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Article history: A new method of reversible association of doxorubicin (DOX) to superparamagnetic iron oxide nanopar-
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ticles (SPION) is developed for magnetically targeted chemotherapy. The efficacy of this approach is
evaluated in terms of drug loading, delivery kinetics and cytotoxicity in vitro. Aqueous suspensions of
SPION (ferrofluids) were prepared by coprecipitation of ferric and ferrous chlorides in alkaline medium
followed by surface oxidation by ferric nitrate and surface treatment with citrate ions. The ferrofluids
were loaded with DOX using a pre-formed DOX-Fe?* complex. The resulting drug loading was as high
as 14% (w/w). This value exceeds the maximal loading known from literature up today. The release of
DOX from the nanoparticles is strongly pH-dependent: at pH 7.4 the amount of drug released attains a
plateau of ~85% after 1h, whereas at pH 4.0 the release is almost immediate. At both pH, the released
drug is iron-free. The in vitro cytotoxicity of the DOX-loaded SPION on the MCF-7 breast cancer cell line is
similar to that of DOX in solution or even higher, at low-drug concentrations. The present study demon-
strates the potential of the novel method of pH-sensitive DOX-SPION association to design novel magnetic
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1. Introduction

The anthracycline antibiotic adriamycin or doxorubicin (DOX,
Fig. 1) is a highly efficient antineoplastic agent commonly used in
the treatment of a variety of cancers like leukaemia, ovarian cancer
and especially late stage breast cancer (Hoke et al., 2005). The clini-
cal use of DOX is limited by the resistance developed by cancer cells
and by strong side effects, namely a dose-dependent cardiotoxicity
(Bast et al., 2007; Petit, 2004).

Drug targeting, that is drug delivery to the tumor site, helps
prevent side effects and increase cytotoxicity of doxorubicin. Sev-
eral principles of drug targeting are being investigated, for instance
molecular coupling of the anticancer agent to specific molecules
like low-density lipoproteins (Lo et al., 2002) or monoclonal anti-
bodies (Inoh et al., 2006) which interact with specific receptor(s)
in the tumor.

Another possible approach for drug targeting is the delivery
using an aqueous suspension of magnetic nanoparticles retained
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in a tumor by application of an external magnetic field (magnetic
drug targeting) (Liibbe et al., 2001; Torchilin, 2006). The super-
paramagnetic iron oxide nanoparticles (SPION, Neuberger et al.,
2005) are particularly interesting, since they are devoid of mag-
netic remanence due to their very small size (often below 10 nm).
In the last years, SPION-based ferrofluids have been developed as
contrast agents for magnetic resonance imaging (MRI) and as heat-
ing intermediates for magnetic hyperthermia (Alexiou et al., 2006;
Corot et al., 2006; Duguet et al., 2006; Moghimi and Kissel, 2006;
Neuberger et al., 2005). The enhanced interest of the SPION-drug
associates is related to the potentially combined functions of tar-
geted therapy and diagnosis (Duguet et al., 2006; Neuberger et al.,
2005). The association drug-SPION for magnetic drug targeting can
be realized either by direct binding to the iron oxide surface or by
encapsulating both drug and SPION within a biodegradable poly-
meric matrix (Berry and Curtis, 2003; Duguet et al., 2006; Jain et
al,, 2005; Neuberger et al., 2005; Ngaboni Okassa et al., 2007).
The drug loading values obtained with direct drug-SPION bind-
ing are generally comprised between 0.5 and 12% (w/w) (Alexiou
et al., 2000; Jain et al., 2005; Liibbe et al., 1996a,b; Mykhaylyk et
al., 2005; Rudge et al., 2000; Zhang and Misra, 2007). Direct drug
binding to magnetic nanoparticles can be achieved by either cova-
lent bonds or ionic interactions (Alexiou et al., 2000; Duguet et al.,
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Fig. 1. Structural formula of doxorubicin (DOX) with the site of preferential Fe?* ion
binding in an aqueous buffer pH 7.6: iron replaces one phenolic hydrogen at position
11.

2006; Liibbe et al., 1996a,b). In contrast to covalent binding, ionic
adsorption is easily reversible since it depends on ionic strength
and pH. As a result, the kinetics of drug release from ionic sys-
tems are expected to be faster than in the case of covalent binding.
Nanoparticular magnetic fluids with ionically adsorbed epirubicin
have been reported to increase the drug content in tumor tissue
(Liibbe et al., 1996a,b), thus demonstrating magnetic drug targeting
feasibility. In that work, epirubicin was adsorbed due to the interac-
tion between the positively charged amino sugar of the drug and the
particle surface previously functionalized with anionic phosphate
groups.

