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Luminescence functionalization of the ordered mesoporous SBA-15 silica was realized by depositing a YVO4:Eu3+

phosphor layer on its surface via the Pechini sol−gel process, resulting in the formation of the YVO4:Eu3+@SBA-15
composite material. This material, which combines the mesoporous structure of SBA-15 and the strong red
luminescence property of YVO4:Eu3+, can be used as a novel functional drug delivery system. The structure,
morphology, porosity, and optical properties of the materials were well characterized by X-ray diffraction, Fourier
transform infrared spectroscopy, scanning electron microscopy, transmission electron microscopy, N2 adsorption,
and photoluminescence spectra. As expected, the pore volume, surface area, and pore size of SBA-15 decrease
in sequence after deposition of the YVO4:Eu3+ layer and the adsorption of ibuprofen (IBU, drug). The IBU-loaded
YVO4:Eu3+@SBA-15 system still shows the red emission of Eu3+ (617 nm, 5D0−7F2) under UV irradiation and the
controlled drug release property. Additionally, the emission intensity of Eu3+ increases with an increase in the
cumulative released amount of IBU in the system, making the extent of drug release easily identifiable, trackable,
and monitorable by the change of luminescence. The system has great potential in the drug delivery and disease
therapy fields.

1. Introduction

In the past three decades, sustained/controlled drug
delivery systems have attracted much attention in the fields
of modern medice and pharmaceuticals because of their high
drug delivery efficiency and reduced toxicity in comparison
with conventionally administrated drugs in dosage forms.1,2

In general, controlled drug delivery systems can not only
deliver the therapeutic drugs to the targeted cells or tissues

but also maintain the optimum concentration and rational
toxicity of drugs in precise sites of the organs, which can
improve therapeutic efficiency and reduce toxicity.2 A large
variety of polymer-based pharmaceutical carrier systems have
been successfully employed as means of sustained/controlled
drug delivery for their improved drug loading efficiency and
degradable property.3 Recently, ordered mesoporous silica
materials have gained considerable attention as carriers for
drugs because of their stable mesoporous structure, tunable
pore size, high specific surface area with abundant Si-OH
active bonds on the pore walls, nontoxic nature, well-defined
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surface properties, and good biocompatibility.4-8 So far, a
large number of drug storage/release systems based on
ordered mesoporous silicas have been reported.1,6,7,9-12 Since
the discovery of triblock copolymer-templated SBA-15 in
1998,13 the adsorption and surface properties of this meso-
porous material have been adjusted by anchoring a variety
of functional groups onto the surface. This makes it have
many potential applications, such as selective adsorption of
noble metals14 and immobilization of enzymes.15,16 Most
recently, SBA-15 has been investigated as a host material
for drug storage and controlled release systems.1,12,17

Additionally, surface-functionalized mesoporous silica

materials can be used as excellent hosts for a variety of guest
molecules. Reports on mesoporous silica materials function-
alized with superparamagnetism have demonstrated feasible
applications in biomedical fields, including drug/gene de-
livery,18 magnetic resonance imaging,19 bioseparation,20 tissue
repairing,21 thermal tumor therapy,22 and stimuli-responsive
controlled-release delivery.23 It is worth noting that meso-
porous materials functionalized with photoluminescence (PL)
also have potential applications in the fields of drug delivery
and disease diagnosis and therapy.24,25This is because these
controlled drug delivery systems not only have high pore
volumes for the storage and delivery of drugs but also possess
photoluminescence properties which can be tracked to
evaluate the efficiency of the drug release. Surface-func-
tionalized mesoporous silica may be employed for qualitative
and quantitative detection of disease position and drug release
efficiency. Therefore, the design of mesoporous materials
functionalized with photoluminescence properties and drug
storage capabilities plays a key role in achieving this
application. Although luminescence functionalization (using
Y2O3:Eu3+, rare earth complexes, etc.) of inorganic porous
materials (including carbon nanotubes and mesoporous
silicas) was reported in several publications,24,25these materi-
als have never been really tested as drug storage/release
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D.; Bégu, S.; Chiche, B.; Fajula, F.; Lerner, D. A.; Devoissele, J. M.
New J. Chem. 2003, 27, 1415. (f) Mal, N. K.; Fujiwara, M.; Tanaka,
Y.; Taguchi, T.; Matsukata, M.Chem. Mater. 2003, 15, 3385.

