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G
lioblastoma, the most aggressive
and common intracranial tumor, is
considered as the major cause of

death from central nervous system (CNS)
cancers.1 The median survival periods for
these patients remain less than 15 months
even after surgical intervention followed by
chemo-radiation therapy.2,3 Surgical resec-
tion, one of the main clinical treatment
approaches for intracranial glioblastoma,
frequently suffers from the incomplete ex-
cision due to the heterogeneous and infil-
trative character of glioblastoma and thus
fails to completely eradicate tumor,4,5 lead-
ing to inevitable tumor recurrence within
6�12monthspostsurgery.6 Toguideglioblas-
toma excision before and during surgical

resection, a tumor-targeted imaging con-
trast agent (CA), which is capable of both
the tumor preoperative diagnosis and in-
traoperative positioning of lesion areas, is
urgently required to substantially improve
the accuracy of surgical resection with the
least damage to CNS.
Currently, magnetic resonance imaging

(MRI) as a common diagnostic method has
been used to diagnose the brain tumor
preoperatively.7 Gadolinium (Gd)-based
MR CAs such as Magnevist (Gd-DTPA) are
being widely used to delineate the glioblas-
toma macroscopical margins in clinics.8

However, the blood�brain barrier (BBB),
which is one of themost exclusive biological
barriers,9 limits the intracephalic uptake of
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ABSTRACT Surgical resection, one of the main clinical treatments of intracranial

glioblastoma, bears the potential risk of incomplete excision due to the inherent infiltrative

character of the glioblastoma. To maximize the accuracy of surgical resection, the magnetic

resonance (MR) and fluorescence imaging are widely used for the tumor preoperative diagnosis

and intraoperative positioning. However, present commercial MR contrast agents and

fluorescent dyes can only function for single mode of imaging and are subject to poor

blood�brain barrier (BBB) permeability and nontargeting-specificity, resulting in the apparent risks of inefficient diagnosis and resection of glioblastoma.

Considering the unique MR/upconversion luminescence (UCL) bimodal imaging feature of upconversion nanoparticles (UCNPs), herein, we have developed a

dual-targeting nanoprobe (ANG/PEG-UCNPs) to cross the BBB, target the glioblastoma, and then function as a simultaneous MR/NIR-to-NIR UCL bimodal

imaging agent, which showed a much enhanced imaging performance in comparison with the clinically used single MRI contrast (Gd-DTPA) and fluorescent

dye (5-ALA). Moreover, their biocompatibility, especially to brains, was systematically assessed by the histological/hematological examination, indicating a

negligible in vivo toxicity. As a proof-of-concept, the ANG/PEG-UCNPs hold the great potential in MR diagnosis and fluorescence positioning of glioblastoma

for the efficient tumor surgery.
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these CAs.10,11 Therefore, more than 10% glioblastoma
and 30% anaplastic astrocytomas fail to display any
MR signal enhancement due to the uncompromised
BBB.12 Moreover, the lack of tumor specificity and the
rapid renal clearance of these CAs further deteriorate
their contrast efficacies and impede their effective
application in accurate glioblastoma diagnosis.13 Com-
pared with these small molecular CAs, the multifunc-
tional nanoprobes with unique nanometer size and
advantageous surface modifications possess long
blood circulation half-lives, consequently exhibiting
the enhanced imaging contrast.14 Furthermore, with
specific antibodies or peptides conjugated on the sur-
face, these nanoprobes could cross the BBB by receptor-
mediated transcytosis (RMT),15�17 absorptive-mediated
transcytosis (AMT),18,19 or both of them.20 Recently, the
report from Gao's group on the BBB transport of MR
CAs suggested that RMT was an effective approach
to mediate nanoprobes across the BBB, but unfortu-
nately, this research was only confined to healthy brain
MRI.15 The preoperative MRI glioblastoma diagnosis by
using CAs, even though capable of crossing BBB by
RMT, still suffers from the lack of tumor specificity and
remains therefore a great challenge.
In addition to the preoperative MRI scanning, the

fluorescence-guided resection was also used for the
visual contrast of glioblastoma to assist the excision
of this aggressive tumor during surgery.21�26 One
clinically used method is to use five-aminolevulinic
acid (5-ALA), which can be taken up by glioblastoma
cells and converted into fluorescent protoporphyrin IX
(PpIX) therein, and then emit red fluorescence under
blue light illumination.25 However, the blue excitation
light of PpIX, unfortunately, is confronted with the low
tissue penetration depth and the inevitable autofluor-
escence. Moreover, the 5-ALA-converted PpIX suffers
from poor photostability and heavy photobleaching.26

