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Abstract

This work describes a method for preparation of sub-micron poly(D,L-lactide-co-glycolide) (PLGA) particles loaded with magnetite/
maghemite nanoparticles to be used as magnetically-controlled drug delivery systems. The methodology of simple emulsion/evaporation
technique has been optimized to provide greater iron oxide loading rates. The surface of iron oxide nanoparticles was coated with oleic
acid (OA) for better compatibility with organic phase containing the polymer. To increase their loading into polymeric sub-micron par-
ticles, we added dried iron oxide nanoparticles in variable ferrite/polymer ratio of 1:1; 1:1.5 and 1:2 w/w. Composition and surface prop-
erties of obtained composite sub-micron particles have been studied in comparison with those of ferrite-free PLGA sub-micron particles.
Presence of magnetite/maghemite was qualitatively confirmed by characteristic bands in the FT-IR spectra of composite sub-micron par-
ticles. Quantification of the incorporated iron was achieved by AAS. The highest incorporation rates of ferrite (up to 13.5% w/w) were
observed with initial ferrite/polymer ratio of 1:1 w/w. TEM images indicate that the composite sub-micron particles are nearly spherical.
According to laser granulometry data, average hydrodynamic diameter of the composite sub-micron particles is close to 280 nm,
independently of ferrite presence. Electrophoretic properties (zeta potential) were very similar for both composite and ferrite-free PLGA
sub-micron particles, thus indicating that the polymeric coating should mask the surface of ferrite nanoparticles buried inside. Finally,
composite sub-micron particles exhibit superparamagnetic property.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Magnetic polymeric sub-micron particles offer promis-
ing drug delivery applications. An external localized mag-
netic field gradient may be applied to a chosen site to
retain drug-loaded magnetic polymeric sub-micron parti-
cles from blood circulation [1]. If the magnetic polymeric
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sub-micron particles are designed appropriately, they could
be used to increase antitumor efficacy and to reduce sys-
temic side-effects of anticancer drugs.

To make such magnetic polymeric drug delivery sys-
tems, both drug and magnetic nanoparticles should be
incorporated in sub-micron particles of biodegradable/bio-
compatible polymers. Magnetic nanoparticles widely
described in the literature to be useful for this purpose
are nanocrystals of magnetite [2,3]. Recently we have
shown that magnetite nucleus is covered with a thin layer
of maghemite [4]. Suitable biodegradable polymers, such
as poly(e-caprolactone), polylactide or poly(lactide-co-
glycolide), are usually chosen to prepare non-magnetic
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drug-loaded sub-micron particles. These polyesters have
biocompatible and biodegradable properties and are
approved by FDA for human therapeutic use. In such drug
delivery system, the release mechanism of drug molecules
includes diffusion plus biodegradation. The degradation
rate of the polymer could be modulated by different factors
such as the chemical composition, the molecular weight or
the water permeability [5].

Several processes have been developed to prepare mag-
netic polymeric sub-micron particles including emulsion
polymerization [6], double emulsion (w/o/w) evaporation
[7], inverse microemulsion polymerization [8], miniemul-
sion polymerization [9] and emulsification–diffusion
method [10]. The main challenge is that the conditions
must be such that all the magnetite nanoparticles are trans-
ferred uniformly into the resulting composite sub-micron
particles. It often carries the risk of incomplete and non-
uniform encapsulation in which the magnetite content
should not be large enough for quick magnetic separation.

The main goal of this study was to incorporate a
significant amount of magnetite nanoparticles into PLGA
sub-micron particulate matrix in order to obtain sufficient
magnetic property to the carrier system for effective target-
ing. The above approach is further limited by the amount
of pure magnetite nanoparticles that can be incorporated
into other sustained-release polymeric drug carrier systems
(such as micro- or nanoparticles) formulated from polylac-
tides (PLA) or poly(lactide-co-glycolide) (PLGA) [11]. This
was mainly due to the hydrophilic nature of the magnetite
nanoparticles which causes low incorporation in the hydro-
phobic polymer matrix. To avoid this problem, we have
firstly synthesized oleic acid-coated magnetite (OA-coated
magnetite) nanoparticles with increased lipophilicity and
stability [12]. Then, these OA-coated magnetite nanoparti-
cles were dispersed into an organic phase containing the
polymer (PLGA) and the resulting dispersion was emulsi-
fied into an aqueous phase containing polyvinyl alcohol
(PVA) as emulsifier, according to the emulsion/evapora-
tion technique. In the present study, we investigate the
effect of weight ratio of OA-coated magnetite nanoparticles
to PLGA on the magnetite entrapment efficiency and other
important characteristics of the composite sub-micron par-
ticles, including overall composition, morphology, size dis-
tribution, zeta potential and magnetic character.