(11) (a) Vallet-Regı´, M.; Rámila, A.; Del Real, R. P.; Pe´rez-Pariente, J.
Chem. Mater. 2001, 13, 308. (b) Cho, S.-B.; Nakanishi, K.; Kokubo,
T.; Soga, N.; Ohtsuki, C.; Nakamura, T.; Kitsugi, T.; Yamamuro, T.
J. Am. Ceram. Soc.1995, 78, 1769. (c) Kokubo, T.; Kushitani, H.;
Sakka, S; Kitsugi, T.; Yamamuro, T.J. Biomed. Mater. Res. 1990,
24, 721.

(12) (a) Yiu, H. H. P.; Wight, P. A.J. Chem. Mater. 2005, 15, 3690. (b)
Doadrio, J. C.; Sousa, E. M. B.; Izquierdo-Barba, I.; Doadrio, A. L.;
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systems to demonstrate their advantages in this area. Ad-
ditionally, the organic-inorganic hybrid composites (lumi-
nescent lanthanide complex-grafted mesoporous SiO2, such
as MCM-41 and SBA-15)25 might not be suitable for a drug-
release system because of their toxicity (large organic
molecule, containing a phenyl group) and inferior stability.
Moreover, in comparison with most of reported non-silica
luminescent material (such as Y2O3:Eu3+-modified carbon
nanotubes),24 the mesoporous silica-based luminescent ma-
terials show stable porous structures, large pore volumes and
diameters, large specific surface areas with a large number
of Si-OH groups on the surface, which are suitable for
loading a high quantity of drug molecules and which possess
high sustained-release properties.

Herein, we propose a novel design to fabricate drug
storage/release systems by incorporating YVO4:Eu3+ nano-
phosphors onto the surface of mesoporous SBA-15 via
Pechini sol-gel process.26,27The obtained composite materi-
als were well characterized by XRD, FT-IR, N2 adsorption/
desorption analysis, SEM, TEM and HRTEM, and lumines-
cence spectra. In addition, the luminescence-functionalized
SBA-15 materials were used as drug-carriers to study the
release properties in the release media of simulated body
liquid based on its high pore volume, luminescence, and
nontoxic properties. It is shown that the emission intensity
of Eu3+ increases with the increasing cumulative released
amount of the drug (IBU) in the system, making the extent
of drug release be easily identified, tracked, and monitored
by the change of luminescence.

2. Experimental Section

2.1. Materials and Synthesis. 2.1.1. Synthesis of SBA-15.The
starting materials for the synthesis of SBA-15 included tetraethyl
orthosilicate (TEOS, 99%, Beijing Chemical Regent Company,
Beijing), hydrochloric acid (36-38%, Beijing Chemical Regent
Company, Beijing), and (EO)20(PO)70(EO)20 (P123,Mw ) 5800,
Aldrich), all of which were used without further purification. SBA-
15 was synthesized according to the reported procedure using P123
as a structure-directing agent and TEOS as a silicon source.13

Typically, 4.0 g of P123 was dissolved in 30.0 g of H2O and 120.0
g of dilute HCl solution (2.0 M) with stirring at 35°C. Then 8.5 g
of TEOS was added dropwise to the solution with stirring, and the
mixture was maintained at this temperature for 20 h. It was then
crystallized at 80°C for 20 h without stirring. The obtained material
was filtered, washed, and dried in air at room temperature. The
as-synthesized material was calcined from room temperature to
500 °C at a heating rate of 1°C min-1 and kept at 500°C for 6 h
to remove the templates.

