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In this work, we report a synthetic method of water dispersible magnetite nanoparticles having oleic acid
and poly(ethylene glycol) methyl ether–poly(3-caprolactone) (mPEG–PCL) amphiphilic block copolymer
as polymeric stabilizers. The particles were prepared by coprecipitation of Fe(II) and Fe(III) in NH4OH and
had bilayer surface with hydrophobic inner layer and hydrophilic corona. mPEG–PCL copolymer was
synthesized by a ring-opening polymerization of 3-caprolactone using mPEG as a macroinitiator in the
presence of stannous octoate catalyst. FTIR and thermogravimetric analysis (TGA) indicated the presence
of the copolymer on the particle surface. Roles of reaction parameters, such as stabilizer concentrations
and time of ultrasonicating treatment, on percent of magnetite in the complex and its magnetic prop-
erties were investigated. Transmission electron microscopy (TEM) showed the average particle size about
9.0� 1.1 nm in diameter. Vibrating sample magnetometry (VSM) measurement indicated that the
magnetite nanoparticles were superparamagnetic at room temperature. Approximately 6.8� 0.5% of
indomethacin model drug (68 mg/mg of magnetite) was effectively entrapped on the particles.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Magnetite nanoparticles (Fe3O4) have long been of scientific and
technological interests due to their unique physical and chemical
properties [1–3]. Several potential applications of magnetite in
bionanotechnology have been recently reported such as magnetic
resonance imaging (MRI) enhancing agents [4–8], targeted drug
delivery [9,10], hyperthermia treatment of tumors [11] and bio-
molecular magnetic separation and diagnosis [12]. The particles are
usually stabilized by charge repulsion of electrical double layers
[13] or steric repulsion of long-chain polymeric surfactants adsor-
bed on their surfaces to prevent approaching from neighboring
particles [14]. Oleic acid has been markedly used as a steric stabi-
lizer to form magnetite nanoparticles dispersed in organic solvents
[15–17]. The stabilizing mechanism of the particles was proposed
that carboxylate groups partitioned on the particle surface and
formed a brush layer of long-chain hydrocarbon to sterically sta-
bilize the particles in dispersions [18,19]. However, the oleic acid-
coated magnetite particles were not dispersible in water and this
limited their potential uses in biomedical applications. Many at-
tempts have been made to prepare water dispersible magnetite
particles by coating their surface with hydrophilic polymeric
; fax: þ66 5526 1025.
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stabilizers [20–23]. In addition, surface modification of water
dispersible particles to gain diverse and desirable properties has
recently gained much attention. For instance, the particle surface
can be coupled with functional molecules such as folic acid [24–31]
or biological molecules such as DNA and antibodies [32,33].

Recently, several works have been focused on preparing water
dispersible magnetite nanoparticles coated with polymeric bilayer
and understanding the role of the polymers on colloidal stability
[34,35]. Hatton et al. reported the synthesis of surfactant bilayer-
stabilized magnetite nanoparticles using fatty acids as both primary
and secondary surfactants to produce stable aqueous magnetic
fluids [1]. A bipolar molecule such as tetramethyl-ammonium-11-
aminoundecanoate was also used as the secondary surfactant in the
oleic acid-coated magnetite to obtain water dispersible nano-
particles with narrow particle size distribution [36]. Jain et al. de-
veloped water-dispersible magnetite nanoparticles stabilized with
bilayer surfactant of oleic acid/pluronic (poly(ethylene oxide)–
poly(propylene oxide) copolymer) and studied their loading effi-
ciency and releasing behavior of anticancer agents [37]. They pro-
posed that poly(propylene oxide) blocks were physically adsorbed
onto the particle surface coated with oleic acid primary surfactant,
and poly(ethylene oxide) blocks provided steric stabilization. Riffle
et al. reported the synthesis of triblock copolymers of polyurethane
central blocks containing pendant carboxylate groups and poly-
ether tail blocks such as poly(ethylene oxide). Magnetite nano-
particles were thought to complex with carboxylate groups and
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Fig. 1. Synthetic route of water dispersible magnetite nanoparticles stabilized with
polymeric bilayer of oleic acid and mPEG–PCL amphiphilic block copolymer.

S. Meerod et al. / Polymer 49 (2008) 3950–3956 3951
polyethers tail blocks extended to water and provided steric
stabilization [38,39].

