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Abstract: We have developed a simple,
efficient, economical, and general ap-
proach to construct diverse multifunc-
tional Fe;O4/metal hybrid nanostruc-
tures displaying magnetization using 3-

absorption, which may make them
promising in biosensor and biomed-
icine applications. High-density flower-
like Au/Pt hybrid NPs could be sup-
ported on the surface of Fe;O, spheres

spheres with high catalytic activity to-
wards the electron-transfer reaction be-
tween potassium ferricyanide and
sodium thiosulfate. High-density Ag or
Au/Ag core/shell NPs could also be

aminopropyltrimethoxysilane

(APTMS) as a linker. High-density Au
nanoparticles (NPs) could be supported
on the surface of superparamagnetic
Fe;O, spheres and used as seeds to
construct Au shell-coated magnetic
spheres displaying near-infrared (NIR)

catalysis

Introduction

Magnetic nanoparticles (NPs) have been the focus of in-
tense research because of their potential applications in
magnetic fluids, catalysis, biotechnology/biomedicine, mag-
netic resonance imaging (MRI), magnetic recording devices,
and environmental remediation.!'! With the development of
nanoscience and nanotechnology, appropriate combination
of different nanoscale materials may lead to the develop-
ment of multifunctional nano-assembled systems that simul-
taneously exhibit novel optical, electronic, and magnetic
properties. Synthesis and design of multicomponent hybrid
nanostructures that contain two or more nanoscale compo-
nents is challenging and topical owing to the multifunctional
and synergistic properties induced by different functional
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hybrid  supported on the surface of Fe;O,

spheres and exhibited pronounced sur-

h face-enhanced Raman scattering
eterogeneous

(SERS), which may possibly be used as
an optical probe with magnetic func-
tion for application in high-sensitivity
bioassays.

nanostruc-

nanoscale objects and their potential application in fields
such as biomedicine and catalysis. In particular, multifunc-
tional hybrid NPs with at least one magnetic component
have recently been the subject of extensive research into
combining the functionalities of magnetic NPs and semicon-
ducting NPs (or metal nanomaterials), which endow them
with interesting magnetic, semiconducting, plasmonic, and
magneto-optical properties as well as potential applications
in fields such as photothermal therapy, magnetic separation,
and bioimaging.”! For instance, a combination of optical and
magnetic properties in a single material would enable simul-
taneous biolabeling/imaging and cell sorting/separation.?!
Generally, the organic-phase route has proved to be a suc-
cessful methodology to obtain multifunctional nanomateri-
als. For instance, heterodimers with two joined NPs sharing
a common interface have been synthesized by nucleation
and growth of the second component on the preformed
nanoparticle seeds in high-temperature organic solutions.**l
However, these heterostructured NPs cannot be directly uti-
lized for biomedical applications because of their limited
solubility in water and poor biocompatibility, which will
greatly limit their applications. Moreover, the use of expen-
sive organic reagents and high temperature will lead to was-
tage of energy. Recently, heterostructured NPs have been
fabricated by integrating multiple NP components into a
single nanosystem via simple aqueous-phase routes. Promi-
nent examples include the construction of bifunctional NPs
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with both magnetic and optical properties by using silica®
or polymer shells™ as linkers, with both magnetic and cata-
lytic properties by using silica as a linker” and with both
magnetic and luminescent properties also with silica as
linker.! However, complex modification and post-treatment
processes are needed in the above aqueous-phase route. For
instance, homogeneous silica shell coatings on the surface of
one kind of NPs were usually needed, which were difficult
to achieve. Kim et al.”’) reported a general synthetic proce-
dure for multifunctional NP/silica sphere assemblies by
using silica as a support, linking small Fe;O, NPs by means
of a very complex organic reaction, and then loading metal
NPs or quantum dots (QDs) to construct bifunctional nano-
spheres. Although the resulting hybrid nanospheres had
well-defined structure, their saturation magnetization (SM)
was very low (>4 emug™'). Therefore, it is necessary to de-
velop an easy, rapid, inexpensive, and general method to
produce diverse multifunctional hybrid NPs with high satu-
ration magnetization (SM) to meet the requirements for po-
tential uses in nanodevices, nanosensors, catalysis, biomed-
icine, and so on.