2.1.2. Functionalization of SBA-15 by YVO4:Eu3+. Deposition
of the YVO4:Eu3+ phosphor layer onto the surface of the template-
free SBA-15 was prepared by a Pechini sol-gel process.26,27 The
doping concentration of Eu3+ was 5 mol % of Y3+ in YVO4, which
had been optimized in our previous work.27 In a typical process,
stoichiometric weights of Y2O3 (99.99%, Shanghai Yuelong Non-

Ferrous Metals Limited), Eu2O3 (99.99%, Shanghai Yuelong Non-
Ferrous Metals Limited), and NH4VO3 (99%, analytical reagent
(AR), Tianjin Damao Chemical Instrument Company) were dis-
solved in dilute HNO3 (AR grade) and then added to a water-
ethanol solution (v/v) 1/7). Then citric acid (AR grade) with a
molar ratio of 2:1 to metal ions was added as a chelating agent.
Subsequently, polyethylene glycol (PEG,Mw ) 10 000) was added
as a cross-linking agent with a concentration of 0.04 g mL-1. The
mixture was stirred for 1 h toform a stable sol. Then desired amount
of the template-free SBA-15 powder was added into the sol with
stirring. The suspension was stirred for another 3 h, and then the
resulting material was separated by centrifugation. After it was
dried at 100°C for 1 h, the sample was heated from room
temperature to 500°C with a heating rate of 1°C min-1 and
maintained at 500°C for 2 h in air for thecrystallization of YVO4:
Eu3+. In this way, the luminescence-functionalized SBA-15 materi-
als were obtained (denoted as YVO4:Eu3+@SBA-15).

2.1.3. Preparation of Drug Storage/Release System.The drug
storage/release profile for YVO4:Eu3+@SBA-15 system was pre-
pared according to the previous report.11 Ibuprofen (IBU, purchased
from Nanjing Chemical Regent Company) was selected as the
model drug. Typically, 0.5 g of the YVO4:Eu3+@SBA-15 sample
was added to 50 mL of a hexane solution of IBU with a
concentration of 60 mg mL-1 at room temperature and soaked for
24 h with stirring in a vial which was sealed to prevent the
evaporation of hexane. The IBU-loaded YVO4:Eu3+@SBA-15
sample, denoted as IBU-YVO4:Eu3+@SBA-15, was separated by
centrifugation, and then dried at 60°C for 12 h.

The in Vitro delivery of IBU was performed by immersion of
0.3 g of the sample in the release media of simulated body fluid
(SBF) with stirring, and the immersion temperature was kept
at 37°C. The ionic composition of the as-prepared SBF solution
was similar to that of human body plasma with a molar composition
of 142.0:5.0:2.5:1.5:147.8:4.2:1.0:0.5 for Na+/K+/Ca2+/Mg2+/Cl-/
HCO3

-/HPO4
2-/SO4

2- (pH 7.4).11 The ratio of SBF to adsorbed
IBU was kept at 1 mL mg-1. The amount of IBU adsorbed onto
the mesoporous SBA-15 was monitored by thermogravimetry (TG)
and elemental analysis. As a comparison, the drug storage/release
profile for the SBA-15 system was also studied in the manner
described above.

The experimental process for the luminescence functionalization
of SBA-15 by YVO4:Eu3+, the subsequent loading and release of
the IBU drug, and the corresponding sample pellet photographs
under the irradiation of 365 nm UV lamp in the dark are
schematically shown in Scheme 1.

2.2. Characterization. X-ray power diffraction (XRD) was
performed on a Rigaku-Dmax 2500 diffractometer using Cu KR
radiation (λ ) 0.15405 nm). Fourier-transform IR spectra were
recorded on a Perkin-Elmer 580B IR spectrophotometer using KBr
pellet technique. N2 adsorption/desorption isotherms were obtained
on a Micromeritics 2020M apparatus. Pore size distribution was
calculated from the adsorption branch of N2 adsorption/desorption
isotherm and the Barret-Joner-Halenda (BJH) method. The BET
surface areas were determined using the data between 0.05 and
0.35 just before the capillary condensation, and the pore volume
was obtained by the t-plot method. Thermogravimetry (TG) was
carried out on a Netzsch Thermoanalyzer STA 409 with a heating
rate of 5 °C min-1 in a N2 atmosphere. The morphology and
composition of the samples were inspected using a field emission
scanning electron microscope (FESEM, XL30, Philips) equipped
with an energy-dispersive X-ray spectrum (EDS, JEOL JXA-840).
Transmission electron microscopy (TEM) and high-resolution
transmission electron microscopy (HRTEM) micrographs were

