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a b s t r a c t

The core-shell structured luminomagnetic microsphere composed of a Fe3O4 magnetic core and a con-
tinuous SiO2 nanoshell doped with Eu(DBM)3·2H2O fluorescent molecules was fabricated by a modified
Stöber method combined with a layer-by-layer assembly technique. X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), field emission scanning electron microscopy (FE-SEM), trans-
mission electron microscopy (TEM), confocal microscopy, photoluminescence (PL), and superconducting
quantum interface device (SQUID) were employed to characterize the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2

microspheres. The experimental results show that the microshpere has a typical diameter of ca. 500 nm
agnetic
icrosphere

ell imaging
u(III) complex
agnetite

consisting of the magnetic core with about 340 nm in diameter and silica shell doped with europium com-
plex with an average thickness of about 80 nm. It possesses magnetism with a saturation magnetization of
25.84 emu/g and negligible coercivity and remanence at room temperature and exhibits strong red emis-
sion peak originating from electric-dipole transition 5D0 → 7F2 (611 nm) of Eu3+ ions. The luminomagnetic
microspheres can be uptaken by HeLa cells and there is no adverse cell reaction. These results suggest that
the luminomagnetic microspheres with magnetic resonance response and fluorescence probe property

cal im
may be useful in biomedi

. Introduction

Multifunctional materials consisting of magnetic materials and
uorescent materials as well as outer biocompatible materials have
ttracted particular attention because of their potential biomedi-
al applications in bioimaging such as magnetic resonance imaging
MRI), fluorescent confocal imaging and time-resolved fluores-
ence imaging [1–10].

Superparamagnetic iron oxide nanoparticles can be used
s contrast agents because they can accelerate the transverse
T2) relaxation of water protons and exhibit dark contrast
2,3]. Optical imaging probes mainly include various organic
uorescent molecules [11–13], quantum dots (QDs) [14–17],
ransition/lanthanide metal ions-doped luminescent compounds
18–21]. Although the fluorescent dyes have larger molar extinc-

ion coefficients [22] and the quantum dots can exhibit good
hotostability and strong luminescence tunable [21], the poor pho-
ostability of the fluorescent dyes and the extreme toxicity of the
uantum dots always make them suffer from some limitations in

∗ Corresponding author.
E-mail address: zjl@ciac.jl.cn (J.-L. Zhang).

039-9140/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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aging and diagnostic applications.
© 2010 Elsevier B.V. All rights reserved.

biomedical applications. But then, these limitations also lead to
extensive efforts to develop less toxic luminescent materials such
as lanthanide-doped fluorescent probe materials [8,23–28]. Silica
shell coated on the surface of the magnetic cores is an excellent
biocompatible material with good stability, easy functionalization,
and low cytotoxicity [18–22]. The combination of magnetic and
luminescent properties into a single micro- or nanocomposite sys-
tem through SiO2 matrix will allow the development of a novel
multifunctional biomedical platform for multimodal imaging and
simultaneous diagnosis. But to optimize the combination, there still
are the following challenges in the fabrication:

(1) How to increase magnetic response signal weakened by
non-magnetic materials (such as fluorescent labeling and
biocompatible shell) coated on the magnetic cores and
to avoid magnetic aggregation caused by a large coerciv-
ity and remanence. On one hand, as magnetic cores the
small magnetic nanoparticles with poor crystallization and

supermparamagnetism are not easily magnetic agglomera-
tion, but they usually suffer from relatively weak magnetic
response behaviors. For example, the multifunctional compos-
ite nanoparticles with magnetic, up-conversion fluorescence
and bio-affinity properties synthesized by Lu et al. had a
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Scheme 1. The fabrication of the Fe3O4

very low saturation magnetization values (5.3 emu/g) and
relatively poor dispersibility [29]. Similarly, the core-shell
structure Fe3O4@SiO2-doped with Tb-complex bifunctional
nanocomposites with emitting green fluorescence and mag-
netic behavior reported by Yu et al. only exhibited a low value
(7.44 emu/g) at room temperature [30]. On the other hand,
the good crystallization magnetic particulates with a large
coercivity and remanence at room temperature can easily be
controlled through an external magnetic field, but they eas-
ily produce magnetic agglomeration. Recently, the hydrophilic
Fe3O4 microspheres (∼200 nm) with high magnetic satura-
tion magnetization (81.9 emu/g) and negligible coercivity and
remanence synthesized by a solvothermal reduction method
reported by Deng et al. [31] should be an ideal candidate for
improvement of the magnetic response and magnetic aggrega-
tion.