In the present article, we propose and evaluate a new approach
of binding DOX to the SPION surface using a pre-formed complex of
the drug with ferrous ion (Fe2*). The ability of anthracyclines to effi-
ciently chelate Fe3* ions has been extensively studied (Fiallo et al.,
1999) because it is thought to be implied in this drug cardiotoxic-
ity (Tokarska-Schlattner et al., 2006) and in oxidative destruction of
DNA (Eliot et al., 1984). It has been established that, in the Fe3*-DOX
complex, the a-ketol group of the drug reduces iron to FeZ* while
being itself oxidized to semidione free radicals (Hasinoff, 1989;

Malisza and Hasinoff, 1995). The oxidation products are able to
stimulate a production of reactive oxygen species (ROS) that are
more implied in the cardiotoxicity (Andreadou et al., 2007) than in
the anticancer activity of the drug (Keizer et al., 1990). These con-
siderations motivated our choice of ferrous ion rather than ferric
ion to play the role of intermediate in the DOX-SPION binding. At
the same time, particular care was taken to reduce the presence of
free iron in the samples.

We obtained DOX-carrying SPION ferrofluids with properties
favorable for magnetic drug targeting, i.e. drug loading of up to
14.6 £0.5% (defined below) and rapid release kinetics at physio-
logical pH 7.4 (~85% DOX released in 1 h). It should be particularly
underlined that this release provided free DOX and not DOX-iron
complex. Furthermore, the biological evaluation of DOX-loaded
SPION demonstrates that their cytotoxicity against MCF-7 cancer
cells is not only preserved but, under certain conditions, is even
increased compared to DOX solutions.

2. Experimental
2.1. Chemicals

Doxorubicin hydrochloride was purchased from TEVA Phar-
maceuticals Ltd. (Puteaux, France). Potassium hydroxide solution
was purchased from Prolabo (Fontenay-sous-Bois, France).
Dimethylsulfoxide (DMSO), ferric nitrate, MTT and penicillin-
streptomycin solution were furnished by Sigma-Aldrich
(Saint-Quentin-Fallavier, France). Sodium acetate and tris-
(hydroxymethyl)-aminomethane (Tris) were provided by Merck

(Fontenay-sous-Bois, France). Anhydrous ferrous chloride, citric
acid, Dulbecco’s modified Eagle medium (DMEM), iron standard
solution (titrisol), hydrochloric acid solution (trace analysis or ana-
lytical grade) and ferrous chloride (FeCl,-4H,0) were purchased
from Fisher Bioblock Scientific (Illkirch, France), and ferrous
ammonium sulphate ((NHy4),Fe(SO4),-6H,0) from Carlo Erba (Val
de Reuil, France).

2.2. Preparation and characterization of citrate-stabilized
ferrofluids of SPION

SPION were synthesized as aqueous ferrofluids by a coprecipita-
tion of ferric and ferrous chlorides in alkaline medium followed by
a surface oxidation by ferric nitrate and finally peptized in water,
as described elsewhere (Chourpa et al., 2005). To increase the sta-
bility of the ferrofluid suspension at neutral pH, the SPION surface
was treated with citrate ions by incubation in a 1.5-g/L citric acid
solution under vigorous agitation for 2 h. Following this treatment,
the ferrofluid pH was readjusted to 7.0 by addition of potassium
hydroxide. The particles were then purified from excess citrate
by 48 h dialysis (Float-a-Lyzer dialysis membrane, MWCO 8000,
Interchim, France) against a 150-fold acceptor volume of distilled
water.

The SPION concentration in ferrofluids was 0.56 g/L as estimated
based on the measured iron concentration and considering that
iron represents 71.5% of SPION (composed of 60% magnetite and
40% maghemite; Chourpa et al., 2005). The overall iron content
(Fe2* +Fe3*) in the ferrofluids was 0.4 g/L as measured by atomic
absorption spectrophotometry (SpectrAA-10 Plus spectrometer,
Varian, France) using a calibration curve obtained with titrisol stan-
dard solution. Prior to these measurements, the particles were
dissolved in HCI 6 M.

The hydrodynamic diameter of the particles was determined
by DLS (dynamic light scattering) technique with an Autosizer 2c
(Malvern Instruments, Orsay, France). The fine particle morphol-
ogy was analysed by transmission electron microscopy (TEM) using
a JEOL 1010 microscope (Jeol, Japan) at 88 kV. The samples were
placed on a carbon coated copper grid and stained with 3% (w/v)
uranyl acetate for TEM viewing.

