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A facile homogenous precipitation method has been developed for the synthesis of multifunctional,

magnetic, luminescent nanocomposites with Fe3O4 nanoparticles as the core and europium-doped

yttrium oxide (Y2O3:Eu) as the shell. The nanocomposites showed both super-paramagnetic behavior

and unique europium fluorescence properties with high emission intensity. Their surface has been

modified with a bifunctional ligand, p-aminobenzoic acid (PABA), and further biofunctionalized with

biotin; the nanocomposites showed specific targeting for avidin-coupled polystyrene beads.
1. Introduction

Multifunctional nanocomposites that possess desirable proper-

ties in a single entity have attracted broad interest in recent years.

For instance, nanocomposites with both fluorescent and

magnetic properties can be used in a wide range of applications in

biological systems, such as bioimaging, diagnostic, and thera-

peutics.1–5 They can serve as luminescent markers; they can also

be controlled by an external magnetic field. Most of the magnetic

fluorescent nanocomposites are core–shell structures with the

great majority of emitters being either quantum dots (QDs) or

organic dyes.

Several efforts have been directed toward the development of

magnetic fluorescent nanocomposites—the preparation methods

can be grouped into four classes: (1) a magnetic core coated with

silica,6,7 polymer8 or lipid9 containing fluorescent components;

(2) a magnetic core covalently bound to a fluorophore via

a spacer;10,11 (3) a magnetic core directly coated with a fluorescent

shell;12–14 (4) magnetic nanoparticles and QDs encapsulated in

a polymer or silica matrix.15,16 Although organic dyes are widely

applied in the life sciences, they have some problems such as

broad spectral features, short lifetimes, photo-bleaching,

decomposition and potential toxicity to cells. Compared with

organic dyes, QDs display high photostability, size-dependent

emissions, high quantum yields and narrow emission band-

widths. However, QDs have not achieved universal acceptance

because of their inherent toxicity, chemical instability and diffi-

cult surface conjugation chemistry.

In addition to organic dyes and QDs, lanthanide-doped

nanoparticles are gaining popularity and have been recognized as

a promising new class of fluorescent biological label due to the

unique luminescence properties, such as large Stokes shifts,

narrow line-width emission bands, high quantum yields, long

lifetimes and superior photostability.17 In contrast to semi-

conductor QDs, the emission wavelength of the lanthanide
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nanoparticles is independent of particle size and hence mono-

dispersity is less crucial, leading to lower synthesis costs.

Furthermore, surface modification does not significantly affect

their optical properties, because their luminescence arises as

a result of electronic transitions of the lanthanide ion. In

particular, they also offer excellent chemical stability, high

quantum yield and probably low toxicity.

At present there is only a limited number of reports on the

application of lanthanide-doped nanoparticles in biology.18,19

The examples include lanthanide chelate-doped polystyrene and

silica nanoparticles,20,21 lanthanide fluorides22 and lanthanide

oxides.23–26 To apply the lanthanide-doped nanoparticles as

biolabels, many schemes have been developed for the function-

alization of the surfaces of the nanoparticles for subsequent

bioconjugation. The functionalization methods can be divided

into three groups: (1) direct silanization using a variety of func-

tionalized alkoxysilanes or via silica coating;24,27 (2) physical

adsorption with protein or polymer via hydrophobic or electro-

static forces;23,25 (3) coordination using bifunctional ligands.28,29

Among these methods, silanization is most common. However,

silanization requires a tedious procedure for coating the particles

with silica which is hard to reproduce and often leads to the

aggregation of particles. Physical adsorption is easy to perform

but the non-specific adsorption and the random immobilization

of biomolecules (for example, antibodies) are unavoidable.

Coordination to the surface of the particles with bifunctional

ligands has been demonstrated to be an efficient way to modify

the nanoparticle surface. These ligands usually contain two

functional groups with one group attached to the surface of the

nanoparticles—the other one can be used for the conjugation of

biomolecules. For example, Diamente et al.28 have modified

Ln3+-doped LaF3 nanoparticles with amino groups by coordi-

nating the surface through the phosphate end of a bifunctional

ligand, 2-aminoethyl phosphate, for avidin bioconjugation.

