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ABSTRACT: Multifunctional BaGdF; nanospheres with mesoporous,
luminescent, and magnetic properties have been successfully
synthesized with the assistance of trisodium citrate by a hydrothermal
method. The mesoporous structure is revealed by scanning electron
microscope and transmission electron microscope images as well as N,
adsorption—desorption isotherm. The as-synthesized BaGdFs nano-
spheres exhibit an intense broad bluish emission (centered at 450 nm)
under the excitation of 390 nm, which might originate from the CO,-~
radical-related defect produced by Cit>~ groups. It is also shown that
these BaGdF; nanospheres brightened the T, -weighted images,
suggesting that they could act as T, contrast agents for magnetic
resonance imaging. Using metformin hydrochloride as the model drug,
the luminescent porous spheres show good drug storage/release
capability. Furthermore, the emission intensity varies as a function of the cumulative drug release, making the drug-carrying
system easily trackable and monitorable by detecting the luminescence intensity. Additionally, the paramagnetic property,
originating from the unpaired electrons of Gd** ions, opens the possibility of directing the magnetic targeted carrier to the
pathological site by magnetic field gradient.
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B INTRODUCTION significant challenge associated with the multifunctional
conjugation is that one of the components not only retains
its intrinsic properties but also should not interfere with the
properties of other components.zo’21 However, it is complex
and difficult to assemble two or more functional components
through chemistry synthesis. Therefore, it is highly valuable to
design and develop single-phase multifunctional nanoparticles
without any other moieties for the simultaneous optical/MR

Recently, multifunctional nanosystems with integrated capa-
bilities are at the forefront of scientific research because of their
potential applications in many fields, including energy storage,
medical diagnosis, cancer therapy, etc.! ™ In particular, the
nanomaterials combining luminescent, magnetic, and porous
properties have attracted increasing attention due to the great
promise as a smart drug carrier.””® First, magnetic nano-
particles loaded with pharmaceuticals can be directed
specifically to pathological sites by utilizing magnetic
attraction.'® Second, the integration of magnetic and
luminescent properties yields the nanoprobe that can perform
optical and magnetic resonance (MR) dual-modal imaging
simultaneously for real-time visualization."" Third, the porous
materials have been widely used as drug delivery hosts because
of the large inner space and high surface area.'” Usually, the
multifunctionality is based on the structural integration of

imaging and targeted drug delivery.

As is known, Gd*" ions have unpaired inner 4f electrons
closely bound to the nucleus and shielded by the outer shell
electrons 5s*5p° from the crystal field.*> The large magnetic
moment and nanosecond time scale electronic relaxation time
made them ideal paramagnetic relaxation agents. Thus, Gd*'-
based compounds are approved to be an excellent candidate as
contrast agents for MR imaging and as carriers for magnetism-
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assisted drug delivery.>™>* In biological applications, the
luminescent materials, mainly including fluorescent dyes
(FDs) and quantum dots (QDs), were extensively investigated
for biolabeling, bioimaging, diagnostics, etc.2*"*® However,
their disadvantages of photobleaching and quenching blinking
for FDs and potential cytotoxicity in vivo for QDs as well as the
complex functionalization strategies have limited their bio-
medical applications. In recent years, a class of self-activated
luminescent materials has been synthesized, in which the
luminescence was attributed to the defects or radical
impurities.*”*° The defect-related luminescent materials can
be a good alternative for biomedical applications, considering
the advantages of eflicient emission, low cost, and nontoxicity.
However, there was no report on combining the defect-related
luminescence and the magnetism for drug delivery.

Herein, we fabricated BaGdF; porous nanospheres with the
assistance of trisodium citrate, which show magnetic-optic
bifunctional properties. The self-activated luminescence per-
formance and the growth process of the spherical structure
were discussed in detail. Additionally, the drug storage and
release properties were also studied using metformin hydro-
chloride (MH) as the model drug.