2) Fluorescent quenching of the fluorophore on the surface of the
particle caused by the magnetic core, by the interaction of a
number of organic dye molecules, and by solvent molecules. For
instance, Ma et al. [26] reported the multifunctional magnetic-
fluorescent nanocomposites with Fe3O4 nanoparticles as the
core and Eu3+-doped yttrium oxides (Y2O3:Eu) as the shell
exhibited a weak fluorescence signal which might originate
from the iron ion quenching effect to Eu3+. Bertorelle et al.
[32] found that the fluorescence intensity of the magnetic-
fluorescent nanocomposites using fluorescein and rhodamine
was 3.5 and 2 times lower than the dyes alone, respectively,
and believed that the quenching process results from an energy
transfer process between the fluorescent molecules and the
metal oxide particles. Mandal et al. [33] also found that there
was the similar behavior between iron oxide particles stabilised
by oleic acid and QDs stabilised by tri-n-octylphosphine. Inter-
molecule quenching with a lower number of Cy5.5 molecules
per particle has also been reported [34]. The rare earth complex
probe materials with excellent fluorescent radiation, narrow
half-peak breadth, high color purity, and large Stockes shift
are easily quenched by water molecules. In addition, it is
very difficult to directly attach these hydrophobic fluorescent
markers onto surface of the hydrophilic magnetic particles.
Zhang et al. [35] found that surfactant cetyltrimethylammo-
nium bromide (CTAB) can make fluorescence intensity increase
of the Eu-DBM-Phen (DBM: dibenzoylmethanate, Phen: 1,10-
phenanthroline) complex in aqueous solution due to protection
of the CTAB to fluorescent ligands, which reduced non-
radiation transition originating from water molecules. Thus,
the advantage should be used for improvement of the above
problems.

3) How to increase the photostability of the rare earth fluores-
cent probe complexes and to improve biocompatibility of the
entire particles. The biocompatible silica shell coated on the
surface of the magnetic cores has become a good solution
by incorporating the hydrophobic rare earth fluorescent com-

plex molecules into the SiO2 shell. For example, Yuan’s group
has synthesized many silica-based functionalized Eu and Tb
fluorescent nanoparticles for the fluoroimmunoassay and the
time-resolved fluorescence imaging and actualized the sensi-
2@Eu(DBM)3·2H2O/SiO2 microspheres.

tive homogeneous time-resolved fluoroimmunoassay and the
fluorescence imaging detection of the cells [8,23,27,28].

To overcome the above problems, we describe synthe-
sis and characteristic of a luminomagnetic bifunctional
microspheres with core-shell structure (denoted as
Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2) in this paper, as schematically
illustrated in Scheme 1. The primary goal of this research is as
follows: (1) to improve the poor magnetic response and reduce
magnetic conglomeration through the monodisperse submicrom-
eter Fe3O4 particulates with negligible coercivity and remanence
and a larger saturation magnetization as magnetic cores; (2) to
eliminate fluorescence quenching through use of the SiO2 isolation
layer between Fe3O4 particulates and the europium fluorescent
complex and to increase photostability through protection of
the outer silica shell; (3) to enhances the fluorescent signal and
increases the photostability by encapsulating the hydropho-
bic europium complex into hydrophilic silica shell by means
of surfactant CTAB to form a fluorescent probe sandwich. The
luminomagnetic microspheres with good magnetic response and
fluorescence probe property as well as water-dispersibility would
have potential medical applications in bioimaging.

2. Experimental

2.1. Materials

Ferric chloride (FeCl3·6H2O), ethanol, ethylene glycol, ammo-
nium hydroxide aqueous solution (25%) were purchased from Bei-
jing Chemicals Corporation, China. Tetraethyl orthosilicate (TEOS),
sodium acetate (CH3COONa) polyethylene glycol (PEG molecu-
lar weight = 2000), cetyltrimethylammonium bromide (CTAB) were
obtained from Beijing Yili Chemicals Limited Company, China. All
chemicals were analytical grade and used as received without fur-
ther purification. Eu(DBM)3·2H2O were synthesized as reported
[36]. HeLa cell line was purchased from Cell Bank of Shanghai Insti-
tute of Biochemistry and Cell Biology, Chinese Academy of Sciences,
China. Unless otherwise mentioned, all culture media and additives
were from Hyclone, USA.

