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Iron oxide nanoparticles encapsulated (II) with poly(d,l-lactide-co-glycolide) (PLGA) having high magnetic susceptibility were prep
y an emulsification–diffusion method. The preparation method consists of emulsifying an aqueous solution of PLGA in ethylac
xtracting the organic solvent into a water phase. After mutual saturation of the organic and the continuous phases, PLGA pre
ncapsulate nanoparticles (I) by adding excess water. As the homogenization strength in the emulsification step and the agitation
olvent diffusion step increased, the mean size of IONE (iron oxide nanoparticles encapsulated) was reduced to a limiting size.
nder SEM and TEM showed that IONE has almost a spherical shape with 90–180 nm and that iron oxide nanoparticles with 8–2
mbedded in the PLGA matrix. The magnetization of IONE was measured with vibrating sample magnetometer (VSM), varyin

rom 120 to 180 nm. It is observed that the small IONEs have a high magnetic susceptibility. It is attributed that the packing densit
xide nanoparticles and IONE increased as their sizes decreased.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Functionalized magnetic nanoparticles are used in sev-
ral biomedical applications, such as drug delivery, magnetic
ell separation and magnetic resonance imaging (MRI) con-
rast agent for diagnostics. Magnetic composite particles with
olystyrene[1], polyethylene[2], or polyacrylic acids[3]
ave been reported earlier for magnetic O-ring lubricating
eals and in non-destructive evaluation. In biomedical fields,
eanwhile, iron oxide nanoparticles are used in both diag-
ostics, e.g. contrast agent medium in radiological imaging

echniques[4] or specific cell separation[5], and therapeutic
egimes, such as embolization of aneurysms with an external
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magnetic field[6,7] or the development of an implantab
artificial heart[8]. Iron oxide nanoparticles have also b
the subject of much fundamental research as a magnet
onance imaging (MRI) contrast agent[9].

Polymeric nanocapsules for a site-specific drug d
ery [16] were fabricated using water-in-oil-in-water (w/o/
emulsion systems in a form of albumin and starch mi
spheres, poly(alkyl-cyanoacrylate) nanoparticles, mag
emulsion, liposomes, and magnetic granula[10]. However
therapeutic experiments of magnetic particles were lim
in animals[11–13], but one case in human beings suf
ing from untreatable cancer disease was undertaken
an intravenous injection[14,15]. Thereafter, much intere
has focused on the use of particles prepared with polyd,l-
lactide-co-glycolide) (PLGA), poly(d,l-lactide) (PLA), and
poly(glycolide) (PGA). These polyesters have biocompa
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and biodegradable properties and low toxicity, and approved
by FDA [19,20]. Their degradation could be controlled by
molecular weight, crystallinity, and the ratio of lactide to gly-
colide[17,18].

In this study, nanocapsules containing PLGA and
iron oxides nanoparticles were prepared by an emulsifi-
cation–diffusion technique[21]. The encapsulation pro-
cess involves the formation of a conventional oil-in-water
emulsion which consists of an oil phase containing a par-
tially water-miscible solvent, matrix polymer and iron oxide
nanoparticles, and an aqueous phase containing a stabilizer.
The subsequent addition of oil phase into aqueous media
forms an oil-in-water-type emulsion and then the solvent dif-
fuses out and dissolves at the external phase. The morpholo-
gies of nanocapsules thus prepared were investigated with
the process variables such as the concentrations of polymer,
and the mixing degree of emulsion system. Their magnetic
properties of resulting nanocapsules were also examined.

2. Experimental methods and characterization

2.1. Materials

Poly(d,l-lactide-co-glycolide) (PLGA) with a weight–
a
t (St
L uid
W td.,
T ic F-
1 mer
1 Co.
E ter-
m l-
l er

HPLC grade or American Chemical Society analytical grade
reagents.

2.2. Encapsulation of nanoparticles with PLGA

Iron oxide nanoparticles were encapsulated with PLGA
(IONE) (II) by using an emulsification–diffusion method. A
schematic diagram of the process is shown inFig. 1.

