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The properties of magnetic core-shell nanoparticles greatly depend on their core sizes and shell materials. Silica shell can prevent
the magnetic nanoparticles from corrosion and agglomeration. In addition, the hydrolyzed silica can provide silanol groups to facil-
itate surface biofunctionalization. In this paper, superparamagnetic Fe; O, nanoparticles coated with SiO; shell were prepared by a
one-pot water-in-oil microemulsion method. Transmission electron microscopy (TEM), scanning electron microscopy (SEM), and vi-
brating sample magnetometry (VSM) were utilized to characterize the morphology and magnetic properties of the synthesized nanopar-
ticles. The results indicated that by tuning the water/surfactant molar ratio (Wo) of the microemulsion system, core size of the resulting
Fe3; O4 nanoparticles can be altered. The size-controllable silica-encapsulated Fe; O, superparamagnetic nanoparticles have great po-
tential to be applied as multifunctional tracer materials for magnetic particle imaging (MPI).

Index Terms—Core-shell nanoparticles, iron oxide nanoparticles, magnetic particle imaging (MPI), microemulsion.

I. INTRODUCTION

N recent years, iron oxide nanoparticles (IONPs) have

attracted extensive attention because of their low tox-
icity, biocompatibility, and environmental friendliness [1],
[2]. Typically, IONPs smaller than a critical diameter are
superparamagnetic nanoparticles that possess a large constant
magnetic moment but negligible remanence and coercivity [3].
Taking advantage of the characteristic nonlinear response of
superparamagnetic IONPs to an oscillating magnetic field, a
novel tomographic imaging modality named magnetic particle
imaging (MPI) was developed in 2005 [4]-[6]. Superparamag-
netic IONPs applied as the contrast agent for MPI are called
tracer materials, and the oscillating magnetic field is called
a modulation field. In order to enhance MPI performance,
relaxation of the tracer material should be optimized according
to the modulation field frequency [7]. Simulation studies have
indicated that nanoparticle size and size distribution govern
nanoparticle relaxation [8]. As a result, it is worthwhile to
explore a synthetic route of monodisperse IONPs with control-
lable size for application as MPI tracer materials.

Water-in-oil microemulsion is one of the powerful synthesis
technologies producing IONPs with a high degree of crys-
tallinity [9]. In a water-in-oil microemulsion system, reverse
micelles containing aqueous solution are dispersed in the
hydrocarbon solvent [3] as nanoreactors for aqueous reactions.
It has been documented that the size of the reverse micelle
greatly depends on the value of water/surfactant molar ratio
(Wo) [10]. As a result, the sizes of the resulting IONPs can
be easily controlled by tuning the values of Wo. Moreover,
the microemulsion technology can be carried out at room
temperature and applied in mass production [11]. Thus, this
facile water-in-oil microemulsion technology is a promising
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candidate for the synthesis of different sizes of IONPs as MPI
tracer materials.

IONPs tend to aggregate in aqueous solutions due to their
small sizes and hydrophobicity [3], [12], [13]. In addition, the
magnetic property of IONPs must be preserved in the biolog-
ical environment from degradation when used as MPI tracer
materials [5]. Consequently, surface modifications are required
to avoid aggregation and facilitate the performance of IONPs
in MPI applications. Core-shell structure was proposed to this
end [14]. Amorphous silica possesses fascinating chemical sta-
bility and hence is one of the popular shell materials. The nan-
othin silica shell leaves the morphology and magnetic property
of the IONPs intact while preventing the magnetic cores from
flocculation, agglomeration, and corroding [13]. The silica shell
can be further modified to attach optical, physical, chemical,
or biomedical functional groups for different purposes such as
drug delivery, bioseparation, and diagnostic analysis [1], [3],
[10], [15], [16]. Such silica-encapsulated IONPs show promise
as MPI tracer materials for multifunctional biomedical modali-
ties which may combine therapeutic and diagnostic strategies.

The purpose of this work is to develop a promising candidate
method for preparing size-controllable MPI tracer materials
based on the one-pot water-in-oil microemulsion technology
[10]. Here, microemulsion technology was used to synthesize
silica-encapsulated IONPs at room temperature. In addition,
the effect of Wo on the size of the IONP cores was investigated.
The morphology and magnetic property of the synthesized
silica-encapsulated IONPs were characterized.

II. EXPERIMENTAL SECTION

1) Chemicals: Tron (II) chloride tetrahydrate (99+%),
tetracthyl orthosilicate (TEOS) (98%), hexadecyltrimethy-
lammonium bromide (CTAB) (99+%), ammonium hydroxide
(28-30 wt% in water), toluene (99.5%), and ethanol (99.8%)
were purchased from Acros Organics. Iron (III) chloride hex-
ahydrate (98+%) was purchased from Sigma-Aldrich. All of
the chemicals were used as-received without further treatment.