(26) (a) Pechini, M. P. U. S. Patent 3330697, 1967. (b) Kakihana, M.;
Yoshimura, M.Bull. Chem. Soc. Jpn. 1999, 72, 1427. (c) Kakihana,
M.; Domen, K.MRS Bull.2000, 25 (9), 27.
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Chem. Mater.2002, 14, 2224.
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obtained from a FEI Tecnai G2 S-Twin transmission electron
microscope with a field emission gun operating at 200 kV.
Inductively coupled plasma (ICP) measurement (ICP-PLASMA
1000) was performed on the YVO4:Eu3+@SBA-15 sample to
determine the exact loading level of YVO4:Eu3+ on the SBA-15
sample. The UV-vis excitation and emission spectra were obtained
on a Hitachi F-4500 spectrofluorimeter equipped with a 150 W
xenon lamp as the excitation source. All the measurements were
performed at room temperature.

3. Results and Discussion

3.1. Formation, Structure, Morphology, and Properties
of SBA-15, YVO4:Eu3+@SBA-15, and IBU-YVO 4:
Eu3+@SBA-15. 3.1.1. XRD.Figure 1 shows the low-angle
XRD patterns of calcined SBA-15, YVO4:Eu3+@SBA-15,
and IBU-YVO4:Eu3+@SBA-15. All the samples exhibit
three well-resolved diffraction peaks that can be indexed as
(100), (110), and (200) reflections associated with 2-D
hexagonal symmetry (P6mm), confirming a well-ordered
mesoporous structure in these material systems.13 The results
indicate that the ordered hexagonal mesoporous structure of
SBA-15 remains intact after both the deposition of the YVO4:

Eu3+ phosphor layer and the adsorption of IBU. However,
the intensity of these characteristic diffraction peaks decrease
slightly after deposition of YVO4:Eu3+ and decrease further
after the adsorption of IBU with respect to the bare SBA-
15. This may be caused by the deposition of YVO4:Eu3+

and the incorporation of IBU molecules onto the mesoporous
framework of SBA-15, which results in the decrease of
crystallinity of the mesoporous materials.

Figure 2 displays the wide-angle XRD patterns of the
corresponding samples. In Figure 2a for SBA-15, the broad
band centered at 2θ ) 22° can be assigned to the charac-
teristic reflection from amorphous SiO2 (JCPDS 29-0085).
While for YVO4:Eu3+@SBA-15 (Figure 2b) and IBU-
YVO4:Eu3+@SBA-15 (Figure 2c), the typical characteristic
diffraction peaks of YVO4 (JCPDS 17-0341) can be ob-
served at 2θ ) 25.0, 33.5, and 49.5°, respectively, suggesting
the successful crystallization of YVO4:Eu3+ on the surface
of mesoporous SBA-15. The exact loading level of YVO4:
Eu3+ on the SBA-15 sample was about 5.2 wt % (determined
by ICP). The XRD results also demonstrate that the

Scheme 1. Schematic Diagram Showing the Experimental Process for
the Luminescence Functionalization of SBA-15 by YVO4:Eu3+ and the
Subsequent Loading and Release of the IBU Drug (Left Side), together
with the Corresponding Sample Pellet Photographs for SBA-15
(Daylight) and YVO4:Eu3+@SBA-15, IBU-YVO4:Eu3+@SBA-15, and
IBU-Released IBU-YVO4:Eu3+@SBA-15 under the Irradiation of a 365
nm UV Lamp in the Dark

Figure 1. Low-angle XRD patterns of calcined SBA-15 (a), YVO4:
Eu3+@SBA-15 (b), and IBU-YVO4:Eu3+@SBA-15 (c).

Figure 2. Wide-angle XRD patterns of calcined SBA-15 (a), YVO4:
Eu3+@SBA-15 (b), and IBU-YVO4:Eu3+@SBA-15 (c).
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incorporation of IBU molecules into the pores of the meso-
porous SBA-15 does not affect the crystalline structure of
YVO4, as shown in Figure 2c for IBU-YVO4:Eu3+@SBA-
15.