2.2. Synthesis

2.2.1. Synthesis of Fe3O4 particles
The magnetic particles were prepared through a solvother-

mal reaction which was reported previously [31]. Briefly, 2.72 g of
FeCl3·6H2O and 7.20 g of sodium acetate were dissolved in 80 mL of
ethylene glycol under magnetic stirring, followed by the addition
of PEG (1.00 g). The obtained homogeneous yellow solution was
transferred to a Teflon-lined stainless-steel autoclave (120 mL) and

sealed to heat at 180 ◦C. After reaction for 6 h, the autoclave was
cooled to room temperature. The obtained black magnetite par-
ticles were separated using an NdFeB magnet, then washed with
deionized water for four times, and finally dried in an oven at 80 ◦C
for 12 h.
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.2.2. Synthesis of Fe3O4@SiO2 microspheres
The core-shell Fe3O4@SiO2 microspheres were prepared by

modified Stöber method [37] combined with a layer-by-layer
ssembly technique [38]. Briefly, 0.03 g of Fe3O4 particles (∼300 nm
n diameter) were treated with 0.1 M HCl aqueous solution (25 mL)
y ultrasonication. After the treatment for 10 min, the mag-
etite particles was then separated and washed with deionized
ater. Subsequently, the resulting magnetite particles were homo-

eneously dispersed in a solution containing ethanol (160 mL),
eionized water (40 mL) and concentrated ammonia aqueous solu-
ion (10.0 mL, 25 wt.%). Next, 0.4 mL of TEOS was in batches added
nto the above solution with ultrasonic vibrations using a syringe,
amely 0.2 mL of the TEOS was injected into the reaction sys-
em every other twenty minutes till total amount of the TEOS
eached 0.4 mL. After stirred at room temperature for 5 h, the
e3O4@SiO2 microspheres were separated and washed repeatedly
ith deionized water to remove nonmagnetic by-products. Finally,

e3O4@SiO2 microspheres were obtained.

.2.3. Synthesis of Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2
icrospheres

The Fe3O4@SiO2 spheres obtained from the above step were
ltrasonically redispersed in a solution containing Eu(DBM)3·2H2O
8 mg), CTAB (16 mg), concentrated ammonia (0.3 mL, 25 wt.%),
thanol (60 mL) and deionized water (80 mL). Under ultrasonic pro-
essing, TEOS (0.1 mL) was injected to the solution every 20 min till
he total amount of TEOS reached 0.2 mL. The mixture was magnet-
cally stirred for 5 h. Subsequently, the suspensions were separated
sing an NdFeB magnet and washed with deionized water several
imes. Finally the obtained composite particles were dried at 80 ◦C.

.3. Cell imaging

HeLa cells were cultured at 37 ◦C in a humidified atmosphere
ith 5% CO2 in air, in 75 cm2 glass culture vial containing 10 mL
igh-glucose DMEM medium supplemented with 10% fetal bovine
erum (FBS), 1% penicillin and 1% streptomycin. The medium
as changed every other day. Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2
icrospheres were suspended in the medium at a particle con-

entration of 5–10 �g/mL, after 1 h sonication in waterbath the
edium containing the particles group or control group was

pplied to the 50–60% confluent cells. After incubated for 20 h at
7 ◦C, the culture vial was washed 3–5 times by phosphate-buffered
aline (PBS), and then subjected to the confocal microscopy imaging
etection.

.4. Characterizations

The X-ray diffraction (XRD) of samples were examined on
Bruker D8FOCUS X-ray diffractometer using Cu K� radiation

� = 1.5406 Å) at a scanning rate of 15◦ min−1 and the detective
ange from 10 to 80 ◦C. The morphology of samples was inspected
n a HITACHI S-4800 field-emission scanning electron microscope
FE-SEM) and a JEOL-2010 transmission electron microscope (TEM)
ith an accelerating voltage of 200 kV. Fourier transform infrared

FT-IR) spectra were determined with a model FTS135 infrared
pectrophotometer (American BIO-RAD Company) operated at a
esolution of 2 cm−1. Magnetic properties were detected using a
uperconducting quantum interface device (SQUID) magnetome-
er (Quantum Design MPMS XL). Photoluminescence (PL) spectra

f the sample were measured by an F-4500 FL Spectrophotome-
er equipped with a 150-W xenon lamp as the excitation source
t room temperature. Confocal microscopy images were obtained
sing an Olympus FluoView® FV1000 confocal microscopy with

aser excitation at 405 nm.
Fig. 1. XRD pattern of the Fe3O4 particles and Fe3O4 (JCPDS 89-0688).