2) Synthesis Procedure: A previously reported microemul-
sion system was used in this study [10]. The water-in-oil mi-
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TABLE I
THREE PROTOCOLS FOR SYNTHESIS OF IONPS

Wo FeCl,»4H,O FeCl;*6H,O DI water
26 0.0685g 0.1864g 1.8879g
40 0.1028g 0.2796g 2.8319¢
80 0.2056g 0.5592¢ 5.6638¢g

croemulsion was formed using aqueous FeCl,/FeCls solution
and excess toluene with the help of CTAB as a surfactant. Wo
is the molar ratio of deionized (DI) water to CTAB. In this
study, Wo was adjusted by changing the amount of aqueous so-
lution while all the other experimental conditions were fixed. As
shown in Table I, three protocols (Wo = 26, 40, and 80) were
used to produce three groups of IONPs by following the proce-
dure of synthesis of IONPs. In order to synthesize the core-shell
nanoparticles, a second step (formation of silica shell) was per-
formed after the first step (synthesis of IONPs) in a one-pot
manner. The two synthesis steps are described in detail as fol-
lows.

Synthesis of IONPs: First of all, 1.4578g of CTAB was dis-
persed into 30 g of predried toluene in a round bottom flask
under vigorous stirring. Afterwards, according to the three pro-
tocols shown in Table I, FeCl,-4H5 O and FeCls-6H> O were dis-
solved in DI water, and this FeCly/FeCls solution was slowly
dropped into the toluene suspension under a nitrogen atmos-
phere. After that, the system was stirred continuously for 4h.
Excess ammonia solution, in this case 1.3 ml, was then slowly
added to the microemulsion system under a nitrogen atmos-
phere. The suspension immediately turned black indicating the
formation of FezO4 nanoparticles. The chemical reaction for
this procedure is as follows:

FeCl, + 2FeCls + 8NHj3 - HoO — Fe; 04 + 8NH4C1 + 4H50

Formation of silica shell: Two hours after adding ammonia,
1.3870g of TEOS was slowly added into the flask under a ni-
trogen atmosphere. The system was then stirred continuously
for 5 days to allow the formation of silica shell. At the end of
the experiment, ethanol was added to the black microemulsion
mixture. The black product was separated by an external magnet
and the supernatant was discarded. After washing by ethanol
several times, the black precipitate was refluxed in ethanol for
10 h, and then washed several times by DI water. Silica-encap-
sulated IONPs were prepared for the Wo = 40 protocol in this
work.

3) Characterization: Transmission electron microscopy
(TEM) images and electron diffraction patterns were obtained
using an FEI Tecnai G2 20 S-TWIN Scanning Transmission
Electron Microscope. Energy dispersive X-ray spectroscopy
(EDS) was performed using a Hitachi S-3400N Variable Pres-
sure Scanning Electron Microscope (SEM). The magnetic
property studies were carried out at room temperature using a
Lakeshore 7407 vibrating sample magnetometer (VSM).

III. RESULTS AND DISCUSSION

Silica-encapsulated IONPs were successfully synthesized by
this water-in-oil microemulsion technology. The shape and size
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Fig. 1. TEM images of IONPs (A) without and (B) with shell prepared by the
protocol of Wo = 40. (A) Lattice fringes were clearly shown in image, and
the distance between two adjacent lattice fringes is measured. Amorphous shell
(arrow) and crystalline core shown in image (B) indicate the core-shell structure.
Electron diffraction patterns of the IONPs (C) without and (D) with shell both
reveal Fe; Oy crystalline diffraction pattern.
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Fig. 2. EDS spectra for IONPs (A) without and (B) with shell that synthesized
by the protocol of Wo = 40. Al peaks in the spectra come from the aluminium
foil used as the holder for the SEM study.

of the IONP cores without shell [Fig. 1(A)] are similar to those
in the core-shell structure [Fig. 1(B)]. The core-shell structure,
composed of nanothin amorphous shell and crystalline core,
is clearly shown on the TEM image [Fig. 1(B)]. The lattice
fringes shown in Fig. 1(A) suggest the high crystallinity of
the IONPs. The distance between two adjacent lattice fringes
(0.4813 nm) agrees well with the d111 spacing (0.48479 nm) of
Fe;O4 (JCPDS 86-1362). In addition, the electron diffraction
was performed by using TEM for the IONPs without silica
shell [Fig. 1(C)] and silica-encapsulated IONPs [Fig. 1(D)].
The two diffraction patterns both present characteristic rings
of Fe30y. It is clearly demonstrated that the IONPs are Fe3 Oy
nanoparticles in both cases. The EDS spectra for IONPs
(Wo = 40) without [Fig. 2(A)] and with [Fig. 2(B)] silica shell
were obtained using SEM. It is obvious that the shell-encap-
sulated IONPs are composed of Si, Fe, and O, whereas the Si
peak disappears in the spectrum of the IONPs without shell.
Moreover, the atomic ratios for the shell-encapsulated IONPs
are Fe : O : Si = 16.53 : 56.35 : 13.80. This suggests that the
compositions of the core-shell nanoparticles are SiOy shell and
Fe304 cores, which indicates the silica-encapsulated Fe3O4
(Fe3O4@Si0,) nanoparticles were synthesized as expected.