3.1.2. SEM and TEM. Figure 3a-c shows the SEM
images of calcined SBA-15, YVO4:Eu3+@SBA-15 and
IBU-YVO4:Eu3+@SBA-15, respectively. It can be seen that
all samples consist of relatively uniform rodlike particles
about 0.5 µm in diameter and 1µm in length, which
aggregate into wheatlike microstructures as reported previ-
ously.28 It seems that the introduction of YVO4:Eu3+ and
IBU has little influence on the surface morphology of
SBA-15.

Figure 4 displays the representative TEM images of the
calcined SBA-15 and YVO4:Eu3+@SBA-15 samples, re-
spectively. The TEM images of SBA-15 (Figure 4a and b)
exhibits the highly ordered hexagonal arrays of mesoporous
channels, confirming a hexagonal (P6mm) mesostructure.13

After deposition of YVO4:Eu3+, the TEM images for the
YVO4:Eu3+@SBA-15 sample (Figure 4c and d) also exhibit
a similar hexagonal array of ordered channels and the typical
honeycomb, resembling that of SBA-15, indicating that
mesostucture of SBA-15 is substantially conserved. The EDS
result (Figure 4e) confirms the presence of silicon (Si),
oxygen (O), yttrium (Y), and vanadium (V) in the YVO4:
Eu3+@SBA-15 sample (the Au signal is from the Au
coating for measurement). The Eu element was not detected
clearly because of its low concentration (but it can be
detected by the emission spectra, see post section). From
the HRTEM image of YVO4:Eu3+@SBA-15 (Figure 4f),
we can see crystalline phase (YVO4) with well-resolved
lattice fringes and some amorphous structure (SiO2 in SBA-
15). The distance (0.352 nm) between the adjacent lattice
fringes just corresponds to the interplanar distance of the
YVO4 (200) planes, agreeing well with thed(200) spacing
of the literature value (0.355 nm) (JCPDS No. 17-0341).
These results further confirm the presence of crystalline
YVO4:Eu3+ on the surface of SBA-15, agreeing well with
the XRD results.

3.1.3. FT-IR. The FT-IR spectra for IBU, SBA-15, YVO4:
Eu3+@SBA-15, and IBU-YVO4:Eu3+@SBA-15 are de-
picted in Figure 5A and B, respectively. In the case of SBA-
15 (Figure 5Aa), the obvious absorption bands from OH
(3450 cm-1), H2O (1630 cm-1), Si-O-Si (νs, 1100 cm-1;
νas, 807 cm-1), Si-OH (νs, 950 cm-1), and Si-O (δ, 471
cm-1) (whereνs represents symmetric stretching,νas asym-
metric stretching, andδ bending) are present.27,29 This
indicates that a large number of the OH groups and H2O
present on the surface of SBA-15 play an important role in
the bonding of metal ions from the impregnating sol and
ibuprofen molecules from the ibuprofen-hexane solution.
In Figure 5Ab for YVO4:Eu3+@SBA-15, the obvious
absorption band at 833 cm-1 can be attributed to the vibration
of V-O bond (in the VO4

3- group), suggesting the formation
of crystalline phase (YVO4) on the surface of mesoporous
silica during the heat treatment process.26 In particular, this
absorption band can still be clearly observed in the case of
IBU-YVO4:Eu3+@SBA-15 (Figure 5Ac), which makes it
possible to track it during the release process of transport in
body fluids. Figure 5B shows the expanded FT-IR spectra
between 1800 and 1300 cm-1. It reveals that the intensity
of ν(COOH) at 1718 cm-1 decreases significantly compared
with that of ibuprofen (Figure 5Bd). Meanwhile, a new band
centered at 1558 cm-1 is observed in Figure 5Bc, which
can be attributed to the asymmetric stretching vibration of
COO-. These results indicate the interaction between the
carboxylic group of ibuprofen and the Si-OH groups in the
mesoporous silica. Furthermore, the absorption bands as-

(28) Margolese, D.; Melero, J. A.; Christiansen, S. C.; Chmelka, B. F;
Stucky, G. D.Chem. Mater. 2000, 12, 2448.