In brief, 150 mg of PLGA was dissolved in 10 ml of ethy-
lacetate (density, 0.9003 g/cm3 at 20◦C) and 2 wt.% of poly-
mer solution was formed. Then, 5 mg of Ferrofluid W-40
(magnetic contents, 40%) (I) was added. The mixture was
sonicated for 5 min with a bath-type sonicator (Soncis and
Material, Danbury, CT). The organic mixture with iron oxide
nanoparticles (I) was added into 20 ml of an aqueous phase
containing a 5% of Pluonic F-127. After mutual saturation
of organic mixture and continuous phases, the mixture was
emulsified for 7 min with a high-speed homogenizer (about
8000–24,000 rpm), and then an excess amount of water is
added to the o/w emulsion under sonication. The subsequent
addition of water dilutes the solvent concentration in water
and extracts solvent from the organic solution, leading to the
nanoprecipitation of polymer matrix entrapped with ion ox-
ide nanoparticles. The relative viscosity of the o/w emulsion,
and the ratio of solution to solvent viscosity, determined using
C stru-
m sion
p

2
I

(I)
a M
2 es,

repara
verage molecular weight of 75,000–120,000 andd,l-lactide
o glycolide ratio of 75:25 was purchased from Sigma
ouis, MO). Iron oxide nanoparticles of 8–20 nm (Ferrofl
-40, magnetic content 40%, Taiho Industries Co. L

okyo, Japan) (I) was used as a core material. Pluon
27 (poloxamer 407, nonionic) and Pluonic F-68 (poloxa
88, nonionic) were purchased from Sigma Chemical
thyl acetate (EtAc, Fluka) was used as a partially wa
iscible solvent. Distilled water was of Milli-Q quality (Mi

ipore, USA-Bedford, MD). All organic solvents were eith

Fig. 1. Schematic representation a process for the p
annon-Fenske Viscometer (Made in Korea Dong-Jin In
ent Corp., Capillary No. 150) were used for the disper
roperties of emulsions.

.3. Characterization of iron oxide nanoparticle (I) and
ONE (II)

The microscopic images of iron oxide nanoparticles
nd IONE (II) were observed on TEM (Philips Model C
0) and SEM (Philips Model XL 308FEG). For TEM imag

tion of the iron oxide nanoparticles encapsulated (IONE) (II).
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a drop of a dilute dispersion was deposited on a copper grid
covered with a formal-carbon membrane. An X-ray diffrac-
tion measurement was performed to identify the crystal struc-
ture of iron oxide nanoparticles (Rigaku D/max-rc(12 kw)).
The particle size of encapsulated nanoparticles IONE (II) was
determined by a dynamic light scattering method (Zeta plus,
Brookhaven Inst. Co., USA). For analysis, 0.5 ml of IONE
suspension was diluted to 5 ml with D.D.I. water. Measure-
ments were made in a triplicate for each sample. Magneti-
zation measurements of both iron oxide nanoparticle (I) and
IONE (II) were performed at room temperature using a vibrat-
ing sample magnetometer (VSM). When a sample is placed
in a uniform magnetic field, it undergoes a sinusoidal motion
(i.e. mechanical vibration), and thus a significant magnetic
flux change is developed. This change induces a voltage in
the pick-up coils, which is proportional to the magnetic mo-
ment of the sample. To investigate the magnetic properties of
PLGA-encapsulated magnetic nanoparticles, FC/ZFC mea-
surements have been made using an SQUID magnetometer.

3. Results and discussions

3.1. Characteristics of iron oxide nanoparticles
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(I).

Fig. 3. X-ray diffraction pattern of iron oxide nanoparticles nanocrystallites
(I).

The well-defined X-ray diffraction pattern indicates the for-
mation of highly crystallized iron oxide The XRD measure-
ment, which was performed to identify the crystallographic
structure of iron oxide nanoparticle, revealed peaks character-
istic of magnetite Fe3O4 (Fe3O4, Powder Diffraction file, JC-
POS 19-0629). Magnetization curves, obtained at room tem-
perature from the dried iron oxide nanoparticles (I), shows a
superparamagnetic behavior inFig. 4.

3.2. Encapsulation of iron oxide nanoparticle

The process of encapsulating nanoparticles by the
emulsification–diffusion method (Fig. 1) consists of two
steps: emulsification and diffusion. After dispersing iron ox-

F s (I).
Ferrofluid is a colloid of magnetite particles in an aque
hase[22] and the surface of magnetite particles was co
rst with a monolayer of sodium oleate by strong chemis
ion and then with a monolayer of sodium dodecylbenz
ulfonate (SDBS) by weak physisorption. The aqueous p
ontains a large amount of SDBS as a stabilizer. TEM m
raph inFig. 2shows that iron oxide nanoparticles (I) w
pparently spherical and 8–20 nm in size. X-ray diffrac
easurement was performed to identify the crystallogra

tructure of iron oxide nanoparticles and presented inFig. 3.

