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Abstract

Superparamagnetic iron oxide nanoparticles (SPIONs) coated with oleic acid were encapsulated into poly(b,L-lactide-co-glycolide) (PLGA)
particles using an oil-in-water-in-oil emulsion technique. The use of the oleic acid-coated SPIONs, and their suspension in the first oil phase
led to well-dispersed nanoparticles in the PLGA matrix. Relative amounts of SPIONs encapsulated in PLGA could be varied by increasing the
concentration of SPIONS in the first oil phase: doubling the amount in that phase doubled the amount of SPIONSs in the PLGA. The saturation
magnetization scaled proportionally with the amount of SPIONs in the PLGA and was significantly larger than other efforts to encapsulate magnetic
nanoparticles in PLGA. Size of the composite particles, as determined by dynamic light scattering (DLS), could be varied from 280 to 160 nm
by varying either power or time of sonication while the zeta potential remained near —20 mV for the composite, independent of SPION content.
Transmission electron microscopy images showed SPIONs ranging in diameter from 5 to 15 nm embedded inside the polymer and indicated that
they were uniformly dispersed within the PLGA particles. Small angle X-ray scattering (SAXS) showed that only the particles containing the

largest amount of encapsulated SPIONSs displayed a peak indicative of aggregation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Encapsulation of bioactive agents into submicron size
particles of biocompatible and degradable polymers have been
tested as prospective therapeutic delivery vehicles for numerous
applications in nanomedicine [1-9]. Bioactive agents may be
proteins or DNA; however, the therapeutic dose for these agents
is often narrow. Conventional oral doses of these agents, such
as proteins, are frequently useless, because of denaturization
during gastrointestinal transit or poor absorption [10]. Further,
biological agents required at one target organ could lead to
toxic effects on neighboring organs and tissues. It would be
of immense value to have external control of submicron size
particles for targeting to specific tissues. Delivery of bioactive
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agents into the blood stream and then directing them to a
diseased organ or tissue is a major effort in nanomedicine today
that would reduce both the cost and risk of pharmacological
therapy.

Through the use of an external magnetic field, SPIONs can
in be directed to specific tissues in the body [11]. One method
to accomplish controlled release with respect to both time and
tissue location is to encapsulate SPIONs in biodegradable poly-
mer particulates. This method may be a very efficient method
of delivering a drug to a localized disease site. For the purposes
of our research, however, magnetic nanoparticles were designed
with the sole purpose of being pulled by magnetic forces into the
inner ear by applying them directly to the round window mem-
brane [12]. Thus, the ability to direct magnetic nanoparticles in
the vascular system is not necessary.

One commonly used biocompatible polymer is poly(D,L-
lactide-co-glycolide) (PLGA). Sub-micron PLGA particles
have been shown to have the potential to act as non-viral vectors
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for DNA and other biologically active compounds [8,13-20].
SPIONs can be incorporated into biodegradable polymers
such as PLGA and could be used to serve the dual purpose
of MRI contrast enhancement as well as direction of polymer
particles to specific locations [21-26]. Previous methods for
incorporation of SPIONs in PLGA gave extremely low satura-
tion magnetizations of the composite submicron particle. The
saturation magnetization of well-dispersed single SPIONs can
theoretically be as high as 92 emu/g [27]; the saturation mag-
netizations of previously described PLGA particles containing
SPIONS are typically two to three orders of magnitude lower.
Although difficult to ascertain, SPIONs appear to be aggregated,
which could be the basis of the low saturation magnetizations
reported. Other possible causes of the low magnetic suscep-
tibilities are reduced efficiencies of SPION encapsulation,
and SPION oxidation during the sonication process in water
[21,28,29].

High saturation magnetization is required so as to maximize
the ability to target the particles using an external magnetic field.
We have shown previously an 8% (w/w) magnetite in PLGA is
sufficient to move the particles to a specific location in a guinea
pig [12]. Low concentrations of SPIONSs are strongly preferred
because of the effect that high concentrations of SPIONs might
have on the loading efficiency and/or activity of the bioactive
agent. Hence, it is essential to design a process limiting
oxidation so as to maximize the saturation magnetization for
a given overall SPION concentration. Also of importance is
limitation of SPION aggregation, which can lead to a reduction
in saturation magnetization. Aggregation could also lead to an
uneven distribution of the SPIONs within different polymeric
particles; that is many SPIONs in a few PLGA particles and
no SPIONs in most PLGA particles. If an even distribution of
the therapeutic agent is assumed, polydispersity would cause
a significant loss of drug use in PLGA particles that were not
receptive to external magnetic fields.

