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Double-doped magnetic particles that incorporated magnetites into both the surface and inside the silica cores
were fabricated via the sol-gel reaction of citrate-stabilized magnetites with silicon alkoxide. Double-doped
magnetic particles were easily fabricated and exhibited an higher magnetism in comparison to the singledoped magnetic particles that were prepared by the erosion of surface-deposited magneties from double-doped
magentic particles. Thin gold layer was formed over magnetic silica nanospheres via nanoseed-mediated
growth of gold clusters. The plasmon-derived absorption bands of double-doped magnetic silica-gold nanoshells
were more broadened and shifted down by ca. 20 nm as compared to those of single-doped magnetic silicagold nanoshells, which were attributed to not only the surface scattering of incident light due to relatively rough
surafce morphology, but also heterogeneous permittivity of dielectric cores due to surface-deposited magnetites.
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Introduction
Nanotechnology, one of the research frontiers in modern
science and technology, has focused on the fabrication of
hybrid nanostructures with unique optical and electromagnetic
1,2
properties. Gold nanoparticles can be an excellent candidate
for biomedical applications owing to their unique optical
properties along with biocompatible affinity for various
functional ligands.3,4 Halas and co-workers have reported that
silica-gold nanoshells (SGNSs) successfully delivered a hyperthermic dose on the destruction of tumor cells via surface
plasmon resonance (SPR) that is the collective oscillation of
5,6
the conduction electrons confined in the metallic interface.
The core-shell gold nanostructures combined with magnetic
nanoparticles can provide a promising impact on simultaneous
diagnostic imaging and targeted hyperthermia effect. In
recent years, Diaz and other group reported SGNSs with mag7,8
netite-embedded in the silica cores. Hyeon and co-worker
also prepared silica-gold nanoshells (SGNSs) with magnetite9
assembled on the silica cores. The previous magnetic SGNSs
used as a MRI (magnetic resonance imaging) and hyperthermia
agent, however, exhibited relatively low contents of magnetites
in silica matrix, probably due to single-doped magnetites
either inside or outside the core. To ameliorate the detection
sensitivity of MRI under the deteriorating biological medium,
it is necessary to increase the contents of magnetites in the
carrier medium or replace higher supermagnetic materials.
Most core-shell nanostructures were fabricated through the
complex assembly process of small nanoparticles on ligandfunctionalized oxide cores by electrostatic and/or chemical
bonding. For instance, Mirkin et al. and other worker prepared
the modified silica nanoparticle assembled with positivelycharged amine groups for the attachment of negatively10,11
The water-in-oil (W/O) microcharged Fe3O4 nanoparticles.
emulsion has been used to synthesize the uniform magnetic
materials, in which micelles (or inverse micelles) are used to

control the thickness of silica layer on magnetic nanopar12
ticles. Core-shell gold composites were also prepared by a
multistep (layer-by-layer, LBL) strategy based on the alternative assembly of oppositely-charged polyelectrolytes onto
7,13
the colloidal templates.
In contrast with the complex assembling process for singledoped magnetic nanoparticles, we reported the fabrication of
double-doped magnetic silica nanospheres that incorporated
magnetites onto both the inside and outside the core materials.
Not only was the double-doped magnetic particles simply
fabricated, but also exhibited an higher magnetism in com7-9
parison to the single-doped ones. Thin gold layer was
subsequently formed over magnetic silica nanospheres of
which optical properties were influenced by surface morphology and heterogeneous dielectric cores. The facile fabrication of double-doped magnetic particles can be potentially
applied to multi-functional magnetic systems such as nano2,14-16
MRI, bio-analytic assays, and magnetic drug delivery.
Experimental Section
Synthesis of magnetic silica nanospheres. To synthesize
magnetic silica nanosphere, aqueous ferrofluid was prepared
17,18
FeCl3 and FeCl2 (3 : 2
according to Massart’s method.
mole ratio) were mixed with 25 mL of distilled water, and 20
mL of ammonium hydroxide (28 wt% NH3) was added
quickly to the chloride mixture under vigorous mechanical
(nonmagnetic) stirring at room temperature. A black solid
precipitate was immediately formed. The sediment was redispersed by ultrasonification in 50 mL of distilled water.
Sodium citrate was subsequently added to magnetic ferrofluid
o
and refluxed for 1 hour at 70 C. Then, 0.5 mL of citratestabilized magnetites (15 g/L), 9.5 mL of H2O, and 1.12 mL of
NH4OH were mixed in 40 mL ethanol, and then 0.5 mL
tetraethyl orthosilicate (TEOS) solution was added to a mixed
solution under mechanical stirring for 5~6 hours. Finally,
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Figure 1. Schematic diagram of synthetic procedures for magnetic
gold nanoshells with double-doped and single-doped magnetites.