2. Materials and methods

2.1. Materials

Biodegradable PLGA (50:50 lactide:glycolide, Mw
40,000–75,000) was provided by Sigma–Aldrich (St-Quen-
tin Fallavier, France).

Iron (II) chloride anhydrous (FeCl2), iron (III) chloride
anhydrous (FeCl3), oleic acid (density: 0.89, Mw: 282),
methylene chloride and polyvinyl alcohol 4–88 (Mw:
31,000) were purchased from Sigma–Aldrich (St-Quentin
Fallavier, France) and used as received. All aqueous solu-
tions were prepared with deionized water filtered through
a 0.45 lm pore size filter (Interchim, France).

2.2. Synthesis of OA-coated magnetite nanoparticles

The synthesis of surfactant-stabilized magnetite nano-
particles was previously described with some modifications
[2]. We have checked the particular conditions (salt concen-
trations, pH) needed to obtain magnetite coated by oleic
acid. The procedure consists of the following steps:

(a) Mixing Fe+2 and Fe+3 solutions: 0.42 g FeCl2 and
1.09 g FeCl3 (Fe3+/Fe2+ = 2.59) were dissolved in
10 ml of 1N HCl by mechanical stirring.

(b) Co-precipitation step: this acid solution was added
dropwise to an aqueous solution (90 ml) of 1N
KOH under N2 atmosphere leading to a black
precipitate.

(c) Washing with deionized water: the precipitate was
isolated by decantation and washed several times
with deionized water until the pH of the medium
was around 9.

(d) Oleic acid adsorption: after the washing step, 20 ml of
oleic acid was added to the alkaline medium contain-
ing magnetite nanoparticles under vigorous stirring
for 1 h at room temperature.

(e) Washing with organic solvent: finally, the oleic acid-
treated magnetite nanoparticles were washed 3 times
with 30 ml acetone and redispersed in methylene
chloride.

(f) Drying step: the wet precipitate was dried in an oven
at 40 �C during 48–72 h before used.

2.3. Preparation of composite sub-micron particles

The procedure followed to prepare composite sub-mi-
cron particles from OA-coated magnetite nanoparticles
and PLGA was the conventional simple emulsion/evapora-
tion technique. Briefly, 100 mg of dried OA-coated magne-
tite nanoparticles was mixed with an organic solution of
the polymer (100–200 mg of PLGA in 2 ml methylene chlo-
ride) by vortexing. This organic solution was then emulsi-
fied by sonication in 4 ml of an aqueous PVA solution
(3% w/v) for 30 s (15 W). The resulting simple emulsion
was diluted in 50 ml aqueous PVA solution (0.3% w/v)
under mechanical stirring and the solvent was rapidly elim-
inated by evaporation under reduced pressure.

2.4. Purification of composite sub-micron particles

After solvent removal, the composite sub-micron parti-
cles were collected by centrifugation at 15,000g for
30 min at 4 �C. The particles were washed with deionized
water and redispersed in 4 ml of aqueous solution of
0.05 M HNO3 . To remove unloaded magnetite nanoparti-
cles, the suspension was neutralized in Tris buffer pH 7.4
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and the resulting aggregates were eliminated by mild centri-
fugation (1000g for 15 min at 4 �C). Then, the composite
sub-micron particles remaining in the supernatant were col-
lected by centrifugation at 20,000g for 1 h at 4 �C, washed
with deionized water and resuspended in 2 ml of aqueous
solution of trehalose as cryoprotectant (5% w/v). The
washed composite sub-micron particles were then stored
under frozen conditions (�20 �C) until they were freeze-
dried for 24 h (Lebold-Heraeus freeze-dryer, Heraeus,
France).