In this study we showed that SPIONs with a hydrophobic
coating can be incorporated into PLGA particles by using an
emulsification-diffusion technique [9]. This process involves
first forming a water-in-oil emulsion in which the polymer and
the SPIONSs are in the oil phase and any hydrophilic bioactive
agent can be dissolved in the water phase. Our procedure differs
from nearly all previously published attempts using a similar
technique since SPIONs normally have a hydrophilic surface
and hence are suspended in the water phase [4,24,29-33].
As stated previously, suspending SPIONs in the water phase
generally leads to low saturation magnetizations. Marchais and
co-workers [25] did incorporate SPIONs into PLGA using an
emulsification-diffusion technique where SPIONs were in the
oil phase via the use of fatty acid-coated SPIONs; however,
their dispersions were poor and their PLGA particles showed an
inconsistent distribution of SPIONs. The water-in-oil emulsion
is added to an aqueous phase containing a stabilizer and then
emulsified to form a water-in-oil-in-water emulsion. Over time
the solvent diffuses out creating nanoparticles with the SPIONs
and bioactive agent incorporated inside the polymer. This
study describes the characterization of the resulting composite
SPION-PLGA nanoparticle.

2. Materials and methods
2.1. Materials

Poly(p,L-lactide-co-glycolide) (50:50: lactide/glycolide,
1.13 dL/g viscosity) was purchased from Absorbable Polymers
International (Pelham, AL, USA). Polyvinyl alcohol (PVA)
(Mw 30-70kDa) was purchased from Sigma Chemical Co. (St.
Louis, MO, USA). Iron oxide (magnetite) nanoparticles with
an oleic acid coating were purchased from Liquid Research
Ltd. (Bangor, Gwenedd. LL527 2UP, UK) Chloroform (HPLC
grade) was purchased from VWR (West Chester, PA, USA).

2.2. Preparation of PLGA particles

The desired concentration of SPIONs (0.1-10 mg/ml) was
dispersed into 1 ml of chloroform, then 30 mg of PLGA was
dissolved in the solution. Two hundred microliters of nanopure
water was emulsified into the PLGA/SPION/chloroform solu-
tion for 1 min in an ice bath using a probe sonicator (Sonicator
2000, Misonix, NY, USA) to form a water-in-oil emulsion. This
primary emulsion was emulsified again by adding the water-in-
oil emulsion 6 ml of nanopure water containing 2% polyvinyl
alcohol. The system was sonicated for 5min and stirred for
~24h to allow the chloroform to evaporate. The PLGA parti-
cles containing SPIONs were then recovered via centrifugation
at 20,000 rpm for 25 min at 4 °C (Beckman Optima LE-90K,
Beckman Instruments Inc., Palo Alto, CA, USA). The parti-
cles were washed with nanopure water four times to remove
any excess PVA and SPIONs and then dispersed in 1ml of
nanopure water in 2ml cryotubes. The PLGA particles were
then lyophilized for 2 days and stored until use.

2.3. Characterization of PLGA/SPION particles

Dynamic light scattering (DLS) and zeta potential measure-
ments in water were performed to determine PLGA particle
size and zeta potential, respectively (HPP5001 High Perfor-
mance Particle Analyzer, Malvern Instruments, Worcestershire,
United Kingdom and Brookhaven Zeta PALS, Long Island,
NY, USA). Transmission electron micrographs (TEMs) were
taken also to determine particle size and the qualitative state of
aggregation of the SPIONs inside the PLGA particles (H7600
Electron Microscope, Hitachi, Pleasanton, CA, USA). For TEM
images, a drop of the composite particles was placed on a
formvar-coated copper grid. All samples for small angle X-ray
scattering (SAXS) were made by encasing dry powder within
tape; the displayed data is after the pattern of the tape was
subtracted using the measured transmittances (Micro Max® Sys-
tem for Small Angle X-ray Scattering, Osmic Auburn Hills,
MI, USA). A 10cm x 10cm wire detector was placed approx-
imately 50 cm from the sample position and silver behenate
was used to determine the exact pixel to g (g=4m sin6/A;
6=0.5 x scattering angle, »=1.54 A) conversion. Magnetiza-
tion measurements were performed at room temperature using
a vibrating sample magnetometer (Lakeshore Cryotronics Inc.,
Westerville, OH, USA).
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Fig. 1. Transmission electron micrographs. (A) PLGA particles. Magnification 7000x. (B) PLGA particles with magnetite incorporated inside. Magnification
7000x. (C) PLGA particles with magnetite made from a 5 mg/m solution. Magnification 70,000 x. (D) PLGA particles with magnetite made from a 1 mg/m solution.

