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Introduction

Cancer is one of the top ten causes of death worldwide. The
survival rate of cancer has not significantly improved in the
past two decades. Fortunately, with regard to many cancers,
there is a high possibility for important biotechnology for
cancer diagnostic procedures and cancer prevention.[1] Re-
cently, a number of novel composite nanomaterials have
been investigated and developed for biological applications,
including drug and gene delivery,[2] biosensing,[3] and bio-
imaging.[4] For instance, luminescent semiconductor quan-
tum dots (QDs) are highly effective for cellular and animal

imaging.[5] Nevertheless, it is generally known that QDs ex-
hibit problematic weak photostability, broad emission bands,
optical blinking, short luminescence lifetimes, short light
penetration depths, surface ligand incompatibility, and the
presence of strong background fluorescence in certain ana-
lyzed systems. In addition, the surface oxidation of QDs
through various biochemical pathways leads to the release
of heavy metals from the surfaces of the QDs; thus, inducing
cell death and greatly limiting their practical applications.[6]

Compared with QDs, lanthanide-doped inorganic nano-
particles maintain high chemical and photochemical stabili-
ty, tunable emission color,[7] long luminescence lifetimes[8]

(from ms to several ms), low photobleaching potentials, and
low biotoxicity; all of which make them capable of promot-
ing detection sensitivity for biological labeling and imaging
applications.[9] Recently, several fluorescence probes consist-
ing of lanthanide-doped fluoride and oxide nanocrystals
(NCs), such as NaYF4:Yb3+ ,Er3+ and Y2O3:Tb3+ , were ef-
fective for biological detection.[10] In particular, upconver-
sion nanophosphors (UCPs) have been considered as a new
generation of luminescent probes for bioimaging applica-
tions.[11] UCPs present several advantages, including high
sensitivity, minimal photobleaching, and high penetration
depths. Most of all, the IR excitation is less harmful to
living cells and small animals. However, lower upconversion
efficiency (less than 1 %) compared with downconversion
nanophosphors limits their applications in bioimaging and
biosensing applications.[12]
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Yttrium orthovanadate
doped with lanthanides
(YVO4:Ln) is a well-known
optical material with a variety
of emitting colors and high lu-
minescence efficiency com-
pared with fluorides and other
lanthanide-doped oxide NCs.[13]

It has been reported that the
edge of YVO4: Eu3+ excitation
peak shifts toward longer
wavelengths from l= 350 to
400 nm upon doping with Bi3+

ions.[14] YVO4:Bi3+ ,Eu3+ also
shows some attractive features,
including sharp emission
peaks, large stoke shifts, high
luminescence efficiency, and
long lifetimes. In this study, we
have designed and prepared branched polyethylenimine
(BPEI)-coated YVO4:Bi3+ ,Eu3+ NCs through a simplistic,
cost-effective, and environmental friendly synthetic route.
The structure, morphology, and luminescence properties of
BPEI-coated YVO4:Bi3+ ,Eu3+ NCs were investigated in
detail. Moreover, we have also successfully demonstrated
the use of the as-prepared BPEI-coated YVO4:Bi3+ ,Eu3+

NCs as fluorescent labels for in vitro bioimaging and con-
firmed their relative nontoxicity.

Results and Discussion

The BPEI-modified YVO4:Bi3+ ,Eu3+ NCs were synthesized
by using a facile one-pot hydrothermal method. The hydro-
thermal synthesis can be carried out in a water-based system
and at a relatively low reaction temperature (160–220 8C)
and short reaction time (2 h) through an environmentally

