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A facile direct precipitation method has been developed for the synthesis of bifunctional
magnetic-luminescent nanocomposites with Fe304 nanoparticles as the core and YVO4:Eu3* as the shell.
Transmission electron microscopy (TEM) images revealed that the obtained bifunctional nanocomposites
had a core-shell structure and a spherical morphology. The average size was ~150 nm, and the thickness
of the shell was ~15nm. The X-ray diffraction (XRD) patterns showed that a cubic spinel structure of
Fe304 core and a tetragonal phase of YVO4 shell were obtained. Fourier transform infrared (FT-IR) spec-

Ilf:yévords: tra confirmed that the YVO4:Eu3* had been successfully deposited on the surface of Fe304 nanoparticles.
Y\;044,Eu3+ Photoluminescence (PL) spectra indicated that the nanocomposites displayed a strong red characteristic
Core—shell emission of Eu**. Magnetic measurements showed that the obtained bifunctional nanocomposites exhib-

Magnetic-luminescent materials ited superparamagnetic behavior at room temperature. Therefore, the bifunctional nanocomposites are

expected to develop many potential applications in biomedical fields.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles have been extensively studied in the
fields of biomedical applications, including magnetic resonance
imaging (MRI), gene/drug delivery, and biosensors, as well as
biochemical separation and concentration of trace amount of
samples [1-14]. Luminescent nanoparticles have attracted great
attention in the field of biological labeling [15-18]. Although
superparamagnetic and luminescent nanoparticles have their
own distinguish properties, and cannot be replaced with each
other, and they cannot show the multiple functions if they
are used by themselves [19-22]. It is necessary to consti-
tute a multifunctional nanoplatform by integrating multiple
nanoparticle components into a single nanosystem by rational
assembly and hybridization techniques. Magnetic-luminescent
bifunctional materials have attracted great attention in recent
years due to their increasingly important applications in biomed-
ical research, clinical diagnosis, and biomedicine [23-28]. For
example, Corato et al. first synthesised the mixture of mag-
netic nanoparticles, quantum dots, and an amphiphilic polymer,
followed by modifying the surface with folic acid molecules
to prepare trifunctional polymer nanobeads [23]. Liu et al.
employed a novel process of combining emulsification with
layer-by-layer self-assembly techniques to synthesize highly
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magnetic-luminescent alginate-templated composite micropar-
ticles [24]. Kas et al. employed the ligand-exchange mechanism
in a simple and versatile extraction method to synthesize hybrid
nanoparticles composed of luminescent quantum dots and super-
paramagnetic iron oxides [25]. Sun et al. synthesized Fe304/CdTe
magnetic/fluorescent nanocomposites that applied to the immuno-
labeling and fluorescent imaging of cancer cells [26]. Wang et al.
prepared biodegradable magnetic-fluorescent magnetite/poly (DL-
lactic acid-co-a,b-malic acid) composite nanoparticles that applied
to stem cell labeling [27]. Wang et al. synthesized magnetic
and luminescent Fe3;04/CdTe nanocomposites with an average
diameter of 40-50 nm, yellow-green emission feature and room
temperature ferro-magnetism [28]. The magnetic-luminescent
nanocomposites allow not only external manipulation with a
magnetic field but also real time visualization with fluorescence
imaging techniques [29-33]. The use of bifunctional magnetic and
luminescent nanoplatforms will further improve diagnostic effec-
tiveness and reduce side effects [34-37].

Most of the magnetic-luminescent nanocomposites are
core-shell structures with the great majority of emitters being
either organic dyes or quantum dots (QDs). However, organic
dyes typically exhibit rapid photobleaching and a low fluorescence
quantum yield, while QDs are less chemically stable and potentially
toxic, show fluorescence intermittence [38-43]. Therefore, such
intrinsic disadvantages would seriously hinder their application in
the biomedical field, especially for use in human body [44-46]. In
addition to organic dyes and QDs, lanthanide-doped nanoparticles
are gaining popularity and have been recognized as a promising
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Scheme 1. Synthetic strategy for the Fe30,@YVO,4:Eu?* nanocomposites.

new class of fluorescent biological label due to their unique
luminescence properties, such as large Stokes shifts, narrow line-
width emission bands, long lifetimes and superior photostability
[47,48]. Contrasted with semi-conductor QDs, the emission wave-
length of the lanthanide nanoparticles is independent of particle
size [49]. Furthermore, surface modification does not significantly
affect their optical properties, because their luminescence arises
as aresult of electronic transitions of the lanthanide ions. In partic-
ular, they also possess excellent chemical stability, high quantum
yield and probably low toxicity [50,51]. YVO, is an important host
crystal for lanthanide-doped phosphors. It provides a wide band
gap (>10eV) and suitable Y3* sites where trivalent rare-earth ions
can be easily substituted without additional charge compensation
[52,53]. Furthermore, YVO, is an efficient UV phosphor in the
near-UV region [54].