3. Results and discussion

3.1. Structure of the Fe3O4 microspheres

Structure of the Fe3O4 microspheres has been examined by XRD.
Fig. 1 shows the XRD profiles of the Fe3O4 particles as magnetic
cores and the JCPDS 89-0688 card of Fe3O4 as the reference, respec-
tively. As shown in Fig. 1, the position and relative intensity of all
diffraction peaks match well with standard Fe3O4 powder diffrac-
tion data (JCPDS 89-0688), which indicates that the Fe3O4 particles
is pure phase and belong to cubic system.

3.2. Morphology of the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2
microspheres

SEM images of the Fe3O4 magnetic particles,
the Fe3O4@SiO2 composite microspheres and the
Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 luminomagnetic dual-
functional microspheres are shown in Fig. 2. It can be observed
from Fig. 2a and b that the Fe3O4 particulates are all uniform
spherical particles with the size in the range of 330–350 nm. Sur-
face of the Fe3O4 submicrometer particles is not smooth because
they are composed of many reunited nanoparticles. Such Fe3O4
microspheres make them possess magnetism with negligible
coercivity and remanence though their sizes have been over the
critical magnetic size of Fe3O4 nanocrystals and be easily coated
due to the relative coarse surface. SEM images of the resulting
Fe3O4@SiO2 composite particles are shown in Fig. 2c and d. The
core-shell structural microspheres, like Fe3O4 particles, are still
uniform and spherical particulates with an average diameter
of ca. 490 nm and they have smoother surface than that of the
uncoated Fe3O4 cores. That is to say, the smooth Fe3O4@SiO2
microspheres are composed of magnetic cores with the aver-
age diameter of about 340 nm and silica shell with thickness
of ca. 75 nm on average. The thickness of the silica shell can
be tuned by simply varying the initial amount of TEOS. Such
Fe3O4@SiO2 microspheres can be well dispersed in an aqueous
medium and possess good magnetic response. SEM images of the
Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres are shown in
Fig. 3e and f. Most of the samples still are spherical shape with an

average particles size ca. 500 nm, but they have not smooth surface
in comparison with the precursor of Fe3O4@SiO2. This implied
that the mixture of the Eu(DBM)3·2H2O/CTAB/SiO2 has deposited
on the surface of the Fe3O4@SiO2 microspheres. To investigate the
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ig. 2. SEM images (left: low magnification; right: high magnification) of the samp
e3O4@SiO2 (c, d) and Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 (e, f).

ore-shell structure in detail, the luminomagnetic dual-functional
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres was further
haracterized by TEM. The TEM photographs of Fe3O4@SiO2 and
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2 samples are depicted in Fig. 3.
t can be clearly observed from Fig. 3 that they are composed of the
lack magnetic cores with about 340 nm in diameter and gray shell

ith an average thickness of about 75 nm for the Fe3O4@SiO2 and

bout 80 nm for the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2. Moreover,
f carefully observed, we can find that surface of the Fe3O4@SiO2 is
moother than that of the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 due
o poor soakage of the Eu(DBM)3·2H2O fluorescent complex on

Fig. 3. TEM images of the Fe3O4@SiO2 (a) and the Fe
different fabrication stage of the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2: Fe3O4 (a, b);

the surface of the Fe3O4@SiO2. These results are consistent with
those of SEM observation. It should be pointed that it is difficult to
differentiate the inner silica layer and the outer silica layer from
the TEM photographs owing to good compatibility between two
silica layers.