Fig. 2. Transmission electron microscopy of iron oxide nanoparticles
 ig. 4. Hysteresis plot of the magnetization of iron oxide nanoparticle
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Table 1
Effect of homogenizer speed on the viscosity of emulsion and the Reynolds
number

Type Vim
a ηrel

b µem
c NRe

d

I 8000 1430
5.8± 0.03 5.7± 0.05

II 13500 3860
3.6± 0.05 3.6± 0.01

III 17000 5860
3.0± 0.02 2.9± 0.03

IV 20000 7700
2.7± 0.01 2.6± 0.06

V 24000 9400
a The rotational velocity of impellar (rpm).
b Relative viscosity (η/η0).
c The viscosity of emulsion (cp).
d Reynolds number (Re=ρvd/µ).

ide nanoparticles (I) in an ethylacetate solution of PLGA,
the dispersion was emulsified in an aqueous solution of 5%
Pluonic. PLGA concentrations were varied from 0.5 to 5.0%
(w/v). The solubility of ethylacetate is about 10% in water
and therefore, the volume ratio of ethylacetate to water must
be at least smaller than 1/10 in the final form of emulsion.

3.2.1. The effect of rotational velocity
Droplets must be deformed by the viscous stressτ ex-

erted by the surrounding liquid, and disrupted to form small
droplets if the stress overcomes the Laplace pressure gen-
erated by the formation of curvature. When the diameter
of impellar of homogenizer (DI ) is 1.0 cm, and the density
of emulsion (ρem) is 1.03 g/cm3, Reynolds number of fluid
in homogenizer (Re =DIVimρem/µem) at 8000 rpm was 1430
and those at higher rpm were given at theTable 1, where the
rotational velocity of impellarVim is in cm/s and the viscosity
of emulsionµem is in g/cm s. Since the Reynolds number in-
dicates (inertial force provided be impellar)/(viscous force),
it is convenient to choose a variable,Vim as an operating one.

As the homogenizer speed increases, the high shear stress
develops to reduce the size of droplets and finally the
size of IONE (II). The interfacial stability can be deter-
mined by the balance between tangential stress at interface
(µG0 =µ(dUz/dy)y= 0) and the interfacial tension gradient
−
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Fig. 5. The effect of homogenization speeds in the emulsification step on
the size of the iron oxide nanoparticles encapsulated (IONE) (II).

Fig. 5andTable 1). The viscosity reduction at a higher speed
may indicate the transition from coarse to fine droplets in
the Stokes regime. However, as the emulsion droplets are re-
duced further, the friction loss of kinetic velocity of droplets
increases. Therefore, shear stress would reduce the size of
droplets and finally the viscosity of oil-in-water phase un-
changed in a saturated manner.Fig. 5 andTable 1show the
mean particle size and the relative viscosity of emulsion with
increasing rotational speed. The mean particle size of IONE
was found to decrease up to 120 from 200 nm as homogenizer
speed increased. The effect of agitation speed on the particle
size has also been studied in the diffusion step (Fig. 6). The
mean diameter decreased from 115 to 90 nm and no further
decrease was observed at a higher speed. Both steps of oil-
in-water droplets formation and the solvent diffusion into the
aqueous phase were found to control the size and its distri-
bution of IONE (II).

In a homogenizer and an agitator, the rotational velocity
of shaft (rpm) determines the droplet size and the fluid me-
chanical behaviors of emulsions. It is expected that the high
speed may reduce the droplet size and in fact the coating layer
and the emulsion viscosityµemor transform the multiparticle
core to monocore capsules.

3.2.2. The effect of PLGA concentration
ulsi-

fi hase
i ion
s stable
w usion
i ion
i e as
(dγ/dz)y= 0, wherey= 0 is the locus of interface andz is
he tangential direction at interface. The impact of rota
mpellar is stretching the interface, while the gradient of in
acial tension generated thus can be dissipated by the mo
ar diffusion of interfacial materials. Therefore, if the form
s greater, the layer will be stretched, continuously form
mall droplets, but if the latter is greater, the surface area
e rapidly reduced to form large droplets. In addition,
iscoelastic properties of polymer solutions would be
esponsible for highly susceptible droplets from the de
ation given by the mechanical impact. Further, the hom
nizer speed affects the relative viscosity (ηrel) of emulsion a
hown inTable 1. In order to prepare fine particles, it seem
e critical to reduce the effective viscosity of emulsions
During the homogenization period, the degree of em
cation was intense and short enough to break the oil p
nto small droplets, while the agitation speed of the diffus
tep is mild and sustained so as to maintain the droplets
ithout coalescence and enhance the ethylacetate diff

nto water. When EtAc diffuses from the polymer solut
nto the water, a polymer layer forms near the interfac
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Fig. 6. The effect of agitator speeds in the solvent diffusion step on the size
of the iron oxide nanoparticles encapsulated (IONE) (II).