To the best of our knowledge, there are few reports on the syn-
thesis of bifunctional magnetic-luminescent nanocomposites with
Fe304 nanoparticles as the core and lanthanide-doped nanopar-
ticles as the shell. Sun et al. employed the hydrothermal method
to synthesize Fe304/Si0,/YVO,4:Eu3*magnetic/luminescent
nanocomposites [47]. Wang et al. employed the layer-by-layer
(LbL) technique to fabricate the Fe304@LaF3:Ce3*, Tb3* bifunctional
nanocomposites [48]. Yang et al. employed the sol-gel method to
prepare Fe;0,@nSi0,@mSiO,@YVO0,:Eu3* bifunctional nanocom-
posites [49]. Zhang et al. employed the homogeneous precipitation
to synthesize Fe;0,@Si0,/Y,03:Tb bifunctional nanocomposites
[50]. In these methods, there are three steps for preparing the
core-shell nanocomposites. The first step is the preparation of
magnetic core, then the surface functional treatment of the core
and finally coating the shell on the core. The synthesis process
is inconvenient and the cost is high, and the feature of the core
should be changed in the surface treatment process. Therefore, it
is a disadvantage for the obtaining of ideal product.

In this work, we report the development of a facile two-step
method for the preparation of bifunctional magnetic-luminescent
nanocomposites. Firstly, amino-functional magnetic Fe304
nanoparticles were solvothermally prepared as the cores. Sec-
ondly, YVO4:Eu3* luminescent particles were coated on the
surface of amino-functional Fe304, nanoparticles. The surface
amino group of Fe304 particles could connect with rare-earth
ions by N—Y(Eu)3*coordination bond. The synthetic strategy
as schematically illustrated in Scheme 1. With the excellent
magnetic properties and surface amino functional groups of
Fe304 cores, YVO4:Eu3* can be successfully deposited on their
surface, so Fe304,@YVO0,4:Eu3* bifunctional magnetic-luminescent
nanocomposites with core-shell structure are synthesized.
Compared with the synthesis of Fe304/SiO;/YVO,4:Eu3*and
Fe304@nSi02@mSiO2@YV04:Eu3+ bifunctional nanocompos-
ites reported by reference [49], our method is simple and the
cost is low. In addition, without the coated SiO, layer, the pre-
pared product has a good red emission and strong magnetic
property.

2. Experimental
2.1. Reagents and characterization

Yttrium oxide (Y03, purity: 99.99%), europium oxide (Eu, O3, purity: 99.99%)
were purchased from Shanghai Yuelong Non-Ferrous Metal Limited China, ammo-
nium metavanadate (purity: 96.0%, NH4VO3), Ferric chloride hexahydrate (purity
>99.0%, FeCl3;-6H,0), ethylenediamine (purity >98.0%, C;HgN), sodium acetate
(purity >99.0%, CH3;COONa), Ethylene glycol (purity 96.0%, EG), poly(ethylene gly-
col) (PEG Mw=20,000) were purchased from Beijing Chemical Reagent Limited
China. All chemicals are used without any further purification. Deionized water was
used throughout experiment process.

Powder XRD patterns were obtained on a Bruker D&FOCUS X-ray powder
diffraction (XRD) using Cu-Ka radiation (A =0.154056 nm). The morphologies and
structures of the as-prepared samples were inspected on a JEM-2010-type trans-
mission electron microscope (TEM). Fourier Transform IR spectra were recorded on
a BRUKER Vertex 70 IR spectrophotometer using KBr pellet technique. The pho-
toluminescence (PL) excitation and emission spectra were performed on a Hitachi
F-4500 spectrofluorimeter equipped with a 150 W xenon lamp as the excitation
source. Magnetization measurements were performed on an MPMS SQUID XL super-
conducting quantum interference device (SQUID) magnetometer at 300 K. All the
measurements were performed at room temperature.