In contrast, upconversion nanoparticles (UCNPs) can
be excited by 980 nm near-infrared (NIR) light in the
“optical transmission window” of biological tissues
(750�1000 nm) and emit strong visible-to-NIR lumi-
nescence signal with photostability, nonblinking fluo-
rescence, high tissue penetration and reduced photo-
damage.27�36 Furthermore, Gd-doped UCNPs have
been recognized as the promising MR/upconversion-
luminescence (UCL) bimodal imaging nanoprobes.36�41

These nanoprobes have been demonstrated to be
feasible for the MR/UCL imaging of subcutaneously
xeno-transplanted U87MG tumors.42,43 However, the
penetration of the Gd-doped UCNPs across the BBB
and the application in intracranial glioblastoma ima-
ging, which are much more challenging and rewarding
in glioblastoma surgery, havenot been addressed so far.
In this study, a kind of bimodal imaging Gd-doped

UCNPs has been first developed for the dual MR and
NIR-to-NIR UCL imaging of glioblastoma. Angiopep-2
(ANG, TFFYGGSRGKRNNFKTEEY), here used as a

dual-targeting ligand, has been confirmed to be able
to specially bind to the low density lipoprotein recep-
tor related protein (LRP), which is overexpressed on
both BBB and glioblastoma cells.44�46 To the best of
our knowledge, it is the first time to couple ANG with
PEGylated UCNPs for constructing the UCNPs-based
dual-targeting imaging nanoprobes (ANG/PEG-UCNPs).
Systematic in vitro and in vivo MR and NIR-to-NIR UCL
imagings of intracranial glioblastoma were performed
to evaluate their BBB-crossing and tumor specific
targeting efficacy. We also demonstrate that the
ANG/PEG-UCNPs show a much enhanced bimodal
imaging performance as compared to the clinically
used single-mode imaging contrast Gd-DTPA (for MRI)
and 5-ALA (for fluorescence imaging). This bimodal
imaging contrast agent, with the negligible in vivo

toxicity as confirmedby the histological/hematological
examination, holds a great potential in future MR
diagnosis and fluorescence positioning for the efficient
glioblastoma surgery.

RESULTS AND DISSCUSSION

Synthesis and Characterizations of ANG-PEG-UCNPs. Scheme1a
illustrates the structure of ANG/PEG-UCNPs. The synthesis
includes three typical steps. First, themonodisperseUCNPs
(NaYF4:20%Yb/2%Tm/15%Gd@NaGdF4) capped with
oleic acid (OA) ligands were prepared using our reported
method.41,47 The introduction of gadolinium ions signifi-
cantly promote the formation of small-sized NaYF4:Yb/
Tm/Gd core. Meanwhile the coated ultrathin NaGdF4 shell
can greatly enhance the upconversion luminescence
intensity and facilitate its utility as a MRI CA.41,47 Subse-
quently, the hydrophobic UCNPs were transferred into
aqueous phase by using hydrochloric acid (HCl) to elim-
inate the OA,48 and then were capped with amine-
poly(ethylene glycol)-thiol (NH2�PEG5k-SH) through the
strong thiol-metal attraction formingPEG-UCNPs.49 Finally,
the as-obtained PEG-UCNPs were further decorated with
ANG through the conjugation between the amino groups
on PEG-UCNPs and the carboxyl groups of ANG,44 result-
ing in the ANG/PEG-UCNPs nanocomposites.

As shown in the TEM images (Figure 1a,b, and
Figures S1a, S2a), NaYF4:Yb/Tm/Gd and NaYF4:Yb/Tm/
Gd@NaGdF4 exhibit uniform spherical nanoparticles
and well-defined size distributions with average parti-
cle sizes of 17.2 ( 0.5 and 19.3 ( 0.7 nm (over 300
nanoparticles were estimated using low-magnification
TEM images), respectively. The thickness of the coated
NaGdF4 shell is roughly estimated to be around 1 nm.
Energy-dispersive X-ray (EDX) spectrum (Figures S1
and S2) demonstrated the existence of all the expected
basic chemical elements (Na, Y, F, Yb, Tm and Gd), and
the powder X-ray diffraction (XRD, Figure S3) spectra
displayed their pure hexagonal phase structure with
high crystallinity and no visible cubic phase.

No significant changes in the morphology and
composition of UCNPs were observed after the surface
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modifications, as evidenced by TEM imaging shown
in Figure 1c, SEM imaging in Figure 1d and element

mappings (F, Y, Na, Gd and Yb) in Figure 1e�j. The
molar percentage of each rare earth element in

Scheme 1. (a) Design of the dual-targeting ANG/PEG-UCNPs. (b) Schematic diagram of the ANG/PEG-UCNPs as the dual-
targeting system to cross the BBB and target the glioblastoma via LRP mediated endocytosis, enabling MR and UCL imaging
of intracranial glioblastoma.