B EXPERIMENTAL SECTION

Chemicals and Materials. The rare-earth oxide Gd,0; (99.99%)
was supplied by Shanghai Yuelong Non-Ferrous Metals Co., Ltd.
Metformin hydrochloride was purchased from Xi’an Yue Lai Medical
Technology Co., Ltd. The other analytical chemicals (barium chloride,
trisodium citrate, sodium fluoborate, and butylamine) were all supplied
by Beijing Chemical Co. GdCl; stock solutions were prepared by
dissolving the Gd,0; in HCI solution under heating with vigorous
stirring. The excess HCI was evaporated until the pH value of the
solution was 4.

Preparation of Porous Nanospheres of BaGdFs. In a typical
procedure, 0.6 g of trisodium citrate was dissolved in 20 mL of
deionized water to form a transparent solution. Then, 1 mL of GdCl,
(1 mol'L™") and 1.5 mL of BaCl, (1 mol-L™") aqueous solution were
added into the above solution. After vigorous stirring for 10 min, a 17
mL aqueous solution containing 0.16 g of NaBF, was introduced into
the mixture. Subsequently, a certain amount of butylamine was added
dropwise, adjusting the pH value to 10. After additional agitation for
15 min, the feedstock was transferred to a S0 mL Teflon-lined stainless
autoclave and maintained at 180 °C for 4 h. The products were
separated and collected by centrifugation and washed several times
with ethanol and deionized water.

Cell Culture and Cytotoxicity Test. The Hela cell line was
provided by the Shanghai cell bank of Chinese Academy of Science
(Shanghai, China). Dulbecco’s modified Eagle’s medium (DMEM)
and fetal bovine serum (FBS) was purchased from HyClone Co.
(USA). Hela cells were seeded in 96-well plates at a density of 8000
cells per well and was cultured at 37 °C in 5% CO, for 24 h.
Subsequently, the Hela cells were washed with fresh medium and
incubated with BaGdFs nanoparticles at desired concentrations for
another 24 h, respectively. Then, the Hela cells were washed with 100
uL of PBS (pH = 7.4) and incubated with 10 uL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (S mg:
mL™" in PBS) plus 100 uL of fresh medium at 37 °C with 5% CO, for
4 h. Finally, the medium containing MTT was removed, and the
formazan crystals were dissolved by dimethyl sulfoxide (DMSO, 100
uL per well) and shaken for S min, respectively. The absorbance of
each well was measured at SSO nm by a microplate reader (Power
Wave XS2, BioTekCo., USA). Cells cultured without BaGdF were
used as a control sample. The relative cell viabilities (%) were
determined as the ratio of the absorbance value to the control value.

In Vitro MR Imaging. The T-weighted MR images were obtained
using a 1.5 T Philips MR Systems Achieva (Philips Medical Systems,
Nederland B.V.). Dilutions of BaGdF; nanoparticles in PBS buffer

solution (pH = 6.8) with expected concentrations (0, 0.1, 0.2, 0.4, 0.8,
and 1 mM) were placed in a series of 4.0 mL Eppendorf tubes for T -
weighted MR imaging.

Preparation of Drug Storage/Delivery Systems. The dru
storage/release system was prepared following a literature method.*
Typically, 0.17 g of BaGdF; sample was dispersed in 30 mL of MH
aqueous solution (60 mg:mL™") in a sealed flask and soaked for 24 h at
room temperature with slow stirring. The MH-loaded BaGdF; sample
was collected by centrifugation and then dried at 60 °C in air for 24 h.

The in vitro delivery study was conducted by immersing 150 mg of
BaGdF;—MH in 150 mL of phosphate buffer solution (PBS, pH = 6.8)
at a rotational speed of 100 rpm at (37 + 0.5)°C. Samples (0.5 mL)
were withdrawn at regular intervals and replaced with the same volume
of release media. The withdrawn samples was then centrifuged at 6000
rpm over 4 min, and the supernatant was decanted. Then, the aliquots
were diluted to a desired concentration (2—20 ug-mL™") by PBS and
analyzed by UV—vis spectroscopy (Shimadzu UV-3600) at 231 nm
using PBS as a reference. The concentration of MH was determined by
the standard curve of MH in PBS, which is preprepared (see the
Supporting Information). The dissolution test was performed in
triplicate.