friendly approach. In this experiment, we altered the se-
quence and the rate of adding the materials to improve re-
activity. In addition, an autoclave reactor equipped with
a magnetic stirrer, with an independent heating system, pro-
vides a more homogeneous and uniform heating reaction
process than a traditional autoclave reactor. The well-con-
trolled synthetic procedure can produce uniform NCs with
high-quality properties and decrease the energy consump-
tion efficiency during the synthetic process. Figure 1 shows
the XRD data of the as-synthesized YVO4:Bi3+ ,Eu3+ NCs
coated with BPEI polymer. All of the diffraction peaks ob-
served from the sample can be readily indexed to a tetrago-
nal phase of a single crystal of YVO4 (ICSD no. 78074) with
space group I41/amd. The result shows a single phase with
no unidentified diffraction peaks from impurities. In the
crystal structure of YVO4, there is only one crystallographi-
cally distinct site for the Y atoms. The Y3+ ions are eightfold
coordinated to oxygen ions and located in a lattice site with
D2d symmetry. For the YVO4:Bi3+ ,Eu3+ NCs, Y3+ ions are
substituted by larger Bi3+ and Eu3+ ions; thus, the XRD
peaks shift toward the lower-angle side because of the in-
crease in interplanar spacing. The broadening diffraction
peaks of the YVO4:Bi3+ ,Eu3+ NCs prepared by the hydro-
thermal method indicate a decrease of the crystalline parti-
cle size. The average particle size, as determined using the
Debye–Scherrer formula,[15] is calculated to be 19.73 nm.

The BPEI polymer is a thermally stable, hydrophilic poly-
mer with primary, secondary, and tertiary amino groups.
During the hydrothermal reaction process, the BPEI poly-
mer was used as a chelating agent and a structure-regulating
agent to control the particle size and morphology of the ob-
tained NCs. The nitrogen atoms in the main and side chains
of BPEI can serve as electron donors to chelate lanthanide
ions and form complexes with rare-earth ions through coor-
dination. The crystal seeds were recrystallized into single
crystals during hydrothermal treatment and the BPEI mole-
cules can be tightly bound to the NC surface.[10a] From
a TEM image (Figure 2 a), the sample exhibits nearly spheri-

Figure 1. XRD patterns of YVO4:Bi3+ ,Eu3+ NCs prepared by the hydrothermal method (a) and the standard
data for tetragonal YVO4 (ICSD No.78074) used as a reference (b).
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cal shapes and more than 90 % of NCs are within the 13–
38 nm size range. The average particle size is (19.36�
0.29) nm (random sample of 100 NCs). This result is consis-
tent with the calculated average particle size from XRD and
further confirmed by dynamic light scattering (DLS) analy-
sis. Figure S1 in the Supporting Information shows that
there is only one population within the 10–40 nm size range,
and the major distribution is around 20 nm. In the HRTEM
image (Figure 2 b), the lattice fringes are clearly distinguish-
able and show high-order lattice ordering, which suggests
the single-crystalline nature of the BPEI-coated YVO4:Bi3+

,Eu3+ crystalline nanoparticles. The composition of the ob-
tained BPEI-coated YVO4:Bi3+ ,Eu3+ NCs was confirmed by
EDX analysis (Figure 2 d), and only Y, V, Bi, Eu, and O ele-
ments were observed, as expected. The copper signal in the
EDX spectrum originated from the copper grid used as
a sample holder in the measurement. These results reveal
that the obtained NCs exhibit high crystallinity and uniform
morphology at a relatively low reaction temperature and
short reaction time.

As shown in the excitation spectrum (Figure 3), the strong
absorption band from l=250 to 300 nm centered at around
l=280 nm (monitored by emission at l= 619 nm) was due
to charge transfer (CT) from the oxygen ligands to the cen-
tral vanadium atom within the VO4

3� group.[16] The absorp-
tion band is overlaid with the CT transition band of O2�–
Eu3+ at l�260 nm.[17] The excitation peak between l= 300
and 400 nm originated from metal–metal CT transitions
from the Bi3+ to the V5+ ion followed by energy transfer to
Eu3+ .[18] The sharp excitation band at l= 395 nm corre-
sponds to the 7F0–