Figure 1. The synthesis and characterization of ANG/PEG-UCNPs: TEM images of (a) core (NaYF4:Yb/Tm/Gd), (b) UCNPs
(NaYF4:Yb/Tm/Gd@NaGdF4), and (c) ANG/PEG-UCNPs; (d) SEM image of ANG/PEG-UCNPs; (e�j) element mappings (F, Y, Na,
Gd and Yb) of ANG/PEG-UCNP; (k) Dynamic light scattering (DLS) sizes (left) and zeta-potentials (right) of OA-free UCNPs,
PEG-UCNPs, and ANG/PEG-UCNPs.
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ANG/PEG-UCNPs was measured to be 60.9% (Y), 20.5%
(Yb), 1.9% (Tm), and 16.7% (Gd), by the inductively
coupled plasma optical emission spectrometry (ICP-OES)
(Table S1). The variations associated with the character-
istic functional groups in Fourier transform infrared (FT-IR)
spectra verify the successful OA elimination, PEG coating
and ANG modification (Figure S4). In addition, S and O
elements were presented in ANG/PEG-UCNPs (Figure S5)
in addition to the basic chemical elements of UCNPs
(Figure S2), implying the successful conjugations of the
PEG chains and ANG molecules, which were further
confirmed by both the dynamic light scattering (DLS)
and zeta-potential measurements as show in Figure 1k
and Table S2. The diameters of UCNPs based on DLS
measurements after each step of surface modification
become a little larger to varied extents because of the
presence of hydrated layers, PEG chains,50 and ANG
molecules. After removing the oleic acid (OA) ligands,
the bare NPs showed a positive zeta-potential (þ40.8
( 1.2 mV) due to the existence of rare earth ions
(Y3þ, Tm3þ, Gd3þ, and Yb3þ) on the surface. Then, the
negative shift in the zeta-potential from OA-free
UCNPs to PEG-UCNPs (þ33.6 ( 1.5 mV) is caused by
the formation of a PEG layer which shields the surface
charge of the UCNPs. And after the conjugation of the
neutral Angiope-2, the final surface charge and DLS

diameter of ANG/PEG-UCNPs were found to be
30.8 ( 0.5 mV and 47.9 ( 2.2 nm, respectively. The
color reactions based on the Bradford method demon-
strate the successful ANGmodification and the removal
of free ANG (Figure S6a�d). Moreover, the control ex-
periments usingMeO-PEG5k-SH confirmed that the ANG
was covalently coupled to the PEG (Figure S6e,f). The
amount of ANG on the surface of each nanoparticle was
calculated as ∼76 ANG molecules per UCNP particle
according to the results of Bradford method (Table S2).

The luminescence spectrum of ANG/PEG-UCNPs
under the NIR laser (λ = 980 nm) excitation exhibits
two weak blue bands (448 nm, 1D2 f 3F4; 476 nm,
1G4 f

3H6) and a strong NIR band (800 nm, 3H4 f
3H6)

(Figure S7). As shown in Figure S8, its blue emission is
highly dependent on the initial concentration of the
NPs and the power of the laser. Moreover, to demon-
strate the relatively high tissue penetration of NIR
excitation, the PpIX, which is the final transformational
product of 5-ALA during the clinical brain tumor
surgery, was used as a control. The results show that
PpIX can emit red fluorescence under the 470 nm
excitation, but no visible emission can be observed
under the 1 mm-thick pork obstruction. Noticeably,
ANG/PEG-UCNPs still emit strong blue light at 980 nm
excitation even under a 5 mm-thick pork obstruction

Figure 2. Representative confocal UCL images of U87MG and BCECs incubatedwith (a and d) ANG/PEG-UCNPs, (b and e) PEG-
UCNPs, or (c and f) ANG/PEG-UCNPs under the free ANG blocking. Concentrations of all samples were fixed at 300 μg/mL.
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owing to the relatively high tissue penetration of NIR.
(Figure S9), which is consistent well with the reported
results.30,35

The MRI of ANG/PEG-UCNPs acquired on a 3.0 T MR
scanner reveals the concentration-dependent bright-
ening effect (Figure S7b), giving a specific relaxivity r1
value of 2.28mM�1 s�1 (Figure S7c,d). According to the
previously reported “negative-lattice shield effect”
(n-LSE), the longitudinal relaxivity of Gd ions in short-
ening T1-weighted relaxation time of water proton is
mainly contributed by the surface Gd ions in nano-
particles.41,51,52 Therefore, compared with NaYF4:Yb/
Er/Gd (r1 = 0.14 mM�1 s�1),39 the specific relaxivity r1
value of ANG/PEG-UCNPs was remarkably enhanced
by about 15-fold as expected, owing to the higher
surface Gd ion concentration compared to the parti-
cles without the layer. However, such a r1 value is still
smaller than that of ultrasmall-NaGd[74.5%]F4:Yb/Tm
(r1 = 3.37 mM�1 s�1 at 1.4 T)53 recently reported
by Capobianco et al., as these ultrasmall NPs (<5 nm
in diameter) with high specific surface ratios could
maximize dipole�dipole interactions between Gd ions
and hydrogen protons but minimize the fluorescence
performance as compared to the hexagonal NaYF4-host
lattice of the present ANG/PEG-UCNPs (∼20 nm).29,54,55