2.5. Physicochemical characterization of magnetite

nanoparticles and composite sub-micron particles

2.5.1. Transmission electron microscopy (TEM)

The morphology examination of various particle sam-
ples was performed using an electronic transmission micro-
scope at 88 kV (Jeol 1010, Jeol, Japan). The samples were
placed on a carbon-coated copper TEM grid, stained
with 3% (w/v) uranyl acetate for 1 min (for composite
sub-micron particles only) and then allowed to air-dry
before TEM viewing.

2.5.2. FT-IR spectrometry

Measurements were carried out on a Bruker Vector� 22
FT-IR spectrometer (Bruker, Germany). FT-IR spectra
were recorded before and after processing the coating of
magnetite nanoparticles by oleic acid and their incorpora-
tion in the PLGA polymer matrix. Dried samples were
mixed and pressed with KBr to obtain pellets for FT-IR
analysis.

2.5.3. Composite sub-micron particles size determination

The mean diameter and polydispersity index of the com-
posite sub-micron particles were determined by photon
correlation spectroscopy (PCS) using a Malvern Autosiz-
er� 4700 (Malvern Instruments, Malvern, UK) with photo-
detector perpendicular to the laser beam. The nanoparticle
samples were resuspended in distilled water by sonication
before measurement. Each measurement was done in
triplicate.

2.5.4. Surface charge

Magnetite-free PLGA and composite sub-micron parti-
cles were characterized with respect to zeta potential by
using a Malvern Zetasizer� 3000 (Malvern Instruments,
Malvern, UK). The freeze-dried composite nanoparticle
samples were suspended in an aqueous solution of NaCl
10�3 M (pH 6.5–6.8) and sonicated before measurement.
The obtained homogeneous suspensions were examined
to determine the zeta potential. Each measurement was
done in triplicate.

In addition, the surface charge properties of different
types of composite nanoparticles were analysed by electro-
phoresis measurement (zeta potential) as a function of pH
(ranging from 2 to 9) in the presence of 10�3 M NaCI using
the same device. Each measurement was done in triplicate.
2.5.5. Magnetite entrapment efficiency and magnetite

content determination

To determine the amount of magnetite incorporated in
the composite sub-micron particles, a weighed sample of
freeze-dried composite sub-micron particles was digested
by 5 ml of DMSO during 30 min. Then, 10 ml of HCl 6N
was added and the digestion was maintained up to 2 h
and the resultant solution was diluted with HCl 1%. The
iron concentration in this solution was determined by
atomic absorption spectrophotometry (AAS) measure-
ments at 248 nm (SpectrAA-10 plus, Varian, France). A
calibration curve was obtained by treating an acidic solu-
tion of FeCl3 (1 g/l) in the same conditions. The amount
of the loaded magnetite was calculated from the amount
of iron measured.

Magnetite entrapment efficiency (%) and magnetite con-
tent (% w/w) were calculated by Eqs. (1) and (2),
respectively:

Magnetite entrapment efficiency (%):

¼Mass of magnetite in composite sub-micron particles

Mass of magnetite used in formulation

� 100

ð1Þ

Magnetite content (% w/w):

¼Mass of magnetite in composite sub-micron particles

Mass of composite sub-micron particles

� 100

ð2Þ
2.5.6. Magnetization measurements

A Quantum Design MPMS SQUID magnetometer was
used to investigate the magnetic properties of the OA-coat-
ed magnetite nanoparticles and PLGA composite sub-mi-
cron particles. The magnetization (M, emu/g) of these
different particles, pressed in the form of pellets, was mea-
sured as a function of the magnetic field (H, Oe) at 5 and
300 K.

3. Results and discussion

3.1. Characterization of OA-coated magnetite nanoparticles

The OA-coated magnetite nanoparticle synthesis proce-
dure described in the experimental section led to a stable
colloidal dispersion of iron oxide nanoparticles in methy-
lene chloride. The magnetite concentration in the iron
oxide nanoparticles synthesized is 62.1 ± 4.8% m/m
(according to iron dosing by AAS and molecular fraction
determination by Raman spectrometry; see Ref. [4]).
Transmission electron microscopy was used to gain infor-
mation on the size and shape of the OA-coated magnetite
nanoparticles with the aim of determining the optimal syn-
thesis conditions that provide the lowest size and the best
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monodispersity. According to different TEM photomicro-
graphs like Fig. 1, the estimated particle diameter was
below 10 nm with a relatively good monodispersity. The
presence of some clusters could be due to the aggregation
of individual particles with an incomplete coating by oleic
acid molecules. Nevertheless, no difference in size was
observed with uncoated magnetite nanoparticles [12].