double-doped magnetic silica nanospheres (Fe3O4@SiO2@Fe3O4) were obtained by sol-gel reaction of TEOS alkoxide
with citrate-stabilized magnetites (CNMPs) in ethanol mixture.
Thin gold layer formation over magnetic silica nanospheres.
To prepare gold colloids of 1~3 nm, tetrakis(hydroxymethyl)
phosphonium chloride (THPC)/NaOH reducing agents were
mixed with 1.0 wt% aqueous tetrachlroloaurate(III) trihy19
drate. At the alkaline condition, THPC is a powerfully reducing agent enough to reduce gold salts via the derivation of
formaldehyde. An excess of 3-aminopropyltrimethoxysilane
(APTMS) was then added to a double-doped magnetic silica
solution, and APTMS-functionalized magnetic particles were
subsequently added to the gold colloids for the deposition of
gold seeds onto the surface of magnetic nanoparticles. To
form the continuous gold layer over the silica cores,
gold-deposited magnetic nanoparticles (Au-Fe3O4@SiO2@Fe3O4) were further reduced by reacting with K+AuCl4− in the
6
presence of formaldehyde. Single-doped magnetic silica
nanospheres were prepared by the erosion of surface-deposited
magnetites in conc. HCl solution. Thin gold layer was also
coated on the single-doped magnetic particles according to
the same procedures that were previously described. Figure 1
describes the synthetic scheme for the fabrication of doubledoped and single-doped magnetic silica nanospheres followed by the nanoseed-mediated growth of gold clusters.
Results and Discussion
Fe3O4 nanoparticles were prepared by co-precipitation of
ferrous and ferric chlorides and the precipitates were processed in ultrasonic dispersion for DLS analysis. The magnetites obtained from the co-precipitation method exhibited a
relatively wide distribution of particle sizes, 60 ± 37 nm. The
agglomeration of magnetic nanoparticles provides challenges
for them to be a building block for various functional nanocomposites. Thus, it is generally required to modify the surface
20,21
In
of magnetites by inorganic and/or organic stabilizers.
our case, citrate was employed as a surface-capping agent for
Fe3O4 nanoparticles in order to prevent the agglomeration
between magnetites. The size of citrate-capping magnetic
nanoparticles (CMNPs) was significantly decreased down to
18 ± 5 nm, which indicated the stabilizing effect of citrate ions
on the magnetic particles even though little has been under22
stood about the interfacial coordination of citrate capping.

Wavenumber (cm-1)
Figure 2. FTIR spectra of citrate-capped magnetites, 1, and citratecapped magnetites deposited on silica nanospheres, 2.

