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Synthesis of mesoporous-silica-coated Gd2O3:
Eu@silica particles as cell imaging and drug
delivery agents†

Weiye Song, Weihua Di* and Weiping Qin*

Mesoporous-silica-coated Gd2O3:Eu/silica nanoparticles were synthesized by a multistep chemical

process and characterized by XRD, TEM and N2 adsorption/desorption isotherms in terms of size, mor-

phology and porosity. The core Gd2O3:Eu obtained by this method was highly luminescent upon exci-

tation, giving the function of cell imaging upon incubation with the human cervical carcinoma (HeLa)

cells. The outer porous silica shell is able to load the anticancer drug with a relatively high loading

efficiency and release the loaded drugs at a sustained rate. The HeLa cells can be killed effectively on

incubation with the core–shell porous particles loaded with the anticancer drug DOX. Meanwhile, the

accumulation of mesoporous nanoparticles loaded with drugs in the target location could be monitored

via fluorescence imaging. Therefore, the core–shell hybrid nanoparticles presented in this work are

potential multifunctional biomaterials for smart detection or diagnosis and therapy in future biomedical

engineering.

1. Introduction
Drug delivery systems offer numerous advantages compared
with conventional formulations, such as improved efficacy,
reduced toxicity, reduced frequency of doses, and ease of
usage.1–7 Of the different drug delivery systems reported, drug-
loaded nanoparticles with mesoporous structures have
attracted great attention because of their specific character-
istics such as high surface area, tunable pore size and volume,
well-defined surface properties and their injectable
features.8–13

Despite many advantages of the mesoporous nanoparticles
as an efficient drug delivery system, visualizing the accumu-
lation of mesoporous nanoparticles loaded with drugs in
target tissues is also equally critical for effective disease treat-
ments. Recently, there has been an increased interest in the
encapsulation of magnetic resonance imaging (MRI) contrast
agents or fluorescent contrast agents into mesoporous carriers
to provide dual capability of simultaneous imaging and drug
delivery.14–17

MRI and/or optical imaging not only offers the ability to
follow the distribution of nanocomposites containing drug
carriers in vitro/in vivo, but also provides real-time monitoring
on the drug delivery.18–21 The formation of multifunctional
composite structured materials is conventionally followed by
an encapsulation process, where the magnetic/optical core is
encapsulated or attached by/at the mesoporous shell.22–29 The
luminescent components are generally organic dyes or CdSe
quantum dots (QDs). The photobleaching and quenching of
dye molecules and the toxicity of QDs have seriously limited
their applications in biomedical areas, especially for use in
in vivo.30–33

As suitable alternatives for dyes and QDs, lanthanide-doped
inorganic nanoparticles seem to be a promising fluorescent
material for biodetection due to their good luminescence
properties, high chemical and photochemical stability and low
toxicity.34–41

In this work, we have designed and synthesized multifunc-
tional hybrid materials with a lanthanide-based luminescent
nanoparticle as the core and mesoporous silica as the shell by
a multistep chemical process. The resulting particles are
highly luminescent with an absolute emission quantum yield
of 0.56. Upon cellular uptake, the particles display bright intra-
cellular luminescence via incubation. The mesoporous shell is
able to load and release the drug with a relatively high loading
efficiency and a sustained release behavior. These features
endow the particles with the dual functions of cell imaging
and drug delivery.

†Electronic supplementary information (ESI) available: Characterization of the
as-synthesized Gd(OH)CO3·H2O:Eu (FT-IR, TGA and elemental analysis); XRD
pattern of the product obtained for Gd(OH)CO3·H2O:Eu upon calcination at
750 °C; the morphology of the HeLa cells incubated with the DOX-loaded meso-
porous particles as a function of incubation time. See DOI: 10.1039/c5dt04908c
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2. Experimental section
2.1. Preparation of Gd(OH)CO3·H2O:Eu

The monodisperse Gd(OH)CO3·H2O:Eu colloidal nanoparticles
were prepared via a urea-based homogeneous precipitation
process. A total of 5 mL of Gd/Eu(NO3)3 (1 M, Gd : Eu = 95 : 5)
and 10 g of urea [CO(NH2)2] were dissolved in deionized water.
The total volume of the solution was about 250 mL. The above
solution was first homogenized under magnetic stirring at
room temperature for 2 h, and then reacted at 85 °C for 2.5 h
in an oil bath. The obtained suspension was separated by cen-
trifugation and collected after washing with deionized water
and ethanol several times.