Through PEGylation, ANG/PEG-UCNPs acquired a long
in vivo blood circulation half-life of up to 72.4 min
(Figure S10a), which was much longer than that of the
clinically used Gd-DTPA (about 12.7 min, Figure S10b).
Compared with the rapid renal clearance of Gd-DTPA,

the long circulation lifetime of ANG/PEG-UCNPs bene-
fits the both targeting and imaging because theses
targeting agents could avoid the rapid uptake by the
reticuloendothelial system (RES) and could therefore
accumulate in the targeted tissues.

Enhanced Cellular Uptake of ANG/PEG-UCNPs. We first
studied the in vitro cytotoxicity against U87MG and
BCECs by a typical MTT assay (Figure 3a,c). It is shown
that above 85% of the cells can survive even after the
co-incubation with an extremely high concentration
(1000 μg/mL) of ANG/PEG-UCNPs or PEG-UCNPs for
24 h, demonstrating the low cytotoxicity of these NPs
in vitro. Confocal microscopic imaging was then used
to confirm the enhanced uptake of the ANG/PEG-
UCNPs in vitro. As shown in Figure 2, maximum up-
conversion fluorescence under 980 nm excitation can
be observed around the nucleus of the U87MG and
BCECs after their incubation with ANG/PEG-UCNPs
(Figure 2a,d), which implies that ANG/PEG-UCNPs have
been uptaken by cells into the cytoplasm. In contrast,
when U87MG and BCECs were incubated with PEG-
UCNPs alone, only faint fluorescence signals could be
observed (Figure 2b,e). The significantly higher up-
takes of ANG/PEG-UCNPs than PEG-UCNPs by U87MG
and BCECs can be clearly attributed to the targeting
interaction between ANG and LRP receptor, which was
further demonstrated by a typical blocking assay. Only
weak fluorescence was observed in both U87MG and
BCECs incubated with the ANG/PEG-UCNPs under
high-dose ANG blocking (Figure 2c,f). On the basis of

Figure 3. In vitro cell viabilities of (a) U87MG and (b) BCECs incubated with NPs for 24 h. (c) Schematic overview of the BCECs
transwell assay for NPs to cross the BBB in vitro. (d) The relative transcytosis amount of PEG-UCNPs, ANG/PEG-UCNPs, and
ANG/PEG-UCNPs under the blocking of free ANG in vitro.
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the above results, it can be concluded that the ANG/
PEG-UCNPs can significantly enhance uptake both in
U87MG and BCECs by their specific binding to LRP
receptor.

Transport across the BBB in Vitro and in Vivo. The in vitro

BBB-targeting efficacy of ANG/PEG-UCNPs was mea-
sured by using transwell filters seeded with a compact
BCECsmonolayer (Figure 3c) according to the previously
reported method.45 To evaluate the BBB-crossing effi-
cacy of ANG/PEG-UCNPs, the Gd contents on the apical
side (AP), cellular monolayer (FIL), and basolateral side
(BA) were analyzed by ICP-OES. The integrity of the
BCECs monolayer in vitro was monitored by Transen-
dothelial Electrical Resistance (TEER) value during the
experiments, which was typically above 200 Ω cm2.
Figure 3d reveals that ANG/PEG-UCNPs possess the
most prominent transport capability compared with
other groups. Remarkably, 32.1( 4.5% of the targeting
NPs were found on the basolateral side, but only 1.8(
0.5% of nontargeting PEG-UCNPs could be detected
under the same condition. In addition to the significant
increase of transport ratio across the BBB, the targeting

ANG/PEG-UCNPs showed an enhanced affinity with
the cells (Figure 3d, FIL). About 8.3 ( 1.8% of the total
added targeting NPs remained cell-uptaken, three
times as high as that of the nontargeting PEG-UCNPs,
which indicated that the ANGhad played a specific role
in mediating the BBB-crossing transcytosis of the NPs.
This receptor-mediated transcytosis (RMT) was further
demonstrated by a blocking study. Excess free ANG
was preincubated in the apical medium to competi-
tively bind to LRP receptors on the in vitro BBB model,
which resulted in significantly reduced transport
ratio of ANG/PEG-UCNPs to the level of PEG-UCNPs
(Figure 3d). Together, these data strongly demonstrate
the critical role of RMT in crossing the BBB of ANG/PEG-
UCNPs.