The FT-IR spectra of uncoated and OA-coated magne-
tite nanoparticles exhibit the characteristic band of magne-
tite at 587 cm�1 and 593 cm�1, respectively, (Figs. 2a and
b). FT-IR spectrometry is also used to evidence the adsorp-
tion of oleic acid on iron oxide surface. The spectrum of
OA-coated magnetite nanoparticles shows that both
stretching modes appear: the peaks at 2855 and
Fig. 1. TEM photomicrograph of OA-coated magnetite nanoparticles.

Fig. 2. FT-IR spectra of uncoated magnetite nanoparticles (a), OA-coated mag
PLGA composite sub-micron particles (d).
2926 cm�1 correspond to the symmetric and asymmetric
CH2 stretching bands, respectively, (Fig. 2b). In addition,
it could be noted the presence of two bands in the
1500–1400 cm�1 region which were attributed to the oleate
ion immobilized on the surface of the magnetite nanoparti-
cles. Montagne et al. [2] demonstrated that this complexa-
tion was characterized by two bands at 1425 cm�1 (Vs:
COO�) and 1520 cm�1 (Vas: COO�). The oleate form is
due to the alkaline (pH 9) reaction conditions for the
preparation of the OA-coated magnetite nanoparticles.
According to Deacon and Phillips [13], the carboxylate
ion may be coordinated to a metal atom in one of the fol-
lowing structures (Fig. 3):

• structure I: unidendate complex where one metal ion is
binding with one carboxylic oxygen atom

• structure II: bidendate complex where one metal ion is
binding with two carboxylate oxygens

• structure III: bridging complex where two metal ions are
binding with two carboxylate oxygens

OA-coated magnetite nanoparticle infrared spectra indi-
cated the presence of two bands, 1438 cm�1 (Vs: COO�)
and 1538 cm�1 (Vas: COO�), attributed to the oleate ion
immobilized on the magnetite surface. The maxima asym-
metric and symmetric frequency values and the D value
equal to 100 cm�1 indicate the existence of a bidentate
structure II or a bridging structure III (Fig. 3) where the
carboxylate oxygen atoms are binding with an iron atom
or hydroxyl hydrogen due to potential presence of amor-
phous non-stoichiometric oxyhydroxide [14]. However,
the bridging mode (structure III) was less likely than struc-
ture II because the distance between two next iron atoms or
hydroxyl hydrogen atoms in spinet structure is more
important than the distance of the two carboxylate
oxygens.
netite nanoparticles (b), magnetite-free PLGA sub-micron particles (c) and
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Fig. 4. TEM photomicrograph of PLGA composite sub-micron particles.
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Dried OA-coated magnetite nanoparticles could be
easily redispersed in methylene chloride allowing the
production of a stable magnetite nanoparticles suspension.
As reported by several authors [15,16], the double bond in
the hydrocarbon chain of oleic acid seems to play an
important role for an effective stabilization of iron oxide
in alkane medium.

Magnetization curve obtained at 300 K from dried
OA-coated magnetite nanoparticles shows that the magne-
tization decreases with the applied magnetic field (data not
shown). The absence of coercivity and negligible remanent
magnetization indicate that the OA-coated magnetite
nanoparticles exhibit a superparamagnetic behavior. Spe-
cific saturation magnetization is around 73 emu/g. This
value is below the specific saturation magnetization known
for bulk magnetite (Ms = 92 emu/g [17]) and the decrease
of the saturation magnetization is most likely attributed
to the existence of surfactants on the surface of magnetite
nanoparticles [18].
3.2. Characterization of PLGA composite sub-micron
particles

The presence of oleates at the surface of iron oxide
nanoparticles is expected to facilitate their incorporation
in the matrix of hydrophobic polymers that is of a great
interest in the design of composite sub-micron particles
because these colloidal magnetic particles could be used
as drug carriers for site-specific magnetic targeting [19].
For this application, the magnetic properties, size, charge
and surface chemistry of these particles are important
and strongly affect both the blood circulation time as well
as biovailability of the nanoparticles within the body [20].