The primary aim of the current report is to prepare water dis-
persible magnetite nanoparticles containing hydrophobic inner
shells for efficient entrapment of indomethacin model drug and
hydrophilic outer layers for their good dispersibility in aqueous
fluids (Fig. 1). Oleic acid in combination with amphiphilic block
copolymers of poly(ethylene glycol) methyl ether (mPEG)–poly(3-
caprolactone) (PCL) were used as steric stabilizers for this purpose.
Hydrophobic PCL blocks can hypothetically adsorb onto the pre-
synthesized magnetite nanoparticles coated with oleic acid pri-
mary surfactant, and hydrophilic mPEG blocks can protrude
outward from the particle surface to provide steric stabilization.
mPEG–PCL copolymers were prepared via a ring-opening poly-
merization of 3-caprolactone using single hydroxyl-terminated
mPEG as a macroinitiator in the presence of stannous octoate cat-
alyst. The existence of the copolymers on the particle surface was
evidenced by FTIR and thermogravimetric analysis (TGA) tech-
niques. Particle size and its distribution were characterized using
transmission electron microscopy (TEM). Vibrating sample mag-
netometry (VSM) measurement was carried out to study its mag-
netic properties at room temperature. Indomethacin-entrapped
efficiency of the as-synthesized magnetite nanoparticles was also
investigated.

2. Experimental section

2.1. Materials

Unless stated otherwise, all reagents and solvents were used
without further purification. Poly(ethylene glycol) monomethyl
ether (mPEG) with Mn 5000 g/mol (Acros) was dried in a vacuum
oven at 60 �C under phosphorus pentoxide for 48 h. 3-Caprolactone
(3-CL) (99%, Acros) was stirred over CaH2 at room temperature
overnight and distilled prior to use. Stannous octoate (95%, Sigma),
iron(III) chloride anhydrous (FeCl3) (Carlo Erba), iron(II) chloride
tetrahydrate (FeCl2$4H2O) (Carlo Erba), ammonium hydroxide
(J.T. Baker, 28–30%) and oleic acid (Fluka) were used as-received.

2.2. Synthesis

2.2.1. Synthesis of mPEG–PCL copolymer
mPEG–PCL diblock copolymers having 5000 g/mol mPEG and

5000 g/mol PCL were prepared through a ring-opening polymeri-
zation of 3-CL using an mPEG macroinitiator in the presence of
stannous octoate catalyst. Dried mPEG (10.0 g, 0.002 mol), 3-CL
(10.0 g, 0.228 mol) and stannous octoate (0.01 g, 1 mol%) were
charged into a 100-ml two-neck round-bottom flask. The reaction
proceeded at 120 �C for 48 h with magnetic stirring under N2 at-
mosphere. The mixture was dissolved in CHCl3 and precipitated in
cold hexane. Copolymer purification process was repeated twice to
remove unreacted species and it was then dried at 40 �C under
reduced pressure.

2.2.2. Preparation of the copolymer-stabilized aqueous-based
magnetite nanoparticles

The aqueous solutions of FeCl3 (1.66 g in 20 ml deionized water)
and FeCl2$4H2O (1.00 g in 20 ml deionized water) were mixed to-
gether with stirring. Black precipitant was observed once NH4OH
solution (25%, 20 ml) was added into the solution, indicating the
formation of magnetite nanoparticles. The dispersion was contin-
uously stirred for another 30 min to complete the reaction. The
dispersion was centrifuged at 5000 rpm for 20 min and the aque-
ous supernatant was discarded. Oleic acid solution in hexane (2.5–
10 wt% in 20 ml hexane) was then introduced into the magnetite
dispersion with stirring. The dispersion was concentrated by
evaporating hexane to obtain a black thick liquid of concentrated
magnetite in hexane. To prepare the copolymer-stabilized nano-
particles, 20 ml of the dispersion in hexane was introduced into
20 ml of aqueous copolymer solution (1 wt% of copolymers). The
mixtures were then ultrasonicated for 1–4 h to transfer the parti-
cles from hexane top layer to aqueous bottom layer. Hexane was
evaporated by rigorous stirring at room temperature for another
30 min and the remaining dispersions were then centrifuged at
5000 rpm for 20 min to remove large aggregate. The copolymer–
magnetite complex in water was then dialyzed against deionized
water and refreshed twice at 24 h interval to remove excess
copolymers from the dispersions. Precise concentrations of mag-
netite in the dispersions were determined by atomic absorption
spectroscopy (AAS).