To further demonstrate the capability of ANG/PEG-
UCNPs in transporting across the BBB, the in vivo brain
MRI of normal mice was adopted to monitor the
variations of T1-weight MR signal intensity (SI) after
the intravenous injection of ANG/PEG-UCNPs. To facil-
itate the quantitative analysis of the contrast enhance-
ment, the regions of interest (ROI) were localized in

Figure 4. In vivoMRI and the quantitive signal enhancements in glioblastoma-bearingmice before and at various time points
after the intravenous injections. (a) T1-weighted MR images of ANG/PEG-UCNPs, PEG-UCNPs and Gd-DTPA. (b) T2-weighted
MRI was performed to confirm the location of the glioblastoma (cyanic arrow). (c) Quantitative analysis results of SI in the
T1-weighted MR images (ROI).
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each MR image with fixed size and matching position.
The results show that the SI gradually increases and
reaches a large enhancement by about 30.9% in ∼1 h
postinjection (Figure S10c), suggesting that ANG/PEG-
UCNPs could transport across the intact BBB in vivo. In
contrast, the clinically used Gd-DTPA suffered from a
short imaging time (about 10 min) with a limited SI
enhancement of about 12.7% due to the BBB. These
results clearly demonstrate the advantage of ANG/
PEG-UCNPs in crossing the BBB, which leads to a much
enhanced brain MRI efficacy than clinical Gd-DTPA.

MRI of Intracranial Glioblastoma in Vivo. The intracranial
glioblastoma targeting capability by the ANG-mediated
transport of theUCNPs across the BBBwas investigated
by using glioblastoma-bearing mice as a model
(Scheme 1b). Prior to injection of NPs, T2-weighted
MRI was performed to confirm the location of the
glioblastoma (Figure 4b). The time points of 10 min,
0.5, 1, 2, 8, 24, and 48 h postinjection (p.i.) were chosen
for T1-weighted MRI after the intravenous injection of
ANG/PEG-UCNPs or PEG-UCNPs. The brain slices that
contain the glioblastoma are shown in Figure 4a and
Figure S11. Quantitative data obtained fromROI analysis
of theMR images are shown in Figure 4c. In addition, the
clinical Gd-DTPA was also used for direct comparison.

Figure 4a showed that T1-weighted MR contrast of
the glioblastoma in the targeting group was signifi-
cantly enhanced and the tumor boundary was also
much more clearly delineated as compared to the
nontargeting group and the Gd-DTPA group under
the same experimental conditions. The tumor-target-
ing behaviors of the ANG/PEG-UCNPs could be more
clearly observed from the quantitative analysis on the

SI of tumor area, as shown in Figure 4c. In general, the
average SI of the tumor region began to increase
immediately after the injection of ANG/PEG-UCNPs,
reaching a maximal ∼81.3% enhancement in ∼1 h p.i.
due to their highly efficient tumor targeting after cross-
ing the BBB. The MR contrast maintains significant for a
long time period (more than 2 h). Comparatively, the
PEG-UCNPs administration shows a limited maximal
contrast enhancement by about 29.2% in ∼2 h p.i.
due to the enhanced permeability and retention (EPR)
effect (Figure 4c). In contrast, the enhancements of SI of
the Gd-DTPA group was rather weak, with a maximal
enhancement being about 15.2% in ∼10 min p.i., and
after that, the SI enhancementbegan to decrease due to
rapid renal clearance of Gd-DTPA from the blood pool.
Overall, the MR images and the corresponding brain
tumor SI enhancement data evidence the significant
LRP receptor specificity of ANG/PEG-UCNPs in vivo,
validating that the ANG/PEG-UCNPs indeed possesses
unambiguous advantages over the clinical Gd-DTPA in
crossing the BBB and targeting the brain tumor for MRI.