2.2. Preparation of core–shell Gd(OH)CO3·H2O:Eu@SiO2

particles

The core–shell Gd(OH)CO3·H2O:Eu@SiO2 particles were pre-
pared via a modified Stöber sol–gel process. In a typical pro-
cedure, 50 mg of Gd(OH)CO3·H2O:Eu particles were well
dispersed in a mixture of 70 mL of ethanol and 20 mL of
deionized water by ultrasonication for 30 min. 50 μL of tetra-
ethoxysilane (TEOS) dispersed in 10 mL ethanol was added
dropwise, followed by 1.0 mL of concentrated ammonia
aqueous solution (28 wt%) to initiate the polycondensation
process. The solution was continuously stirred at room temp-
erature for 24 h. The obtained particles were separated and
washed with ethanol and water, and then dried in a vacuum at
room temperature.

2.3. Preparation of mesoporous-silica-coated Gd2O3@silica
particles

40 mg of Gd(OH)CO3·H2O:Eu@SiO2 particles were well dis-
persed in a mixture of 50 mL of ethanol and 15 mL of
deionized water by ultrasonication for 30 min. 100 μL of TEOS
and 40 μL of octadecyltrimethoxysilane (C18TMS) were mixed
and dispersed in the ethanol (10 mL) and ammonia hydroxide
solution, and then added to the Gd(OH)CO3·H2O:Eu@SiO2

particles drop by drop and reacted by magnetic stirring for
12 h at room temperature. The particles were collected by cen-
trifugation, washed with ethanol and water 3 times, and then
dried at 50 °C overnight. The obtained particles were calcined
at 650 °C for 6 h.

2.4. DOX loading

50 mg of mesoporous nanoparticles were mixed with 5 mL of
DOX solution in phosphate-buffered saline (PBS, 0.4 mg
mL−1). After stirring for 24 h under dark conditions, the DOX-
loaded particles were centrifuged and washed with PBS (5 mL)
to remove the unloaded DOX. The particles were redispersed
in PBS (1 mL) for subsequent tests of in vitro DOX release and
cytotoxicity against HeLa cells. To evaluate the DOX-loading
efficiency, UV–vis absorption spectroscopy was used to
measure the absorption of the supernatant and the washed
solutions at a wavelength of 233 nm.

2.5. DOX release

The above-prepared DOX-loaded particles (15 mg) were
immersed in PBS (5 mL, pH 7.4 and 5.0) at 37 °C and shaken
at 100 rpm. At certain time intervals, aliquots of PBS (5 mL)
were taken out by centrifugation to test the concentration of
released DOX and fresh PBS (5 mL) was added to the tube con-
taining the DOX-loaded particles.

2.6. Cell culture

HeLa cell lines were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal bovine
serum (FBS), penicillin (100 units per mL), and streptomycin
(100 mg mL−1). Cells were cultured with the complete medium
in 5% CO2 at 37 °C. For all experiments, cells were harvested
from subconfluent cultures by the use of trypsin and were
resuspended in fresh complete medium before plating.

2.7. Cellular uptake and observation

In a typical procedure, 7.5 × 104 cells were plated in a 35 mm
Petri dish for 4 h to allow the cells to attach. After the cells
were washed twice with PBS, mesoporous core–shell nano-
particles were added to the Petri dishes. After incubation for
4–24 h, the cells were washed several times with PBS to remove
the remaining particles and dead cells, and then observed
under a confocal fluorescence microscope (TCS SP5, Leica).
For the observation of DOX-loaded nanoparticles incubated
with HeLa cells, the same procedures were used.