In order to elucidate the anchoring effect of citrate-capped
magnetites on the silica surface, pristine magnetites and
citrate-capped magnetites were added into pure silica colloids
prepared by the well-known Stöber method. TEM images
clearly showed that only citrate-capped magnetites were
attached onto silica nanospheres, but there was not any
indication of pristine magnetites attached on the silica surface
(data not shown). As shown in Figure 2, FTIR spectra of
citrate-capped magnetites exhibited the characteristic peak of
-1
magnetites at 596 cm and carboxylate groups of citrate at
-1
-1
1385 cm and 1591 cm that were assigned, respectively, to
the symmetrical and asymmetrical stretching vibrations.
Magnetite-deposited silica nanospheres also exhibited a strong
-1
-1
silica peak at 1107 cm and carboxylate groups at 1384 cm
-1
and 1629 cm , respectively. In contrast with the almost
invariant position of symmetrical carboxylate peak, the
asymmetrical carboxylate peak in magnetite-deposited silica
-1
was distinctly shifted to higher wave numbers by ca. 38 cm
as compared to that of citrate-capped magnetites. The reason
may be that that hydrogen-mediated interaction between
citrate carboxylates and silica hydroxyl groups render a more
anisotropic distribution of electron density within magnetitesilica complexes, consequently leading to an upward shift of
23,24
At
asymmetrical stretching bands of carboxylate groups.
present, it is unclear whether the anchoring effect of citratecapped magnetites is solely due to intermolecular interaction
or to ligand exchange. FTIR spectrum analysis, however,
suggested that anchoring effect of citrate-capped magnetites
was contributed by the hydrogen-bonding interaction between
carboxylate groups of citrate and hydroxyl groups of silica
surface (see Figure 1).
Double-doped magnetic silica nanospheres (Fe3O4@SiO2@Fe3O4) were prepared by the modified sol-gel reaction of
silicon alkoxide with excessive CMNPs, and single-doped
magnetic silica nanospheres (Fe3O4@SiO2) were obtained by
etching the surface-exposed magnetites of double-doped
magnetic particles in conc. HCl solution. As shown in Figure
3(a)-(b), the surface-deposited magnetites were clearly
observed on the surface of silica nanospheres owing to the
anchoring effect of citrate carboxylates that was previously
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Table 1. The characteristics of gold-Fe2O3@silica nanocomposites
Fe3O4@SiO2
Fe3O4 Citrated-stabimagnetites lized Fe3O4 DDM
SDM
Size (nm) by DLSa
60 ± 37
b
-33
Zeta-potential (mV)
Fe wt% by EDX
-- c
emu/gd
80

18 ± 5
-44
c
-46.1

140 ± 26 114 ± 25
-57 (27) -43 (33)
2.5 wt% 1.13 wt%
3.6
2.7

a

Size of nanoparticles were determined by intensity-based dynamic laser
-5
b
scattering (DLS) method in dilute condition of 3 × 10 g/mL. The
zeta-potential of each nanoparticles in aqueous solution was measured in
the neutral pH ranges (pH 7~8) and bracket number indicates the zetac
potential of APTMS-coated Fe3O4@SiO2 in ethanol solution. The Fe
wt% can be estimated based on the stoichiometric composition of the iron
d
oxide materials. This represented saturated magnetization values by
using a vibration sample magnetometer (VSM).

Figure 3. TEM images of magnetite-deposited silica nanospheres
prepared by Stöber method of sol-gel reaction: (a) and (b) doubledoped magnetites (DDM), (c) and (d) single-doped magnetites (SDM).
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Figure 4. Hysteresis loops of magnetic silica nanospheres with DDM
and SDM at 300 K, respectively.

described above. As shown in Figure 3(c)-(d), the aggregated
magnetites were embedded inside the silica cores during the
sol-gel reaction, which seemed to be attributed to the weakened stabilizing effect of deprotonated citrate carboxylates
at high alkaline condition. Table 1 showed that double-doped
magnetic (DDM) nanoparticles exhibited higher contents of
Fe wt% and magnetism as compared to single-doped magnetic
(SDM) nanoparticles, owing to the additional magnetites
deposited outside the silica nanospheres. Figure 4 shows the
hysteresis loops measured at 1.5 T (300 K) of silica nanospheres with double-doped and single-doped magnetites.
Double-doped magnetic (DDM) particles exhibited a higher
magnetism compared to single-doped magnetic (SDM) particles, probably due to the additional magnetites outside the
silica nanospheres.
Magnetic silica nanospheres were self-assembled by
APTMS having terminal amine groups that can give rise to
positive zeta-potentials. In this case, the zeta-potential values
were mainly determined by the numbers of amine groups
exposed on magnetic particles. APTMS-modified magnetic