NIR-to-NIR Fluorescence Imaging of Intracranial Glioblastoma
ex Vivo. Encouraged by the exciting targeting efficacy of
ANG/PEG-UCNPs in MRI modality, the NIR-to-NIR UCL
imaging experiments were then performed on intracra-
nial glioblastoma-bearing mice by the intravenous ad-
ministrations of ANG/PEG-UCNPs and PEG-UCNPs. In
addition, the clinical fluorescent dye 5-ALA was also
used for direct comparison. After sacrificing the mice,
the ex vivo fluorescent imagings of dissected organs
were performed. The signal ismuch stronger in liver than
that in spleen, while negligible signals were observable
in other organs such as heart, lung and kidney for both

Figure 5. Ex vivo fluorescent images of glioblastoma-bearing brain in 1 h after the intravenous injection with ANG/PEG-
UCNPs, PEG-UCNPs (excitation, 980 nm; emission, 800 nm) and 5-ALA (excitation, 470 nm; emission, 650 nm). All imaging
experiments were performed under the same condition. H&E-staining of the tumor tissues from glioblastoma-bearing mice
brain was used to demonstrate the existence of glionblastoma. Scale bar: 100 μm.
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targeting and nontargeting groups (Figure S12a,b). For
5-ALA group, the fluorescence can be observed in liver
and kidney (Figure S12c). Moreover, the enhanced UCL
signal from the brain tumor and the weak UCL signal
from the other normal tissue in brain can be clearly
observed in the targeting group (Figure 5), whereas no
signal can be observed from the brain tumor in the
nontargeting group. Comparatively, no signal intensity
enhancement inbrain tumorbut only gross fluorescence
signal in the whole brain can be observed in the 5-ALA
group even after injection with a high dose of 5-ALA
(90 mg/kg), as shown in Figure 5. After the fluorescence
imagings, the mice brains were frozen, and the H&E-
stained tumor sections from mice brain show the ex-
istence of brain tumor (Figure 5). Such a glioblastoma-
targeted UCL imaging, with its preponderance over the
clinical 5-ALA, can be possibly used for fluorescence-
guided resection during the surgery of the infiltrative
glioblastoma to improve the effectiveness and accuracy
of surgical resection in combination with MRI.

To further confirm the targeting specificity of ANG/
PEG-UCNPs to the LRP receptor, the in vivo glioblasto-
ma distribution of NPs was studied qualitatively by

fluorescencemicroscopic observation of tumor tissues.
Results showed that strong green fluorescence signals
from the tumor slices of targeting group, indicating the
muchmore significant uptake of ANG/PEG-UCNPs than
that of PEG-UCNPs by glioblastoma cells (Figure S14).
Moreover, the concentration of Y element in brain was
quantitatively measured by ICP-OES after the intrave-
nous injection with ANG/PEG-UCNPs for 1 h. As shown
in Figure S15, the amount of ANG/PEG-UCNPs uptake
by glioblastoma was 3.6-fold higher than that of PEG-
UCNPs, confirming the significant tumor targeting
capability of ANG/PEG-UCNPs. Compared to the low
uptake in the normal brain tissue, the significant
uptake of ANG/PEG-UCNPs in the tumor illustrates that
these dual-targeting NPs could cross the BBB and then
accumulated in tumor regions by specifically linking to
LRP receptors overexpressed on both BBB and glio-
blastoma, which is well consistent with the above
imaging observations.

Toxicity Studies. Although various nanomaterials have
been reported for crossing the BBB, little attention has
beenpaid for thematerials' biocompatibilitywhich is vital
for their further application in vivo. As the deposition of

Figure 6. Toxicity studies of NPs in vivo. (a) H&E-stained tissues frommice brain tomonitor the histological changes in cortex,
hippocampus and striatumof brain after the intravenous injection of ANG/PEG-UCNPs (15mgY/kg) at different timepoints or
receiving no injection as control. Scale bar: 200 μm. (b�m) Blood biochemistry data obtained frommice after the intravenous
injection of ANG/PEG-UCNPs (n = 5, dose = 15 mg Y/kg) at various time points or receiving no injection as control.
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these nanomaterials in the brain may have negative
influence on the brain, and lead to the potential toxi-
city,15�17 the toxicity of BBB-crossing NPs needs to be
assessed urgently. Here, in vivo toxicity of ANG/PEG-
UCNPs has been investigated by body weight measure-
ments, hematoxylin and eosin (H&E) staining analysis,
blood biochemistry and hematology tests. Undulation in
bodyweight is a direct indicator for the ANG/PEG-UCNPs
toxicity effect in vivo. The body weights of the mice
injected with or without the NPs were recorded for one
month and the results are shown in Figure S16. There is
no difference in body weights between the test group
and the control group, indicating that ANG/PEG-UCNPs
had no overall side effect on the investigated mice.