2.8. Cytotoxicity assay

In vitro cytotoxicities were evaluated by performing 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assays on the HeLa cells. In a typical procedure, cells
were seeded into 96-well culture plates at 7.5 × 104 per well in
DMEM with 10% FBS at 37 °C under 5% CO2 for 24 h; then
the cells were incubated with core–shell particles loaded with
the anticancer drugs at 37 °C under 5% CO2 for different
times. Thereafter, the medium containing the particles was
removed, and an MTT solution (200 mL, diluted in a culture
medium to a final concentration of 1 mg mL−1) was added,
and then the mixture was incubated for another 4 h. The
medium was then replaced with dimethyl sulfoxide (200 mL),
and the absorbance was monitored with a microplate reader at
a wavelength of 570 nm. The cytotoxicity was expressed as the
percentage of cell viability compared to that of untreated
control cells. For the cytotoxic evaluation of DOX-loaded par-
ticles, similar procedures were used.

2.9. Chemico-physical characterization

The X-ray powder diffraction (XRD) data were collected on an
X’Pert MPD Philips diffractometer (CuKα X-radiation at 40 kV
and 50 mA) in the 2θ range from 10° to 70° with a scanning
step of 0.02°. The transmission electron microscopy (TEM)
observations were carried out using a JEOL 2200FS micro-
scope. Samples for TEM investigations were prepared by first
dispersing the particles in ethanol under the assistance of
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ultrasonication and then dropping 1 drop of the suspension
on a copper TEM grid coated with a holey carbon film. Fourier
transform infrared (FT-IR) spectra (Mattson 5000) of the
samples were recorded in the range of 4000–500 cm−1 in trans-
mission mode. The pellets were prepared by adding 0.8 mg of
the sample powder to 80 mg of KBr. The powders were mixed
homogeneously and compressed at a pressure of 10 kPa to
form transparent pellets. Thermogravimetric analysis (TGA) of
the as-prepared precursor was performed using a thermoanaly-
zer (Thermo Plus TG 8120, Rigaku). The data were recorded at
a scan rate of 5 °C min−1 from room temperature to 800 °C in
air. The N2 adsorption–desorption isotherms were recorded at
77 K on a Micromeritics ASAP 2010. The samples were
degassed at 523 K and 10−6 torr for 10 h prior to measurement.
UV–vis absorbance measurements were carried out by using a
single-beam spectrophotometer (U-2900, Hitachi) equipped
with a 75 W pulsed xenon lamp with a scan rate of 240 nm
min−1. The fluorescence spectra were recorded on a fluo-
rescence spectrophotometer (F-7000, Hitachi) at room temp-
erature. The slit widths of the excitation and emission were
both 1.0 nm. The luminescence quantum yield was measured
on a Fluorescence SENS-9000 PL calibrated spectrometer
equipped with an integrated sphere. Three measurements
were made for each sample and the average value is reported.
The method is accurate to within 5%.

3. Results and discussion
3.1. Gd(OH)CO3·H2O:Eu as precursor

Eu3+-doped gadolinium hydroxylcarbonate (Gd(OH)CO3·H2O:
Eu) was prepared via a urea-based homogeneous precipitation
method (Experimental section), in which urea serves as a pre-
cipitation agent of metal cations due to self-decomposition
into OH− and CO3

2− at elevated temperatures (>83 °C). Urea-
based precipitation is a simple and general route for the prepa-
ration of lanthanide hydroxylcarbonate that was first deve-
loped by Matijevic and coworkers.42 Fourier transform infrared
spectroscopy (FTIR, Fig. S1, ESI†), thermogravimetric analysis
(Fig. S2, ESI†) and elemental analysis (Table S1, ESI†) con-
firmed that the chemical composition of the as-prepared

precursor is Gd(OH)CO3·H2O:Eu. X-ray diffraction (XRD)
measurement revealed that the as-prepared precursor material
is amorphous (not shown). These results are consistent with
the pioneering work of Matijevic et al.42 The transmission elec-
tron microscopy (TEM) observation (Fig. 1(a)) revealed that the
as-prepared Gd(OH)CO3·H2O:Eu particles appear spherical and
nearly monodispersed. The size distribution plot (Fig. 1(b))
based on the analysis of 100 particles from TEM observations
indicates that the spherical particle size ranges from 130 to
170 nm with an average diameter of 150 nm and a standard
deviation of ±10.6%. The spherical particles with homo-
geneous monodispersed distribution are preferred for further
surface modifications as they facilitate uniform surface
conjugation.43