2.3. Preparation and characterization of DOX-Fe?* complex and
of DOX-SPION ferrofluids

DOX-Fe2* complex solutions of variable drug/iron molar ratio
were obtained by adding an aqueous solution of ferrous ammo-
nium sulphate ((NHy4),Fe(SO4),-6H,0) to DOX in Tris buffer pH 7.6.
The drug-iron complex used to load the nanoparticles was pre-
pared with a 1.5-fold molar excess of Fe2* over DOX. Then the
DOX-Fe(Il) complex was incubated in the dark with citrate-treated
ferrofluid (total iron concentration 0.05 g/L), varying the mass ratio
of DOX/SPION from 0.16 to 0.95 (w/w). After 15 min incubation, the
drug-loaded SPION were harvested by centrifugation at 15,000 x g
for 15 min (4 °C). Finally, the nanoparticles were washed with ice-
cold fresh aqueous buffer pH 7.6 and used immediately afterwards.

The DOX loading (%) was defined as the weight fraction of the
drug in the final drug-loaded SPION. To measure the loaded drug,
the particles were re-suspended for 20 min in acetate buffer pH 4.0,
conditions that lead to dissociation of the DOX-FeZ* complex and
therefore to release of 100% of DOX (discussed below). The sample
was then centrifuged and the DOX concentration in the supernatant
was measured by means of UV-vis spectrophotometry (Anthélie
Advanced Spectrophotometer, Secomam, France), using the DOX
absorbance at 480 nm (&=11,500cm~! mol~1 L, Fiallo et al., 1999).
Each determination was performed in quadruplicate.
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2.4. Invitro kinetics of drug release from DOX-SPION ferrofluids

To start the drug release, small aliquots (200 pL) of the drug-
loaded ferrofluid (SPION concentration 0.17 g/L) were rapidly added
to equal volumes (3.8 mL) of Tris buffer pH 7.4, thermostated at
37°C and continuously shaken. At given time intervals, each tube
was centrifuged (15,000 x g for 15min, 4°C), and the released
drug concentration in the supernatant was determined from the
intensity of the drug fluorescence at 556 nm (Hitachi F-4500 flu-
orescence spectrometer, excitation wavelength 500 nm, emission
range 530-700 nm), using a calibration curve established previ-
ously. In parallel, the total amount of loaded doxorubicin was
determined similarly, with an equal aliquot transferred into a buffer
pH 4.0. Each experiment was performed in triplicate. This release
method, i.e. shaking followed by centrifugation, was inspired by lit-
erature (Boonsongrit et al., 2008; Layre et al., 2006; Moreno et al.,
2008; Zhang and Feng, 2006)

2.5. Cytotoxicity evaluation of DOX-loaded SPION ferrofluids

MCF-7 human breast carcinoma cells (American Type Culture
Collection, LGC Promochem, Molsheim, France) were grown in
DMEM supplemented with 5% foetal bovine serum and 100 UI/mL
penicillin G and 100 p.g/mL streptomycin at 37 °C in a humidified
5% CO, atmosphere.

For cytotoxicity assays, cells were seeded for 1 day in standard
96-well plates (Cellstar, Greiner Bio-One, Courtaboeuf, France) at
2 x 104 cells per well. Then the culture medium was discarded and
the cells were treated for 24 h with 200 pL of medium contain-
ing different doxorubicin concentrations (0.3-8.6 wM), either as
DOX solutions or as DOX-SPION suspensions (SPION content from
1.5 to 43.4 mg/L). For control cytotoxicity measurements, the cells
were incubated with DOX-free ferrofluids of the same batch. On the
other hand, cytotoxicity of DOX-Fe%*complex solutions and of Fe%*
solutions was also studied (DOX concentrations between 0.3 and
8.6 LM, and Fe?* concentrations between 0.3 and 10 wM).
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Cell viability was determined using a tetrazolium dye (MTT)
assay (Mosmann, 1983). The cells were rinsed thrice with
potassium-buffered saline (PBS) pH 7.4 and incubated for 4h
in 100 p.L of medium containing 0.5 g/L MTT. Then the medium
was replaced by 100 L of DMSO to dissolve the formazan crys-
tals formed by viable cells. Absorbance was measured at 540 nm
using a multiwell plate reader (Wallac Victor? 1420 Multilabel
Counter, Perkin Elmer, Courtaboeuf, France). The 50% inhibitory
concentration (ICsg) was determined as the drug concentra-
tion that resulted in a 50% reduction in cell viability. All the
experiments were performed in triplicate. Data analysis was
performed using Origin 5.0 software (Integral Software, Paris,
France).