5L6 transition within the 4f6 configuration
of the Eu3+ ions. The photoluminescence (PL) spectrum
shows a typical linear feature for Eu3+ emission under exci-
tation at l= 350 nm, and the sharp emission peaks ranging

from l= 580 nm to 730 nm can be ascribed to radiative tran-
sitions from the 5D0 level to the 7FJ (J=1, 2, 3, 4) level of
the Eu3+ ion.[13a,18a] The BPEI-coated YVO4:Bi3+ ,Eu3+ NCs
can be well dispersed in distilled water and form a stable
transparent colloidal solution without precipitation over
a period of several months. As shown in the inset of
Figure 3, strong red light contributed from the most inten-
sive emission peak at l=619 nm can be observed under
NUV light excitation. Compared with other rare-earth-
doped oxide NCs, the excitation band of BPEI-coated
YVO4:Bi3+ ,Eu3+ NCs extend to longer wavelengths; this
provides a greater depth penetration to achieve long imag-
ing depths in intact tissue. Moreover, the sharp emission fea-
ture gives clear imaging to allow distinction between the flu-
orescent signal and the typical biological autofluorescence
background. This feature is an important advantage for bio-
imaging applications.

Photochemotherapy is widely used for the treatment of
nonmalignant hyperproliferative skin conditions and can-
cers, such as vitiligo, psoriasis, atopic dermatitis (AD), scle-
roderma, and T-cell lymphoma (CTCL).[19] The most
common used treatment, psoralen plus ultraviolet light ther-
apy (PUVA), is combined with a photosensitizing drug to
make the skin more sensitive to UV light and produce
a therapeutic effect that neither drug nor radiation alone
can achieve.[20] However, the photosensitizers employed are
often not specific for the target tissue, which not only de-
creases the therapeutic effect, but also increases the risk of
skin cancer owing to long-term use of PUVA therapy. As
a result, it is important to develop a UVA photosensitizer
that can recognize target tissues specifically to improve the
therapeutic activity. The strong UV light absorption of
BPEI-coated YVO4:Bi3+ ,Eu3+ NCs can increase UV light
absorption to make the target tissue more sensitive to UV
light and improve the therapeutic activity. In addition, the
long-wavelength red emission can penetrate the skin and
make it easier to determine the location of cancer cells.
Based on the above unique optical properties of BPEI-

Figure 2. Crystal morphology and compositions of BPEI-coated
YVO4:Bi3+,Eu3+ NCs: a) TEM image, b) a high-resolution (HR) TEM
image, c) a selected-area electron diffraction (SAED) pattern, and d) an
energy-dispersive X-ray (EDX) spectrum.

Figure 3. Excitation and emission spectra of BPEI-coated YVO4:Bi3+

,Eu3+ NCs. The inset shows the luminescence of BPEI-coated YVO4:Bi3+

,Eu3+ NCs in deionized water (DIW) under daylight and near-ultraviolet
(NUV) irradiation.
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coated YVO4:Bi3+ ,Eu3+ NCs, we assumed that surface-func-
tionalized BPEI-coated YVO4:Bi3+ ,Eu3+ NCs would show
great potential as a photosensitizer drug carrier to produce
both detective and therapeutic effects for human skin
cancer therapy.

Antibodies,[21] folic acid (FA)[2b, 10b, 22] peptides,[4b, 23] and
other small molecular ligands are modified on the surfaces
of nanoparticles; this validates the specific targeting of
cancer cells. A glycosylphosphatidylinositol (GPI)-anchored
membrane protein, folate-receptors (FR), was found to be
overexpressed in a wide variety of human tumors, while FA
is a high-affinity ligand for FR. Previous studies have shown
that folate conjugates selectively bind to the surface of the
receptor-bearing tumor cell to trigger receptor-mediated en-
docytosis (Figure 4).[24]

To explore the capability of ligand-functionalized, BPEI-
coated YVO4:Bi3+ ,Eu3+ NCs for cancer cell targeted imag-
ing applications, FA-conjugated, BPEI-coated YVO4:Bi3+

