibition of the E2-induced luciferase
LUC) activity.

rom Fig. 4). However, in the case of DFO, the type of NP in
hich the molecule is encapsulated seems to influence its activ-

ty. Comparatively, the DFO-loaded NS inhibits the luciferase
ctivity 100 times more than DFO trapped in a NC. This suggests
hat NCs release DFO more slowly than NSs, and this feature is
ven more striking at high concentrations (10−7–10−6 M).

.3. Activity of ferrocifen-NP on cell cycle and apoptosis

We then wanted to know if these nanosystems behave dif-
erently towards MCF-7 cell proliferation. Flow cytometry
xperiments were carried out at 48 h and 72 h with both free
nd encapsulated Fc-diOH and DFO at 1 �M and/or at 10 �M.
ata (FACS analysis) are summarized in Tables 2 and 3. Both

mpty NSs (Table 2) and empty NCs (Table 3) had no effect on
he cell distribution as already observed (Renoir et al., 2006).
nterestingly, the number of cells in the S-phase of the cycle has
ncreased more clearly with Fc-diOH than with DFO, whether

he compounds were trapped or not in NS. At a similar concen-
ration, once trapped in the NS, DFO had a strong capacity to
rrest cell cycle in the G0/G1 phase at 48 h, unlike the free drug.
his effect was no longer observed at 72 h, suggesting maybe

DFO 1 �M 66 73.5 16 14 17 12 2 2
NC Fc-diOH 49 59 28.5 24 22 16 1.6 2.3
NC DFO 63 65 17 21 20 12 1.1 3
Empty NC 66 69 18 19 16 15 1.6 2
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Table 4
Effect on free radical inhibition by �-tocopherol (�-toco) on MCF-7 cells
exposed to free compounds Fc-diOH and DFO

G0/G1 S G2/M Sub G1

48 h 72 h 48 h 72 h 48 h 72 h 48 h 72 h

Control 65 67 20 18 15 12 2.25 1.9
Fc-diOH 10 �M 55 59 36 31 7 9 8 7
DFO 10 �M 72 71 14 15 9 11 6.7 7.7
�-toco 54 67 24 18 21 14 3.9 3.9
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c-diOH + �-toco 52 64 39 27 8.5 8.6 3.5 4.7
FO + �-toco 71 72 14.5 14 12 13 5.9 5.6

ome instability of DFO, which is protected only as long as it
tays encapsulated.

Interestingly, an increase of cells in apoptosis was noticed
fter cell exposure to both free Fc-diOH and DFO. This fate
as stronger in the case of cell incubation with the trapped com-
ounds. Altogether, data from Table 2 suggest that at 10 �M,
c-diOH has a greater capacity to arrest the cell cycle in the
-phase than DFO. They have comparable ability to induce
poptosis in MCF-7 cells and this potency is enhanced and
elayed by entrapment in PEG/PLA nanospheres.

We also compared the activity of Fc-diOH/DFO-loaded NCs
n the cell cycle. Since the encapsulation loading was weaker in
he NCs than in the NSs, MCF-7 cells were exposed to weaker
rug concentrations in the case of the NC experiments, in order to
void too high an amount of polymer in the cell culture. Results
resented in Table 3 clearly indicate that Fc-diOH at 1 �M,
hether free or encapsulated in the NCs, arrests cell cycle in the
-phase, and to a more limited extent in the G2/M phase. This
eature is less clearly observed at 10 �M, a concentration which
ather induces apoptosis (see Table 4). Additionally, a smaller
umber of cells in apoptosis were noticed after 48 h when the
ompounds were encapsulated, hence suggesting again the delay
nduced by the nanovectors. At this low concentration, free DFO
t 1 �M had no significant effect on MCF-7 cells, contrary to
he encapsulated drug which slightly increased the number of
ells in the S-phase.

.4. Influence of α-tocopherol on cell cycle and apoptosis

It has been suggested that OH-Tam at high concentrations
ay induce the production of reactive oxygen species (ROS)

n breast cancer cells (Obrero et al., 2002). Similarly, fer-
ocene derivatives have also been suspected of producing ROS
(Joy et al., 1989), (Osella et al., 2000), (Tabbi et al., 2002)).

e next examined if the effects of the ferrocene derivatives
bserved in MCF-7 cells could imply ROS production. Simi-
ar experiments to those described in Table 3 were performed in
he presence or absence of the antioxidant �-tocopherol. Data
rom Table 4 suggest that �-tocopherol alone has practically no
ffect on the MCF-7 cell cycle in the experimental conditions,

lthough it slightly induced apoptosis. However, we predicted
hat �-tocopherol would decrease apoptosis of cells exposed to
c-diOH and DFO. Indeed, in the presence of �-tocopherol,

he number of cells in subG1 dropped from 7 to 4.7, and from
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.7 to 5.6, respectively, after 72 h of treatment. These data also
ndicate that DFO could have a dual effect on MCF-7 cells, an
ntiproliferative effect through its inhibitory capacity towards
R� activation and downstream consequences, and the capacity

o produce free radicals.

. Discussion

The coupling of organometallic moieties tethered to SERMs
as led to the synthesis of various types of compounds showing
ariable affinities for the two main ER isoforms ER� and ER�
Jaouen et al., 2000; Jaouen et al., 1996; Top et al., 1996; Top
t al., 2003; Vessières et al., 2005). In such a program, a ferro-
enyl substituent has been tethered to the 4-hydroxy-tamoxifen
caffold, the active metabolite of tamoxifen (Top et al., 2001;
op et al., 2003). Ferrocene is lipophilic, compact, and stable

n non-oxidizing media. Its derivatives have shown some anti-
umour potential, when oxidized to the ferrocenium salt (Osella
t al., 2000; Tamura and Miwa, 1997), albeit at rather high con-
entration (0.1 mM). Amongst the large variety of ferrocenyl
erivatives of 4-OH-Tam created in our laboratory, compounds
c-diOH and DFO displayed antiproliferative activity on both
stradiol-dependent (MCF-7) and independent (MDA-MB-231)
reast cancer cell lines, probably due to ER-independent cyto-
oxicity of the compounds.