Characterization. X-ray diffraction (XRD) measurement was
performed on a D8 Focus diffractometer (Bruker). Fourier transform
infrared spectroscopy (FT-IR) spectra were measured using a
PerkinElmer S80B infrared spectrophotometer with the potassium
bromide pellet technique. The morphologies and size were determined
by a field emission scanning electron microscope with energy-
dispersive spectrometry (EDS) (S-4800, Hitachi, Japan). Transmission
electron microscopy (TEM) was performed on a JEOL-2010 (Japan)
microscope operating at 200 kV. Nitrogen adsorption/desorption
analysis was performed on a Micromeritics (NOVA 4200e) analyzer.
Thermogravimetric analysis (TG) was measureed on a thermal
analysis instrument (SDT2960, DE, New Castle) in an air flow of
100 mL min~" at 10 °C min~" from room temperature to 1000 °C.
Photoluminescence spectra were recorded on a Hitachi F-7000
spectrophotometer using a 150 W xenon lamp as the excitation source.
The luminescence decay curves were measured at an FLS-920
combined fluorescence lifetime and steady-state spectrometer
(Edinburgh Instruments, UK). The field-dependent magnetization
curve was recorded using Quantum Design-MPMS-XL7 magneto-
meter. All the measurements were performed at room temperature.

B RESULTS AND DISCUSSION

Phase Structure, Morphology, and Formation Process
of the BaGdF; Crystals. As shown in Figure 1a, all the XRD
peaks of the representative sample can be readily indexed as
cubic BaGdF; (JCPDS No. 24-0098). The EDS spectrum in
Figure 1b exhibits the presence of barium (Ba), gadolinium
(Gd), fluorine (F), and carbon (C) in the as-prepared BaGdFs
sample. The detected carbon impurity might result from the
trisodium citrate, which was employed as organic chelating
ligand in the hydrothermal process.

SEM and TEM techniques were employed to characterize
the morphologies and structures of the samples. A panoramic
SEM image (Figure 2a) demonstrates that the sample consists
of well-dispersed nanospheres with a narrow diameter
distribution in the range of 65—119 nm (Figure 2d). Further
close observation under higher magnification reveals that the
sphere-like structures are composed of many smaller nano-
particles with a size of about S—12 nm (Figure 2b). Numerous
subunits aggregate together tightly to form the spherical
structure. The TEM images (Figure 2c) further confirm the
stacking of the building blocks and the porous structure of the
BaGdF; spheres considering the different electron penetrability.

The porous nature of the BaGdF; spheres was investigated
through nitrogen sorption measurements. Figure 3 shows the
N, adsorption/desorption isotherms and corresponding pore
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Figure 1. (a) XRD pattern and (b) EDS spectrum of the as-prepared
BaGdF; sample.

size distributions of the BaGdF; nanoparticles. The sample
shows IV-type isotherms and H1 hysteresis loops, which are
characteristic of typical mesoporous materials. The Brunauer—
Emmett—Teller (BET) surface area is about 131.12 m*/g, and
the pore volume is 0.30 cm®/g, calculated from N, isotherms.

The pore size distribution plot, obtained by the Barrett—
Joyner—Halenda (BJH) method, shows a striking peak at 2.47
nm (inset in Figure 3). The mesopores are attributed to the
interstitial spaces between the subunits of the BaGdF; spheres,
which coincides with the SEM and TEM observations. These
results confirm the existence of mesoporous structures in
BaGdFs nanospheres and open the possibility for future
application in drug delivery systems.

