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bstract

A reproducible method for the preparation of mixed colloidal nanoparticles, consisting of a magnetic carbonyl iron nucleus and a biocompatible
thylcellulose latex shell, is described in this article. The heterogeneous structure of the particles can confer them both the possibility of being
sed as drug delivery systems and the responsiveness to external magnetic fields, allowing a selective guidance of drug molecules to specific
arget tissues without a concurrent increase in its level in healthy tissues. The preparation method is based on an emulsion solvent evaporation
rocess. A complete physicochemical characterization of the composite particles was carried out, and this preliminary investigation showed that
he surface behavior of the core/shell particles is similar to that of bare ethylcellulose particles. This was confirmed, in particular, by zeta potential
eterminations as a function of pH and ionic strength. This fact points to the ethylcellulose shell efficiently coating carbonyl iron, and leading
o composite particles which, from the electrokinetic point of view, are almost indistinguishable from latex. The thermodynamic analysis agrees
ith the electrokinetic one in suggesting that the coverage has been complete, since the components of the surface free energy of mixed particles
oincide almost exactly with those corresponding to the cellulose-based pseudolatex. Moreover, the hydrophilic nature of carbonyl iron is modified
nd the particles become hydrophobic, just like the latex, when they are covered by ethylcellulose. The magnetic behaviors of the carbonyl iron
nd composite particles were also checked, and the similarities between both types of particles were demonstrated, except that the polymeric shell
educes the magnetization of the sample.

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

Because of their peculiar physical properties (biocompati-
ility, controllable shape and sizes, responsiveness to external
agnetic fields, etc.), an increasing number of formulations

f magnetic composite particles have been developed for
pecial medical techniques, particularly, drug delivery and tar-
eting. We are dealing with systems usually having one of
he following structures: either a magnetic core coated with

biocompatible polymer, or magnetic nuclei embedded on
he polymeric surface or precipitated inside the polymeric

ores (Pankhurst et al., 2003; Ren et al., 2005). The magnetic
ore is typically made of magnetite, maghemite or carbonyl
ron; and the polymeric shell has a widely diverse nature,

∗ Corresponding author. Tel.: +34 958 24 39 00; fax: +34 958 24 89 58.
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ncluding poly(alkylcyanoacrylate), poly(lactide), poly(lactide-
o-glycolide) and poly(�-caprolactone) (Arias et al., 2001;
ankhurst et al., 2003; Flesch et al., 2004; Flesch et al., 2005;
kassa et al., 2005; Ren et al., 2005; Arias et al., 2006).
Their use as drug carrier systems ensures a preferential loca-

ion of the major drug fraction in the target tissue (limiting
ystemic distribution and avoiding normal tissue clearance), and
rug action at the cellular or subcellular level, without adverse
ffects to normal cells (Häfeli, 2004; Arias et al., 2005; Gupta
nd Gupta, 2005).

For drug delivery applications, magnetic carriers must be
ater-based, biocompatible, non-toxic and non-immunogenic;

n addition, the external applied field must be strong enough
nd focussed to retain the particles in the vasculature flow field

Tartaj et al., 2003; Häfeli, 2004). Nevertheless, one of the most
mportant features in the design of core/shell particles is their
nal size. This property not only affects other physical char-
cteristics, such as their magnetic moment (and hence their

mailto:jlarias@ugr.es
dx.doi.org/10.1016/j.ijpharm.2007.02.028
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esponse to applied magnetic fields), but also the biological fate
f the particles once they are injected to the patient. Very small
<10 nm) carriers will be rapidly removed after their extensive
xtravasation and renal clearance, whereas particles with diam-
ters >200 nm will be mechanically filtrated by the spleen and
emoved by the cells of the reticuloendothelial system. More-
ver, carrier fractions over 5 �m will induce capillary blockade
Gupta and Gupta, 2005). However, if the particles are retained
y the external magnetic field in the target tissue capillaries, drug
iffusion from the capillary wall into the organ (step limited by
he molecular weight of the drug) will induce the therapeutic
ction (Maeda et al., 2003). If, in addition, this action requires
xtravasation, sizes between 0.5 and 5 �m may already be suit-
ble for that process, as has been observed even after magnetic
eld removal (Goodwin et al., 1999; Gupta and Gupta, 2005).