2.3. Characterization

2.3.1. Characterization of the mPEG–PCL copolymers
Proton NMR was performed on a 400 MHz Bruker NMR spec-

trometer using CDCl3 as a solvent. FTIR was performed on a Perkin–
Elmer Model 1600 Series FTIR Spectrophotometer. Neat samples
were directly cast onto potassium chloride plates. Gel permeation
chromatography (GPC) data were conducted on PLgel 10 mm mixed
B2 columns and a refractive index detector. Tetrahydrofuran (THF)
was used as a solvent with a flow rate of 1 ml/min at 30 �C.

2.3.2. Characterization of magnetite nanoparticles
Magnetite concentrations in dispersions were investigated by

treating the samples with hot concentrated nitric acid followed by
concentrated perchloric acid to obtain complete dissolution. Iron
concentrations were analyzed by flame atomic absorption spec-
trometer (AAS) and calculated from sample responses relative to
those of standards and blanks. Size of the particles and their size
distribution were observed from transmission electron microscopy
(TEM). TEM images were taken using a Philips Tecnai 12 operated at
120 kV equipped with Gatan model 782 CCD camera. The sample
solution in water was cast onto carbon-coated copper grids and let
to slowly evaporate at room temperature. Thermogravimetric
analysis (TGA) was performed on SDTA 851 Mettler-Toledo at the
temperature ranging between 25 and 600 �C at a heating rate of
20 �C/min under oxygen atmosphere. Magnetic properties of the
polymer–magnetite complexes were measured in the solid state at
room temperature using a Standard 7403 Series, Lakeshore
vibrating sample magnetometer (VSM). The magnetic moment of
each sample was investigated over a range of applied magnetic
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fields from �10,000 to þ10,000 G using 30 min sweep time. Mass
specific magnetizations were calculated using the concentration of
iron measured by atomic absorption spectrometer and assuming
that all irons were in the form of magnetite. Indomethacin con-
centrations were determined using SPECORD S100 UV–vis spec-
trophotometer (Analytikjena AG) coupled with a photo diode array
detector. A standard curve at lmax¼ 320 nm UV absorbance [40,41]
was established using identical conditions to calculate the amount
of drug loaded on the particles.

2.3.3. Investigation of indomethacin entrapping efficiency of
magnetite nanoparticles

Indomethacin was used as a model drug in the studies. To in-
corporate the drug to the particles, the drug solution (2 ml, 25 mg/
ml in THF) was added dropwise with stirring to an aqueous dis-
persion of copolymer–magnetite complex (5 ml, 6.35% w/v of
magnetite in water). The mixture was stirred for 30 min with
heating to remove THF and to allow fully partitioning the drug into
the hydrophobic shell surrounding the particles. The excess drug
precipitated out form the mixture and was removed by centrifu-
gation at 5000 rpm. Drug-loaded magnetite was then separated
using an external magnet. Due to a good solubility of indomethacin
in THF:ethanol solution (50:50%v/v), the solvent mixture was used
to repeatedly extract the entrapped drug from the particles. After
centrifugation to remove aggregated particles, the drug concen-
tration in the supernatant was determined using UV–vis spectro-
photometer. Entrapment efficiency and drug loading efficiency
(DLE) were determined as follows:

Entrapment efficiency ð%EEÞ

¼ Weight of drug in nanoparticles
Weight of loaded drug

� 100

Drug loading efficiency ð%DLEÞ

¼ Weight of drug in nanoparticles
Weight of nanoparticles

� 100

Three different experiments were performed to obtain an
average percent of each value.
Fig. 2. (A) 1H NMR and (B) FTIR spectra of the mPEG–PCL amphiphilic block
copolymer.
3. Results and discussion

The aim of this research was to synthesize water dispersible
magnetite nanoparticles containing hydrophobic inner shells for
efficient entrapment of indomethacin-loaded drug and hydrophilic
outer shells for a good dispersion in aqueous fluids. Amphiphilic
block copolymers of mPEG–PCL in conjunction with oleic acid were
used as steric stabilizers for this purpose. Hydrophobic PCL blocks
can adsorb onto the pre-synthesized magnetite nanoparticles
coated with oleic acid stabilizer, and hydrophilic mPEG blocks can
protrude outward from the particle surface to provide steric sta-
bilization. In addition, PCL blocks render the inner shells of the
particles essentially degradable through hydrolysis reaction of ester
linkages. This allows possible tuning of the molecular weight of
hydrolyzable PCL blocks to control its degradation rate and in turn
releasing rate of any entrapped hydrophobic drug from the
particles.