To evaluate the brain toxicity of ANG/PEG-UCNPs,
the tissue sections of cortex, hippocampus and stria-
tum collected after single intravenous injection of
ANG/PEG-UCNPs for 3, 15, and 30 days were stained
with H&E. As presented in Figure 6a, there is no visible
tissue damage or any other side effect to cortex,
hippocampus and striatum as compared with the
control group, which verifies that no visible lesions take
place in the brain after the ANG/PEG-UCNPs treatment.
In the meantime, no side effects were observed on
heart, liver, spleen, lung and kidney (Figure S17), ex-
hibiting the good biocompatibility of ANG/PEG-UCNPs.
Furthermore, we performed the serum biochemistry
and hematology analyses to investigate the influence
of ANG/PEG-UCNPs on the healthy mice quantitatively.
Figure 6b shows that no obvious hepatic toxicity has
been induced by the NPs treatment, as indicated by
normal values of the liver function markers including
ALT, AST and AKP. As indicators of kidney functions, the

CRE and BUN levels in the blood of treatedmice are also
normal, demonstrating little side effect of these NPs on
kidney (Figure 6c,d). For the hematology analysis, the
blood parameters in the treatment groups over time
appeared to be normal compared with the control
groups (Figure 6e�m). In a word, the above results offer
a preliminary validation that ANG/PEG-UCNPs bear no
significant appreciable toxicity in vivo and therefore are
promising medical imaging contrast agents.

CONCLUSIONS

In summary, a novel BBB and glioblastoma dual-
targeted brain nanoprobe has been successfully con-
structed by covalently coupling Angiopep-2 with the
PEG-coated UCNPs. Both cellular and animal experi-
mental results demonstrate that the ANG/PEG-UCNPs
nanoprobes can cross the BBB by receptor-mediated
transcytosis and subsequently target glioblastoma ef-
ficiently. Moreover, the ANG/PEG-UCNPs bimodal
nanoprobes show a great potential in preoperative
diagnosing and intraoperative positioning the brain
tumors by MR and NIR-to-NIR UCL fluorescence ima-
ging, exhibiting the more excellent imaging perfor-
mances as compared to the clinically usedMRI contrast
Gd-DTPA and fluorescent dye 5-ALA. Meanwhile, no
apparent in vivo side effects have been observed in
toxicity studies, exhibiting good biocompatibility. No-
ticeably, high Z-value based UCNPs have been demon-
strated to be effective radiosensitizers for tumor
radiotherapy in our previous report.43 Therefore, we
anticipate that the present ANG/PEG-UCNPs will also
be highly attractive to enhance the overall effective-
ness of brain tumor therapy with radiotherapy.

METHODS
Materials. YCl3 3 6H2O, YbCl3 3 6H2O, TmCl3, GdCl3 3 6H2O, ammo-

nium fluoride (NH4F), 1-octacene (90%), 1-(3-dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccini-
mide (NHS) and 5-aminolevulinic acid (5-ALA) were purchased
from Sigma-Aldrich. Oleic acid (OA) and methanol (CH3OH)
were obtained from Shanghai Lingfeng Chemical Reagent Co.,
Ltd. Sodium hydroxide (NaOH) and hydrochloric acid (HCl,
36�38%) were acquired from Sinopharm Chemical Reagent
Co., Ltd. NH2�PEG5k-SH andMeO-PEG5k-SHwere obtained from
Jenkem Co., Ltd. Angiopep-2 (TFFYGGSRGKRNNFKTEEY) was
purchased from Chinese Peptide Company. Magnevist (Gd-
DTPA) was provided by Huashan Hospital. All reagents were
of analytical grade and used without any purification.

Cytotoxicity Assessment. Human glioblastoma cells U87MG
were cultured at 37 �C and with 5% CO2 in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin/streptomycin. Brain capillary
endothelial cells (BCECs) were cultured at 37 �C and with 5%
CO2 in Roswell Park Memorial Institute medium (RPMI) 1640
supplemented with 15% fetal bovineserum (FBS) and 1%
penicillin/streptomycin. The cell cytotoxicity in vitro was mea-
sured by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium
bromide (MTT) assay. Cells were seeded into a 96-well cell
culture plate at 106/well and then incubated for 24 h at 37 �C
under 5% CO2. RPMI 1640/DMEM solutions of ANG/PEG-UCNPs
or PEG-UCNPs with different concentrations of 7.81, 15.62,

31.25, 62.5, 125, 250, 500, and 1000 μg/mL were added to the
wells. The cells were then incubated for 24 h at 37 �C under 5%
CO2; the cell viability was calculated using a typical MTT assy.

Enhanced Cellular Uptake in Vitro. U87MG and BCECs were
seeded at a density of 105 cells/well in a CLSM-special cell
culture dish and incubated for 24 h at 37 �C under 5% CO2. The
ANG/PEG-UCNPs and PEG-UCNPs were dispersed into RPMI
1640/DMEM cell-culture media with a concentration of
300 μg/mL, and then added into the culture dish. One hour
after co-incubation, the cells were washed three times with PBS
to remove the nonuptake nanoparticles followed by nuclei
staining by DAPI. Then confocal fluorescence imaging experi-
ments were performed on an Olympus FV1000 laser-scanning
microscope equipped with a CW NIR laser (λ = 980 nm), while
DAPI was excited with 358 nm light. A 60� oil immersion
objective lens was used and luminescence signals were de-
tected in the wavelength regions of 400�500 nm. To provide
further evidence of ANG-mediated transcytosis mechanism, a
blocking study was carried out by adding ANG to the wells in
advance at a concentration of 3 mg/mL. The compounds were
withdrew from thewells 0.5 h after incubation at 37 �Cunder 5%
CO2, and 300 μg/mL ANG/PEG-UCNPs, along with ANG at a
concentration of 3 mg/mL, was added and incubated for 1 h,
followed by above-mentioned steps.