The magnetic drug delivery system described in this work
s composed of a magnetic nucleus (carbonyl iron) and a bio-
ompatible polymeric shell (ethylcellulose), in order to take
dvantage of the properties of its two components. Carbonyl iron
Fe0) was chosen because of its high initial susceptibility and
aturation. In addition, its toxicity is quite low (LD50: 50 g/kg)
Huebers et al., 1986; Devathali et al., 1991; Chua-anusorn et
l., 1999; Whittaker et al., 2002). Concerning the biodegrad-
bility of the iron nuclei used in this work (average diameter
f 570 ± 160 nm, see below), most particles will be eliminated
ainly by renal filtration (Okon et al., 1994).
Ethylcellulose was chosen as the biocompatible polymeric

hell on the magnetic particles, responsible for the drug trans-
ort and release. This is a hydrophobic polymer, widely used in
harmaceutical technology, chemically stable under storage and
haracterized by its lack of toxicity for patients. Ethylcellulose
an be used either as a modified drug release dosage form for
ral administration or as a chemoembolization agent after ster-
lization, due to the prevention of the rapid revascularization of
he embolized area (Dubernet et al., 1990; Zinutti et al., 1996;
rattard et al., 2002; DeMerlis et al., 2005). In cancer treatment,

s a result of its great tolerability and low toxicity, this cellulose-
ased latex has been applied to diverse tumor lesions proving
n enhanced and sustained effect, prolonging the patients sur-
ival (Kato et al., 1996; Zinutti et al., 1996). A wide variety of
ctive agents have been proposed to be delivered by this carrier,
articularly 5-fluorouracil, propranolol, loratadine, ketoprofen
r morphine, among others (Zinutti et al., 1996; Yamada et al.,
001; Wu et al., 2003; Morales et al., 2004; Ubrich et al., 2004;
artinac et al., 2005).
Taking into account that the inclusion of magnetic particles

n polymeric substrates does not affect the toxicity of the lat-
er and that clinical phase I trials have clearly shown the low
oxicity of these selective drug delivery systems (Ibrahim et al.,
983; Lübbe et al., 1996a,b), it is interesting to investigate the
pplications of carbonyl iron/ethylcellulose composites in phar-
aceutical technology. In this article, a reproducible technique

or the preparation of core/shell particles, consisting of an iron

ucleus and a latex shell, is described. The coating efficiency will
e analyzed by means of electron microscopy (TEM, HRTEM,
EM), infrared absorption spectra, and electrical, thermody-
amic and chemical surface properties of the mixed particles,

n
s
b
p
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s compared to those of the pure magnetic core and latex
olloids.

. Materials and methods

.1. Materials

All chemicals used were of analytical quality from Panreac,
pain, except for ethylcellulose polymer (9004-57-3; supplied
y ICN Biomedical Inc., USA), carbonyl iron (BASF, Germany),
ormamide (Aldrich, USA), and KOH and acetone (Merck, Ger-
any). Water used in the experiments was of deionized and
ltered with a Milli-Q Academic System (Millipore, France).

.2. Methods

.2.1. Preparation of carbonyl iron, ethylcellulose and
arbonyl iron/ethylcellulose (core/shell) nanoparticles

The selection method used to obtain carbonyl iron nanopar-
icles with a diameter below 1 �m and narrow size distribution
onsisted of a gravitational separation (Arias et al., 2006). This
ethod involves the sonication of 0.3% (w/v) Fe0 aqueous

uspensions during 5 min. After settling under gravity during
0 min, the upper 10 mm of supernatant were taken. For these
eparations, 1 L flasks with an internal diameter of about 90 mm
ere used. The conductivity of the supernatant was ∼1 �S/cm,

nd no other solids but carbonyl iron were in suspension. The
articles were then dried at 60 ◦C in a vacuum oven and stored
ntil their use.