As is known, citrate can coordinate with metal cations and
adsorb on the crystal surface, which significantly alters crystal
growth behavior in the synthesis of nanomaterials.**** The FT-
IR spectroscopy for the typical BaGdF; sample (Figure 4a)
show the bands at 1578 and 1407 cm™ due to the asymmetric
and symmetric of the carboxylic group (—COO~), which
confirms the adsorption of Cit’~ on the BaGdF; crystals. The
absorption band at 3427 cm™' is ascribed to the O—H
stretching vibration of absorbed H,O. To investigate the effect
of trisodium citrate (TSC) on the growth process of the
BaGdF; sample, the contrast experiments were conducted
varying the TSC amounts. As is shown in Figures Sla and S2a
(Supporting Information), microrods of hexagonal NaGdF,,
rather than BaGdF; nanospheres, were obtained without TSC.
In the presence of TSC (0.2—1.5 g), the products adopted the
same pure cubic BaGdF; phase (Figure S2b—f, Supporting
Information). When the addition of TSC was 0.2 g the
products consisted of irregularly shaped nanoparticles (Figure
S1b, Supporting Information). Spherical aggregates with broad
size distributions came into being after increasing the TSC to
0.4 g, and the components were connected loosely (Figure Slc,
Supporting Information). When the added TSC was more than
0.6 g, uniform nanospheres were obtained, which were
assembled by small particles (Figure S1d—f, Supporting
Information). Moreover, the size of the sphere-like structure
decreased as the TSC amount increased. On the basis of
experimental results, the functions of the TSC can be
interpreted as follows. In the TSC-riched solution, the citrate
groups were reacted with Gd** and Ba*" ions to form the
metal—Cit*~ complex. During the hydrothermal process, the F~
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Figure 2. (a, b) SEM images, (c) TEM image, and (d) size distribution of the as-prepared BaGdF; sample.
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Figure 3. N, adsorption/desorption isotherms of the BaGdF; nanospheres. Inset: the pore size distribution curve calculated from the adsorption
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Figure 4. FT-IR spectra for (a) BaGdF; sample, (b) MH-loaded BaGdF;, and (c) pure MH.

ions attacked the complex, and a crystal nucleation process
occurred to generate BaGdF nuclei. As the reaction continued,
the primary particles further assembled to form the final
products driven by the adsorbed citrate groups (electrostatic,
hydrogen, coordination bonds, etc.). The assumption was
confirmed by the fact that the nanoparticle failed to assemble
together when the TSC was deficient (Figure S1b, Supporting
Information). Besides, the citrate in the solution would cap on
the as-formed nanospheres to prevent excessive growth.
However, the crystal nucleation and mass transfer would be
inhibited to some extent if the added TSC was overmuch.**
Thereby, the smaller aggregates were yielded which consisted
of less subunit. The formation process of the mesoporous
BaGdF; is schematically shown in Scheme 1. Accordingly, it can
be concluded that the TSC played an important role in the
formation of the monodisperse porous nanospheres of BaGdFs;.

12764

Luminescence Mechanism. The excitation (purple line)
and emission (blue line) spectra of the as-synthesized BaGdF;
is shown Figure Sa. The BaGdF; sample exhibits a strong and
broad emission band ranging from 400 to 550 nm centered at
450 nm, and the excitation spectrum is composed of a
broadband peaking at 390 nm. Figure Sb shows the fluorescent
decay curve for the BaGdF; sample. The decay curve can be
fitted to a single exponential function as I = Ijexp (—t/7), from
which the decay lifetime 7 is calculated to be 7.05 ns.

Because no activator ions (rare-earth or transition-metal
ions) were doped, and Ba**, Gd**, or F~ ions show no emission
in the band from 400 to 550 nm, the observed blue
luminescence was assumed to originate from the impurities
or defects, which was characterized by the short decay time
(7.05 ns).*® As is known, the Cit>~ groups can adsorb on the
crystal planes owing to their strong chelating ability.”” Under
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Scheme 1. Schematic Illustration for the Formation Process of Luminescence Porous BaGdF; Nanopheres and Subsequent
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Figure 5. (a) Excitation (purple line) and emission (blue line) spectra
and (b) the decay curve of the as-prepared BaGdF; sample.

the high pressure and temperature in the hydrothermal process,
the bond cleavages of the R—C—COO™ group occurred to
produce R—C- and CO,~.***° Some newly formed CO,-~
radicals were trapped by the BaGdF; lattice to form radical-
related defect center. These carbon dioxide radical anions may
become optically active centers of self-activated luminescence

through a strong electron—photon coupling.”® Therefore, the
trisodium citrate (TSC) might be responsible for the formation
of defects in the host lattice.