,Eu3+ NCs were designed and studied. To conjugate FA to
BPEI-coated YVO4:Bi3+ ,Eu3+ NCs, the ethyl(dimethylami-
nopropyl)carbodiimide (EDC)/N-hydroxysuccinimide
(NHS) coupling reaction was applied. The amino groups on
the NC surface provided from BPEI can be activated by
EDC to form an amine-reactive intermediate. Sulfo-NHS
converts the intermediate into an amine-reactive sulfo-NHS
ester compound, which then covalently conjugates to the
carboxyl groups of FA through a two-step cross-linking pro-
cess. The conjugation of FA to BPEI-coated YVO4:Bi3+

,Eu3+ NCs was confirmed by FTIR spectroscopy. As shown
in Figure 5, the BPEI-coated YVO4:Bi3+ ,Eu3+ NCs show
a characteristic V�O vibration band from the VO4

3� group
at ñ=810 cm�1; the weak absorption band at ñ=451 cm�1 is
attributed to the Y�O stretching vibrations of the host lat-
tice. The broad band at ñ=3407 cm�1 corresponds to the O�
H or N�H stretching vibrations, whereas the bands at ñ=

1633 and 1385 cm�1 are related to the bending vibrations of
the N�H bond in the BPEI polymer. The weak bands at ñ=

2923 and 2849 cm�1 can be assigned to the asymmetric and
symmetric stretching vibrations of �CH2 in the BPEI poly-
mer. These results may indicate possible coating or partial

coating of BPEI polymer on the NC surface. Further charac-
terization is required to determine whether the NC surface
is well coated with BPEI polymer. Compared with the bare
BPEI-coated YVO4:Bi3+ ,Eu3+ NCs, the FTIR spectrum of
FA�BPEI�YVO4:Bi3+ ,Eu3+ NCs exhibits characteristic ab-
sorption peaks of FA at ñ=1606 cm�1 that are attributed to
conjugated double absorption of benzene at ñ=1695 (ester
bond) and 1484 cm�1 (heteroring, conjugated double bond).
In addition, the absorption bands at ñ= 3536, 3414, and
3326 cm�1 correspond to the amide NH and NH2 stretching
vibrations of the folate conjugate. These results confirm the
successful conjugation of FA with BPEI-coated YVO4:Bi3+ ,
Eu3+ NCs.

The BPEI polymer shows high positive charge density
provided by the amino groups and high buffering capacity
within a wide range of pH conditions.[25] This is of great im-
portance for the prevention of aggregation under physiologi-
cal conditions. Furthermore, the net positive charge can fa-
cilitate cellular uptake and cell-binding affinity in several
human cell lines.[10c] Theoretically, it may result in nonspecif-
ic binding to cells by electrostatic interactions between posi-
tively charged NCs and negatively charged plasma mem-
branes of cells. However, a number of studies have reported
that proper grafting of PEI with targeting ligands can effi-
ciently internalize NCs into the target cells, which are distin-
guishable from the nontarget cells.[26] Human cervical carci-
noma cell line (HeLa) cells, which express abundant FRs on
the cell membrane, were used as a model system for in vitro
bioimaging. In this experiment, HeLa cells were incubated
with FA�BPEI�YVO4:Bi3+ ,Eu3+ NCs (0.5 mgmL�1) for 4 h

Figure 4. The cellular uptake of ligand-functionalized NCs into a human
cancer cell through the receptor-mediated endocytosis mechanism.

Figure 5. FTIR spectra of a) BPEI-coated YVO4:Bi3+ ,Eu3+ NCs; b) FA
conjugated with BPEI-YVO4:Bi3+ ,Eu3+ NCs; and c) FA.