In the present work, we have designed two types of nanovec-
ors, aiming at the in vivo delivery of insoluble anticancer

olecules. We took advantage of previously well established
ormulations based on the copolymer PEG/PLA, which proved
o be capable of incorporating high concentrations of a SERM
ike 4-OH-Tam (Renoir et al., 2006) and a pure antiestrogen like
U58668 (Ameller et al., 2003a; Ameller et al., 2003b). Both
rganometallic compounds Fc-diOH and DFO were incorpo-
ated in these formulations at a high yield, although the NS
ncorporated higher concentrations than the NC. The size of the
esulting NPs were within the range of the gaps in the discontin-
ous cancerous endothelium, and thus they are possible vectors
or the organometallic bioligands.

Both compounds showed efficiency in inhibiting estradiol-
nduced transcription in ER+ breast cancer cells, arresting cell
ycle, and inducing apoptosis in the same cells. A great ben-
fit of such devices is their endocytosis ability, leading to the
elivery of their trapped drug inside the cell (Gabizon and
apahadjopoulos, 1988). They have, among others, the advan-

age of protecting the drugs against hydrolysis and oxidation.
he synthesised nanovectors tend to promote the activity of Fc-
iOH and DFO, maybe because encapsulation reduces their
egradation. This observation is consistent with the results from
he estradiol-induced transcription experiments on MELN cells
nd from the flow cytometry experiments.

It is worthwhile to differentiate the results from antiestrogenic
xperiments on MELN cells and those from the FACS Analysis.
he distinction lies in the concentrations used for each method.
n the antiestrogenic experiments, the concentrations reached
ery small values such as 0.5 nM, whereas in the FACS experi-
ents the concentrations were 1 �M and 10 �M. Therefore, in

he MELN cells where the NPs were very diluted, a greater per-
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entage of Fc-diOH or DFO was liberated. This is a function
f the partition coefficient between oily/polymeric medium and
ater for the NCs and the NSs. Moreover, diffusion of the active

pecies through the polymeric matrix of the NSs was favoured
or small concentrations. Thus, there was a greater percentage of
rganometallic compounds Fc-diOH or DFO liberated from the
Ps in the estradiol-induced transcription experiments than in

he flow cytometry experiments. So the relative reduced activ-
ty of the trapped compounds compared to the free ones was
ifferent according to the type of experiment.

The mechanism of action of both organometallic compounds
as been investigated, in order to better understand their antipro-
iferative effects. Fc-diOH and DFO must each follow different

echanisms, due to their structural differences. Indeed, it has
een proposed that the ferrocene moiety in Fc-diOH acts as
n intramolecular oxidation assistant (Hillard et al., 2006b;
essières et al., 2005). It is thought that the oxidation of iron (II)

o iron (III) provokes the deprotonation of the phenol which is
oncerted with an intramolecular electron transfer to the ferroce-
ium moiety. The resulting organic radical species is oxidized
gain, followed by another proton abstraction from the ethyl
roup, resulting in a reactive quinone methide-type structure.
his species can then form adducts with DNA, GSH, or pro-

eins. It has been shown that the pattern ferrocene–C C–phenol
s required for this mechanism, being the electron carrier �-
ystem. However, in the structure of DFO, the ferrocene moiety
annot act as an intramolecular oxidation “antenna”, having no
lectron carrier system to link the ferrocene moiety to a phe-
ol group. So the antiproliferative effect observed must follow
nother mechanism. It might involve the oxidation of the fer-
ocene to a ferrocenium salt and production of hydroxyl radicals
ia the Fenton process (Hillard et al., 2006a).

Our experiments suggest that �-tocopherol does reverse the
ntiproliferative effect of both organometallic compounds, since
he number of cells in subG1 dropped when the antioxidant agent
as added. This result is consistent with our hypothesis that Fe
lays an important role in inhibiting the proliferation of breast
ancer cells. As a well-known antioxidant, �-tocopherol could
revent the oxidation of Fe(II) into Fe(III), and also help to
educe the downstream production of ROS, thus lowering the
umber of cells in subG1.

. Conclusion

Interest in nanovectors of highly cytotoxic compounds has
ostered many drug formulations, such as the lipid-coated aggre-
ates of the metal coordination complex cis-platin (Burger et
l., 2002). This article describes for the first time an effi-
ient encapsulation of organometallic compounds, which should
ossess stronger metal–ligand bonds than metal coordination
omplexes. The ferrocene derivatives Fc-diOH and DFO have
hown interesting cytotoxic effects on MCF-7 cells, which very
ikely involve ROS production. But since their water-insolubility

mpedes their potential biological activity, both were success-
ully loaded at high yield in nanospheres and nanocapsules.
hanks to their appropriate physicochemical characteristics, the
anoparticles were able to deliver the water-insoluble com-

J

Pharmaceutics 347 (2008) 128–135

ounds to cancer cells, and shield the active molecules from
egradation by delaying their release.

Furthermore, according to the metal introduced,
rganometallic compounds could offer different possibili-
ies. For instance, the Fe of DFO may be converted into
adioactive Re or Tc, without greatly changing the binding
ffinity with ER� and �. Then it would be possible to follow
he bioavailibility of the labelled bioligands in the body, once
eleased from their protective nanovectors.
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