Here we report on the development of a simple, efficient,
economical, and general approach to construct diverse mul-
tifunctional Fe;O,/metal hybrid nanostructures displaying
magnetization by using 3-aminopropyltrimethoxysilane
(APTMS) as a linker. Compared with the traditional linkers
(e.g., silica, polymers), constructing Fe,;O,/metal hybrid
nanostructures with APTMS as a linker is simpler and more
general. We found that high-density Au NPs could be sup-
ported on the surface of superparamagnetic Fe;O, spheres
and further used as seeds to construct Au shell-coated mag-
netic spheres displaying near-infrared (NIR) absorption,
which could make them promising in biosensor and biomed-
icine applications. High-density flowerlike Au/Pt hybrid NPs
could be supported on the surface of Fe;O, spheres to con-
struct multifunctional hybrid spheres with high catalytic ac-
tivity towards the electron-transfer reaction between potas-
sium ferricyanide and sodium thiosulfate. High-density Ag
or Au/Ag core/shell NPs could also be supported on the sur-
face of Fe;O, spheres and exhibited pronounced surface-en-
hanced Raman scattering (SERS) activity, which may possi-
bly be used as an optical probe with magnetic function for
application in high-sensitivity bioassays.

Results and Discussion

The Fe;O, nanospheres with the high SM were synthesized
by a solvothermal method in a polyol medium according to
reference [10] with some modifications. Figure 1 A shows a
typical transmission electron microscopy (TEM) image of
Fe;O, nanospheres, which have a relatively smooth surface
and an average diameter of about 300 nm. After functionali-
zation with NH, groups by condensation reaction of OH
groups on the surface of Fe;O, spheres and 3-aminopropyl-
trimethoxysilane (APTMS), as proved by X-ray photoelec-
tron and FTIR spectroscopy (see below), the diameter of
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Figure 1. TEM images of Fe;O, nanospheres (A) and APTMS-functional-
ized Fe;O, nanospheres at different magnifications (B, C).

the magnetite nanospheres was not obviously changed (Fig-
ure 1B and C). These APTMS-functionalized magnetite
nanospheres could adsorb diverse metal NPs with different
sizes, compositions, and morphologies because of strong co-
ordination and static interactions between the magnetite
spheres and the metal NPs, which is further proof of NH,
functionalization of the surface of the Fe;O, spheres (un-
functionalized Fe;O, spheres have no ability to load diverse
metal NPs; data not shown). The preparation strategy for
constructing diverse multifunctional Fe;O,/metal hybrid
nanostructures is shown in Scheme 1. Figure 2 A shows a
low-magnification TEM image of Fe;O,/Au NP hybrid nano-
spheres. The corresponding magnified image (Figure 2B and
Figure S1 in the Supporting Information) shows that 3 nm
Au NPs are indeed supported on the surface of Fe;O, nano-
spheres. Furthermore, we have demonstrated the feasibility
of constructing Fe;O,/Au NP hybrid nanospheres using
13 nm Au NPs. As shown in Figure 2C, a great number of
Fe;O,/Au NP hybrid nanospheres with rough surface are ob-
served. A magnified image (Figure 2D and Figure S2 in the
Supporting Information), shows that high-density Au nano-
particle (13 nm) are efficiently adsorbed on the surface of
Fe;O, nanospheres. Recently, several synthetic protocols for
Fe;O,/Au hybrid NPs have been reported."!! For instance,
Bao et al.l'"® reported a multistep strategy for the synthesis
of bifunctional Au/Fe;O, hybrid NPs that are formed by
chemical bond linkage. In comparison, our method is sim-
pler. More importantly, our strategy easily allows more Au
NPs to be adsorbed to give high-density of Au NPs support-
ed on Fe;O, hybrid NPs.
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Scheme 1. Fabrication of diverse multifunctional Fe;O,/metal hybrid nanostructures.
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Figure 2. TEM images of Au NPs (ca.3 nm) supported on Fe;O, hybrid
nanospheres (A, B) at different magnifications and Au NPs (ca. 13 nm)
supported Fe;O, hybrid nanospheres at different magnifications (C, D).