In water-in-oil microemulsion process, the size of the
aqueous microemulsion droplet directly depends on the value
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Fig. 3. Size distribution histograms for IONPs without silica shell synthesized
by protocol of Wo = (A) 26, (B) 40, and (C) 80, respectively. (D) Relation
between the average sizes of IONPs and Wo. Whiskers stand for the standard
deviation, and the trendline is added to guide eyes.

of Wo, and it is reasonable to presume that the size of the IONPs
directly relates to the Wo value. The IONP size distribution
histograms for the protocol of Wo = 26, 40, and 80 are shown
in Fig. 3(A), (B), and (C), respectively. The sizes are 4.4 £ 0.59
nm (Wo = 26), 6.3 £ 1.17 nm (Wo = 40), and 8.7 &+ 1.49
nm (Wo = 80), respectively. The relation between the average
sizes and the Wo values is plotted in Fig. 3(D). In general, the
size of the Fe3 O4 nanoparticles increases with the value of Wo,
which coincides with the previous report [10]. This water-in-oil
procedure provides a convenient way for preparing different
sizes of Fe3O4 nanoparticles and by simply adding the second
synthesis step (formation of silica shell) silica-encapsulated
Fe304 nanoparticles of different sizes could be prepared as
well.

The magnetic properties of the resultant nanoparticles were
investigated by VSM at room temperature. The hysteresis loops
for the Fe3O4 nanoparticles without silica shell and the silica-
encapsulated Fe; O4 nanoparticles are shown in Fig. 4. It is evi-
dent that all of the samples show no magnetic hysteresis. Their
magnetization and demagnetization curves superimpose with
each other and pass through the origin. This implies the super-
paramagnetic nature which is an important property for MPI
tracer material. In addition, Fig. 4(A) shows that the magnitude
of the saturation magnetization (Ms) increases with Wo owing to
the increase of the Fe;O4 nanoparticle size. The trend between
Ms and Wo is shown in the inset of Fig. 4(A). Fig. 4(B) shows
the hysteresis loops of the silica-encapsulated Fe; O4 nanoparti-
cles (Fe3O.@SiO») and the Fe; O, nanoparticles without silica
shell. Both were produced with Wo = 40. Although the sizes
of the Fe3Oy4 cores in the core-shell structure are similar to the
Fe3 04 nanoparticles [Fig. 1(A) and (B)], the silica-encapsulated
Fe3 04 nanoparticles (Fe; O4@SiO2) exhibit lower Ms. This can
be explained by the fact that the silica shell is nonferromagnetic
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Fig. 4. (A) Hysteresis loops of Fe3 O4 nanoparticles without silica shell. Inset
shows the relation between Wo and Ms. Trendline is added to guide eyes. (B)
Hysteresis loops for silica-encapsulated Fe; O, nanoparticles (Fes O4 @SiO2)
and the Fe; O4 nanoparticles without silica shell that were both produced with
Wo = 40.

and the Ms only arises from the Fe;O4 cores of the silica-en-
capsulated IONPs [17]. Since the weight percentage of Fe3Oy4
in the silica-encapsulated Fe; O4 nanoparticles is lower, its Ms
is lower. However, these silica-encapsulated Fe; O4 nanoparti-
cles, due to their larger size of Fe3O4 cores, still have higher
Ms than the Fe;O. nanoparticles without shell produced by
Wo = 26. Using this water-in-oil microemulsion method, the
size and magnetic property of the promising MPI tracer ma-
terial, silica-encapsulated Fe;O4 nanoparticles, could both be
controlled by varying Wo.

IV. CONCLUSION

In this paper, core-shell structured IONPs have been syn-
thesized by using a one-pot water-in-oil (water/CTAB/toluene)
microemulsion technology. The core is high-crystallinity
Fe;O, and the shell is amorphous silica. These silica-en-
capsulated Fes O, nanoparticles are superparamagnetic, and
thus they might be a suitable tracer material for MPI. Wo is
the key parameter to control the size and magnetic property
of the FesO4 nanoparticles. In conclusion, this water-in-oil
microemulsion technology has the potential to produce MPI
tracer materials of various sizes and magnetic properties for
different MPI applications. Further studies will be carried out to
strengthen the control on the size distribution and the shape of
the synthesized nanoparticles. Multifunctional MPI materials
based on the silica-encapsulated Fe; O4 nanoparticles will also
be studied.
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