2.2. Synthesis of amino-functional magnetic Fe304 nanoparticles

Amino-functional magnetic Fe304 nanoparticles were prepared by the Solvent-
thermal method [17]. Briefly, FeCl3-6H,0 (1.0g) was dissolved in ethylene glycol
(30mL) to form a clear solution, followed by the addition of NaAc (2.0g) and
ethylenediamine (6.5g). The mixture was stirred vigorously for 30 min and then
sealed in a teflon-lined stainless-steel autoclave (50 mL capacity). The autoclave
was heated to and maintained at 200°C for 6 h, and then cooled to room temper-
ature naturally. The black products were washed several times with ethanol and
finally dried at 60°C for 6 h. Then, the amino-functional Fe304 nanoparticles were
obtained.

2.3. Synthesis of magnetic Fe30,@YVO0,: Eu?* nanocomposites

Eu3*-doped yttrium vanadate (YVO4:Eu3*) luminescent shell was coated on the
magnetic Fe304 nanoparticles by a direct precipitation method. In a typical proce-
dure, 0.175 g of as-prepared Fe; 04 nanoparticles were dispersed in 38 mLof Y(NO3 )3
and 2 mL of Eu(NOs); solutions. The mixture was sonicated for 20 min followed
by the addition of 40 mL of 0.2 mol/L NH4VO;3 solution, and then heated to 75°C
under vigorous mechanical stirring. After 2 h, the resultant products were separated
with a magnet, thoroughly washed with ethanol and deionized water several times,
and further dried at 60°C overnight. The resulting magnetic Fe30,@YVO,:Eu3*
nanocomposites were obtained.

3. Results and discussion
3.1. Morphology and structure of the product

Pure Fe304 particles are prepared by a solvothermal process,
consisting of monodisperse spherical nanoparticles with an aver-
age diameter of about 60 nm, a smooth surface and an apparent
aggregation (Fig. 1a and b). The Fe304,@YVO,4:Eu3* particles are
the spherical morphology, with non-aggregation, rough surface,
and narrow size distribution. In addition, the core-shell structure
can be clearly distinguished because of the different color contrast
between the cores and shells. Fe30,@YVO,4:Eu3* are spheres with
an average size of about 150 nm, and the shell shows a gray color
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Fig. 1. TEM images of the Fe304 (a and b), Fe304,@YV0,4:Eu3*nanocomposites (c and d) and pure YVO4:Eu3*(e and f).

with an average thickness of about 15 nm (Fig. 1c and d). In most
cases, each YVO,4:Eu3* shell encapsulated more Fe30,4 nanoparti-
cles. The change in diameter in Fig. 1a and c suggests that the YVO4
nanocrystals deposited on the surface of Fe304 nanoparticles. Pure
YVO4:Eu3* nanocrystals were prepared by a direct precipitation
method, the obtained YVO,4:Eu3* nanoparticles are spherical shape
with an average diameter of about 20 nm (Fig. 1e and f).

In order to investigate the structure and composition of the
nanocomposites, XRD was employed to analyze the samples. Fig. 2
shows the XRD patterns of pure Fe;04 and Fe304,@YVO4:Eu* par-
ticles. From Fig. 2b, the magnetite core is easily indexed to cubic
spinel structure of Fe304 (PDF 75-1610) with good crystallinity.

In the case of Fe304@YVO,4:Eu3* (Fig. 2d), besides the characteris-
tic diffractions of cubic spinel Fe;04 (marked with *), the obvious
diffraction peaks at 260=25.0°, 34.0° and 49.5° can be indexed to
the tetragonal phase of YVO4 (PDF 17-0341, marked with°), which
suggested the successful crystallization of YVO4:Eu3* on the surface
of Fe304. Additionally, no additional peaks for other phases can be
detected, which indicated that no reaction occurred between core
and shell during the synthesis process.