The size and morphology of the PLGA composite sub-
micron particles were determined by TEM. Fig. 4 shows
the spherical shape of the particles with an approximate
diameter around 150 nm and a narrow size distribution.
The picture also reveals aggregates of OA-coated magnetite
particles associated to numerous composite nanoparticles.
This could be due to the aggregation of magnetite particles
with an incomplete coating by oleic acid molecules [21].

The characteristics (mean diameter, polydispersity
index, zeta potential, magnetite entrapment efficiency and
magnetite content) of composite nanoparticles as a func-
tion of weight ratio of magnetite to polymer are shown
in Table 1.

The hydrodynamic diameters were below 300 nm and in
the range of 272–281 nm with polydispersity index in the
range of 0.1–0.2 indicating a narrow size distribution. In
comparison with the size obtained with TEM viewing,
the hydrodynamic diameter is probably larger because of
the oleic acid layer on the magnetite nanoparticle surface.
The hydrodynamic average diameters of the three types
of PLGA composite sub-micron particles were very close
whatever the weight ratio of OA-coated magnetite nano-
particles to PLGA used in the formulation.

The FT-IR spectrum of the PLGA composite sub-mi-
cron particles is shown in Fig. 2d. The characteristic band
of magnetite is present at 583 cm�1 but not in the spectrum
of magnetite-free PLGA sub-micron particles (Fig. 2c). In
addition, the peaks around 3000 cm�1 are probably due
to the contribution of the CH2 stretch mode both from ole-
ate and PLGA molecules suggesting the presence of OA-
coated magnetite nanoparticles in the PLGA matrix. The
main goal is to have enough amount of magnetite into
polymeric sub-micron particles necessary to obtain signifi-
cant magnetic properties. Such polymeric magnetic colloi-
dal particles can be driven and held in the specific area
for a desired period of time by applying external magnetic
field [1]. In order to investigate to what extent this target is
achieved, we have compared the surface properties of mag-
netite-free PLGA sub-micron particles with those of the
PLGA composite sub-micron particles.

Previously, Arias et al. [6] have proposed the electro-
phoresis measurement of poly(ethyl-2-cyanoacrylate)



Table 1
Characteristics of PLGA composite sub-micron particles prepared with different OA-coated magnetite nanoparticles/PLGA weight ratios

OA-coated magnetite/PLGA
weight ratio

Mean diameter ± SD (PI)a

(nm)b
Zeta potential ± SD
(mV)b

Magnetite entrapment
efficiency (%)b

Magnetite content
(% w/w)b

1:1 281 ± 3 (0.2) �21.5 ± 1.9 15.6 ± 0.7 13.5 ± 0.8
1:1.5 282 ± 3 (0.1) �15.5 ± 0.9 11.9 ± 0.4 8.5 ± 0.3
1:2 272 ± 5 (0.1) �16.3 ± 1.5 10.3 ± 0.5 7.3 ± 0.4

a PI = polydispersity index.
b n = 3.
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nanoparticles with a magnetic core as a useful tool for
qualitatively checking the efficiency of the magnetite
coating by the polymer. Thus, the zeta potential of mag-
netite-free PLGA sub-micron particles and PLGA com-
posite sub-micron particles prepared with different
weight ratio of OA-coated magnetite to PLGA was
assessed as a function of pH in the presence of 10�3 M
NaCl. As observed in Fig. 5, when the pH of the medi-
um increases up to 9, the zeta potential decreases due to
the dissociation of negative charge generating groups like
carboxylic groups of PLGA polymer. For values of pH
up to 7, the zeta potential of the PLGA composite
sub-micron particles was in the same order of magnitude
to that of magnetite-free PLGA sub-micron particles.
When the pH is above 7, the phenomenon is more
important with the PLGA composite sub-micron parti-
cles than with the magnetite-free PLGA sub-micron par-
ticles. In this case, the contribution of the carboxylic
groups from the oleic acid located at the surface of the
magnetite nanoparticles incorporated in the matrix of
PLGA composite sub-micron particles is probably added
to the important dissociation of carboxylic groups of
PLGA polymer. However, for the PLGA composite
sub-micron particles, the weight ratio of OA-coated mag-
netite to PLGA used in the formulation seems to have a
moderate influence on the zeta potential values. In addi-
tion, PLGA composite sub-micron particles show no iso-
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electric point in the vicinity of pH 7 but rather around
pH 3 in the opposite that it could be observed for mag-
netite nanoparticles. This result is in agreement with pre-
vious determination obtained with magnetite/
biodegradable PLA composite particles [7]. If an entrap-
ment of OA-coated magnetite nanoparticles in PLGA
matrix is achieved, it could be supposed that PLGA
composite sub-micron particles will have an isoelectric
point lower than pH 7. These results can help in giving
clues on the efficiency of the incorporation of OA-coated
magnetite nanoparticles in PLGA matrix.