The copolymers having the molecular weights of 5000 g/mol
mPEG and 5000 g/mol PCL blocks were synthesized via a ring-
opening polymerization of 3-CL monomers using mPEG as macro-
initiators and stannous octoate as a catalyst. Single hydroxyl groups
at the mPEG chain terminal allowed the copolymers to have mPEG–
PCL diblock architecture. The molecular weight of PCL block was
controlled by using 1 mol of mPEG for every mole of the co-
polymers. 1H NMR was used to verify chain propagation of mPEG
macroinitiator by observing the presence of methylene protons at
the linkage between mPEG and PCL blocks (peak c at 4.20 ppm)
(Fig. 2A). In addition, the shift of the signals of methylene protons in
PCL repeating units (peaks d, e, f, g and h at 2.30, 1.64, 1.40, 1.64 and
4.06 ppm, respectively) compared to those of cyclic 3-CL monomers
(2.25, 1.68, 1.26, 1.57 and 4.08 ppm, respectively) due to the release
of ring strain also indicated the formation of PCL blocks. Molecular
weights of PCL blocks were estimated from peak d (2.30 ppm)
corresponding to the methylene protons adjacent to carbonyl
groups in PCL repeating units in conjunction with methylene pro-
ton signals in the repeating units of mPEG (peak b at 3.64 ppm). It
was found that the molecular weight of PCL block was 4900 g/mol,
which was comparable to the targeted molecular weight (5000 g/
mol PCL). In good agreement with 1H NMR, the signal at 1724 cm�1

in the FTIR spectrum corresponding to the carbonyl group of ester
linkages in PCL block also confirmed the ring-opening reaction
(Fig. 2B). The signal at 3440 cm�1 indicated the remaining of
hydroxyl groups at the chain ends of the copolymer. GPC revealed
that the number average molecular weight ðMnÞ of the copolymer
was 12,000 g/mol with polydispersity index (PDI) about 1.52,
which is broader than the corresponding mPEG homopolymer
ðPDI ¼ 1:09;Mn ¼ 5200 g=molÞ.

After coprecipitation of the iron precursors, the nanoparticles
were stabilized with oleic acid and dispersed in hexane. The sta-
bilizing mechanism of these particles arose from the chemi-sorp-
tion of carboxylate groups of oleic acid with magnetite nanoparticle
surface and allowed C18 hydrocarbon to provide steric stabilization
[39]. The concentration of the oleic acid-coated magnetite nano-
particles in hexane after removing large aggregate was approxi-
mately 8.6% wt/v. To transfer these nanoparticles to water phase,
a copolymer aqueous solution with a certain concentration was
introduced into the as-prepared magnetite dispersion in hexane.
The hexane–water mixture was phase separated initially (Fig. 3).



Fig. 3. Dispersions of (A) oleic acid-coated Fe3O4 nanoparticles dispersed in hexane
(top layer) and the copolymer solution in water (bottom layer) and (B) oleic acid/co-
polymer-coated Fe3O4 nanoparticles in water after sonication and decanting hexane
top layer.
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After sonicating the mixture for approximately 1 h, water layer on
the bottom of the mixture turned black indicating migration of the
nanoparticles from hexane phase to water phase. It is hypothesized
that due to amphiphilic nature of mPEG–PCL copolymers, hydro-
phobic PCL blocks aggregated in water and formed micellar core,
while hydrophilic mPEG blocks dispersed in water and formed
micellar corona. Once the hexane–water mixture was sonicated,
the particles transferred from hexane phase to aqueous phase and
were trapped into the micellar core due to physi-sorption in-
teraction between oleic acid and hydrophobic PCL block. The par-
ticles were thus dispersible in water owing to mPEG block extended
from the particle surface and prevented close proximity to their
neighboring particles. An excess of oleic acid and the particles
without copolymer coating dispersed in hexane top layer were
then decanted.