The method followed for the preparation of colloidal ethyl-
ellulose latex is the procedure developed by Vanderhoff et al.
1979), with slight modifications. Briefly, 4.68 g of ethylcellu-
ose were dissolved in a mixture of organic solvents (22.57 g
enzene and 4 g ethanol; this mixture has been demonstrated to
e a good solvent for ethylcellulose). After 24 h at room temper-
ture, 0.31 g of n-decane was added to the polymeric phase, and
t acted as a stabilizer of the emulsion prepared by adding this
rganic solution to 94 g of a 10−3N HNO3 aqueous solution,
ontaining 0.125% (w/v) sodium dodecyl sulphate and 0.375%
w/v) polyethylene glycol 4000. Before mixing, both phases
ere heated at 67.0 ± 0.5 ◦C, and the incorporation of the aque-
us phase to the polymeric one was carried out under mechanical
tirring at 8000 rpm, during 5 min. Finally, the organic solvent
as evaporated at room temperature and under mechanical stir-

ing at 2000 rpm, during 24 h, in order to eliminate the toxicity
f the systems and to increase their solid content. A whitish
uspension was obtained, which was then subjected to a clean-
ng procedure that included repeated cycles of centrifugation
20,000 rpm, Centrikon T-124 high-speed centrifuge, Kontron,
rance) and redispersion in Milli-Q water. In order to ensure

hat the suspension was sufficiently clean, the conductivity of
he supernatant was measured.

Finally, the procedure followed to obtain the core/shell

anoparticles was very similar to the one described for the latex
pheres, except that the aqueous phase was a 0.266% (w/v) car-
onyl iron suspension in 10−3N HNO3 solution. This initial
olymer/magnetic nuclei weight ratio has been shown to pro-
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uce an adequate polymer shell on the magnetic nuclei (Arias
t al., 2001, 2006). Cleaning was achieved by repeated mag-
etic separation and redispersion in Milli-Q water, until the
upernatant was transparent and its conductivity indicated that
he suspensions were clean of both unreacted chemicals and
on-magnetic latex particles. The final solids concentration was
ypically around 5.6% (w/v).

The drug incorporation into the composite core/shell parti-
les can be carried out either by dissolving it in the aqueous
hase containing the magnetic particles, and then adding the
rganic phase as described, or by dissolving it directly in the
atter. The choice of one procedure or the other will depend
n the solubility properties of the drug, and its physicochemi-
al compatibility with the polymer and the inorganic particles.
n addition, a third approach would involve a surface loading
n previously synthesized particles, by contacting them with a
olution of the drug.

.2.2. Characterization methods
The determination of the size and shape of the three types of

ynthesized particles, was achieved through analysis of TEM,
ark-field HRTEM and SEM pictures, obtained using Zeiss
M 902 (Germany) transmission, STEM PHILIPS CM20 (The
etherlands) high resolution transmission and Zeiss DSM 950

Germany) scanning electron microscopes, respectively. A pre-
iminary inspection of the coating efficiency was carried out
y these techniques. Prior to observation, dilute suspensions
approximately 0.1% (w/v)] were sonicated for 5 min, and drops
f the suspension were placed on copper grids with formvar film.
he grids were then dried at 35 ◦C in a convection oven.

The values of specific surface area of the three kinds of solids
ere obtained by multipoint B.E.T. nitrogen adsorption, in a
uantasorb Jr. of Quantachrome (USA). The experiments were

epeated at least three times on independent samples, in all cases.
The characterization of the chemistry of the three types of

articles (carbonyl iron, latex and core/shell) was carried out by
eans of Fourier transform infrared spectrometry data (Nico-

et 20 SXB infrared spectrometer, USA) with a resolution of
cm−1.

The surface electrical properties of suspensions of the three
inds of particles studied [0.1% (w/v)], were analyzed by
lectrophoresis measurements as a function of both pH and
aNO3 concentration, using a Malvern Zetasizer 2000 (Eng-

and) electrophoresis device. Measurements were performed at
5.0 ± 0.5 ◦C, after 24 h of contact at this temperature. The
xperimental uncertainty of the measurements was below 5%.