To verify the assumptions, the TSC-dependent luminescence
intensity variations were investigated. As is shown in Figure 6a,
the product shows no luminescence under 390 nm excitation
when TSC was absent. Upon increasing the TSC to 0.2 g, the
as-synthesized BaGdF; showed weak blue luminescence
centered at 450 nm. The emission was enhanced significantly
when the TSC amount increased to 0.4 g The BaGdF;
nanospheres prepared with TSC of 0.6 g shows the strongest
blue emission, and the sample synthesized with 0.8 g of TSC
gives the second strongest emission intensity. With further
increasing the TSC addition to 1.5 g, the emission intensity
decreased more. The inset of Figure 6a shows the dependence
of the integral luminescence intensity of the BaGdF; nano-
spheres on the TSC amount. These results allow us to conclude
that the TSC endows the synthesized BaGdF; nanospheres
with the defect-related luminescent features. When more TSC
was added in the reaction system, more luminescent centers
would be created, thereby, the luminescence intensity was
increased. However, overmuch TSC could decrease the
emission intensity because of the quenching effect of the
luminescent centers.

Beside from the Cit>™ amount, the reaction time also has an
important effect on the defect-related luminescence. The
BaGdF; sample obtained after reacting for 2 h gives nearly
no emission, although the porous spheres have been yielded
(Figures 6b, S3, and S4, Supporting Information). It is
supposed that the CO,-~ radicals failed to form in such a
short time. The luminescent intensity increased dramatically
when the reaction time was prolonged to 4 h. Unexpectedly,
the luminescence was weakened after increasing the hydro-
thermal time to 6 h. Upon further prolonging the hydrothermal
treatment to 12 and 24 h, the luminescence emission became
very weak, which is different from the precious report.*® The
SEM images of the intermediates (Figure S3, Supporting
Information) show that the morphologies revealed no
significant differences except that the building blocks grew
larger as the reaction time increased. This is because the
Ostwald ripening was going on during the hydrothermal
process, ie., small crystals dissolve and redeposit onto larger
crystals.>” In this crystallites relocation process, the interstitial
defects would migrate out from the BaGdF; lattice, which is the

dx.doi.org/10.1021/am502718b | ACS Appl. Mater. Interfaces 2014, 6, 12761—12770
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Figure 6. (a) Photoluminescence emission spectra of BaGdF; samples
prepared at different TSC amounts. The inset shows the dependence
of the luminescence intensity of the BaGdF; nanospheres on the TSC
amount. (b) Photoluminescence emission spectra of BaGdFg samples
obtained after different reaction time. The inset shows the
luminescence intensity as a function of hydrothermal time.

so-called self-purification process.>> As we have discussed
above, the luminescence resulted from the CO,-~ radicals.
Therefore, it is speculated that the emission intensity was
decreased with extension of the reaction time because of the
outward migration of the radical-related defects. The effect of
citrate and reaction time are summarized in Scheme 1.
Stability and Cytotoxicity. The stability of nanoparticles
in a biological growth medium is of paramount importance for
biomedical applications. In our case, the as-synthesized BaGdF
(2 mg-mL™") was dispersed well in phosphate buffer solution
(pH = 6.8, 7.4), serum supplemented cell growth medium
(DMEM), and serum-free cell culture media (DMEM) and no
observable aggregation of nanoparticles was found after 1 week
(Figure 7a,b). Because additional surface modification was not
involved in the synthesis procedure, it is speculated that the
citrate served as a capping agent to stabilize the nanoparticles
from aggregation. The FT-IR spectroscopy (Figure 4a) and TG
curve (Figure 9b) also confirmed the existence of citrate
adsorbed on the BaGdF; crystals. In addition, the samples show
slight changes of luminescence intensity after being stored
under chamber conditions for 1 week (Figures 7c and SS,
Supporting Information). These results indicate that the as-
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Figure 7. Photographs of (a) BaGdF; nanoparticles dispersed in
phosphate buffer solution (pH = 6.8, 7.4), serum supplemented cell
growth medium (DMEM), and serum-free cell culture media
(DMEM) and (b) respective luminescence under 365 nm excitation.
(c) Spectra of freshly prepared BaGdF; dispersion in PBS (pH = 6.8)
(solid line) and sample after being stored for 1 week (dot line). (d) In
vitro cell viability of Hela cells incubated with BaGdF; nanoparticles at
different concentrations for 24 h at 37 °C (n = §).

prepared BaGdF; nanospheres have good colloidal and optical
stabilities.