Chem. Asian J. 2013, 8, 2652 – 2659 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim2655

www.chemasianj.org Teng-Ming Chen et al.



at 37 8C. No background fluorescence could be observed
under UV light excitation in the control reaction, in which
HeLa cells were incubated without NC. Bare BPEI-coated
YVO4:Bi3+ ,Eu3+ NCs were incubated with HeLa cells
under the same experimental conditions as the negative con-
trol. As shown in Figure S2 in the Supporting Information,
no red emission could be observed, although some aggregat-
ed NCs were randomly distributed in the culture dishes.
Compared with the negative control, large amounts of FA�
BPEI�YVO4:Bi3+ ,Eu3+ NCs were specifically attached to
the cell membrane of HeLa cells that exhibited strong red
emission under UV light excitation in the dark-field image
(Figure 6). In addition, the fluorescence intensity did not
show clear photobleaching phenomena under continuous ex-
citation during the observation period. In our previous
work, the decay lifetime of BPEI-coated YVO4:Bi3+ ,Eu3+

was about 751.59 ms, in accordance with the literature.[27] We
assume that the long luminescence lifetime and PL stability
of BPEI-coated YVO4:Bi3+ ,Eu3+ can overcome the detec-
tive limitations of organic dyes. The optical stability has also
been discussed in other nanophosphors.[10e, 28] The overlay of
bright- and dark-field images (Figure 6 c) further demon-
strated that the red-emitting NCs were specifically located
on the surface of the cancer cell.

The targeting efficiency may be influenced by ligand num-
bers, the site of ligand coupling, and interactions between
the ligand and NCs. Although FA-modified, BPEI-coated
YVO4:Bi3+ ,Eu3+ NCs can specifically interact with FRs on
the membrane of the cancer cell, FA decomposed rapidly in
the presence of light during the FA�NC cross-linking reac-
tion. The decreased FA�NC cross-linking efficiency might
further influence the sensitivity of cancer cell detection. To
improve the sensitivity of cancer cell detection, another par-
ticular ligand, epidermal growth factor (EGF), which is
a low-molecular-weight polypeptide that acts as a ligand
molecule for the epidermal growth factor receptor (EGFR),
was also conjugated with BPEI-coated YVO4:Bi3+ ,Eu3+

NCs to illustrate the specific recognition and interaction
with cancer cells. The EGF–EGFR interaction is rapid and
stable, which provides a rational approach for use in cancer
imaging and treatment.[4b, 23b, 29] MALDI-TOF mass spec-
trometry analysis is a valuable tool for the analysis of bio-
molecules owing to the advantages of fast data collection,
high sensitivity, and low sample volume, as well as providing
good, qualitative data.[30]

The successful conjugation of EGF with BPEI-coated
YVO4:Bi3+ ,Eu3+ NCs was confirmed by MALDI-TOF MS
analysis, as shown in Figure 7. The bottom spectrum in Fig-
ure 7 a shows that no clear signal could be detected in the
sample of bare BPEI-coated YVO4:Bi3+ ,Eu3+ NCs. Con-
versely, a strong signal could be observed in the sample of
EGF-BPEI-YVO4 NCs at m/z 6345.4 (Figure 7 a, top spec-

trum), which corresponds to the molecular weight of the
EGF protein (�6216 Da with 53 amino acid residues). To
ensure reliable and accurate identification of EGF conjuga-
tion, defined peptide fragments generated by trypsin diges-
tion were subjected to MALDI-TOF MS/MS analysis. The
specific peptide fragment containing eight amino acid resi-

dues (Asp-Leu-Lys-Trp-Trp-
Glu-Leu-Arg) was identified,
derived from the C-terminal
fragment sequence of the EGF
protein (Figure 7 b).

The EGF-modified BPEI-
coated YVO4:Bi3+ ,Eu3+ NCs
were incubated with the
human epidermoid carcinoma
cell line (A431) cells at differ-
ent concentrations (0.06, 0.12,
and 0.24 mgmL�1). A431 cells

Figure 6. Fluorescent microscopy images showing the interaction of HeLa cells with FA�BPEI�YVO4:Bi3+

,Eu3+ NCs (0.5 mg mL�1) for 4 h at 37 8C: a) bright field, b) dark field, and c) merged images.