3. Results and discussion
3.1. Characteristics of DOX-Fe(Il) complex

Although free DOX possesses an intrinsic fluorescence, the
DOX-iron complex is not fluorescent (data not shown). Thus, fluo-
rescence can be used for the sensitive determination of free DOX.
In contrast, although less sensitive than fluorimetry, UV-vis spec-
trophotometry is appropriate to study both free drug and drug-iron
complex.

As pH increases beyond 7.5, the absorption spectra of DOX
undergo significant changes (Fig. 2a): absorption maxima at 480
and 500 nm decrease and a new absorption maximum appears near
600 nm. These changes are related to deprotonation of the pheno-
lic groups at positions C11 and C6 (pK, 9.5 and 11.5, respectively;
Razzano et al., 1990). On the other hand, iron(IIl) chelation by DOX
is known to perturb in a similar way the UV-vis absorption spectra
of the drug (Fiallo et al., 1999). This is consistent with the model
where iron chelation involves the phenol groups at positions C11
and C6 (Fiallo et al., 1999). It is interesting to note that the absorp-
tion changes are more pronounced upon iron complexation than
when the pH is increased.
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Fig. 2. UV-vis spectrophotometry data on DOX-Fe(II) complex: (a) changes in the DOX absorption spectra upon increasing pH from 4.0 to 9.2; no changes are observed below
pH 7.2; (b) same as (a) for DOX in the presence of equimolar Fe?* concentration; (c) pH dependence of DOX and DOX:Fe?* 1:1 complex absorption spectra as monitored by
the absorbance ratio (Asgsnm/Asoonm); (d) spectrophotometric titration of the complex at pH 7.6 (Tris buffer) showing 1:1 stoichiometry.
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The complex DOX-Fe2* exhibits absorption spectra (Fig. 2b)
similar to those of DOX-Fe3*. To monitor the formation of the
DOX-FeZ* complex, one can use the ratio of the absorbances at
595 and 500 nm (Fig. 2c and d).

As can be seen in Fig. 2¢c, the DOX-Fe2* complex is efficiently
formed at neutral and basic pH, but is not observed at acidic pH.
In the presence of iron, the great stability of the drug-iron com-
plex leads to almost complete deprotonation of DOX at pH 7, i.e.
significantly below the pKj,. In addition, at basic pH DOX is known
to be unstable (Fiallo et al., 1999). Taking into account these con-
siderations, we chose to prepare the DOX-Fe%* complex at pH 7.6
(Tris buffer). At this pH, the iron chelation should preferentially
imply the C11 phenolic group of doxorubicin. In agreement with
this assumption, the spectrophotometric titration (Fig. 2d) shows
that the stoichiometry of the complex at pH 7.6 is 1:1. This find-
ing allows us to choose the optimal conditions for further complex
preparation without a too large excess of free iron. Afterward, to
pre-form the DOX-Fe2* complex for loading onto ferrofluids, we
will use a 1.5-fold iron/DOX molar ratio as sufficient to insure near-
quantitative chelation of DOX.

3.2. Loading SPION ferrofluids with DOX using DOX-Fe2* complex

The ferrofluids used in this study were found to consist of SPION
with an average diameter of 8 + 2 nm according to TEM (Fig. 3) and
showed a sharp maximum of hydrodynamic diameter distribution
around 20-22 nm in DLS (data not shown). According to previously
described analysis by Raman spectroscopy (Chourpa et al., 2005)
our SPION typically consisted of ~60% magnetite (Fe304) and ~40%
maghemite ('y-Fe,03) that constitute respectively the inner nucleus

Fig. 3. TEM image of SPION described in the present study.

and the outer layer of each particle. The maghemite crystal is com-
posed of Fe3* and 02 ions. Thus, the same doxorubicin functions
implied in iron chelation could also favor the immobilization of the
drug molecule directly on the iron oxide surface. However, prelimi-
nary experiments showed no significant adsorption of doxorubicin,
neither on the native nor on the citrate-treated SPION. We suppose

Fig. 4. Schematic diagram of DOX-Fe?* binding to the SPION surface (pH 6-8) and of subsequent drug release.
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that the interaction of DOX with iron on the nanoparticle surface is
hindered by a layer of water and hydroxyl species.