The role of the copolymer on promoting dispersibility of the
particles in water was investigated by observing FTIR spectra of the
copolymer–magnetite complex dispersed in water and the aggre-
gate. The copolymer–magnetite complex was dialyzed to remove
an excess of the copolymer and freeze-dried to obtain FTIR samples
in a solid form. Fig. 4A illustrates an FTIR spectrum of mPEG–PCL
copolymer in comparison with that of the copolymer–magnetite
Fig. 4. FTIR spectra of (A) mPEG–PCL copolymer without magnetite, (B) copolymer–
magnetite complex having 1 wt% of copolymer, (C) copolymer–magnetite complex
having 0.5 wt% of copolymer, (D) aggregate from water phase, and (E) oleic acid–
magnetite complex.
complex (1.0 wt% copolymer concentration) (Fig. 4B). Carbonyl
stretching of ester linkages (–OC]O, 1733 cm�1) in conjunction
with hydroxyl stretching (–OH, 3343 cm�1) of hydroxyl-terminated
PCL indicates the presence of PCL partitioning to the particle sur-
face. In addition, the signal at 590 cm�1 in spectrum B corre-
sponding to Fe–O bonds of the copolymer–magnetite complex was
also observed [42].

The intensity of FTIR signals of the complex was dependent on
the copolymer concentration on the particle surface. Fig. 4B and C
exhibits FTIR spectra of the copolymer–magnetite complexes hav-
ing 1.0 and 0.5 wt% copolymer concentrations, respectively. It was
observed that when the copolymer concentration in the complex
was increased, the signals belonging to the copolymer, e.g. carbonyl
and the finger print regions (1500–700 cm�1), exhibited a gradual
change toward those of the copolymer (Fig. 4A), indicating that
more copolymer was bound to the particle surface. Spectrum D
belongs to the aggregate from the dispersions obtained after cen-
trifugation (Fig. 4D). This aggregate probably arose from an in-
adequate amount of the copolymer needed to stabilize the particles
in water. In good agreement with this assumption, the weak signal
at 1100 cm�1 corresponding to C–O–C stretching of mPEG indicates
low amounts of the copolymer attached to the particle surface
(Fig. 4D). Except for the 1100 cm�1 signal, this FTIR pattern is
similar to that of the oleic acid–magnetite complex before coating
with mPEG–PCL copolymers (Fig. 4E). In addition, the signal of Fe–O
linkages in Fig. 4D was larger than those in (B) and (C) due to the
higher content of Fe3O4 in the oleic acid–magnetite complex
compared to the copolymer–magnetite complex.

The amounts of aggregate were strongly dependent on the co-
polymer concentrations in aqueous solutions. Fig. 5 exhibits the
aqueous dispersions after dialysis and centrifugation to precipitate
any large aggregate. As the copolymer concentrations were in-
creased up to 1 wt%, there was no aggregate observed (Fig. 5b). It
should be noted that the mass ratio of the copolymer to the oleic
acid–coated magnetite at this concentration was about 1:9. Higher
amount of aggregate accumulated at the bottom as lower concen-
tration of the copolymer was used. When too low concentration of
the copolymers was applied, the aqueous phase was transparent
indicating that Fe3O4 nanoparticles barely dispersed in aqueous
phase (Fig. 5f). Magnetite concentrations in aqueous dispersions a–
f were 1.60, 1.45, 0.95, 0.75, 0.43 and 0% wt/v, respectively. This can
be surmised that copolymer concentrations played an important
role on dispersibility of the copolymer–magnetite complex in
water.

Particle size and size distribution of magnetite nanoparticles
were also investigated using transmission electron microscopy
(TEM). A representative TEM image and size distribution of co-
polymer–magnetite complex dispersed in water having 1.0 wt%
copolymer concentrations are illustrated in Fig. 6. Particle size was
Fig. 5. Fe3O4 nanoparticle dispersions in water at (a) 5, (b) 1, (c) 0.5, (d) 0.1, (e) 0.01 and
(f) 0.001 wt% of the copolymer concentrations.