On the other hand, it is also important to quantify
exactly the magnetite content in the PLGA composite
sub-micron particles. This was achieved by dosing iron
by AAS after dissolution in DMSO of a weighted known
sample of composite sub-micron particles. The magnetite
content is higher compared with that obtained with uncoat-
ed magnetite nanoparticles (13.5% vs 1%) [12]. Moreover,
ferrite/polymer weight ratio is an important factor in
controlling the magnetite content of the PLGA composite
sub-micron particles. It could be also observed that the
magnetite content increased with increasing magnetite/
polymer weight ratio. The highest incorporation of OA-
coated magnetite was obtained when the weight ratio of
OA-coated magnetite to PLGA was 1:1. In our previous
study [12], this ratio was only 1.3:100 and this could
explain why the magnetite content of the composite sub-
micron particles was slightly above 1% w/w even when
OA-coated magnetite was used in the formulation. Similar
results have been reported by Zheng et al. [9] with SDS/
oleic acid bilayer coated magnetite particles incorporated
into polystyrene nanospheres by a new process based on
miniemulsion polymerization. The encapsulation of a large
amount of magnetite into the composite sub-micron parti-
cles is interesting in order to have significant magnetic
sensitivity under an outer magnetic field. The magnetiza-
tion curve of PLGA composite sub-micron particles loaded
with 13.5% w/w of magnetite is shown in Fig. 6. These
nanoparticles exhibit superparamagnetic properties at
300 K. The hysteresis loops have negligible coercivity and
consequently no remanence was observed when the mag-
netic field was removed (see inset of Fig. 6), indicating that
the single domain magnetic nanoparticles remained in these
composite sub-micron particles. On the contrary, the com-
posite sub-micron particles were not superparamagnetic at
5 K. The specific saturation magnetization (Ms) at 300 K of
OA-coated magnetite sub-micron particles is 42 emu/g,
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about half of the Ms of bulk magnetite. This significant loss
in magnetization of the magnetic material is attributed to
the presence of polymer matrix [22,23]. Despite this fact,
PLGA composite sub-micron particles have enough mag-
netic sensitivity to move toward an external magnetic field
(magnet) leading to complete seperation from water (data
not shown). Magnetic properties (saturation magnetization
and super paramagnetic behaviour) of the obtained PLGA
composite sub-micron particles are potentially of interest
for drug targeting purposes but further experiments are
needed to check this latter point.

4. Conclusion

We have reported in this work a process to obtain mag-
netite nanoparticles coated with oleic acid and their incor-
poration into PLGA matrix. TEM examination, FT-IR
analysis, magnetite entrapment efficiency and magnetite
content of composite sub-micron particles give strong
evidence of the presence of nanoscale magnetic material
within the biodegradable polymer matrix. These composite
sub-micron particles were nearly spherical in shape with a
mean size near 280 nm. The weight ratio of OA-coated
magnetite nanoparticles to polymer plays an important
role in controlling the magnetite content of the composite
sub-micron particles. 13.5% (w/w) magnetite content was
achieved when a OA-coated magnetite nanoparticles to
polymer ratio of 1:1 was used. Zeta potential of composite
and magnetite-free polymer sub-micron particles varies in
the same way with the pH of the medium, indicating that
the electrical surface properties of magnetite nanoparticles
are probably masked by the polymer coating. In addition,
the presence of magnetite nanoparticles embedded in the
polymer matrix is also demonstrated by the FT-IR spectra
of composite sub-micron particles showing the characteristic
band of magnetite. Finally, PLGA composite sub-micron
particles exhibit superparamagnetic behavior indicating
that this drug carrier system will be promising for magnet-
ically targeting anticancer drugs.
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