Meiser et al.29 functionalized LaPO4:Ce/Tb nanoparticles with

streptavidin by using a bifunctional ligand 6-aminohexanoic acid

(AHA) for biotin–streptavidin binding studies.

To the best of our knowledge, there are few reports on the

combination of magnetic properties with lanthanide nano-

phosphors. Lu et al.30 deposited a shell of up-converting
J. Mater. Chem., 2009, 19, 4695–4700 | 4695
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Scheme 1 Synthetic scheme for the synthesis and surface modification of

magnetic Fe3O4@Y2O3:Eu nanocomposites.
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phosphor (ytterbium and erbium co-doped sodium yttrium

fluoride) on an iron oxide core. Our group has recently developed

a flame spray pyrolysis method for the synthesis of magnetic

luminescent core–shell particles consisting of magnetic cores and

luminescent shells of europium-doped gadolinium oxide

(Gd2O3:Eu) and applied them in immunoassay and DNA

detection.31–34 The spray pyrolysis method is a cost-effective, high

throughput and versatile synthesis method for the synthesis of

magnetic luminescent particles. However, because it needs some

special apparatus, it might not be easily realized in a common

laboratory. Furthermore, the resulting particles have a wide size

distribution and irregular shape, which might hinder their

applications in some biological fields with requirements for more

uniform size particles.

In this paper, we report the development of a facile homoge-

nous precipitation method for the preparation of multifunctional

magnetic fluorescent nanocomposites with Fe3O4 nanoparticles

as the core and Eu3+-doped yttrium oxide (Y2O3:Eu) as the shell.

Then we used a bifunctional ligand, p-aminobenzoic acid

(PABA), to introduce the amino groups to the surfaces of the

nanocomposites. The nanoparticles were biofunctionalized with

biotin. Finally, to test the ability of these biotin-functionalized

nanocomposites to be applied in biomedicine, avidin-coupled

polystyrene beads were used as a model cellular mimic for

demonstrating specific targeting and cell sorting.

2. Experimental section

2.1 Reagents and materials

Ferric chloride hexahydrate (FeCl3$6H2O), ferrous chloride

tetrahydrate (FeCl2$4H2O), ammonium hydroxide (28–30%

NH3), poly(ethylene glycol) (PEG, MW 10 000), urea, p-ami-

nobenzoic acid (PABA), fluorescein isothiocyanate (FITC),

yttrium nitrate hexahydrate (Y(NO3)3$6H2O, 99.99%), euro-

pium nitrate pentahydrate (Eu(NO3)3$5H2O, 99.95%), bovine

serum albumin (BSA) and dimethyl sulfoxide (DMSO) were

purchased from Sigma-Aldrich and used as received. EZ-Link

sulfo-NHS-biotin was from Pierce (Rockford, IL). SuperAvidin-

coated beads (mean diameter of 15.7 � 0.4 mm) and Dragon

green (excitation 480 nm, emission 520 nm) polystyrene beads

(mean diameter of 7.32 � 0.5 mm) were purchased from Bangs

Laboratories, Inc. (Fishers, IN). PBS is phosphate buffer saline

(pH 7.4). PBST is PBS containing 0.05% Tween 20.

2.2 Synthesis of PEG-coated magnetic Fe3O4 nanoparticles

PEG-coated magnetic Fe3O4 nanoparticles were prepared by the

co-precipitation method as described before with modifica-

tions.35 Briefly, 2.36 g of FeCl3$6H2O and 0.86 g of FeCl2$4H2O

(2 : 1 molar ratio) were added to 40 mL of deionized water and

stirred under nitrogen. A total of 5 mL of ammonium hydroxide

was added quickly at 90 �C under rapid mechanical stirring. Due

to the large surface area-to-volume ratios and magnetic dipole–

dipole attraction between magnetic nanoparticles, the magnetic

nanoparticles aggregated readily. To get very stable and highly

water soluble magnetic nanoparticles, PEG was used as a coating

polymer during the co-precipitation process. It is known that

PEG is a hydrophilic and biocompatible polymer and its very

high surface mobility leads to high steric exclusion. Therefore,
4696 | J. Mater. Chem., 2009, 19, 4695–4700
5 mL of PEG aqueous solution were added dropwise, and the