To evaluate the biocompatibility of the materials for their
potential biological applications, a MTT assay with HeLa cells
was performed on the BaGdF; nanoparticles. Figure 7d shows
that the cell viability was more than 90% with different
concentrations ranging from 10 to S00 ug-mL™". Upon further
increasing the concentration of BaGdF; nanospheres to 1000
ﬂg~mL_l, cell viability is still greater than 88%, suggesting the
cytotoxicity of BaGdFg nanoparticles is low. Therefore, it can
be safely concluded that the porous spheres show satisfactory
biocompatibility of in all dosages.

Paramagnetic Properties and MR Imaging. Figure 8a
shows the field-dependent magnetization curve of BaGdF; at
300 and 3 K. The nanospheres are paramagnetic at 300 K and
the magnetic mass susceptibility of the BaGdF; nanoparticles
was determined to be 927 X 107 emu-Oe ':g”'. The
magnetization is 1.93 and 4.66 emu-g™' at 20 and 50 kOe,

dx.doi.org/10.1021/am502718b | ACS Appl. Mater. Interfaces 2014, 6, 12761—12770
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Figure 8. (a) Magnetization curves of the BaGdF; nanospheres at 300
and 3 K. Inset: photo of BaGdF nanoparticles colloidal solution with a
neighboring magnet. (b) Relaxation rate (1/T) versus various molar
concentrations of BaGdF; nanoparticles dispersions at room temper-
ature using a 1.5 T MRI scanner. Inset: T,-weighted images of various
molar concentrationsof BaGdF;.

respectively, which is similar to the reported value.**™*

Besides, at 3 K, the nanospheres are superparamagnetic with
saturation magnetization values of 140 emu-g~'. As shown in
the inset of Figure 8a, the nanoparticles were attracted to one
side of the cuvette by a magnet at room temperature.
Therefore, the as-synthesized BaGdF; porous spheres might
find potential application as a smart drug carrier in targeted
drug delivery with assistance of an external magnetic field.

To further demonstrate the BaGdFg spheres as a potential
MRI contrast agent, T relaxatiom time was measured in PBS
buffer (pH = 6.8) dispersions with different Gd** concen-
trations. The longitudinal relaxivity (r;) was calculated to be
2.132 s7'(mM) ™" from the slope of concentration-dependent
relaxation rate (1/T;) (Figure 8b). In a proof-of-concept
application as MR imaging contrast agents (inset of Figure 8b),
the T-weighted MRI signal intensity was clearly enhanced as
the concentration of Gd** increased. These results suggest that
the BaGdF; nanoparticles may serve as an efficient T -weighted
MRI contrast agents, which can offer imaging modality to
monitor the drug delivery by MRL

Drug Adsorption and Release Properties. The drug
storage/release properties of the BaGdF; porous spheres were
investigated, taking metformin hydrochloride (MH) as a model

drug. As is shown in the FT-IR spectroscopy measurement of
the MH-loaded BaGdF; (Figure 4b), the absorption bands at
3370, 3316, and 3180 cm™! were assigned to the asymmetric
and symmetric stretching vibrations of N—H arising from the
introduced MH (Figure 4c). Furthermore, the bands at 1624,
1484, and 935 cm™' were attributed to C=N stretching
vibrations, CH; asymmetric deformation, and N—H wagging,
respectively, in MH molecular. This confirms the successful
incorporation of MH into the BaGdF; nanospheres. The
loading amount of MH in BaGdFs nanospheres was
determined as 25.1 wt % according to the absorbance variation
of the MH aqueous solution before and after interaction with
BaGdF; (Figure 9a), which is basically consistent with the
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Figure 9. (a) UV absorbance spectra of the MH aqueous solution

before and after the interaction with BaGdF. (b) TG curves of the
BaGdF; and BaGdFs—MH samples.