Figure 7. MALDI-TOF mass spectra of EGF-BPEI-YVO4 NCs a) before
and b) after being digested by trypsin.
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are typically used in studies of the cell cycle and cancer-as-
sociated cell signaling pathways because they express abnor-
mally high levels of EGFR on the cell membrane. The fluo-
rescent microscopy images of EGF-BPEI-YVO4:Bi3+ ,Eu3+

NCs targeting A431 cells are displayed in Figure 8. The

EGF-BPEI-YVO4:Bi3+ ,Eu3+ NCs showed high-affinity tar-
geting of A431 cells overexpressing EGFR, even at a low
concentration (0.06 mgmL�1) and short incubation time
(2 h). Upon increasing the concentration of EGF-BPEI-
YVO4:Bi3+ ,Eu3+ NCs, the NCs showed concentration-de-
pendent cellular uptake in A431 cells. In addition, A431
cells were also treated with bare BPEI-coated YVO4:Bi3+

,Eu3+ NCs under the same experimental conditions as those
used for the negative control. As shown in Figure S2 in the
Supporting Information, the weak red luminescence suggest-
ed that the nonspecific interaction of NCs with the A431
cell membrane was very weak. From these results, we pro-
pose that ligand-functionalized, BPEI-coated YVO4:Bi3+

,Eu3+ NCs can efficiently attach to cancer cells and generate
sufficiently strong fluorescence for bioimaging purposes.

The cytotoxicity of BPEI-coated YVO4:Bi3+ ,Eu3+ NCs
was evaluated on A431 cells. A431 cells were treated with
different concentrations (0.1, 0.2, and 0.5 mgmL�1) of BPEI-
coated YVO4:Bi3+ ,Eu3+ NCs for 2–24 h to determine the
cell viability relative to untreated cells by the 3-(4,5-dime-
thylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
assay. Because the BPEI polymer exhibits severe cellular
toxicity for the induction of cell apoptosis, it could be pre-
sumed that the BPEI-coated YVO4:Bi3+ ,Eu3+ NCs may ex-
hibit potential cytotoxicity derived from the surface BPEI
coating. Fortunately, the MTT assay revealed that cytotoxici-
ty was not apparent with 0.5 mg mL�1 BPEI-coated
YVO4:Bi3+ ,Eu3+ NCs, which was 10-fold higher than the
concentration used in live-cell imaging (Figure 9). After in-
creasing incubation time up to 24 h, no significant cellular

toxicity was observed. Moreover, the fluorescent microscopy
images in bright-field measurements taken after treatment
with NCs confirmed that the cells were viable, and there
were no evident regions of cell death. We assume that the
amount of BPEI coating was controlled to decrease cytotox-
icity, but sufficient for surface functionalization. Therefore,
these data strongly suggest that surface-functionalized rare-
earth-doped YVO4:Bi3+ ,Eu3+ NCs can be considered to
possess reasonably low cytotoxicity and are safe enough for
cancer cell targeted imaging applications.