Finally, a surface thermodynamic analysis of the three kinds
f particles was also carried out, using the model developed by
an Oss et al., according to which the total surface free energy
f any material i is the sum of two contributions (van Oss, 1994;
urán et al., 1996):

TOT = γLW + γAB = γLW + 2
√

γ+γ− (1)
i i i i i i

ne of which, γLW
i , is the non-polar Lifshitz-van der Waals

omponent, and the second one, γAB
i or acid–base compo-

ent, is related to the electron-donor (γ−
i ) and electron-acceptor

n
t
t
l
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γ+
i ) characteristics of the material. Similarly, the interfacial

olid/liquid free energy, γTOT
SL , and its LW and AB components

γLW
SL , γAB

SL , respectively) are related to the surface free energies
f both the solid (subscripts S) and the liquid (subscripts L):

TOT
SL = γLW

SL + γAB
SL = γLW

SL + 2
√

γ+
S γ−

S + 2
√

γ−
S γ+

S

− 2
√

γ+
S γ−

L − 2
√

γ+
S γ−

L (2)

These quantities can be related to the contact angle θ between
he liquid and the solid, using the Young’s equation (Adamson,
990):

1 + cosθ)γTOT
L = 2

√
γLW

S γLW
L + 2

√
γ+

S γ−
L + 2

√
γ−

S γ+
L

(3)

he three unknowns (γLW
L , γ+

L and γ−
L ) can be obtained by solv-

ng the resulting system of three equations if the contact angles
f three liquids of known γLW

L , γ+
L and γ−

L , are measured. In
ur case, we used water (γLW

L = 21.8, γ+
L = γ−

L = 25.5 mJ/m2),
ormamide (γLW

L = 39.0, γ+
L = 2.28, γ−

L = 39.6 mJ/m2) and �-
romonaftalene (γLW

L = 43.6, γ+
L = γ−

L = 0 mJ/m2), all data
aving been taken from van Oss (1994). The contact angles
f the three liquids were determined at 25.0 ± 0.5 ◦C, using
Ramé-Hart 100-00 goniometer (USA), on pellets (radius:

.3 cm) obtained by compressing the dry powders in a Spepac
ydraulic press set to 10 t during 5 min.

The magnetic properties of Fe0 and core/shell particles (first
agnetization curve and hysteresis cycle) were determined with
Manics DSM-8 vibrating magnetometer, at room temperature.
he field-responsive behavior of the composite particles under

he influence of an external magnetic field, was analyzed by
ptical microscope visualization of a 0.5% (w/v) aqueous sus-
ension under exposure to a 0.2 T permanent magnet, using a
ikon SMZ800 (Japan) stereoscopic zoom microscope.

. Results and discussion

.1. Particle geometry

Fig. 1a shows TEM pictures of the carbonyl iron particles
btained using the gravitational separation method. No particles
ith a diameter larger than 1 �m were found. Size measurements
ere performed on 100 particles, and a log-normal distribution
as fitted to the data: as a result, the average diameter (±standard
eviation) was estimated to be: 570 ± 160 nm. As observed in
ig. 1a, the particles are almost spherical. Similar observations
f the composite particles (Fig. 1b) did not allow to identify
learly enough the polymer shell around the magnetic nuclei.
n the contrary, dark-field HRTEM microphotographs of the
ixed particles (Fig. 1c) made it possible to show that the car-

onyl iron nuclei are covered by a polymeric shell ∼20 nm thick.
ollowing the same methodology described above for the bare

uclei, we found that the average diameter (±standard devia-
ion) of the core/shell nanoparticles was 620 ± 140 nm. In order
o confirm that the whitish shell ring corresponds to ethylcel-
ulose latex, dark-field HRTEM pictures of this cellulose-based
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ig. 1. Transmission electron microscope photographs of carbonyl iron (a) and co
hotographs of composite particles (c) and ethylcellulose latex (d). Bar lengths

olymer were also obtained. As can be seen (Fig. 1d), ethyl-
ellulose particles appear as moderately polydisperse whitish
pheres (350 ± 280 nm), thus confirming that the layer observed
n the composite particles (Fig. 1c), corresponds to a latex
hell.

Finally, SEM microphotographs were also obtained in order
o investigate the surface texture of the three kinds of synthe-
ized particles, with the aim of confirming the efficiency of the
overage. As can be seen in Fig. 2, the morphology and surface
f the mixed nanoparticles (Fig. 2a) is identical to that of the pure
olymer (Fig. 2b). This points out to a very efficient coating of
he crystalline carbonyl iron by the polymeric shell.