suspension was kept at 90 �C for 1 h. The resultant black

magnetite nanoparticles were separated magnetically, and

washed with de-ionized (DI) water and ethanol several times, and

stored in ethanol.
2.3 Synthesis of magnetic Fe3O4@Y2O3:Eu nanocomposites

A Eu3+-doped yttrium oxide (Y2O3:Eu) fluorescent shell was

coated on the magnetic Fe3O4 nanoparticles using a homogenous

precipitation method (Scheme 1). In a typical procedure, 10 mg of

PEG-coated magnetic Fe3O4 nanoparticles were dispersed in

50 mL of DI water containing 1.8 M urea and 5 mM Ln(NO3)3

(Ln¼Y, Eu; Eu3+ doping concentration was 5 at%). The mixture

was sonicated for 20 min and then heated to 90 �C under vigorous

mechanical stirring. After 4 h, the resultant precursor was sepa-

rated with a magnet, thoroughly washed with ethanol and water

several times, and further dried at 100 �C overnight. Finally, the

precursor particles were calcinated at 700 �C for 2 h for complete

conversion to the oxide. The resulting magnetic nanocomposites

were magnetic Fe3O4@Y2O3:Eu nanocomposites.
2.4 Bio-functionalization of magnetic Fe3O4@Y2O3:Eu

nanocomposites

10 mg of magnetic Fe3O4@Y2O3:Eu nanocomposites were

dispersed in 10 mL of ethanol solution containing 0.2 g of PABA.

The solution was stirred at room temperature overnight. After

being separated magnetically and washed with ethanol several

times, the nanocomposites were dried in the oven.

Fe3O4@Y2O3:Eu nanocomposites were biotinylated as

follows: 2 mg of nanocomposites were suspended in 1 mL of PBS;

sulfo-NHS-biotin (0.4 mL of 6 mg mL�1) was added and incu-

bated for 1.5 h in a rotating mill at rt; after the reaction was

completed the nanocomposites were separated on the magnet

and washed three times with PBS.
2.5 Application of biotinylated Fe3O4@Y2O3:Eu

nanocomposites to magnetic extraction of avidin-coated beads

The beads were washed according to manufacturer’s instructions

by centrifugation (1200g for 15 min) and blocked with 0.5%

BSA–PBS for 1 h in a rotating mill. After centrifugation, they

were re-suspended in 0.2% BSA–PBST, added to the biotinylated

Fe3O4@Y2O3:Eu nanocomposites. 50 mg of magnetic nano-

composites, �0.4 � 106 SuperAvidin-coated beads and �0.4 �
106 Dragon green beads were used per reaction (total volume 500

mL). The avidin–biotin interaction took place over 30 min, in

a rotating mill at rt. Then, the avidin-coated beads bound to the

biotinylated magnetic fluorescent nanocomposites were
This journal is ª The Royal Society of Chemistry 2009
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extracted from the solution using a magnet and washed three

times with PBST and once with water. The extracted nano-

particles were re-suspended in 100 mL of water.

2.6 Characterization of the nanocomposites

The size and the morphology of the particles were examined by

using a Philips CM-12 transmission electron microscope (TEM).

Samples were prepared by placing a drop of a dilute ethanol

dispersion of particles on the surface of a copper grid. The

average size of the Fe3O4 nanoparticles and nanocomposites was

determined by averaging the sizes of 100 particles measured in

different TEM images. The hydrodynamic diameters of PABA-

modified magnetic nanocomposites in water were measured by

dynamic light scattering (DLS). The surface functionalization of

nanocomposites with PABA was confirmed by Fourier trans-

form infrared spectroscopy (FTIR) using KBr pellets.

The structure of the particles was characterized using X-ray

powder diffraction (X’Pert Philips Materials Research Diffrac-

tomer) using a Cu Ka radiation source. The magnetic properties

were measured on a vibrating magnetometer at 300 K. Fluo-

rescence spectra measurements were performed on a Spectramax

M2 cuvette/microplate reader. Confocal laser-scanning micros-

copy was performed using an Olympus FV1000. The quantum

yields of the aqueous solutions of magnetic Y2O3:Eu nano-

composites with and without PABA modification were measured

by comparing the emissions of the solution to the emission of

a solution of Rhodamin 6G of identical optical density at the

excitation wavelength.