(29) (a) Chen, Y.; Iroh, J. O.Chem. Mater. 1999, 11, 1218. (b) Kook Mah,
S.; Chung, I. J.J. Non-Cryst. Solids1995, 183, 252. (c) Kioul, A.;
Mascia, L.J. Non-Cryst. Solids1994, 175, 169.

Figure 3. SEM images of the calcined SBA-15 (a), YVO4:Eu3+@SBA-
15 (b), and IBU-YVO4:Eu3+@SBA-15 (c).
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signed to the quaternary carbon atom located at 1463 and
1519 cm-1, the tertiary carbon atom at 1379 cm-1, the O-H
bending vibration at 1421 cm-1, and the C-Hx bond at 2920
and 2961 cm-1 30 can be clearly observed in Figure 5Bc,
which further confirms the successful incorporation of
ibuprofen into the channels of the mesoporous silica. In
addition, Figure 5A also reveals that the intensity of the
OH groups at 3430 cm-1 and Si-OH at 950 cm-1 decreases
after deposition of YVO4:Eu3+ and decreases further after
ibuprofen loading. This observation further demonstrates the
strong interaction between OH groups and the introduced
components.

3.1.4. N2 Adsorption/Desorption. Figure 6 shows the N2
adsorption/desorption isotherms of calcined SBA-15 (a),

YVO4:Eu3+@SBA-15 (b), IBU-YVO4:Eu3+@SBA-15 (c),
and IBU-released IBU-YVO4:Eu3+@SBA-15 (d), and the
corresponding pore size distributions are shown in Figure
7. As shown in the Figure 6, all the samples show typical
IV isotherms with H1-hysteresis, together with narrow size
distributions (Figure 7), indicating a typical mesoporous
material with hexagonal cylindrical channels.13 Therefore,
it can be deduced that the deposition of YVO4:Eu3+ and
loading of IBU molecules have not greatly changed the pore
structure of mesoporous SBA-15, which coincides with the
XRD results. It can also be seen from Figure 6 that the
marked uptake is located at a relative pressure close to 0.6.
After deposition of YVO4:Eu3+ and incorporation of IBU,
the marked uptakes move toward lower relative pressure as
expected, located at about 0.5 and 0.4, respectively. The
textural characteristics of the above four kinds of materials

(30) Bellamy, L. J. InThe Infrared Spectra of Complex Molecules, 3rd
ed.; Chapman and Hall: London, 1975; Vol. 2.

Figure 4. TEM images of calcined SBA-15 [(a) perpendicular to the pore axis, (b) parallel to the pore axis] and YVO4:Eu3+@SBA-15 [(c) perpendicular
to the pore axis, (d) parallel to the pore axis], EDS of YVO4:Eu3+@SBA-15 (e), and the HRTEM image of YVO4:Eu3+@SBA-15 (f).
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are summarized in Table 1. It is known from Table 1 that
calcined SBA-15 has a high BET surface area (683 m2 g-1)
and a large pore volume (1.15 cm3 g-1) and pore size (7.37
nm), indicative of its potential application as a host in a drug-
release system. After the deposition of YVO4:Eu3+, the BET

surface area, pore volume, and pore size drop to 466 m2 g-1,
0.86 cm3 g-1, and 6.72 nm, respectively. As expected, the
pore size and pore volume are reduced drastically after IBU
adsorption compared with YVO4:Eu3+@SBA-15. These
results further prove that IBU has been successfully incor-
porated into the channels of mesoporous SBA-15, which is
consistent with above FT-IR results. Finally, it is worthwhile

Figure 5. (A) FT-IR spectra of calcined SBA-15 (a), YVO4:Eu3+@SBA-
15 (b), IBU-YVO4:Eu3+@SBA-15 (c), and IBU (d). (B) Expanded FT-IR
spectra of YVO4:Eu3+@SBA-15 (b), IBU-YVO4:Eu3+@SBA-15 (c), and
IBU (d).