The functionalized Fe;O, nanospheres can also adsorb
other metal NPs. For instance, high-density flowerlike Au/Pt
hybrid NPs could also be adsorbed on the surface of Fe;O,
nanospheres, as shown in Figure 3. Low-magnification
images (Figure 3 A—C) show that a large number of hybrid
spheres with very rough surface were obtained. Magnified
images (Figure 3D and inset; Figure S3 in the Supporting
Information) indicate that Au/Pt hybrid NPs supported on
surface of Fe;O, nanospheres have a flowerlike structure.
We expected that these Au/Pt hybrid NPs supported hybrid
Fe;O, nanospheres could be used as recyclable catalysts
with high catalytic activity (see below). In addition, these
functionalized Fe;O, nanospheres could also adsorb silver
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NPs (ca. 3 nm, Figure 4 A) and
Au/Ag core/shell NPs (ca.
40 nm, Figure 4B). The fact
that a high density of NPs
could again be supported on
the surface of Fe;O, nano-
spheres to construct multifunc-
tional hybrid nanostructures in-
dicates that our method is a
general one for constructing
different hybrid nanostructures
based on magnetic nanospheres.
We also found that it was hard
to construct diverse multifunc-
tional nanostructures using non-
functionalized Fe;O, spheres as
substrates (data not shown).
This indicates that the NH,
groups on the surface of the
Fe;O, spheres play an impor-
tant role in constructing diverse

@ Au/AgNPs

Figure 3. SEM (A, B) and TEM (C, D) images of the flowerlike Au/Pt
hybrid NPs supported Fe;O, hybrid nanospheres

multifunctional nanostructures, probably due to strong coor-
dinative interactions between the NH, groups and metal
nanostructures and/or static interactions between NH,-func-
tionalized Fe;O, and negatively charged metal nanostruc-
tures.

The Fe;O4/Au hybrid nanostructures were further charac-
terized by energy-dispersive X-ray (EDX) and X-ray photo-
electron spectroscopy (XPS). The EDX spectrum (Figure 5)
shows peaks corresponding to Au, Fe, and N, confirming the
presence of Au NPs and NH, groups on the surface of the
Fe;O, nanospheres. The XPS patterns (Figure 6 A-C) of the
Fe;O,/Au hybrid nanostructure show significant Fe 2p signal
corresponding to the binding energy of Fe (Figure 6 A), sig-
nificant Au 4f signal corresponding to the binding energy of
metallic Au (Figure 6B), and an N 1s signal characteristic of

Chem. Eur. J. 2009, 15, 24162424


www.chemeurj.org

Fe;O,/Metal Hybrid Nanostructures

100 nm
—

Figure 4. A) TEM images of Ag NPs (ca. 3nm) and B) Au/Ag core/shell
NPs supported on Fe;O, hybrid nanospheres.
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Figure 5. EDX image of Fe;O, hybrid nanospheres coated with an Au
shell.

NH, (Figure 6 C), which support the above conclusion that
the surface of the Fe;O, spheres have been functionalized
with NH, groups. The FTIR spectrum of APTMS-function-
alized Fe;O, NPs is shown in Figure 6 D. The strong IR band
at 575 cm™! is characteristic of Fe—O vibrations,'?! while the
bands around 876, 1630, and 3434 cm™! can be ascribed to
NH, groups located on the surface of Fe;O, NPs. Two other
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peaks at 2930 and 1448 cm™! are associated with the C—H
stretching and deformation vibrations of APTMS, respec-
tively. Zeta potential measurements of surface charge were
further used to monitor the functionalization process of
Fe;O, nanospheres. The { value measured for nonfunctional-
ized Fe;O, was about —8.44 mV, ascribed to surface hydrox-
yl groups. On functionalization with APTMS, however, the
¢ value increased to about +8.43 mV. Thus, FTIR and ¢ po-
tential data further prove that APTMS effectively function-
alized the surface of the Fe;O, nanospheres.