3.2. Mesoporous-SiO2-coated Gd2O3:Eu@SiO2 particles

Mesoporous-silica-coated Gd2O3:Eu@SiO2 nanoparticles were
synthesized by a multistep process: (1) the coating of the first
layer of silica onto the Gd(OH)CO3·H2O:Eu particles to form
Gd(OH)CO3·H2O:Eu@SiO2 core–shell particles; (2) another
layer of silica coating onto the Gd(OH)CO3·H2O:Eu@SiO2 par-
ticles via a modified Stöber process in the presence of TEOS
and C18TMS; (3) subsequent thermal decomposition via calci-
nation that results in the conversion of Gd(OH)CO3·H2O:Eu to
Gd2O3:Eu and the formation of mesoporous silica.

The core–shell structure of the particles after coating can be
clearly seen by TEM due to the different electron contrast for
the cores and shells (Fig. 2(a) and (b)). The inner dark and
outer gray regions correspond to the Gd2O3 core and SiO2

shell, respectively. It can be seen that the first layer of silica
was grown around each Gd2O3 particle and no separated SiO2

particles were formed. The first SiO2 shell was homogeneous
and the thickness is about 20 nm, as marked in Fig. 2(b). The
easy and homogeneous growth of the first silica shell can be
attributed to the composition of the core Gd(OH)CO3·H2O. As
a matter of fact, due to the hydrated phase and the presence of
hydroxyl groups, TEOS can easily react with the surface of the
core particles forming a first silica monolayer on top of which
the silica shell can easily grow via the Stöber process.

Mesoporous silica were coated onto the Gd(OH)
CO3·H2O@SiO2 core–shell structured nanoparticles via a

Fig. 1 TEM images of the spherical Gd(OH)CO3·H2O:Eu particles (a) and the size distribution plot based on the analysis of 100 particles from TEM
observations (b).
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modified well known protocol through the cocondensation of
TEOS and C18TMS followed by calcination at 650 °C,44 as
revealed by TEM (Fig. 2(b)). The double-shell structure can
also be clearly observed. The mesoporous nature of the sample
was further revealed by the N2 adsorption–desorption iso-
therm, as shown in Fig. 2(c). The isotherm could be classified
as a type-IV isotherm according to the International Union of
Pure and Applied Chemistry (IUPAC) nomenclature.16,45 Simul-
taneously, the core Gd(OH)CO3·H2O was converted and crystal-
lized into gadolinium oxides from the amorphous Gd(OH)
CO3·H2O:Eu upon calcination at 650 °C (see XRD, Fig. S3,
ESI†). Thus, mesoporous-SiO2-coated Gd2O3:Eu@SiO2 particles
were formed via such a multistep reaction process.

3.3. Luminescence

The luminescence of mesoporous-silica-coated Gd2O3:
Eu@SiO2 particles was measured and is shown in Fig. 3. In the
excitation spectrum (red line), a broad band centered at
255 nm originates from the excitation of the oxygen-to-
europium charge transfer band (CTB). The presence of the
Gd3+ 8S7/2 → 6Ij transition located at ∼277 nm suggests the
existence of Gd3+-to-Eu3+ energy transfer.46 The weak peaks in
the longer wavelength 280–570 nm region are ascribed to the
direct f–f transitions within the Eu3+ 4f6 electron configur-
ation. Upon excitation into a maximum of CTB, the character-
istic transition lines could be detected in the emission spectra
ranging from 575 to 725 nm due to the Eu3+ 5D0 → 7Fj ( j =
0,1,2,3,4) transitions. The photoluminescence features were