To overcome this problem, we propose a novel method that con-
sists in binding the drug to the particle surface using a pre-formed
DOX-FeZ* complex. In this case, the Fe2* ion plays the role of an
intermediate between DOX and particle (Fig. 4). As explained in
the introduction, we preferred the use of FeZ* over Fe3* to avoid
the undesirable oxidation of DOX.

From the very first experiments it was clear that incuba-
tion of SPION ferrofluids with pre-formed DOX-Fe2* complex (pH
7.6, described in Section 2) leads to efficient DOX retention on
the nanoparticles as revealed by a significant decrease of dox-
orubicin absorbance in the supernatant after SPION removal by
centrifugation. For the DOX-loaded ferrofluids, the DLS analysis was
perturbed because of the visible light absorption/emission of the
drug. As expected, the DOX-SPION aspect in TEM was not different
from that of citrated SPION.

To quantify the amount of DOX immobilized on the SPION
(hereafter referred to as DOX loading, defined in Section 2), we
measured the absorbance of the drug quantitatively released from
the SPION in the buffer pH 4.0. The acidic aqueous environment
induces instantaneous and complete desorption of the drug from
the surface of the loaded SPION because the phenol protonation
results in dissociation of the DOX-iron complex (Fig. 2c).

To optimise the protocols of drug binding on the ferrofluids,
we studied DOX loading as a function of the amount of DOX ini-
tially used during incubation (Fig. 5a). For initial drug/SPION (w/w)
ratios comprised between 0.16 and 0.95, the extent of DOX load-
ing is rather high: from 5.440.7 to 14.6+0.5% (w/w). Thus, the
novel method proposed in this work is particularly efficient. As
far as we know, the drug loading of 14% exceeds the maximal
loading values reported in literature up today (12%, Rudge et al.,
2000).
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Fig. 5. Binding of DOX-Fe2* complex to citrate-stabilized SPION: (a) DOX loading

vs. initial drug/SPION weight ratio; (b) release of doxorubicin in vitro (Tris buffer pH
7.4) from drug-loaded SPION ferrofluids.

Furthermore, the shape of the curve in Fig. 5a suggests that the
saturation was not attained yet. However, beyond a mass ratio of 1,
any further increase in the amount of drug bound has to be paid by
an unacceptable quantity of drug wasted. From this point of view,
in the further studies of DOX release and activity we chose the pro-
tocol with a DOX/SPION (w/w) ratio of 0.31 upon incubation and
providing nearly 9.7% (w/w) of DOX loaded (Fig. 5a).

3.3. Invitro DOX release from DOX-SPION ferrofluids

The in vitro release of DOX from loaded SPION ferrofluids was
studied in Tris buffer pH 7.4 (pH of blood plasma) at 37 °C. At these
conditions, the DOX-Fe?* complex is favored by pH (Fig. 2¢c) and the
drug is supposed to be gradually released from the SPION surface
by a mechanism of hydrolysis (Fig. 5b).

As described in Section 2, each batch of DOX-SPION ferroflu-
ids was divided in small aliquots to be analysed after different
release times. After centrifugation, the concentration of DOX in
the supernatant of each aliquot was calculated from the fluores-
cence emission intensity at 556 nm. The drug concentrations in
these aliquots were too low (absorbance below 0.05) to be deter-
mined quantitatively by UV-vis spectroscopy. Nevertheless, the
absorption spectra permitted to monitor qualitatively the spectra
of released DOX.

The absorption spectra of the release medium correspond to
that of free DOX (data not shown). Thus, the drug released at pH
7.4 is free and not in the form of a DOX-iron complex. At the
same time, there seems to be no significant release of free iron
from the nanoparticles, since otherwise it would also be detected
through the characteristic UV-vis spectra of the DOX-iron complex.
It appears that the chelate is bound to the SPION surface because of
irreversible iron binding to the particle. This finding is consistent
with results of Pang et al. who demonstrated that at neutral pH,
there was a high affinity of iron to the SPION surface and no soluble
iron was detected in ferrofluids (Pang et al., 2007). From a pharma-
ceutical point of view, this means that the cytotoxic activity of the
DOX-SPION ferrofluids described below should not be assigned to
released DOX-FeZ* molecular complex or free iron. From an ana-
lytical point of view, this means that we can use fluorescence to
quantify the drug released. The fact that the characteristic DOX flu-
orescence is observed in the release medium pH 7.4 indicates that
the anthracycline chromophore is intact.