Photothermal therapy in the NIR region is very important
in the field of biomedicine, because blood and soft tissue
are relatively transparent in this region, so that collateral
damage to surrounding healthy tissue is minimized.® Over
the past few years, many research efforts have been devoted
to developing novel Au nanostructures to achieve surface
plasma resonance (SPR) in the NIR region for biomedical
applications such as photothermal therapy. To date, Au
nanocages,'*' nanorods,">'® nanorings!"” and silica-sup-
ported Au nanoshells"® have served as very efficient photo-
thermal therapeutic agents. Compared with the above NIR
absorption materials, bifunctional Au-coated magnetic nano-
spheres have the advantage that their movement can be
controlled with an external magnetic field so that they can
be immobilized close to the target tissue for more efficient
therapy. To this end, we have developed a rapid strategy for
obtaining Au/Fe;O, shell/core hybrid nanospheres which ex-
hibit NIR absorption by using magnetic nanospheres deco-
rated with Au NPs as seeds in the presence of a growth solu-
tion. Figure 7A and B show typical SEM images of Au/
Fe;O, shell/core hybrid nanospheres obtained by adding
0.3 mL of HAuCl, (1%) to the growth solution in the pres-
ence of Fe;O,/Au NPs (ca.3 nm). The magnified image (Fig-
ure 7B) shows that a discontinuous Au shell was formed on
the surface of the Fe;O, nanospheres. The corresponding
TEM images (Figure 7C and D) further support the above
statement. Thus, 0.3 mL of HAuCl, solution was insufficient
for obtaining well-defined Au-coated Fe;O, nanospheres.
On continuously increasing the amount of HAuCl, (1%) to
1 mL, many well-defined Au-coated Fe;O, hybrid nano-
spheres were obtained, as shown in the SEM images of Fig-
ure 8 A and B. The TEM images of the as-made Au-coated
Fe;O, hybrid nanospheres show well-separated individual
nanoparticle structures with relatively smooth Au shells
(Figure 8 C and D). On increasing the amount of HAuCl, to
2 mL, Fe;O, hybrid nanosphere cores with thicker Au shells
but poor structure (some hybrid particles seem to be aggre-
gated) were obtained (Figure 8E and F), that is, an excess
of HAuCl, (2mL) is not effective for obtaining Au/Fe;O,
shell/core hybrid nanospheres.

Ultraviolet/visible/near-IR absorption spectroscopy was
carried out to confirm that the as-prepared Au-coated Fe;0,
hybrid nanospheres display the NIR absorption of the Au
nanoshells (Figure 9B). The absorption spectrum of Au NPs
supported on magnetite nanospheres shows no absorption in
the NIR region (Figure 9B, curve a). The absorption located
at around 600 nm can be ascribed to the Fe;O, sphere
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Figure 6. XPS patterns of Fe;O, hybrid nanospheres coated with Au NPs (ca. 3 nm). A) Fe 2p; B) Au 4f; C) N 1s. D) FTIR spectrum of APTMS-func-

tionalized Fe;O, nanospheres.
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Figure 7. SEM (A, B) and TEM (C, D) images of Fe;O, hybrid nano-
spheres coated with discontinuous Au shells (prepared by adding 0.3 mL
of 1% HAuC,) at different magnifications.

itself.) After reductive deposition of Au onto the existing
surface of the Au seeds to form discontinuous Au nanoshells
by adding 0.3 mL of 1% HAuC]I, solution, absorption in the
NIR range started to appear (Figure 9B, curve b). On in-
creasing the amount of HAuCl, to 1 mL (Figure 9B, curve
c¢) and 2mL (Figure 9B, curve d), NIR absorptions were
clearly observed, in accordance with previous report.®! The
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Figure 8. SEM (A, B) and TEM (C, D) images of Fe;O, hybrid nano-
spheres coated with Au shells (prepared by adding 1 mL of 1% HAuCl,)
at different magnifications. TEM images (E, F) of Fe;O, hybrid nano-
spheres coated with Au shells (adding 2 mL of 1% HAuCl,) at different
magnifications.
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they were easily attracted by an
external magnetic field over a
short time (less than 40s, Fig-
ure 9C). This strategy is also a
general one and can be easily
extended to prepare other Au/
Fe;O, shell/core hybrid nano-
b spheres of different sizes (by
just changing the size of the
a Fe;0, spheres) and with well-
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applications in photothermal
therapy, magnetic resonance
imaging, and targeted-delivery
applications.