Figure 6. N2 adsorption/desorption isotherms for calcined SBA-15 (a),
YVO4:Eu3+@SBA-15 (b), IBU-YVO4:Eu3+@SBA-15 (c), and IBU-
released IBU-YVO4:Eu3+@SBA-15 (d).

Figure 7. Pore size distribution for calcined SBA-15 (a), YVO4:
Eu3+@SBA-15 (b), IBU-YVO4:Eu3+@SBA-15 (c), and IBU-released
IBU-YVO4:Eu3+@SBA-15 (d).

Figure 8. Excitation (a and b) and emission (c and d) spectra for YVO4:
Eu3+@SBA-15 (a and c) and IBU- YVO4:Eu3+@SBA-15 (b and d).
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to point out that the sample still exhibits a typical IV isotherm
after complete release of IBU, and the BET surface area,
pore volume, and average pore diameter can almost be
recovered (see Table 1 and Figure 7), indicating the good
stability of this drug-release system.

3.1.5. Photoluminescence (PL) Properties.The photo-
graphs of SBA-15, YVO4:Eu3+@SBA-15, IBU-YVO4:
Eu3+@SBA-15, and IBU-released IBU-YVO4:Eu3+ @SBA-
15 under UV lamp irradiation (365 nm) are illustrated in
Scheme 1. As shown in the scheme, strong red luminescence
can be observed from YVO4:Eu3+@SBA-15 (whereas no
emission can be observed from bare SBA-15), further
indicating the successful introduction of YVO4:Eu3+ on SBA-
15. After incorporation of IBU and complete release of IBU
in SBF, the red luminescence can still be observed clearly
(Scheme 1), demonstrating the good stability of this drug-
storage/release system.

The PL properties of the samples were further character-
ized by excitation and emission spectra, respectively. The
excitation spectra for YVO4:Eu3+@SBA-15 and IBU-
YVO4:Eu3+@SBA-15 are shown in Figure 8a and b,
respectively. The strong excitation band observed at 279 nm
can be attributed to the VO43- group.27,31No excitation peaks
of Eu3+ resulting from its ff f transitions can be found
because of their relatively low intensity with respect to that
of VO4

3- group. Therefore, it can be deduced that the
excitation of Eu3+ is mainly caused by the energy transfer
from VO4

3- to Eu3+, which is well consistent with our
previous reports.27 Upon excitation into the VO43- at 279
nm, the characteristic transition lines from the excited5D0

level of Eu3+ can be observed in the emission spectra, as
shown Figure 8c and d (the locations of the emission lines
together with their assignments are labeled in the figure as
well). In Figure 8c, the two main characteristic peaks
observed in the red region originate from5D0 f 7F1 (593
nm) and5D0 f 7F2 (617 nm), respectively. It is worth noting
that the characteristic emission peaks are still clearly observed
in the emission spectrum of IBU-YVO4:Eu3+@SBA-15
(Figure 8d). This makes the drug loading system easily
identifiable, trackable, and monitorable using the lumines-
cence. A detailed relationship between the emission intensity
and extent of IBU drug release in IBU-YVO4:Eu3+@SBA-
15 system will be shown in next section.

3.2. Drug Storage/Release Properties.The respective
IBU loading degrees of IBU for IBU-SBA-15 and IBU-
YVO4:Eu3+@SBA-15 are 34 and 29 wt % determined by
TG and elemental analysis (C loadings are 24.9 and 21.8%),
respectively. The slightly higher degree of drug loading for