result (23.4 wt %) calculated by the thermogravimetric (TG)
analysis (Figure 9b). It should be noted that the weight loss
occurred at about 300 °C in BaGdF; sample was ascribed to the
decomposition of trisodium citrate, which capped on the crystal
surface. The high loading amount was ascribed to the porous
structures of BaGdF; nanospheres, which can entrap the drug
molecular by an impregnation process. During the release
process, the stored MH would be liberated from the porous
nanospheres dominated by a diffusion-controlled mode. Figure
10a shows the cumulative drug release profiles in BaGdF;—MH
as a function of release time. The system experienced a burst
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Figure 10. (a) Cumulative MH release from BaGdF;—MH system as a
function of release time in PBS. Values are presented as the mean +
standard deviation of three experiments (n = 3). (b) Photo-
luminescence emission spectra of BaGdFs—MH system at different
release times. Inset in panel b shows the dependence of the
luminescence intensity of the BaGdFs—MH on the cumulative
released MH.

release of 49.2 + 3.0% within 2 h and 86.4 + 2.1% within 6 h,
followed by a relatively slow release and complete release after
12 h. The initial rapid release was resulted from the MH
molecules weak adsorption on the outside surface of BaGdF;
nanospheres, and the slow release of the remaining of MH can
be ascribed to the adsorption on the internal surface of the
mesoporous sphere.

Moreover, the luminescence intensity was affected by the
drug loading. Figure 10b shows the emission spectra of the
BaGdF;—MH system at different release times. The profile and
peak position of the emission spectra of BaGdF;—MH samples
did not show significant changes, but the emission intensity
increases with prolonged drug release time. Considering that
the cumulative released MH is basically proportional to the
release time, it is assumed that the defect-related luminescence
was weakened by the adsorbed MH molecules and would
recover after the drug released from the BaGdF; porous spheres
(inset of Figure 10b). This phenomenon can be a result of the
quenching effect of defect-related luminescence by the loaded
MH molecules, which have many organic groups with high
phonon energies. As the release time increases, more MH

molecules are released from the BaGdF;—MH system and the
quenching centers decrease, leading to the increase of
luminescence intensity. This characteristic makes the drug
delivery system easily identifiable, trackable, and monitorable
by detecting the luminescence intensity. The loading and
release of MH is schematically shown in Scheme 1.

B CONCLUSIONS

In summary, single-phase multifunctional nanospheres of
BaGdF; have been synthesized via a facile hydrothermal
route. The SEM and TEM images reveal that the uniform
nanospheres are actually aggregates of a large amount of smaller
particles. The N, adsorption/desorption isotherms confirm the
existence of mesoporous structures in the BaGdF; spheres.
Under the excitation of 390 nm, the as-obtained nanospheres
show strong blue (450 nm) emission in the absence of activator
ions. The CO,-~ radical-related defect produced by Cit*~
groups is responsible for the self-activated luminescence. The
amount of the trisodium citrate in the initial solution and the
hydrothermal treatment time has an important effect on the
luminescent intensity. Moreover, the trisodium citrate also
serves as a morphology-controlling agent in the formation of
the spherical structure. Additionally, paramagnetic properties of
the nanospheres were also observed, which resulted from the
unpaired electrons of Gd*" ions. The relaxivity measurements
indicated that the BaGdF; nanospheres could serve as contrast
agents for magneticre sonance (MR) imaging. Furthermore,
BaGdF; nanoparticles show good drug storage/release
capabilities. Notably, the luminescence intensity increases as
the stored MH is liberated, thus enabling the drug release to be
easily tracked. Therefore, the BaGdF; nanospheres are expected
to be a promising nanoplatform for optical/MR imaging and
targeted drug delivery on the basis of the magnetic-optic
bifunctional properties and the porous nature.
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