Recyclable, bifunctional mag-
netic nanospheres with high
catalytic activity have received
considerable interest because of
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Figure 9. Photographs (A) of the NP solutions in sunlight. a) Fe;O, nanospheres. b) Au NPs (ca.3 nm) support-
ed on Fe;0, hybrid nanospheres. ¢) Fe;O, hybrid nanospheres coated with discontinuous Au shells (prepared
by adding 0.3 mL of 1% HAuCl,). d) Fe;O, hybrid nanospheres coated with Au shells (prepared by adding
1 mL of 1% HAuCl,). e) Fe;0, hybrid nanospheres coated with Au shells (prepared by adding 2 mL of 1%
HAuCl,). NIR absorption spectra (B). Curve a: Au NPs (ca. 3 nm) supported on Fe;O, hybrid nanospheres;
curve b: Fe;O, hybrid nanospheres coated with discontinuous Au shells (prepared by adding 0.3 mL of 1%
HAuCl,); curve c: Fe;O, hybrid nanospheres coated with Au shells (prepared by adding 1 mL of 1%
HAuCl,); curve d: Fe;O, hybrid nanospheres coated with Au shells (prepared by adding 2mL of 1%
HAuCl,). Photograph (C) of Fe;O, hybrid nanospheres coated with Au shells (prepared by adding 2 mL of
1% HAuCl,) after magnetic separation by an external magnetic field. Magnetization curves (D) of Fe;O,
spheres (curve a), Fe;O, hybrid nanospheres coated with Au shells (prepared by adding 1 mL of 1% HAuCl,,
curve b), and Fe;0, hybrid nanospheres coated with Au shells (prepared by adding 2 mL of 1% HAuCl,,

curve c).

change in the absorption spectra is also reflected in the
colors of the colloidal suspensions of the hybrid NPs. Fig-
ure 9 A shows how the colors of Fe;0, (a), Au seeds (3 nm)
supported on Fe;O, (b), and Fe;0, nanospheres with differ-
ent Au shells (c—e) change from brown to dark blue with
formation of the Au nanoshells. Magnetization curves (Fig-
ure 9D) were measured on powder samples of Fe;O, nano-
spheres (curve a) and Au-coated Fe;O, hybrid nanospheres
(curves b and c for samples obtained by adding 1 and 2 mL
of 1% HAuCI, solution, respectively) at room temperature.
They exhibit negligible coercivity and remanence, and their
SM values are 80.5, 20.6, and 12.5 emug™', respectively. The
decrease in SM can be explained by taking into account the
diamagnetic contribution of the Au shell surrounding the
magnetic cores (the magnetic cores amount to about
25wt% of the magnetic Au spheres).’) However, the SM
values of the present materials are much larger than those
reported by Salgueirifio-Maceira et al.*® and Kim et al.”)
The strong magnetization of the hybrid NPs (addition of
1mL of 1% HAuCl,) was also revealed by the fact that