Fig. 6. (A) A TEM bright field image of copolymer–magnetite complex in water, and (B)
particle size distribution with average particle size 9.0� 1.1 nm in diameter.
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determined by measuring diameter of 100 particles in different
regions of a given TEM grid. The particle size ranged between 7 and
11 nm in diameter with the average of approximately 9.0�1.1 nm.
The particle size of the dispersions having different copolymer
concentrations was comparable to that in Fig. 6, indicating that the
particle size was not dependent on the copolymer concentrations
in the solutions.

In addition to the copolymer concentration, the concentration of
oleic acid used to stabilize magnetite nanoparticles in hexane also
played an important role on migration of the particles from hexane
to aqueous phase. Table 1 shows the effect of oleic acid concen-
trations used as the primary surfactant on percent of magnetite in
the complex and their magnetic properties. Percent of magnetite in
copolymer–magnetite complex increased from 52 to 71% when the
Table 1
Effect of oleic acid concentrations on percent of magnetite in the complex and its
magnetic properties

Dispersion Conc. of
oleic acida

(% wt/v)

% Fe3O4 in
copolymer–magnetite
complexb

Ms
c

(emu/g sample)
Ms

c

(emu/g Fe3O4)

A 2.5 52 17 32
B 5 59 19 32
C 7.5 71 25 35
D 10 71 23 33

a Concentrations of oleic acid used to disperse Fe3O4 in 20 ml hexane.
b Determined from aqueous layer of the mixture of 20 ml of 1 wt% of the co-

polymer and 20 ml hexane having different oleic acid concentrations and after 4 h
sonication. %Fe3O4 in copolymer–magnetite complex determined from AAS.

c Calculated from the magnetic moment of the sample at 10,000 G.
concentration of oleic acid used to form first-layer coating in-
creased from 2.5% to 7.5% (dispersions A–C). An adequate amount of
oleic acid might be necessary to obtain a well-defined first-layer
hydrophobic coating before physisorption with PLC blocks of the
copolymer and then transferring to water phase. However, further
increase of the oleic acid concentration to 10% (dispersion D) did
not further increase the percent of magnetite in the complex. Sat-
uration magnetization (Ms) of these four dispersions ranged be-
tween 17 and 25 emu/g sample and the numbers tended to increase
when the percent of magnetite in the complex increased. In-
terestingly, when taking percent of magnetite in the complex into
account, Ms in emu/g magnetite unit of these four dispersions were
close to each other. Similar experimental setup was used to study
the influence of the copolymer on the magnetic properties of the
core nanoparticles by fixing oleic acid concentration at 10% and
varying the copolymer concentrations in the mixture. It was found
that as the copolymer concentration was increased (0.01, 0.1, 0.5
and 1%), Ms in emu/g magnetite unit of these dispersions was
comparable to each other (31–34 emu/g Fe3O4). The only difference
observed between these dispersions was their dispersibility in
aqueous media as shown in Fig. 5. These results indicated that
magnetic properties of the core nanoparticles were not depended
on either the concentrations of oleic acid primary surfactant or the
copolymer secondary surfactant. It should be stated that Ms of oleic
acid-coated magnetite (without copolymer coating) was about
34 emu/g Fe3O4. Thus, incorporation of the copolymers to the
complex did not deteriorate magnetic properties of the nano-
particle core.

Time periods of ultrasonicating the water/hexane mixture of
magnetite and copolymer also played a key role on magnetic
properties of the particles. Table 2 shows the percent of magnetite
in the copolymer–magnetite complex and Ms of the complex after
ultrasonication for 1–4 h. Percent of magnetite in the complex
ranged between 66 and 71% and did not significantly increased
when time periods of ultrasonication were extended. However, the
complex having only 1 h sonication possessed significantly low
magnetic response as indicated by a low Ms value (dispersion E).
This result suggested that magnetic properties of the particles were
influenced by ultrasonicating time periods and at least 2 h of
ultrasonication was required to obtain particles with good mag-
netic response. It is hypothesized that relatively small particles
migrated to aqueous phase when only 1 h sonication was applied as
indicated by the average particle size of 7.8 nm obtained from TEM
analysis. Size of nanoparticles definitely influences their magnetic
properties. Extension of ultrasonication time might further en-
hance phase-migration efficiency of the particles resulting in mi-
gration of large particles (9.0 nm) to aqueous phase and thus
particles with high Ms values obtained. Representative hysteresis
curves of dispersions A and E are illustrated in Fig. 7. It should be
noted that dispersions A–H shown in Tables 1 and 2 have
Table 2
Effect of ultrasonicating time treatment on percent of magnetite in the complex and
its magnetic properties