further quantified through the estimation of the absolute
emission quantum yield that was measured on a calibrated
spectrometer equipped with an integrated sphere. The
quantum yield acquired was as high as ∼0.56 upon excitation
at 255 nm. Such high quantum yield obtained for the meso-
porous-SiO2-coated Gd2O3:Eu@SiO2 was attributed to the con-
version of amorphous Gd(OH)CO3·H2O:Eu to the crystalline
Gd2O3:Eu and the removal of H2O molecules and hydroxyl
groups as luminescence quenchers by calcination.47 A drop of
the core–shell particles dispersed in ethanol was smeared on
the surface of a glass slide for observation using a laser scan-
ning confocal microscope. Fig. S4 (ESI†) shows a luminescence
photograph of the core–shell particles upon optical excitation.
The particles are clearly visible due to bright red emission
from the core Gd2O3:Eu. Strong luminescence particularly
benefits the biological use as fluorescent labels.

The possibility of the use of mesoporous-SiO2-coated
Gd2O3:Eu@SiO2 particles as luminescent biological labels was
checked by in vitro biological experiments using human cervi-
cal carcinoma (HeLa) cells. A two-photon laser scanning confo-
cal microscope operating at around a 380 nm excitation
wavelength was applied to excite the Eu3+ dopants for lumine-
scence. Upon incubation, the uptake of mesoporous-SiO2-
coated Gd2O3:Eu@SiO2 particles by HeLa cells was observed.
Fig. 4 shows bright-field optical and fluorescence microscopy
images of HeLa cells after incubation with 0.2 mg mL−1 of par-
ticles for 24 h. As observed, the particles can be taken up by
the HeLa cells and display bright luminescence (Fig. 4b). This
indicates that these mesoporous nanoparticles clearly retained
their intrinsic fluorescence upon cellular uptake.

3.4. In vitro drug storage and release

Mesoporous silica particles are excellent drug carriers because
of their noncytotoxic properties. In our in vitro experiments,
we selected a typical and widely used anticancer drug, doxo-

Fig. 2 TEM images (a and b) and nitrogen adsorption–desorption iso-
therm (c) of mesoporous-SiO2-coated Gd2O3:Eu@SiO2.

Fig. 3 Photoluminescence excitation and emission spectra of meso-
porous Gd2O3:Eu (5 mol% doping) at room temperature.
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rubicin hydrochloride (DOX), to investigate drug storage and
release behavior of the mesoporous-SiO2-coated Gd2O3:
Eu@SiO2 particles. The mesoporous core–shell nanoparticles
were loaded with DOX by soaking them in a concentrated
drug–PBS (phosphate-buffered saline, pH 7.4) solution. The
drug-loaded particles were collected by centrifugation and
washing several times followed by drying under vacuum. The
drug loading content was evaluated by comparing the UV-vis
absorption of the supernatant and washed solutions with that
of the original DOX solution at a wavelength of 233 nm. Based
on absorption measurements, approximately 29.2 µg of drug
molecules were stored inside 1 mg of mesoporous particles.
The loading efficiency of DOX was calculated as follows: E% =
(ODOX − RDOX)/ODOX × 100%, where ODOX and RDOX are the
original and residual DOX content, respectively. The loading
efficiency of DOX was 73%, indicating a relatively high loading
efficiency of our present mesoporous-silica-coated core–shell
particles. To evaluate the release behavior of DOX-loaded par-
ticles, the particles were redispersed in PBS solution at 37 °C.
Similarly, the drug release content was evaluated by using UV–
vis absorption spectroscopy. Fig. 5 shows the drug release
profile in the PBS with different pH values as a function of
time. Initially, the drug loaded particles exhibit a fast delivery

with ∼52 wt% drug release within 8 h (pH 7.4 PBS); then the
drug release ratio was ∼32% during the subsequent 88 h,
achieving a total release of ∼84% of DOX within 96 h. By com-
parison, a relatively fast drug release in the pH 5.0 PBS was
observed, which might be attributed to the decrease of inter-
action forces between DOX and the mesopore surface in the
pH 5.0 PBS.48 This indicates that our present mesoporous
core–shell particles loaded with DOX obviously had a sus-
tained drug release behavior, and such kinetics would be
especially useful for effective treatment of serious diseases.
These results demonstrate that the present mesoporous
particles can be potentially used as an efficient vehicle to load
and deliver anticancer drugs into cancer cells.