According to clinical experiences of Liibbe et al., a realistic
duration of the treatment assisted with magnetic field should be
comprised between 60 and 120 min (Liibbe et al., 1996Db).

The release kinetics obtained in our study (Fig. 5b) demonstrates
that the DOX-SPION binding is easily reversed at physiological
pH. According to the fluorescence measurements, at pH 7.4, the
DOX-SPION aqueous ferrofluids released 85 +9.1% of loaded DOX
in 1h and then the release curve attained a plateau. For compari-
son, the kinetics we observe with our DOX-SPION system are close
to the results reported by Liibbe et al.; for epirubicin adsorbed onto
polymer-coated iron oxide nanoparticles the desorption half-life
was about 30 min, depending on physiological environment (pH,
osmolarity, and temperature; Liibbe et al., 1996a). In our study, the
DOX fraction of at least 6% not accounted for during the release
experiments has been confirmed repeatedly. We believe that it may
be in part explained by fluorescence quenching, namely due to phe-
nomena like stacking of DOX molecules, that could appear on the
SPION surface and persist after release.

With DOX-SPION system, the drug release is also pH-
dependent: it accelerates with pH lowering and becomes almost
instantaneous at pH 4.0. Such pH-dependence could be advan-
tageous, since the relatively low pH in tumors will specifically
stimulate the DOX release in the target site. Indeed, it is well
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documented that the extracellular pH of tumors is more acidic
(pH 5.7) than the blood and normal tissue pH 7.4 (Engin et al.,
1995). In addition, if DOX-SPION are taken up by cells, the pH
drops to pH 5.5-6.0 in endosomes and approaches pH 4.5-5.0 in
lysosomes (Mellman et al., 1986). Therefore, DOX-SPION associates
responsive to pH should selectively release their payload in tumor
tissue or within cancer cells.

3.4. Invitro biological evaluation of DOX-SPION ferrofluids

We compared the biological activity of DOX solutions with that
of DOX-SPION ferrofluids carrying the same amount of the drug
by measuring their cytotoxicity on MCF-7 cancer cells. The related
cytotoxicity profiles (cell viability after a 24 h treatment versus drug
concentration) are shown in Fig. 6. At higher drug concentrations,
both DOX and DOX-SPION have similar activity, while at lower
drug concentrations, DOX-SPION kill more cancer cells. Therefore,
within the DOX-SPION ferrofluids the in vitro cytotoxicity of DOX
is not only preserved but even increased if compared at low-drug
concentration range.

The IC5q values were determined to be 1.2 and 0.7 uM with DOX
and DOX-SPION, respectively. It needs to be pointed out here that
neither drug-free SPION ferrofluids nor iron solution (adjusted for
the same iron concentration) produce any detectable cytotoxicity
on MCF-7 cells (data not shown). This was in agreement with lit-
erature (Miiller et al., 2007; Thorek and Tsourkas, 2008; Xu et al.,
2006). On the other hand, there was no increase in cytotoxicity
when the cells were treated with an extemporaneous mixture of
SPION ferrofluid with DOX solution (used at DOX concentration
below ICsp). Finally, the cytotoxic activity of DOX-Fe2* solution
was similar to that of DOX solution. These data indicate that the
potent cytotoxicity observed above should be assigned to DOX-
loaded SPION.

The increased cytotoxic activity of DOX-SPION could be due
to the fact that the drug is released on the cellular membrane or
maybe even delivered inside the cells by internalized nanoparti-
cles. There are literature data confirming internalization of SPION
by cells by optical microscopy (Schépf et al., 2005) and electron
microscopy (Wilhelmetal.,2003) both being used with rather high-
particle concentrations (0.5-1.5g/L). These concentrations were
not applicable to DOX-loaded SPION because of their strong cyto-
toxicity. To address the mechanisms of action of such magnetic
nanovectors, we are currently performing an extensive biological
evaluation that will be the scope of the following publications of
our group.

4. Conclusion

A new approach of binding and pH-sensitive release of DOX
to SPION surfaces using a pre-formed DOX-Fe2* complex is pro-
posed and evaluated. This approach allows the preparation of
DOX-loaded SPION ferrofluids carrying elevated amounts of drug.
The drug release is rapid at physiological pH and accelerates in
acidic medium (as found in tumor tissues and in cancer cells). The
released DOX is free of iron and exhibits a cytotoxic activity at least
as high as that of a drug solution. This fact, combined with the
increased local drug concentrations expected from magnetic drug
targeting, appears really promising for developing novel vectors for
magnetically targeted chemotherapy on the basis of DOX-SPION.
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