Figure 5. UV-Vis spectra of single-doped magnetic silica-gold
nanoshells (SDM-SGNSs) and double-doped magnetic silica-gold
nanoshells (DDM-SGNSs) (including SEM images), respectively.

SiO2 exhibited the zeta-potential of +27 mV for double-doped
magnetites and +33 mV for single-doped magnetites. The low
zeta-potential values in double-doped magnetic nanoparticles
indicated that surface-exposed magnetites partially screened
the hydroxyl groups of silica nanosphere available for APTMS
assembly, consequently reducing amine groups assembled on
magnetic silica nanospheres. Au-deposited magnetic nanoparticles were subsequently obtained by the electrostatic attractions between gold colloids with negative surface charges and
APTMS-assembled SiO2 with positive surface charges.
THPC/NaOH-induced gold colloids (1~3 nm) at ca. pH 3.0
led to monodisperse deposition of gold colloids onto silica
25
nanospheres. Thin gold layer was formed over magnetic
silica nanospheres via seed-mediated growth of gold clusters
+
−
in the presence of reducible gold salts, K AuCl4 , and formaldehyde reducing agents.
Figure 5 exhibited the SEM images of double-doped
magnetic silica-gold nanoshells (DDM-SGNSs) and singledoped magnetic silica-gold nanoshells (SDM-SGNSs), respectively. The surface morphology of DDM-SGNSs was
relatively rough because the coalescence between neigh-
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bouring gold clusters were interfered by surface-deposited
magnetites, whereas SDM-SGNS exhibited the smoother
surface morphology of thin gold layers. The core radius and
shell thickness of SDM-SGNS were determined as ca. 58 nm
and ca. 21 nm, respectively. As shown in Figure 5, the absorption peak of DDM-SGNSs was relatively less intense than
that of SDM-SGNSs. Maximal absorption peaks of DDMSGNSs and SDM-SGNSs were positioned at ca. 753 nm and
776 nm, respectively. Since SPR is a resonant interaction
between the electromagnetic field of incident light and the
surface charge oscillation, rough surface of metal layer can
raise the surface scattering of incident light with the conse26,27
quent weakening of SPR.
In summary, the plasmon-derived absorption bands of
DDM-SGNSs were more broadened and shifted down by ca.
20 nm in comparison to those of SDM-SGNS, probably due to
the large grain domains of gold clusters and heterogeneous
permittivity of dielectric cores attributed to the surface28,29
deposited magnetites.
Conclusions
Double-doped magnetic silica-gold nanoshells (DDMSGNSs) were facilely synthesized by the sol-gel process of
citrate-stabilized magnetites (CMNPs) with silicon alkoxide,
followed by the seed-mediated growth of gold clusters over
magnetic silica nanospheres. The successful fabrication of
double-doped magnetic silica nanospheres was mainly contributed by two key factors: i) magnetites were stabilized by
citrate capping during the sol-gel process, ii) citrate carboxylates capped on magnetites also provided the anchoring
effect on the surface of silica nanospheres via hydrogenbonding interaction. Double-doped magnetic particles exhibited higher magnetism in comparison to single-doped magnetic particles. DDM-SGNSs exhibited a relatively rough
surface morphology and large grain size owing to the interference of surface-deposited magnetites in the formation of
thin gold layer, resulting in the blue-shift of absorption bands
and the decrease of absorption intensity. This synthetic route
for double-doped magnetic particles can provide a possible
multiple-doped magnetic system via successive sol-gel
reaction of citrate-stabilized magnetites with silicon alkoxide.
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