Conclusion

We have demonstrated that monodispersed BPEI-coated
YVO4:Bi3+ , Eu3+ NCs synthesized by a facile one-step hy-
drothermal method can be utilized as versatile luminescent
probes for bioimaging applications. The water-based system
provides a simple, rapid, solvent-free, and safe synthetic
route for nanomaterial preparation. The resulting BPEI-
coated YVO4:Bi3+ ,Eu3+ NCs exhibited good water/buffer
dispersibility and were not only biocompatible with cells,
but also relatively nontoxic over reasonable incubation time
periods and concentrations. The luminescence properties
and specific tumor targeting efficiency were also investigat-
ed in this study. The obtained BPEI-coated YVO4:Bi3+ ,
Eu3+ NCs showed a strong red luminescence (l=619 nm)
under NUV excitation. The special spectroscopic properties
of BPEI-coated YVO4:Bi3+ , Eu3+ NCs exhibit potential as
a bifunctional biomaterial for bioimaging and photochemo-
therapy applications. In vitro bioimaging results showed that
ligand–NC conjugates could be specifically taken up by
cancer cells, depending on the targeted ligands on the sur-
face of the NCs, through a receptor-mediated endocytosis
mechanism. The results showed that ligand-functionalized
BPEI-coated YVO4:Bi3+ , Eu3+ NCs had good detection sen-
sitivity, even at a low concentration and a short incubation
time. This strategy could be further extended to other lan-

Figure 8. Fluorescent microscopy images of A431 cells incubated with
BPEI-coated YVO4:Bi3+ ,Eu3+ NCs modified with EGF at different con-
centrations (0.06, 0.12, and 0.24 mg mL�1) for 2 h at 37 8C. BF=bright
field, FL= fluorescence, and Mer=merged.

Figure 9. In vitro cell viability of A431 cells incubated with BPEI-
YVO4:Bi3+,Eu3+ NCs at different concentrations for periods ranging
from 2 to 24 h. The viability of untreated cells was assumed to be 100 %.
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thanide-doped luminescent nanomaterials to develop multi-
color bioprobes for biodetection and drug-delivery applica-
tions.

Experimental Section

Preparation of BPEI-Coated YVO4:Bi3+ ,Eu3+ NCs

BPEI-coated YVO4:Bi3+ ,Eu3+ NCs were synthesized by a hydrothermal
method. The required amounts of Ln ACHTUNGTRENNUNG(NO3)3·5H2O (Ln=Y, Bi, and Eu)
were dissolved in DIW (10 mL) and stirred at room temperature to
afford a transparent solution (Y/Bi/Eu/V=0.7:0.15:0.15:1). Then, BPEI
solution was added to the mixture. The BPEI concentration of the final
growth solution was 0.04 g mL�1. In another vessel, NH4VO3 (1 mmol)
was dissolved in a solution of sodium hydroxide (10 mL) at pH 12, and
the aqueous solution was added dropwise to the mixture. A 0.5 m aqueous
solution of NaOH was added dropwise to tune the final pH of the
growth solution to 7. After stirring for 1 h at 80 8C, the obtained transpar-
ent solution was transferred into a 125 mL Teflon-lined magnetic stirrer
autoclave system for hydrothermal treatment at 180 8C for 2 h with
a slow heating rate of 3 8C min�1. After cooling to room temperature, the
products were collected by centrifugation (10 min at 10000 rpm), washed
with distilled water and 95 % ethanol several times, and dried at 80 8C for
24 h in oven.

Characterization

The phase purity of the obtained products was analyzed by powder XRD
by using a Bruker AXS D8 advanced automatic diffractometer with CuKa

radiation (l =1.5405 �, 40 kV 20 mA). The morphology and composition
of the samples were inspected by using a field-emission gun transmission
electron microscope (FEGTEM; JEM-2100F, JEOL) with a Link ISIS
300 EDX analyzer. The SAED patterns were obtained by using a FEG-
TEM instrument operating at 200 kV. The particle size of the products
were analyzed by means of a Brookhaven 90 plus DLS particle size ana-
lyzer equipped with a 35 mW He–Ne laser. DLS measurement was car-
ried out at a wavelength of l=632.8 nm at 25 8C with a 908 angle of de-
tection. The PL/PL excitation (PLE) spectra were recorded on a Spex
FluoroLog-3 spectrofluorometer equipped with a 450 W Xe lamp and
cutoff filters to avoid second-order emissions of the source radiation. The
conjugations of biomolecules with NCs were confirmed by MALDI-TOF
mass spectrometry (Bruker Biflex III) and FTIR spectroscopy (Nicolet
Avatar 320).