Chem. Eur. J. 2009, 15, 2416-2424
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their easy removal from reac-
tion mixtures. For instance, Yi
et al. reported that silica-coated
magnetic NPs could be used as
a catalyst supports for con-
structing hybrid nanospheres
containing Pd NPs. The result-
ing Fe,0,/SiO,/Pd nanocompo-
site catalyst is easily recycled by
magnetic  separation  while
keeping high catalytic activity
towards hydrogenation of nitro-
benzene.'”! However, high-den-
sity flowerlike Au/Pt hybrid
NPs supported Fe;O, nano-
spheres (Figure 3) prepared via a simple method have not
been studied as recyclable catalysts. The present hybrid
nanospheres possibly have advantages such as high catalytic
activity (it has been shown that the flowerlike Au/Pt hybrid
nanostructures used here®! have a large catalytically active
area, and Fe;O,4 nanospheres can be used as a 3D supports
for further increasing the effective surface-to-volume ratio
of Au/Pt hybrid NPs) and ease of recycling by magnetic sep-
aration. The electron-transfer reaction between [Fe(CN)]*~
and S,05* was employed as an example to demonstrate the
catalytic activity of the bifunctional hybrid nanospheres.*!!
The decline of the [Fe(CN)]*~ peaks with and without bi-
functional hybrid nanospheres as a function of time was
monitored by the absorption at about 420 nm. The absorp-
tion was monitored every 10 min for 60 min and the kinetics
experiments were carried out at 25°C. Without bifunctional
hybrid nanospheres, a small spectral decline was observed
(Figure 10B). For bifunctional hybrid nanospheres (Fig-
ure 10 A), the significant change in the band peak intensity
in the absorption spectrum of [Fe(CN)¢]>~ indicated good
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Figure 10. A) UV/Vis/NIR spectral changes of [Fe(CN)¢]*~ during its re-
action with S,0,%" at 25°C in the presence of flowerlike Au/Pt hybrid
NPs supported on Fe;O, nanospheres. B) Reaction in the absence of cat-
alyst. C) SERS spectrum of 4-ATP adsorbed on Au/Ag core/shell NPs
(curve c), Au/Ag core/shell NPs supported on Fe;O, hybrid nanospheres
(curve b), and Raman spectrum of solid 4-ATP (curve a).

catalytic activity of the hybrid nanospheres. These bifunc-
tional hybrid nanospheres could be easily recycled by means
of an external magnetic field (data not shown) and still keep
their high activity after recycling five times. (Hybrid NPs are
stable even under the conditions of sonication; data not
shown.) Most importantly, this strategy can be extended to
immobilize other Pt- and Pd-based nanomaterials with dif-
ferent sizes and morphologies on the surface of Fe;O, nano-
spheres to obtain recyclable high-activity catalysts for differ-
ent catalytic reactions.

Raman-active NPs, as a class of emerging labels, have
been attracting considerable attention due to their applica-
tions in high-sensitivity bioassays. Traditional methods are
based on direct attachment of both the Raman reporter and
biomolecule to the NP probe.”! However, individual spheri-
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cal Au NPs, which produced relatively weak Raman signals
for small organic compounds as labels, were employed. Ac-
cording to theoretical calculations, a molecule at the junc-
tion between aggregated NPs can produce Raman scattering
intensity several orders of magnitude higher than a molecule
on the surface of a single spherical NP*! To the best of our
knowledge, Au/Ag core/shell NP aggregates, which generally
exhibit higher SERS activity than Au nanomaterial aggre-
gates, supported on magnetic nanospheres have not been ex-
tensively pursed for use as Raman tags as they are difficult
to prepare. Thus, it would be interesting to explore whether
the as-prepared hybrid magnetic nanospheres containing
Au/Ag core/shell NP aggregates could be used for fabricat-
ing substrates for intense SERS. Figure 10C (curve b) de-
picts the SERS spectrum of 4-aminothiophenol (4-ATP)
molecules absorbed on the surface of hybrid nanospheres.
Compared with the normal Raman spectrum of solid 4-ATP
(Figure 10C, curve a), noticeable shifts in frequency can be
observed from the SERS spectra on hybrid nanosphere-
modified substrates, that is, the thiol group of 4-ATP direct-
ly contacts with the silver surface.” Two sets of bands were
observed in the SERS spectra of 4-ATP in the assembled
film. One set, located at 1076 cm™', is assigned to the a, vi-
bration modes, and the other, located at 1140, 1389, 1435,
and 1575 cm™}, to the b, vibration modes.” As reported by
Osawa et al.,” enhancement of b, modes is attributed to
the chemical mechanism, most likely due to charge transfer
(CT) from the adsorbate to the metal. Furthermore, a
hybrid-nanosphere-modified glass substrate exhibited excel-
lent SERS activity when a low concentration of 4-ATP was
employed (comparable intensity to the Raman peak of solid
4-ATP). If 4-ATP is adsorbed at high concentration on the
surface of hybrid nanospheres, it is expected that better
SERS activity will be obtained. Furthermore, the substrate
modified with hybrid nanospheres exhibited higher SERS
activity than Au/Ag core/shell NPs (curve c). Thus, hybrid-
nanosphere-modified SERS substrates will potentially find
applications in high-sensitivity bioassays based on magnetic
separation, such as detecting DNA and proteins.