The FT-IR spectra of Fe304, Fe30,@YVO,4:Eu3*and YVO,:Eu3*
are given in Fig. 3. In the FT-IR spectrum of Fe30,4 (Fig. 3a), the
absorption at 1644cm™! is attributed to the scissoring vibration
absorption of N—H in the —NH,, the band at 1392, 2926 cm~! can
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Fig. 2. XRD patterns of pure Fe304 (b), Fe304@YVO0,:Eu?*(d), the standard date for
magnetite Fe;04 (a) and the standard date for YVO4 (c).

be assigned to the asymmetric vibration absorption of C—H in the
—CH,, and the Fe—O vibration located at around 575cm~![55].
Which confirmed that the ethylenediamine is successfully coated
on the surface of Fe304 nanoparticles. At the same time, in the pat-
tern of YVOy (Fig. 3¢), the absorption around 807 cm~! is assigned
to V043~ vibration [56]. Meanwhile, the absorption peaks around
1376, 1630cm™! are attributed to the residual NO3~ absorption.
The absorption peak around 3441 cm ~! is ascribed to —OH vibra-
tion. In the pattern of nanocomposites (Fig. 3b), besides the Fe—O
vibration located at around 575 cm~!, we can see obviously V043~
vibration peak located at around 807 cm~!. The FT-IR characteriza-
tion results indicate that the YVO4 has been successfully deposited
onto the Fe;04 nanoparticle surface.

3.2. Photoluminescence properties of the bifunctional
nanocomposites

The PL properties of the pure YVO,4: Eu3* and Fe30,@YVO04:Eu3*
samples were further characterized by excitation and emission
spectra, as shown in Fig. 4. In the excitation spectra (Fig. 4A), the
strong excitation band at 278 nm monitored with 617 nm emission
of Eu3* (°Dy-"F,) can be assigned to the absorption of VO,43~ group.
No obvious f-f transition lines of Eu3* can be found because of their
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Fig. 3. FT-IR spectra of (a) Fe304, (b) Fe30,@YVO,:Eu3* and (c) YVO4:Eu3*.
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Fig. 4. Excitation (A) and emission (B) spectra of YVO4:Eu* (a) and
FE3O4@WO4:EU3+(b).

low intensity with respect to that of VO43~group, which indicated
that the excitation of Eu3* mainly results from the energy transform
from V0,43~ to Eu3". In the emission spectra (Fig. 4B) obtained by
the excitation at 278 nm, the characteristic transition lines of Eu3*
(°Do,1-"F,J=1-4) can be observed. No emission lines from V0,43~
groups are detected, which indicated an efficient energy transfer
from V043~ to Eu3*. The characteristic peak in the red region orig-
inating from >Dy-’F, (617, 620 nm) transition is clearly dominant,
which may be due to the low local symmetry (D,4) for the sites of
Eu3* in the YVO, host lattices. Particularly, the characteristic emis-
sion and excitation peaks are still obvious except for the decreasing
of intensity for Fe30,@YVO,4:Eu3* (curves b), which may be the rea-
son of the direct contact between the luminescence YVO,4:Eu3* and
the black magnetite core. The results indicate that the as-prepared
nanocomposites still possess good fluorescence in spite of the par-
tial quenching by the black magnetite core [57].

3.3. Magnetic properties of the bifunctional nanocomposites

To investigate the magnetic properties of the Fe;04 core and the
Fe304,@YVO0,4:Eu3* nanocomposites, the magnetization curves are
shown in Fig. 5. Both samples exhibit a superparamagnetic behav-
ior with a negligible coercivity or remanence, which indicated that
the as-prepared sample is suitable for applications in drug delivery
or separation. The saturation magnetization of Fe304,@YVO,4:Eu3*
nanocomposites reaches a saturation moment of 34.8 emu/g, which
is smaller than that of the Fe304 nanoparticles due to the decreased
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Fig. 5. Magnetization curves of Fe304 core (A) and Fe304@YVO,:Eu* nanocompos-
ites (B) at room temperature.

proportion of Fe304 in the nanocomposites. Although the satu-
ration magnetization value of Fe30,@YVO4:Eu3* nanocomposites
decreased, the magnetization is still strong enough for the biosep-
aration and magnetic resonance imaging test.

4. Conclusions

In summary, we fabricated the Fe30,@YVO,4:Eu3*
magnetic-luminescent nanocomposites by a facile direct pre-
cipitation process. The nanocomposites simultaneously exhibit
excellent magnetic and luminescent properties and can be easily
separated from solution using an external magnet. In a word,
the magnetic and luminescent properties of the nanocomposites
would allow them to find great potential applications in biomedical
fields. Moreover, this simple method can extend to the fabrication
of different types of bifunctional composites that can be used for a
variety of bio-analytical assays.
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