3.5. Pharmacological effect

To verify whether the released DOX was pharmacologically
active, the cytotoxic effect of the DOX-loaded particles against
HeLa cells was assessed using MTT reduction assays. Fig. 6
shows the cell viabilities against DOX-loaded particles. We can
see that the DOX-loaded particles induced a significant cyto-
toxicity while incubated with the HeLa cells, which was
demonstrated by the decreased cell viability upon incubation.
The mesoporous-silica-coated Gd2O3:Eu@silica particles alone
are almost nontoxic (Fig. S5, ESI†). This indicates that the cyto-
toxic effect originates from the release of drug molecules
inside the cancer cells.

In detail, the viabilities of HeLa cells depend on the con-
centration of DOX loaded into the mesoporous particles. A
higher concentration of DOX leads to the death of more HeLa
cells. On the other hand, the viabilities of HeLa cells are also
dependent on the incubation time. Taking the mesoporous
particles loaded with 20 µg DOX, a short-time (6 h) exposure
led to an ∼20% decrease in cell viability. Nearly 50% cells were

Fig. 5 Release profile of DOX from DOX-loaded mesoporous-SiO2-
coated Gd2O3:Eu@SiO2 particles in PBS at 37 °C.

Fig. 6 The viability of HeLa cells incubated with DOX-loaded meso-
porous-silica-coated Gd2O3:Eu@silica as a function of DOX concen-
tration and incubation time.

Fig. 4 Bright-field (a) and fluorescence microscopy (b) images of HeLa
cells incubated with mesoporous-SiO2-coated Gd2O3:Eu@SiO2 particles
for 24 h.
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alive after 48 h and the death rate of cells reached above 85%
after 72 h incubation (Fig. 6).

Consistently, the morphology study of HeLa cells incubated
with DOX-loaded mesoporous particles was performed using a
bright field optical microscope (Fig. S6, ESI†). The cells before
interaction with DOX-loaded particles were viable, well
attached onto the plate and showed a clear profile. However,
upon incubation with DOX-loaded particles, the HeLa cells
shrank gradually and their profiles became vague, and were
finally prone to death with an increase of incubation time. The
number of viable cells observed decreases markedly with the
increase of incubation time.

4. Conclusions

Mesoporous-silica-coated Gd2O3:Eu@silica particles were syn-
thesized by a multistep chemical process. First, spherical and
monodispersed Gd(OH)CO3·H2O:Eu particles were prepared
via a urea-based homogeneous precipitation method, and then
two layers of silica were coated onto the surface of Gd(OH)
CO3·H2O particles to form core–shell structures via a modified
Stöber process. Finally, thermal decomposition of core–shell
samples via a calcination process results in the conversion of
Gd(OH)CO3·H2O:Eu to Gd2O3:Eu and the formation of meso-
porous silica. Thus, mesoporous-silica-coated Gd2O3@silica
nanoparticles were formed. The present mesoporous core–
shell nanoparticles have the capabilities of loading and releas-
ing the drug with a relatively high loading efficiency and a sus-
tained release behavior of drugs. The DOX-loaded porous
core–shell particles are able to kill the cancer cells efficiently
upon incubation with the human cervical carcinoma cells,
indicating the potential for treatment of cancer cells. Mean-
while, these core–shell particles are intrinsically luminescent
due to f–f transition of lanthanide ions upon excitation. They
can be taken up by the cancer cells and emit the light via incu-
bation with the HeLa cells. This indicates that the meso-
porous-silica-coated Gd2O3:Eu@silica nanoparticles can be
used as cell imaging agents and the drug delivery behavior
can also be effectively monitored via luminescence imaging,
thus achieving the multifunctionality of drug delivery and
simultaneous imaging that were combined into a single
nanoparticle.
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