Conclusion

We have explored a simple, efficient, and general route to
obtain diverse multifunctional hybrid nanospheres based on
Fe;O, nanospheres. This method has some clear advantages
including simplicity, speed, and good reproducibility. Our
study is significant for the following reasons: 1) High-density
Au NPs could be supported on the surface of superparamag-
netic Fe;O, spheres and further used as seeds to construct
Au-shell-coated magnetic spheres displaying NIR absorp-
tion, which are possibly promising in biosensor and biomed-
icine applications. 2) High-density flowerlike Au/Pt hybrid
NPs could be supported on the surface of Fe;O, spheres to
construct multifunctional hybrid spheres with high catalytic
activity towards the electron-transfer reaction between po-
tassium ferricyanide and sodium thiosulfate. 3) High-density
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Ag or Au/Ag core/shell NPs supported on the surface of
Fe;O, nanospheres exhibit excellent SERS activity, which
will possibly be used as optical probe with magnetic function
for application in magnetic separation based bioassays.
4) The present strategy can also be extended to prepare
other hybrid nanomaterials based on large or small Fe;O,
magnetic nanospheres. Further research on several other im-
portant applications such as biosensors, nanodevices, and
electrocatalysis are underway.

Experimental Section

Materials: Trisodium citrate, vitamin C, FeCl;-6H,0, HAuCl,4H,O,
H,PtCly:6H,0, AgNO;, NH,OH-HCl, CH;COONa, K;Fe(CN)y],
Na,S,0;, poly(N-vinyl-2-pyrrolidone) (PVP-K30), ethylene glycol (EG),
and ethanol were purchased from Shanghai Chemical Factory (Shanghai,
China) and used as received without further purification. 3-Aminopropyl-
trimethoxysilane (APTMS), 4-aminothiophenol (4-ATP), and NaBH,
were obtained from Aldrich. Water used throughout all experiments was
purified with the Millipore system.

Apparatus: An XL30 ESEM scanning electron microscope (SEM) was
used to determine the morphology and composition of products. Trans-
mission electron microscopy (TEM) measurements were made on a HI-
TACHI H-8100 EM with an accelerating voltage of 200 kV. The sample
for TEM characterization was prepared by placing a drop of prepared so-
lution on a carbon-coated copper grid and dried at room temperature. X-
ray photoelectron spectroscopy (XPS) was performed on an ESCALAB-
MKII spectrometer (VG Co., United Kingdom) with Alg, X-ray radia-
tion as the X-ray source for excitation. The sample for XPS characteriza-
tion was dropped onto a glass slide. UV/Vis/NIR spectra were collected
on a CARY 500 Scan UV/Vis/NIR spectrophotometer. SERS spectra
were obtained on a J-Y T64000 Raman spectrometer using an Olympus
microscope and a 50x long working distance objective to focus the laser
beam onto a spot of about 1 um> Zeta potentials were measured by dy-
namic light scattering (Zetasizer 3000, Malvern Instruments, France). In-
frared spectra were collected in transmission mode on a Nicolet 520
FTIR spectrometer.

Synthesis and functionalization of magnetic Fe;O, nanopheres: a) The
Fe;O, nanospheres with high saturation magnetization were synthesized
by a solvothermal method in polyol medium according to reference [10]
with some modifications (using PVP as a protecting agent). b) For
APTMS-functionalized Fe;O, spheres, Fe;O, nanospheres (20 mg) were
added to ethanol (30 mL), followed by the addition of water (2 mL).
Then, ammonium hydroxide (25%; 2 mL) and APTMS (200 uL) were
added to the above solution. The resulting solution was sonicated for
about 8 h. After four-step separation by means of an external magnetic
field, the resulting product was dissolved in water (10 mL).