Conjugation of NCs with Biomolecules

FA (10 mg) was dissolved in dimethylsulfoxide (DMSO; 1 mL), and re-
acted with EDC (50 mm) at pH 5.5 in MES (10 mm) buffer for 15 min, in
the dark, at room temperature. Then Sulfo-NHS (100 mm) dissolved in
MES buffer (pH 5.5) was added to EDC–FA and reacted for 15 min in
the dark, at room temperature. After incubation, the amino group modi-
fied YVO4:Bi3+ , Eu3+ NCs were added to the mixture and reacted for
24 h in the dark at room temperature under vigorous shaking. Unconju-
gated FA and impurities were removed by centrifugation and the prod-
ucts were washed with distilled water and phosphate buffer solution
(PBS) several times. EGF was also conjugated with the amino group
modified YVO4:Bi3+ , Eu3+ NCs by a similar procedure. The amino
group modified YVO4:Bi3+,Eu3+ NCs were reacted with recombinant
human EGF with a molar ratio of 1:5:10 for EGF/EDC/NHS and the re-
action proceeded for 2 h at room temperature. Unconjugated EGF and
impurities were removed by centrifugation, and the EGF–YVO4 NCs
products were washed with distilled water and PBS buffer several times.
The successful conjugation of FA with BPEI-coated YVO4:Bi3+ ,Eu3+

NCs was confirmed by using FTIR spectroscopy by recording the absorb-
ance of samples supported on KBr pellets in the frequency range from
ñ= 4000 to 450 cm�1. The amount of sample in the KBr pellets was in the
range of 0.2 to 1 wt %. The conjugation of EGF with BPEI-coated
YVO4:Bi3+,Eu3+ NCs was analyzed by MALDI-TOF MS. The samples
were incubated overnight with trypsin (trypsin/protein 1:20) at 37 8C. A

spot of a-cyano-4-hydroxycinnamic acid matrix (0.5 mL; 20 mg mL�1 in
50% HPLC grade acetonitrile, 0.1% trifluoroacetic acid (TFA)) was
placed on a MALDI sample plate followed by 0.5 mL of sample (before/
after trypsin digestion), dried, and then analyzed by using an autoflex III
MALDI-TOF mass spectrometer (Bruker).

Cell Culture and Cellular Uptake

HeLa and A431 cells were purchased from the Culture Collection and
Research Center (Hsinchu, Taiwan). The cells were cultured in
RPMI1640 medium and Dulbeco�s modified Eagle medium (DMEM)
containing 10 % fetal bovine serum (FBS) at 37 8C under 5% CO2. The
biomolecule-modified NCs were dispersed in cell culture medium with
different concentrations ranging from 0.06 to 0.24 mg mL�1. The NCs
were incubated with cancer cells at 37 8C under 5% CO2 for 2–4 h. After
incubation, the cells were washed with PBS buffer to remove unbound
NCs and fluorescence imaging was detected by using a Nikon TE2000-U
fluorescent microscope under UV (l =330–380 nm) excitation. As a con-
trol, the pure NCs were incubated with cancer cells under the same ex-
perimental conditions.

Cell Cytotoxicity Assay

In vitro cytotoxicity of BPEI-coated YVO4:Bi3+ ,Eu3+ NCs was assessed
by means of an MTT assay kit. The cells were treated with different con-
centrations (0.1, 0.2, and 0.5 mg mL�1) of NCs and maintained in a hu-
midified atmosphere that consisted of 5 % CO2 in air at 37 8C for 2, 12,
and 24 h. At the end of the incubation, MTT was added to each well and
cells were incubated for another 4 h. All of the culture medium was re-
moved carefully and DMSO was added to each well. The absorbance at
l= 570 nm was measured by a microplate reader. The viability data were
compared with the numbers of cells in the untreated cultures and ex-
pressed as means and standard deviations from the three independent ex-
periments.
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