if it forms a nanocapsule.Fig. 7 shows the effect of PLGA
polymer concentration on the particle size of IONE (II). As
the PLGA concentration in the internal phase increases, the
size of IONE (II) increased in agreement with others[17].
The increase of PLGA concentrations indicates the increase
of viscosities of polymer solutions. It is because the high
viscosity provides the resistance to the shear forces and re-
stricts the formation of nanoparticles.Fig. 8 shows the ef-
fect of PLGA polymer concentration on the relative viscosity

F xide
n

Fig. 8. The effect of PLGA concentrations on the relative viscosity.

through Cannon–Fenske Viscometer (Made in Korea Dong-
Jin Instrument Corp., Capillary no 150). In this study, IONE
size was affected by three factors, homogenizer speed, agi-
tator speed, and PLGA concentration. Therefore the value of
the other two factors fixed to investigate the influence of one
factor for preparation of IONE was shown inTable 2.

3.2.3. The structure and morphology
The structure and morphology of IONE (II) were observed

by TEM and SEM.Fig. 9(a) showed that structure of IONE
prepared at 22,000 rpm with the o/w ratio of 1:2. The nanopar-
ticles encapsulated in PLGA can be seen as dark domains.
As shown, the ferrite particles (I) were entrapped in IONE
(II) but the nanocapsules contain more than one nanoparti-
cles (I).Fig. 9(b) showed the morphology of IONEs. They
were almost spherical. Also, a convex region in the surface
of IONEs is observed where it was coated with gold nanopar-
ticles of 10 nm for protecting sample before measuring
SEM.

3.3. Effect of magnetization susceptibility

The magnetization of IONE (II) on the capsule size is
shown inFig. 10. As the size of IONE decreased, the mag-

T
T

F
F
F

ig. 7. The effect of PLGA concentrations on the size of the iron o
anoparticles encapsulated (IONE) (II).
able 2
he value of the other two factors fixed for the preparation of IONE

Polymer
concentration

Homogenizer
speed

Agitator speed

ig. 5 Variable 15000 rpm 400 rpm
ig. 7 20 mg/ml Variable 400 rpm
ig. 8 20 mg/ml 20000 rpm Variable
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Fig. 9. Electron micrographs of the iron oxide nanoparticles encapsulated
(IONE) (II): (a) transmission electron micrograph; (b) scanning electron
micrograph.

netic susceptibility increased as shown inFig. 10(a). It is
apparently related to the volume fraction of nanoparticles
(I) which increase at small nanocapsules in theFig. 10(b).
The tight packing of nanoparticles (I) in nanocapsules in-
creases the particle density of ferrite and thus increases the
saturation magnetization. To investigate the magnetic proper-
ties of PLGA-encapsulated magnetic nanoparticles, FC/ZFC
measurements have been made using an SQUID magne-
tometer.Fig. 11 shows the FC and ZFC curves for the
120 nm PLGA-encapsulated nanoparticles from 5 to 300 K
at 200 Oe. The ZFC and FC curves are coincided above
175 K and separated below 175 K. The ZFC curve shows
a broad peak atTmax∼ 125± 10 K indicative of a charac-
teristic blocking temperature for superparamagnetic parti-
cles [23–25]. It is well known that the broad peak in ZFC
curve generally implies the distribution in particle size and
anisotropy of nanoparticles[26]. For the samples of PLGA-
encapsulated magnetic nanoparticles, the broad peak around
Tmax= 125± 10 K could be ascribed to wide size distribution
caused by clustering between embedded iron oxide nanopar-

Fig. 10. (a) The effect of magnetic susceptibility of IONE (II) as the particle
size; (b) the influence of the volume fraction as the size of IONE.

ticles in PLGA matrix. As shown in the inset ofFig. 10,
TEM study revealed that the size of agglomerated magnetic
nanoparticles is ranged from 10–80 nm. The details of mag-
netic properties of them were described in a previous paper
[27].

Fig. 11. Temperature dependence of the magnetization curves of IONE (II)
u gnetic
n

nder (a) FC and (b) ZFC at 200 Oe. The inset shows TEM image of ma
anoparticles embedded in the PLGA polymer matrix.
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4. Conclusion

The magnetic enhancement of iron oxide nanocapsules
IONE (II) have been achieved when iron oxides nanoparticles
(I) were encapsulated by emulsification–diffusion technique.
The process variables such as the homogenization strength in
the emulsification step and the agitation speed in the diffusion
step were investigated to control the size of IONE (II). It
was observed that the dominating factors to control the size
were the homogenization strength and the optimal polymer
concentration. Magnetic susceptibility of IONE (II) increases
as the size of IONE (II) decreases. It is attributed that the
packing density or volume fraction of nanoparticles increased
as the size of IONE decreased.
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