3. Results and discussion

Fig. 1A shows a TEM image of PEG-coated Fe3O4 nano-

particles. It can be seen that the particles were almost spherical

with average diameters of about 15 nm. Although the particles

should remain discrete entities due to the high steric exclusion

properties of PEG hydrophilic chains located at the surface of

the nanoparticles, there was still some apparent aggregation in

the TEM images, which might be because of the cross-linkage of
Fig. 1 TEM images of (A) magnetic Fe3O4 nanoparticles, (B) magnetic

Fe3O4 coated with yttrium precursor, (C) magnetic Fe3O4@Y2O3:Eu

nanocomposites and (D) DLS measurement of particle size distribution.

This journal is ª The Royal Society of Chemistry 2009
the PEG chains due to hydrogen bonding; TEM sample prepa-

ration and drying can also lead to apparent aggregation.

As well as size determination established by TEM, the

hydrodynamic size of the nanocomposites in aqueous solution

was measured using DLS. Compared with the ‘dry’ size of 80 nm

measured by TEM, Fig. 1D shows that the PABA-modified

magnetic nanocomposites have an average hydrodynamic

diameter of about 85 nm. The larger diameter observed from

DLS analysis included not only the nanocomposites core, which

is measurable using TEM, but also the hydrodynamic diameter

from the PABA coating and the hydrated layer. The presence of

active amino groups on the PABA-modified nanocomposites was

determined by the assessment of FTIR spectra as well. Spectra of

PABA-modified nanocomposites showed characteristic peaks at

3500 cm�1 and 1623 cm�1 (amino groups) (data not shown),

indicating that the modification with PABA was successful.

To coat the magnetic Fe3O4 nanoparticles with a fluorescent

Y2O3:Eu shell, a homogenous precipitation method was applied

first to cover the Fe3O4 surface with a shell of yttrium basic

carbonate by mixing a suspension of the PEG-coated Fe3O4

nanoparticles with urea and Ln(NO3)3 aqueous solution and

heating at 90 �C for 4 h. Then the yttrium basic carbonate shell

was converted into yttrium oxide by calcination at 700 �C for 2 h.

The homogenous precipitation method has been demonstrated

to be efficient for the preparation of Y2O3 particles with narrow

size distribution. The basis for the homogenous precipitation is

that when a certain type of organic compound, such as urea, is

dissolved in a solution containing metal cations, the generated

anions (e.g., OH�, CO3
2�) will form precipitation nuclei with

metal cations above a critical supersaturation. The generated

anions are consumed by the growth of nuclei and no new nuclei

form. This leads to a controlled separation of nucleation and

growth of precipitates. Thus monodispersed particles are

produced.36 According to Sohn et al.,37 the reaction mechanism of

the formation of yttria precursor particles through homogenous

precipitation includes two steps: urea decomposition and yttrium

precipitation. Urea decomposition generates OH� and CO3
2�.

Then these anions can precipitate with yttrium ions to form

yttrium basic carbonate (Y(OH)CO3). The overall reaction is:

Y3+ + (NH2)2CO + 4H2O ¼ Y(OH)CO3$H2O + 2NH4
+ + H+(1)

Fig. 1B shows the TEM image of Fe3O4 coated with yttrium

basic carbonate, indicating that the particles are well dispersed,

nearly spherical with a relatively narrow size distribution. The

average size is about 100 nm. Fig. 1C presents the TEM image of

Fe3O4@Y2O3:Eu nanocomposites. After calcination, the parti-

cles are still well dispersed and the spherical shape remains. It can

be noted that a small change in size and a loss in weight were also

observed. The average size of the particles becomes about 80 nm.