.2. Specific surface area

The reduction in the surface area of the iron nuclei
1.72 ± 0.23 m2/g), when covered by the ethylcellulose latex,
onstitutes another proof of the coating efficiency. In
act, the specific surface areas of the ethylcellulose latex
0.79 ± 0.17 m2/g) and core/shell (0.86 ± 0.08 m2/g) particles
s explained by the polymer layer hiding the iron nucleus, given
hat all the particles have similar sizes.

.3. Chemical composition of the particles
The most significant transmittance bands of the infrared spec-
ra of the three types of particles (Fig. 3) have been identified by
omparison with data by Silverstein and Webster (1998). It can

c
P
b
f

ell particles (b), and dark-field high resolution transmission electron microscope
m.

e observed that all the polymer bands are present in the mixed
articles spectrum, a clear indication that the shell observed in
igs. 1b and c and 2a, corresponds indeed to an ethylcellulose
oating. The small relative amount of latex in the composite
ample is responsible for the reduction in the band intensity
f the core/shell spectrum. The bands at 3489 and 1632 cm−1

orrespond to the moisture content of the samples. The main
roups identified are: (A) C–H stretching (2981 and 2808 cm−1);
B) C–H bending (1485 and 1279 cm−1); (C) C–O–C stretching
1109 and 1057 cm−1); (D) medium band characteristic of alka-
es (918 and 881 cm−1); and finally, band E (579 cm−1) indicate
hat the band C belongs to an ether group.

.4. Electrokinetic characterization

The conversion of the experimental electrophoretic mobil-
ty into zeta potential values was achieved using the theory of
’Brien and White (1978). The electrokinetic study was first

ocussed on the pH effect on the zeta potential, ζ, for the three
inds of particles in the presence of 10−3 M NaNO3 (Fig. 4a).
ote that carbonyl iron particles show a well-defined isoelectric
oint (pHiep or pH of zero potential) close to pH 5. The surface
harge of these metal particles is originated at the metal/solution
nterface by the amphoteric thin oxide layer, whose formation

annot be avoided in oxidizing environments (Kallay et al., 1991;
laza et al., 2002). Considering this value of the pHiep, it can
e expected that the iron particles will display a positive sur-
ace charge at the pH of the aqueous phase used in the synthesis
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Fig. 2. Scanning electron microscope pictures of mixed particles (a) and ethyl-
cellulose latex (b).

Fig. 3. Infrared spectra of carbonyl iron, ethylcellulose latex and mixed particles.

Fig. 4. Zeta potential of carbonyl iron, ethylcellulose and composite particles
a
t
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c
z
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w
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a
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s a function of pH in the presence of 10−3 M NaNO3 (a), and as a function of
he NaNO3 concentration at pH 5.5 (b).

f core/shell particles (pH ≈ 3) (Matijević, 2002; Flesch et al.,
005).

However, ethylcellulose particles have a negative surface
harge for the whole pH range studied and only at pH < 3, the
eta potential can approach a zero value. This behavior can be
xplained if we take into account the charge generation mecha-
ism at the polymer/solution interface and the results obtained
ith Aquacoat®, a latex similar to ethylcellulose (Gallardo et

l., 1993; Vera et al., 1994, 1996). The generation of the neg-
tive surface charge is due to strong groups corresponding to
issociated end molecules of the sodium dodecyl sulfate used in
he synthesis, that remain adsorbed on the particle surface even
fter the cleaning procedure. In addition, weak acid groups, pre-
umably carboxylic, must be responsible for the pH-dependence
f the surface charge (Gallardo et al., 2005).

This electrokinetic technique is a very useful tool for qual-
tatively checking the coating efficiency, due to the large
ifferences between nuclei and polymer particle mobilities and
eta potentials. In fact, Fig. 4a clearly shows that the ζ–pH
rends of mixed particles are dominated to a large extent by
he latex shell. This must be a consequence of a suitable poly-
eric coating of Fe0, leading to composite particles which,
rom an electrokinetic point of view, are qualitatively similar to
thylcellulose.