Magnification 40,000 .

3. Results and discussion

Many factors with respect to emulsification procedure influ-
ence the size of the PLGA particles: the size of the vials that
are used for the primary and secondary emulsions, the power of
the ultrasound, the position of the sonicator head in the solution,
and the duration of sonication. All of these factors affect how
the energy from the sonicator is dispersed through the solution.
Hence, it is impossible to exactly describe the conditions that led
to a particular PLGA particle size. In general, longer sonication
times and higher sonication powers led to smaller particles. By
changing these parameters from a few seconds to a few minutes,
and from 3 to 15 W, we were able to vary the PLGA particle size
from approximately 300 to 150 nm. For these studies, the pri-
mary emulsion was formed by using a sonication time of 1 min
and a power setting of 7 W. The secondary emulsion was formed
by using a sonication time of 5 min with a power setting of 12 W.

Fig. 1A shows a TEM of the synthesized PLGA particles.
The particles had an average size of 99 =44 nm versus a size of
175 nm and a polydispersity index of 0.045 from dynamic light

scattering. Fig. 1B shows a TEM of oleic acid-coated SPIONs
incorporated into the PLGA microparticles. These composite
particles had an average size of 85 & 32 nm. The average size of
the particles as measured via DLS was ~180 nm with a polydis-
persity index of ~0.1. The oleic acid-coated SPIONs appeared
to range in size from 5 to 15 nm yet incorporation of these SPI-
ONs did not influence the size of the PLGA particles. It has
been reported that PVA forms layers of aggregates around the
surface of the PLGA [34]. DLS measurements are expected to
give the hydrodynamic radius rather than the actual size of the
nanoparticles. A measurement of the hydrodynamic radius of
the nanoparticles would account for the larger DLS measure-
ment than the TEM images because the PVA is expected to
have a much smaller configuration dried on the TEM grid ver-
sus in water. This size discrepancy has been observed by others
[14,35].

Fig. 1C suggests that the SPIONs have slightly aggregated
inside the polymer, although this is difficult to determine since
particles separated in the z-direction will appear aggregated in
this 2D projection. This slight aggregation is probably not an
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Fig. 2. Plot of magnetization of PLGA microparticles with magnetite incorpo-
rated inside. The different concentrations represent various initial concentrations
of magnetite in the organic phase prior to emulsification.

artifact of evaporating the particles on the TEM plate since the
oleic acid-coated SPIONs encapsulated in the PLGA were not
freely mobile. When a lower concentration of magnetite was
used (1 mg/ml versus 5 mg/ml) in the formation of the PLGA
microparticles, fewer magnetite particles were incorporated into
the polymer and their appeared to be no aggregation (Fig. 1D).
The dispersion of SPIONS inside the polymer appears much less
aggregated than other published examples [23,25,36,37]. There
also does not appear to be partitioning of SPIONs from one
PLGA particle versus another, except for expected partitioning
due to randomization processes. This result is also very differ-
ent than what appears in other laboratories [23,25,36,37]. Oleic
acid-coated SPIONS can be incorporated into the PLGA at essen-
tially any concentration of magnetite in the organic phase prior
to emulsification. Fig. 2 shows magnetization curves for PLGA
particles made with magnetite concentrations of 0, 0.1, 1.0, 5,
and 10 mg/ml in the organic phase. The saturation magnetization
is higher than previously reported by other groups [24,26]. If the
maximum magnetization for each concentration is plotted ver-
sus the initial concentration of magnetite in the organic phase it
can then be seen that the magnetization scales linearly with con-
centration (Fig. 3A). Even if aggregation were occurring, it is not
clear that saturation magnetization would decrease because the
oleic acid coating would decrease interactions (such as dipolar
magnetic interactions) between the SPIONs [38]. In any case,
encapsulation of the nanoparticles does not seem to affect the
super paramagnetic nature of the SPIONS, as evidenced by the
steep slope in the VSM data in Fig. 2.