The above electron microscope observation results can be fur-

ther confirmed by FTIR spectra of the products in Fig. 4c and
d. FTIR analysis shown in Fig. 4a indicates that there is a lit-
tle PEG adsorbed on the surface of the Fe3O4 microspheres due
to existence of characteristic absorption bands or peaks of the
PEG (�O H: centered at 3437 cm−1; �C H: 2926 and 2841 cm−1

3O4@SiO2@Eu(DBM)3·2H2O/SiO2 (b) samples.
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Fig. 4. FT-IR spectra of Fe3O4 (a), Fe3O4@SiO2 (b), pure Eu(DB

rom CH2; �C O C: centered at 1076 cm−1) and the magnetite
hase (�Fe O: 422, 588 and 630 cm−1). This makes them be water-
oluble and favor coating of silica in ethanol aqueous solution
sing the Stöber method [37]. FTIR spectra in Fig. 4b indicate
hat the silica shell coated on the surface of the magnetite cores
an be confirmed by assignments of the bands Si O Si (1091,
98 cm−1), Si OH (945 cm−1), and Fe O Si (468 cm−1). Com-
ared with the FT-IR spectrum of the Fe3O4@SiO2 in Fig. 4b, the
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres has two sets of
ew characteristic FT-IR adsorption peaks to be found. One set of
eak absorption peaks centered at 1479 cm−1 (�C C: from carbon

ramework of the phenyl of the DBM) and 1636 cm−1 (�as C O) orig-
nate from Eu(DBM)3·2H2O, while second set of absorption peaks
t 2924 and 2853 cm−1 belong to C H stretching vibrations rooted
n CH2 and CH3 of the CTAB. Low content of the Eu(DBM)3·2H2O
n the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres may be
esponsible for its weak FT-IR absorption. Nevertheless, the after-
entioned characteristic photoluminescence of the Eu (III) in the
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres can safely con-
rm the existence of the Eu(DBM)3·2H2O complex.

The results obtained from observation of SEM and TEM and
nalyses of the FTIR clearly demonstrate that we have achieved
ur main objectives in the fabrication: (1) To avoid luminescence

Fig. 5. Measured magnetic hysteresis loops of the fabricated Fe3O4 powder (a
H2O (c) and Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 (d) samples.

quenching and to provide silanol groups for immobilization of the
europium (III) complexes inlaid in the surfactant CTAB, a layer of
silica was first coated on the surface of the Fe3O4 microspheres so as
to avoid the direct contact of the Eu(DBM)3·2H2O with the magnetic
core. (2) To incorporate Eu(DBM)3·2H2O into SiO2 shell and deposit
onto the surface of the Fe3O4@SiO2 microspheres, surfactant CTAB
enabling to carry the Eu(DBM)3·2H2O with it was used in the course
of hydrolysis and condensation reactions of TEOS. CTAB plays two
roles: (a) dissolving poor water-soluble Eu(DBM)3·2H2O into the
hydrolyzing medium of TEOS; (b) carrying the Eu(DBM)3·2H2O
with it to assembly onto the surface of the Fe3O4@SiO2 micro-
spheres utilizing sorption of the hydrophilic head of the CTAB to the
silanol groups on the surface of the Fe3O4@SiO2 microspheres. As
a result, Eu(DBM)3·2H2O complex is homogeneously incorporated
into the outer silica shell, which makes Eu(DBM)3·2H2O complex
increase its thermal- and photostability.

3.3. Magnetic properties of the

Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres

Fig. 5 presented the magnetic hysteresis loops of the
uncoated Fe3O4 powder (a), Fe3O4@SiO2 powder (b) and
Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 powder (c) in an applied field

), magnetic silica beads (b) and Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 (c).
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Fig. 6. Excitation spectrum (a) and emission spectrum

f 10 kOe at 300 K. It is clearly seen from these magnetic hys-
eresis loops that all the samples have stronger magnetism
ith negligible coercivity and remanence at room temperature.

heir saturation magnetization was 68.86, 33.40 and 25.84 emu/g,
espectively. Compared with the uncoated Fe3O4 particles, the
aturation magnetization of the Fe3O4@SiO2 microspheres obvi-
usly decreased because the diamagnetic contribution of the
hick silica shell resulted in a low mass fraction of the Fe3O4

agnetic substance. Nevertheless, there was only smaller dif-
erence of saturation magnetization between Fe3O4@SiO2 and
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2. This is because thin outermost
ayer Eu(DBM)3·2H2O/SiO2 shell cannot cause a larger mass frac-
ion change of the Fe3O4 magnetic substance from Fe3O4@SiO2 to
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2. Though the saturation magne-
ization of Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 particles is less than
he magnetite nanoparticles as magnetic core, it may be believed to
ossess enough strong magnetic attraction for effectively magnetic
eparation.