2 al of Pharmaceutics 339 (2007) 237–245

a
s
e
f
a
t
b
t
w
t
f
c
o
s
t
i
c
a
o
o
i
t
2
i
t
A
i
a
o
r
e
c

t
i
w
n
t
t
p

3

t
e
l
e
t
i
A
f
i
t
p
t

Table 1
Contact angle θ (degrees) of the probe liquids indicated on carbonyl iron, ethyl-
cellulose and carbonyl iron/ethylcellulose (core/shell) particles

Solid Liquid

Water Formamide �-Bromonaftalene

Carbonyl iron 27.9 ± 1.1 21.5 ± 0.7 16.7 ± 0.5
Ethylcellulose 65.3 ± 0.7 62.9 ± 0.8 30.1 ± 3.1
Ethylcellulose/Fe0 64.1 ± 1.3 60.3 ± 1.5 29.4 ± 1.2

Table 2
Surface free energy components of carbonyl iron, ethylcellulose and carbonyl
iron/ethylcellulose (core/shell) particles

γLW
S γ+

S γ−
S

Carbonyl iron 41.8 ± 0.1 0.75 ± 0.01 45.4 ± 0.8
Ethylcellulose 37.9 ± 1.1 0.41 ± 0.05 26.7 ± 0.4
Ethylcellulose/Fe0 38.2 ± 0.4 0.22 ± 0.05 26.1 ± 0.6

γ

(

s
γ

a
t
t
s
γ

t

t
m
(
p
m
1
a

�

If this quantity is found to be negative, interfacial interac-
tions will favor attraction of the particles to each other, and
they are hence considered hydrophobic. On the opposite case,
42 J.L. Arias et al. / International Journ

We also measured ζ as a function of NaNO3 concentration
t a constant pH 5.5, in order to confirm these results. This is
hown in Fig. 4b for the three kinds of particles. Note that the
ffect of NaNO3 concentration on each of the particles is dif-
erent, not only considering the average mobility values, but
lso the ζ–concentration trends. Fig. 4b shows that iron has
he lowest |ζ| values, ethylcellulose the largest ones, and, as
efore, the composite particles yield intermediate zeta poten-
ials, closer to those of the polymer than of the iron nuclei. This
as expected considering the zeta potentials at pH 5.5 for the

hree colloidal systems (Fig. 4a). Of a greater interest is the
act that |ζ| changes differently with the ionic strength: in the
ase of iron, a decrease in the absolute value of zeta potential is
bserved when NaNO3 is increased, a consequence of the clas-
ical double-layer compression mechanism, in virtue of which
he electric potential decreases faster with distance the larger the
ndifferent electrolyte concentration. However, the latex parti-
les (and, to a lesser extent, also the composite ones) display
quite different trend: |ζ| goes through a maximum, so that

nly at high enough NaNO3 concentration is the compression
bserved. Several explanations have been given to the initial
ncrease of |ζ| with concentration, but it seems to be clear that
his is a manifestation of stagnant-layer conductivity (Lyklema,
002). This means electrical conduction (but not liquid motion)
n the inner part of the double layer: ions flow tangentially to
he particle, without dragging liquid, when a field is applied.
s a consequence, the particle velocity is larger (the particle

s less breaked if the liquid flow against its motion is weaker)
nd leads to an apparently larger zeta potential. This effect is
bviously less important if the diffuse region is richer in counte-
ions (this will happen if the bulk concentration of ions is large
nough), and the classical behavior is recovered at high NaNO3
oncentrations.

Electrokinetics can also help in elucidating the mechanisms
hrough which the ethylcellulose layer is formed on the carbonyl
ron surface: it is clear that an attractive electrostatic interaction
ill exist between the positively charged Fe0 particles and the
egatively charged polymer, at the acidic conditions in which
he synthesis is performed (see Fig. 4a). Because of this attrac-
ion, the vicinity of the carbonyl iron surface will be enriched in
olymer species, negative at that pH range.

.5. Surface thermodynamics

The analysis of the surface free energy components of the
hree types of particles was used to check the nature of the
thylcellulose coating. The contact angle data of the three probe
iquids on particles pellets already suggest significant differ-
nces among the three types of nanoparticles (Table 1). But it is
he evaluation of the γS components, that provides a better phys-
cal characterization of their surface thermodynamics (Table 2).
s can be seen, whatever the component considered, its values

or the mixed particles are similar to those for the bare latex (γ+
S

s not suitable for the comparison, as it displays values close
o zero in the three cases). In addition, γLW

S for the composite
articles is almost the same as that of ethylcellulose, although
his component is the least affected (as it is usually the case,