The weight percent of the magnetite was determined for the
5 and 10 mg/ml samples by burning the samples and measuring
the mass remaining; lower concentrations could not be mea-
sured reliably with this method because of the small amount
of magnetite in the PLGA particles. Approximately 50% of
the magnetite suspended in chloroform is incorporated into the
PLGA, as compared to Landfester and co-workers [29] 40%
incorporation using miniemulsion polymerization. The magneti-
zation of the PLGA particles with 5 and 10 mg/ml scales linearly
with the measured weight fraction, and the measured values for
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Fig.3. (A) Magnetization of PLGA particles plotted vs. magnetite concentration
in the organic phase prior to emulsification. (B) Magnetization of PLGA particles
plotted vs. weight percent of magnetite in PLGA particles.

the particles containing less magnetite fit on this line assuming
an extrapolated weight value (i.e. the weight of 1 mg/ml was 10
times less than 10 mg/ml). The extrapolated value at 100% (w/w)
magnetite, 68.3 emu/g, is within normally reported values for
magnetite nanoparticles [27]. This value was in fact larger than
the measured value for the pure magnetite ~57 emu/g. (The pure
value was adjusted for the oleic acid coating weight; the actual
measured value of magnetite + oleic acid coating was 45 emu/g.)
The fact that the extrapolated value at 100% magnetite in Fig. 3B
is higher than what we measured for the pure material is proba-
bly due inaccuracies in the measurement of the pure magnetite
sample. Further, the fact that the saturation magnetization did
not go down indicates that the SPIONs did not oxidize with
encapsulation; oxidation was thought to have occurred in the
miniemulsion procedure described by Landfester and Ramirez
[4].

SAXS was performed to qualitatively analyze aggregation
of the SPIONSs in the PLGA. Fig. 4 shows the comparison of
the magnetite standard and the pure PLGA with PLGA filled
with magnetite at various loadings. The scattering pattern of
the PLGA particles is quite large, which is presumably due to
surface scattering at the PLGA particle—air interface. The scat-
tering from the pure magnetite shows a peak at approximately
g=0.06 A~!, which corresponds to a d-spacing of slightly larger



R.A. Wassel et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 292 (2007) 125-130 129

10
—— Pure PLGA
\\ --------- Pure Magnetite
1 ==== 1 mg/ml
n \ \ — S mg/ml
= N 10 mg/ml
2 01 .
®
[11]
e
2 0O
(7]
c
L
=
0.001
0.0001 . . .
0.00 0.05 0.10 0.15 0.20

q (A

Fig. 4. Small-angle X-ray scattering data.

than 10nm. This d-spacing is considerably smaller than twice
the average radius of the SPIONs. However, form-factor scat-
tering could be influencing the peak location; the form-factor of
8 nm spheres has a peak near this g-value. No evidence of any
secondary peaks was found, indicating that the magnetite parti-
cles were of substantial polydispersity. The 10 mg/ml magnetite
SPION-PLGA composite particles show a clear bump at about
¢=0.075 A~!. Clearly the peak due to magnetite has shifted to
lower distances after incorporation into the PLGA, for reasons
that are not entirely clear. The extremely large electron den-
sity of the magnetite compared to the polymer, coupled with
the absence of peaks for other concentrations, strongly suggests
that this peak is due to interparticle interference. The move-
ment of the peak to higher ¢ with incorporation indicates either
that smaller magnetite particles tend to aggregate together, or
that smaller magnetite particles are preferentially incorporated
in the PLGA. No evidence of the latter was found in TEM mea-
surements (although this would be very difficult to determine
given the 2D nature of the images).

4. Conclusion

A double-emulsion method to produce sub-micron PLGA
particles with encapsulated iron oxide nanoparticles that uses
oleic acid-coated magnetite nanoparticles dispersed in the oil
phase has been developed. SPIONs were evenly distributed
throughout the PLGA particles, both with respect to individ-
ual particles as well as with respect to many particles. Satura-
tion magnetizations (magnetic susceptibilities) were only one
order of magnitude less than the saturation magnetization of
the pure iron oxide nanoparticles, as opposed to the two to
three orders of magnitude reported elsewhere for PLGA/iron
oxide nanoparticle composites. Within experimental error, satu-
ration magnetizations were exactly proportional to the amount of
magnetite incorporated. The weight fraction of magnetite incor-
porated inside the PLGA was readily controlled by adjusting the
amount of magnetite in the feed, and the amount incorporated
is also directly proportional to the amount in the feed.
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