In order to investigate the structure and composition of the

hybrid nanoparticles, XRD was employed to analyze the

samples. Fig. 2 shows the X-ray diffraction pattern of magnetic

nanocomposites after calcination at 700 �C. It shows that

magnetic nanocomposites exhibit the characteristic diffraction

peaks of Y2O3 (marked with -) with cubic structure and addi-

tional peaks that coincide with the peaks of either cubic spinel

Fe3O4 or g-Fe2O3 (marked with C). Our experimental data

cannot clearly distinguish between these two types of iron oxide
J. Mater. Chem., 2009, 19, 4695–4700 | 4697
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Fig. 2 XRD patterns of as-prepared magnetic Fe3O4@Y2O3:Eu nano-

composites. The diffraction peaks marked with - are indexed to

Y2O3:Eu, and the peaks marked with C are indexed to Fe3O4.

Fig. 4 Photographs of magnetic Fe3O4@Y2O3:Eu nanocomposites

dispersed in aqueous solution (A) without and (B) with external magnetic

field.
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because they have very similar magnetic properties. Because both

of them are magnetic, unambiguous identification is not essential

in the present study.

The magnetic hysteresis loop of the magnetic Fe3O4@Y2O3:Eu

nanocomposites taken at room temperature is shown in Fig. 3.

The samples display super-paramagnetic properties (zero coer-

civity and resonance), which is crucial for their application in

biomedicine and biotechnology because it prevents magnetic

particle aggregation and enables them to re-disperse rapidly

when the magnetic field is removed. The saturation magnetiza-

tion value of Fe3O4@Y2O3:Eu nanocomposites is 4.3 emu g�1.

Fig. 4 illustrates the magnetic separation of an aqueous disper-

sion of the magnetic Fe3O4@Y2O3:Eu nanocomposites. When an

external magnetic field is applied beside the glass vial, the

nanocomposites can be directed to the magnet very quickly.

These magnetic properties will allow the nanocomposites to be

used in biomedical applications since they undergo strong

magnetization, allowing efficient magnetic delivery, concentra-

tion and separation.

Fig. 5 shows the luminescent emission spectra of the synthe-

sized Fe3O4@Y2O3:Eu nanocomposites which is typical of the

shell material Y2O3:Eu. Under excitation at 260 nm, the particles

with a Y2O3:Eu shell emitted red luminescence with a narrow

peak centered at 610 nm, which can be assigned to the transition

from the 5D0 excited state to the 7F2 state. The quantum yields of
Fig. 3 Magnetization curve of magnetic Fe3O4@Y2O3:Eu nano-

composites.

4698 | J. Mater. Chem., 2009, 19, 4695–4700
the aqueous solutions of magnetic Y2O3:Eu nanocomposites

with and without PABA modification were found to be 14% and

10.2%, respectively. The quantum yields are lower than for the

bulk materials, which might be because the nanoscale sized

nanocomposites have a large surface-to-volume ratio and thus

will be much more strongly influenced by properties of the

particle surface than is the case for bulk materials. Furthermore,

in aqueous solution, the adsorbed water on the surface of the

nanocomposites will result in extensive quenching. The reason

for the decrease of quantum yield after surface modification with

PABA is not clear. It must have some relation to the PABA

which coordinates to the yttrium or europium cations on the

surface of the nanocomposites.

To test the ability of synthesized Fe3O4@Y2O3:Eu nano-

composites to be used in bioimaging and bio-labeling, the

surfaces of the nanocomposites were functionalized with biotin

for binding with avidin-coupled polystyrene beads. As part of

this procedure, the primary requirement was to first obtain stable

aqueous colloids of the nanocomposites. This was achieved by

dispersing the magnetic Fe3O4@Y2O3:Eu nanocomposites in an

ethanol solution containing the bifunctional ligand, PABA. It

has been demonstrated that the molecules with carboxyl groups

can efficiently functionalize the iron oxide surface of the nano-

particles by coordination to surface metal ions with carboxyl

groups.38,39 We assumed that this modification should also be

applicable to our particles with yttrium oxide surfaces. The

carboxyl group of PABA should coordinate with the yttrium or

europium cations on the surface of the nanocomposites to form

a robust coating, while amino groups extend into the aqueous
Fig. 5 Emission spectra of magnetic Fe3O4@Y2O3:Eu nanocomposites.