Dispersion Time of
ultrasonicationa

(h)

% Fe3O4 in
copolymer–magnetite
complexb

Ms
c

(emu/g sample)
Ms

c

(emu/g Fe3O4)

E 1 66 14 21
F 2 68 22 32
G 3 66 22 33
H 4 71 23 32

a Time period used to ultrasonicate the mixture of 20 ml of 1 wt% of the co-
polymer and 20 ml hexane having 10 wt% oleic acid.

b Determined from aqueous layer of the water/hexane mixture. %Fe3O4 in co-
polymer–magnetite complex determined from AAS.

c Calculated from the magnetic moment of the sample at 10,000 G.



Fig. 7. Representative hysteresis curves of Fe3O4 nanoparticles of dispersion A (-) and
E (,).
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superparamagnetic properties at room temperature as indicated by
the absence of reminance and coercivity upon removing an exter-
nal applied magnetic field.

TGA was carried out to determine percent weight loss of the
complexes, which manifested the amount of oleic acid and co-
polymer adsorbed on the particle surface (Fig. 8). The difference of
the weight remaining at 600 �C between bare magnetite (90%)
(Fig. 8A) and oleic acid-coated magnetite (31%) (Fig. 8B) was hy-
pothetically the weight of oleic acid adsorbed on the nanoparticle
surface. Similarly, the difference of the weight remaining between
oleic acid-coated magnetite (31%) (Fig. 8B) and copolymer–mag-
netite complex (19%) (C) was the weight of the copolymer adsorbed
on their surface. It was found that there was 59% oleic acid and only
12% of copolymer was adsorbed on the complex. Although only
small amount of copolymer observed on their surface, the nano-
particles were well dispersed in water and remained stable at room
temperature for more than a month without noticeable
aggregation.

The studies on drug entrapping efficiency were accomplished to
confirm the formation of bilayer surfactants with a hydrophobic
inner layer. Indomethacin was selected as a model drug in the
current studies due to its poor solubility in water. Therefore, it was
hypothesized that the hydrophobic drug would partially precipitate
in the inner hydrophobic shell of an oleic acid–PCL layer on the
particle surface upon addition to the copolymer–magnetite com-
plex. Percent entrapment efficiency (%EE) of the complex was
approximately 43.2% (21.5 mg indomethacin entrapped/50 mg
indomethacin loaded) and drug loading efficiency (%DLE) was
6.8� 0.5% wt/wt (68 mg/mg Fe3O4). This indicated that the
copolymer-magnetite complex was effectively loaded with in-
domethacin and hypothetically any other hydrophobic drug should
be also loaded in the formulation. The effect of the polymer block
lengths and concentrations on drug-entrapped efficiency and drug
releasing behavior are warranted for further investigation.
Fig. 8. TGA of (a) bare magnetite (:), (b) oleic acid-coated magnetite (A) and (c)
copolymer–magnetite complex (-).
4. Conclusions

We reported a study on water dispersible magnetite nano-
particles stabilized with oleic acid primary surfactants and
mPEG–PCL block copolymer secondary surfactants to form bilayer
stabilizers having hydrophobic inner shell and hydrophilic corona.
PCL was hypothesized to adsorb onto the particle surface coated
with oleic acid and mPEG hydrophilic blocks extended to the carrier
fluid to provide steric stabilization. Concentrations of both oleic
acid and the copolymer influenced the percent of magnetite in the
copolymer–magnetite complex dispersed in water. The particles
were about 9.0 nm in diameter and exhibited superparamagnetic
behavior at room temperature with Ms ranging between 21 and
35 emu/g magnetite. This copolymer–magnetite complex can be
effectively loaded with indomethacin (%DLE¼ 68 mg/mg Fe3O4)
with 42% EE. This complex was theoretically possible to load any
other hydrophobic drug by partitioning to the hydrophobic shell on
the particle surface. Tuning the molecular weights of mPEG and PLC
blocks is warranted for further studies to investigate the influence
of hydrophilic block lengths on particle stability in water and the
effect of PCL block lengths, the hydrolysable moiety, on releasing
rate of the drug from the particle.
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