Synthesis of NPs with different size, morphology, and composition:
a) 13nm Au NPs were synthesized according to reference [27] Thus, a
1 mm HAuC], solution (100 mL) was brought to reflux while stirring and
then 38.8 mm trisodium citrate solution (10 mL) was added quickly,
which resulted in a color change of the solution from pale yellow to deep
red. The solution was then heated to reflux for an additional 15 min. The
concentration of Au NPs was about 1 mm provided that HAuCl, was
completely reduced. b) The Au NPs with a diameter of about 3 nm were
synthesized according to the literature.”® c) In a typical synthesis of Ag
NPs with a diameter of about 3 nm, a 0.2m aqueous solution of AgNO,
(0.5 mL) was rapidly added to water (100 mL) with vigorous stirring, fol-
lowed by addition of 1% aqueous citrate solution (10 mL). A quick color
change was observed on addition of excess NaBH, (0.1m, 5 mL). d) The
flowerlike Au/Pt hybrid NPs were synthesized by the following proce-
dure.® First, 1wt% HAuCI, aqueous solution (1 mL) was added to
water (100 mL) and heated to boiling while stirring. Then 1 wt % sodium
citrate (1.5 mL) was quickly introduced into the above solution. After
heating for several minutes, appearance of a gold-red solution indicated
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formation of Au NPs (ca. 25 nm). Then 0.2m vitamin C (excess; 1 mL)
was subsequently added to the boiling solution of Au nanoparticles, fol-
lowed by 1 wt % H,PtCl; (2.5 mL). In this process, heat treatment clearly
accelerated the kinetics of reduction of the Pt salt by vitamin C on the
colloidal Au surface. After heating for 20 min, flowerlike Au/Pt hybrid
NPs were obtained. e) The Au/Ag core/shell NPs were synthesized by a
procedure similar to method d with minor modifications. First, 1 wt %
HAuCl, aqueous solution (1 mL) was added to water (100 mL) and
heated to boiling while stirring. Then sodium citrate solution (1 wt%;
1.5 mL) was quickly introduced to the above solution. After heating for
several minutes, the solution was allowed to cool to room temperature.
Then 0.2Mm vitamin C (excess; 1.5 mL) was subsequently added to the so-
lution of Au NPs at room temperature, followed by the addition of 0.2m
AgNO; (0.375 mL). After the mixture had been stirred for 20 min, the
Au/Ag core/shell NPs were obtained.

Constructing Fe;0,/metal hybrid nanostructures: a) The Fe;O,/metal NP
hybrid nanostructures were prepared by mixing an aqueous solution of
APTMS-functionalized Fe;O, nanospheres (1 mL) with 10-20 mL of a so-
lution of Au, Ag, flowerlike Au/Pt, or Au/Ag core/shell NPs (excess).
The resulting products were collected by means of an external magnet
and dissolved in 1 mL of water. b) For synthesis of Fe;O,/Au shell hybrid
nanospheres displaying magnetization and NIR absorption, 1 mL of the
above solution was added to water (10 mL), followed by the addition of
1% citrate solution (2 mL) and 0.1 NH,OH solution (1 mL). Then, 1%
HAuCl, (1 mL; for 0.3 or 2mL HAuCl,, the volume of 0.1m NH,OH
should be decreased or increased, accordingly) was added dropwise to
the above solution with shaking.

SERS measurements: For SERS studies, an aqueous solution of hybrid
nanospheres with Au/Ag core/shell NPs or Au/Ag core/shell NPs sup-
ported on Fe;O, (20 pL) was added dropwise onto a glass substrate and
dried under ambient conditions, and then a 2.0x 10~*m ethanolic solution
of 4-ATP (20 pL) was added dropwise onto the resulting nanostructure
film and allowed to dry. After washing the substrate with ethanol and
drying by N,, SERS spectra were recorded under ambient conditions.

Catalytic properties of flowerlike Au/Pt hybrid NPs supported on Fe;0,
hybrid nanospheres: For the electron-transfer reaction between potassi-
um ferricyanide and sodium thiosulfate, 0.1mM potassium ferricyanide
(0.1 mL) and hybrid nanosphere solution (0.5 mL) were added to water
(4.3 mL), and the solution was kept at 25°C. The catalytic reaction was
initiated by adding 1M sodium thiosulfate solution (0.1 mL). The reaction
was monitored by in situ UV/Vis/NIR absorption spectroscopy.
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