This journal is ª The Royal Society of Chemistry 2009
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Fig. 6 Confocal laser-scanning microscopy (CLSM) images of (A)

starting mixture of biotinylated magnetic Fe3O4@Y2O3:Eu nano-

particles, avidin-coated polystyrene and Dragon green polystyrene beads.

(B) After magnetic extraction: Fe3O4@Y2O3:Eu nanoparticles bearing

specifically bound avidin-coated polystyrene beads. The presence of

Dragon green polystyrene beads is negligible due to very low non-specific

binding of the beads to the surface of the functionalized magnetic

nanocomposites. Magnetic Fe3O4@Y2O3:Eu nanocomposites (red),

avidin-coupled polystyrene beads (gray) and Dragon green polystyrene

beads (green).

Pu
bl

is
he

d 
on

 2
2 

M
ay

 2
00

9.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
C

al
if

or
ni

a 
- 

D
av

is
 o

n 
26

/0
7/

20
13

 0
2:

51
:2

5.
 

View Article Online
solution, conferring upon the particles a high degree of water

dispersibility with the capacity for further linkage of biomole-

cules through well-developed bioconjugation chemistry. We

found that the water dispersibility of the nanocomposites

increased greatly after surface modification with PABA. The

nanocomposites with PABA modification can be suspended in

water (1 mg mL�1) for 2 days at room temperature without

obvious sedimentation while the nanocomposites without

modification can only be suspended in water for 2 h. The

successful modification of nanocomposites with amino groups

on the surface was evaluated by their covalent coupling to FITC.

The detailed procedure was as follows: magnetic nanocomposites

(1 mg) were suspended in 1 mL of carbonate–bicarbonate buffer

(pH 8.6) and 100 mL of 25 mg mL�1 FITC solution in anhydrous

dimethyl formamide was added. The coupling reaction took

place for 1 h at room temperature in a rotating mill. The excess

dye was removed by three cycles of centrifugation and washing of

the nanocomposites with buffer. The FITC-conjugated nano-

composites were suspended in carbonate–bicarbonate buffer,

and the fluorescence intensity was measured on a microplate

reader (excitation at 490 nm). The characteristic emission peak of

FITC at 520 nm (data not shown) indicated the presence of

amino groups on the surface of the nanocomposites. The amino

groups from the surface of the functionalized nanoparticles were

easily biotinylated using sulfo-NHS-biotin.

In order to demonstrate the applicability of the magnetic

fluorescent nanoparticles in cell separation bioassays, we chose

to use avidin-coated polystyrene beads (mean diameter of 15.7 �
0.4 mm) as a mimic of cells bearing a specific surface protein. The

presence of ‘‘non-specific cells’’ was simulated by the presence of

Dragon green polystyrene beads (mean diameter of 7.32 � 0.5

mm) that were used as a negative control. Specific targeting of

magnetic Fe3O4@Y2O3:Eu nanocomposites was examined by

incubation of the mixed cellular mimic models (polystyrene

beads). As shown in Fig. 6, confocal laser-scanning microscope

images confirmed the specific targeting of nanocomposites to the

avidin–polystyrene beads. On the other hand, the small
This journal is ª The Royal Society of Chemistry 2009
fluorescent Dragon green polystyrene beads without avidin on

the surface were not targeted, indicating the absence of non-

specific binding. Due to the fact that the nanocomposites have

biotin ligands on their surface, biotin binding to the avidin–

polystyrene beads with a large excess of nanoparticles should

approach that of an irreversible reaction, given that the biotin–

avidin has an affinity constant in the range of 10�15 M.
4. Conclusion

Multifunctional magnetic Fe3O4@Y2O3:Eu nanocomposites

have been successfully prepared by a facile homogenous

precipitation method. By surface modification with PABA and

subsequent bio-functionalization with biotin, the nano-

composites showed high water solubility and specific targeting to

avidin–polystyrene beads. With the advantage of high magnetic

responsiveness, unique luminescence properties, high water

solubility, and easy coupling of other biomolecules through the

same protocol as biotin, we envision that our nanocomposites

could be used in a number of biomedical applications, such as

targeting, cell separation and bioimaging.
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