IBU-SBA-15 may be attributed to the higher surface area,
larger pore size, and more silanol (Si-OH) groups on the
surface of mesoporous silica, which is likely to form more
hydrogen bonding with the carboxyl group of IBU. The
cumulative drug release profiles of IBU-YVO4:Eu3+@SBA-
15 and IBU-SBA-15 systems as a function of release time
in the release media of SBF are shown in Figure 9, where
all in vitro studies have been carried out under the same
conditions. As shown in the figure, the release profiles are
similar and clearly prove that both systems exhibit sustained-
release properties. It can be observed in Figure 9a that the
amount released from IBU-SBA-15 delivery system reaches
about 36% in 2 h and 85% in 12 h. While for the IBU-
YVO4:Eu3+@SBA-15 system (Figure 9b), about 46% of IBU
has been released within 2 h, and the released amount
reaches about 95% in 12 h. Both systems complete the
release in 24 h. The slight difference in the release rate should
mainly be attributed to the interaction between IBU mol-
ecules and Si-OH on the surface of mesoporous silica. As
shown in the FT-IR spectra (Figure 5), the intensity of the
Si-OH bands on the surface of SBA-15 decreases after
the deposition of YVO4:Eu3+. Hence, the interaction
between the carboxylic group of ibuprofen and the
silanol groups on the surface of SBA-15 may be weakened,
resulting in the acceleration of the release rate of ibuprofen
molecules into the release media for the IBU-YVO4:
Eu3+@SBA-15 system. In comparison with the IBU-SBA-
15 system, the IBU-YVO4:Eu3+@SBA-15 drug-release
system shows only slightly lower IBU storage capacity
and IBU release rates in the release media, suggesting its
potential applications in the area of drug delivery and disease
therapy.

The PL emission intensity of IBU-YVO4:Eu3+@SBA-
15 samples has been investigated as a function of cumulative
released amount of IBU, as shown in Figure 10. It can be
seen that the PL intensity increases with increasing the
cumulative released amount of IBU, reaching a maximum
when IBU is completely released from the drug storage
system. It is well-known that the emission of Eu3+ will be
quenched to some extent in the environments which contain(31) Hsu, C.; Powell, R. C.J. Lumin. 1975, 10, 273.

Table 1. Textural Parameters of Calcined SBA-15,
YVO4:Eu3+@SBA-15, and IBU-YVO4:Eu3+@SBA-15 and
IBU-Released IBU-YVO4:Eu3+@SBA-15 Samples

samples
Vp

(cm3 g-1)
SBET

(m2 g-1)
D

(nm)

SBA-15 1.15 683 7.37
YVO4:Eu3+@SBA-15 0.86 466 6.72
IBU-YVO4:Eu3+@SBA-15 0.32 221 5.13
IBU-released IBU-YVO4:Eu3+@SBA-15 0.79 438 6.29

Figure 9. Cumulative IBU release from IBU-SBA-15 (a) and IBU-YVO4:
Eu3+@SBA-15 (b) systems in the release media of SBF.
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high phonon frequency.32 (For example, the emission of Eu3+

will be seriously quenched by OH groups with a vibrational
frequency near 3450 cm-1). The organic groups in IBU with
tremendous vibration frequencies from 1000 to 3250 cm-1

will quench the emission of Eu3+ to a great extent in the
IBU-YVO4:Eu3+@SBA-15 system. With the release of IBU,
its quenching effect on the emission of Eu3+ will be
weakened, resulting in an increase of emission intensity. This
correlation between the emission intensity and drug release

extent can be potentially used as a probe to monitor the drug-
release process and efficiency in the course of the disease
therapy.

4. Conclusions

In summary, we have designed a novel drug-storage/
release system functionalized with photoluminescence prop-
erties by deposition of a YVO4:Eu3+ phosphor layer onto
thechannelsurfaceofmesoporousSBA-15(YVO4:Eu3+@SBA-
15). This system possesses sustained-release properties of
the drug in an in vitro assay. It exhibits strong red
luminescence even after loading of the drug (IBU), and the
PL intensity increases with increasing the cumulative released
amount of IBU, reaching a maximum when IBU is com-
pletely released from the drug-storage system. The combina-
tion of both the drug storage/release and photoluminescence
properties for YVO4:Eu3+@SBA-15 system makes it easy
to identify, track, and monitor in the drug delivery and
disease therapy process.

Acknowledgment. This project is financially supported
by the foundation of “Bairen Jihua” of Chinese Academy
of Sciences, the MOST of China (2003CB314707), and the
National Natural Science Foundation of China (NSFC
50225205, 50572103, 20431030, 00610227).

IC0622959
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Figure 10. PL emission intensity of Eu3+ in IBU-YVO4:Eu3+ @SBA-
15 as a function of cumulative release amount of IBU.
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