F
h

LW
S is the Lifshitz-van der Waals component; γ+

S (γ−
S ) is the electron-acceptor

electron-donor) component. All values are in mJ/m2.

ee, e.g. Plaza et al., 1998; Arias et al., 2001, 2006). However,
−
S shows large values in carbonyl iron, that is thus essentially
monopolar, electron-donor material. Its value of γ−

S is larger
han that found for either the polymer or the core/shell. This
hermodynamic analysis agrees with the electrokinetic one in
uggesting that sufficient coverage has been achieved, since the
S components of mixed particles coincide almost exactly with

hose corresponding to ethylcellulose.
These surface free energy changes manifest themselves in

he hydrophobicity/hydrophilicity characteristics of the different
aterials. The evaluation of the free energy of interaction�GSLS

not considering the electrostatic component) between the solid
hases immersed in the liquid, can be used to check whether a
aterial can be considered hydrophobic or hydrophilic (van Oss,

994). This can be written, per unit area of interacting particles,
s follows:

GSLS = −2γTOT
SL (4)
ig. 5. �GSLS (solid–liquid interfacial energy of interaction) values and
ydrophobicity/hydrophilicity of the three types of particles.
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.6. Magnetic properties

We considered also of interest to analyze to what extent the
agnetic properties of the iron nuclei remain in the composites.
he hysteresis cycles of both the carbonyl iron nuclei and the
ixed particles reveal their soft magnetic behavior (Fig. 6), and

n fact the increasing and decreasing branches of the hysteresis
ycles are hardly distinguishable, considering the sensitivity of
ur magnetometer. As previously observed (Arias et al., 2005,
006; Ren et al., 2005), the magnetic behavior of composite
anoparticles is similar to that of the nuclei, except that the
olymeric shell reduces the magnetization of the sample. From
he linear portions (low field) of the curves in Fig. 6, we could
stimate the initial susceptibility, χi = 22.1 ± 0.2 for carbonyl
ron and χi = 9.1 ± 0.1 for core/shell particles. It is also signifi-
ant the reduction of saturation magnetization brought about by
he ethylcellulose layer: 1698 ± 5 kA/m for carbonyl iron (close
o published data obtained with 6 �m particles, see Phulé et al.,
999; Arias et al., 2006), and 703.3 ± 0.8 kA/m for composite
articles.

Finally, the response of composite particles to external mag-
etic fields was evaluated by optical microscopy inspection of
n aqueous suspension under exposure to a magnetic field. As
an be seen in Fig. 7, the initially homogeneous distribution
f particles is strongly modified, and formation of chainlike
ggregates parallel to the field lines is observed. This is due
o the fact that the magnetic interaction represents a signifi-
ant contribution over the DLVO colloidal interactions between
ore/shell particles (electrostatic van der Waals and hydra-
ion or acid–base), in spite of the presence of the polymer
hell.

. Conclusions

In this work, a reproducible method is described for coating
agnetic colloidal particles with a biocompatible ethylcellu-

ose shell. Although the existence of this shell is observable
nder the electron microscope, the efficiency of the coat-
ng is demonstrated by the comparison of the thermodynamic
nd electrophoretic surface analysis of the mixed particles
ith those of their components. The electrical surface prop-

rties of carbonyl iron are almost completely controlled by
he polymer coating and the surface thermodynamics analy-
es confirm this conclusion: the originally hydrophilic carbonyl
ron changes to hydrophobic when coated by ethylcellulose.
inally, despite the observed reduction in magnetic strength,

he core/shell particles constitute an ideal candidate to be
sed for drug delivery: their surface is comparable to that
f the pure polymer, but they have the property of being
agnetizable.

cknowledgements
Financial supports from CICYT, Spain, under Project
AT2005-07746-CO2-02, from Junta de Andalucı́a, Spain,

nder Project FQM 410, and from FEDER Funds are gratefully
cknowledged.



2 al of

R

A

A

A

A

C

D

D

D

D

F

F

G

G

G

G

G

H

H

I

K

K

L

L

L

M

M

M

M

O

O

O

P

P

P

P

R

S

T

U

v

V

V

44 J.L. Arias et al. / International Journ

eferences

damson, A.W., 1990. Physical Chemistry of Surfaces, fifth ed. John Wiley &
Sons, New York.
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