.4. Fluorescent properties of the
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2
The excitation and emission spectra of the
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres are shown
n Fig. 6a and b, respectively. The excitation spectrum was mon-
tored at 612 nm, while the emission spectrum was measured

Fig. 7. Photographs of aqueous solutions of the Fe3O4@SiO2@Eu(DBM)3·2H2
f Fe3O4@SiO2@ Eu(DBM)3·2H2O/SiO2 microspheres.

with 357 nm as the excitation wavelength. It can be seen from the
excitation spectrum in Fig. 6a that there are two broad excitation
peaks at 254 and 357 nm which are due to light absorption by the
diketonate ligands. Similarly, the narrow emission peaks observed
in the emission spectrum (Fig. 6b) originate from transition of the
5D0 excited state level to the 7FJ (J = 0–6) levels. The strongest emis-
sion peak at 612 nm is due to the hypersensitive electric-dipole
transition of 5D0–7F2. The fine structure reveals that the europium
ion does not occupy a site with inversion symmetry. The spectrum
testing results further prove the aforementioned conclusion
that fluorescent Eu(DBM)3·2H2O complex has be incorporated
into the silica shell of the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2
microspheres.

3.5. Dispersity and magnetic response of the
Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 microspheres in an aqueous
solution

To illustrate dispersibility in aqueous medium and magnetic
response to the external magnetic field, a simple experiment was
performed. An optical photograph of the magnetic microspheres

attracted by an external magnet is exhibited in Fig. 7. When a
magnet was placed close to the glass vial holding the magnetic
microsheres dispersed in deionized water, the microsheres were
attracted towards the magnet very quickly and accumulated to the
side of the glass vial near the magnet within two minutes, and

O/SiO2 microspheres without (a) and with (b) magnetic field applied.
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Fig. 8. Confocal fluorescent images of HeLa cells (left: bright-field; right: da

he solution became clear and transparent. After removal of the
xternal magnet and sonication, the magnetic microspheres can
e rapidly redispersed again. This simple experiment confirmed
hat the magnetic microspheres possess good water-dispersity and

agnetic separation characteristics.

.6. Cell imaging

The uptakes of the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 micro-
pheres by HeLa cancer cells were studied by confocal microscopy
nder in vitro conditions. Fig. 8 shows the comparable confocal
uorescent images in the absence (a) and presence (b) of the
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2. An obvious fluorescent inten-
ity enhancement can be seen in the cells coincubated with
he microspheres (Fig. 8b), which indicates that the compos-
tes were indeed internalized by the cells. In a control group
xperiment, the cells slightly fluorescence red light (Fig. 8a), this
henomenon may be attributed to the presence of biomolecules
r other fluorescent molecules that are usually present in biolog-
cal and environmental samples. In addition, cells incubated with
e3O4@SiO2@Eu(DBM)3·2H2O/SiO2 have gross cell morphologies
imilar to those of control cells. This indicates that there is no
dverse cell reaction in the presence of the microspheres.

The internalized microspheres would act as two highly desired
unctions in biomedicine: magnetic contrast agents for magnetic
esonance imaging (MRI) and fluorescent probe for fluorescence
maging. Moreover, when cell-targeting moleclules or peptides are
onjugated to silica surface of the prepared microspheres, the com-
osites will be able to recognize specific cell types or organs, which
akes it suitable for biomedical imaging and diagnostic applica-

ions.

. Conclusion

In summary, the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2 bifunc-
ional magnetic fluorescence materials with core-shell nanostruc-

ures were successfully fabricated. Advantages of the luminomag-
etic microspheres mainly include: (1) They improve the poor
agnetic response and reduce magnetic conglomeration through

he monodisperse submicrometer Fe3O4 particulates with negligi-
le coercivity and remanence and a larger saturation magnetization

[
[
[
[

[

ld); (a) absence and (b) presence of the Fe3O4@SiO2@Eu(DBM)3·2H2O/SiO2.

as magnetic cores; (2) They eliminate fluorescence quenching
through use of the SiO2 isolation layer between Fe3O4 particulates
and the europium fluorescent complex; (3) They enhances the flu-
orescent signal and increases the photostability by encapsulating
the hydrophobic europium complex into hydrophilic silica shell
by means of surfactant CTAB; (4) They can be uptaken by HeLa
cells without adverse cell reaction and thus possess the promising
applications in bioimaging and medical diagnosis.
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