Transport across the BBB Model in Vitro. For the construction of
the BBB in vitro model, which was used to study the BBB
permeability of nanoparticles by Fang et al.,45 BCECs, at a
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density of 5 � 104 cells/well, were seeded on polycarbonate
24-well transwell membranes of 1.0 μm mean pore size,
0.33 cm2 surface areas (FALCON Cell Culture Insert, Becton
Dickinson Labware, USA). After 4 days, the cell monolayer
integrity was monitored using an epithelial voltohmmeter
(Millicell-RES, Millipore, USA), and the cells with Transendothelial
Electrical Resistance (TEER) values above 200 Ω 3 cm

2 were
selected for the transfer experiments. ANG/PEG-UCNPs (Gd
10 μg/mL), diluted in RPMI 1640, was introduced into the apical
side chamber (blood side in vivo) of the BBB model, shaking at
50 rpm at 37 �C. The TEER values were measured during the
incubation. The basolateral medium and the filter membrane
with the cells separated from the support were collected 18 h
after incubation, for measuring the Gd content by inductively
coupled plasma optical emission spectrometry (ICP-OES). In
parallel, the same procedures were also applied for the control
experiments based on the PEG-UCNPs with the same concen-
trations. To provide future evidence for the ANG-mediated
transcytosis mechanism, a blocking study was carried out
by adding ANG to the apical side chamber in advanced at a
concentration of 3 mg/mL. The compounds were with-
drawn from the transwell 0.5 h after incubation at 37 �C, and
ANG/PEG-UCNPs (Gd 10 μg/mL), along with ANG at concentra-
tion 3 mg/mL, was added, followed by above-mentioned steps.

Transport across the BBB in Vivo and MRI of Intracranial Glioblastoma.
All animal experiments were in agreement with the guidelines
of the Institutional Animal Care andUse Committee. Male Balb/c
nude mice with average weight of 20 g were purchased
from laboratory animal center; Shanghai Medical College of
Fudan University. In vivo MRI was carried out on a 3.0-T clinical
MRI instrument (Siemens Magnetom Trio Tim 3.0T MRI).
T1-weighted MR images of the brain sections were acquired
with the turbo spin echo (TSE) sequence: TR = 529 ms; TE =
14 ms; TD = 0.0 ms; Slice thickness = 1.5 mm; Field of view (Fov)
read= 60mm; Fov phase = 75%;matrix = 384� 384; Flip angle =
120 �C; Fat suppress, None; Water Suppress, None. T2-weighted
MR images of the brain sections were acquired with the turbo
spin echo (TSE) sequence: TR = 2500 ms; TE = 76 ms; slice
thickness = 1.5 mm; Field of view (Fov) read = 60 mm; Fov
phase = 59.9%; matrix = 384 � 384; Flip angle = 117 �C; Fat
suppress, None; Water Suppress, None.

To investigate the ANG-mediated transport of UCNPs across
the BBB in vivo, T1-weighted MR images of normal mice brain
were collected before and 1 h after administration of Gd-DTPA
or ANG/PEG-UCNPs with a dose of 150 μL (6 mg Gd/kg dose,
n = 3) via intravenous injection. The regions of interest (ROI) at
the same position and with the same circular area located in the
right brain parenchymaof the healthy brainweremarked onMR
images before and after injection. And the signal intensity of ROI
in the brain was then measured.

To compare the targeted ANG/PEG-UCNPs effect for U87MG
in vivo, the intracranial glioblastoma-bearing mice model
were established as reported.16 Briefly, U87MG cells (5 � 105

suspended in 5 μL PBS) were implanted into the striatum
(1.8 mm lateral and 3 mm of depth) of male Balb/c nude mice
by using a stereotactic fixation device with mouse adapter. The
intracranial glioblastoma-bearing mice were ready for imaging
after inoculation for 14�18 days. T1-weighted MR images of
glioblastoma-bearing mice brain were collected before and
10min, 0.5, 1, 2, 8, 24, 48 h after administration of ANG/PEG-UCNPs,
PEG-UCNPs or Gd-DTPA with a dose of 150 μL (6 mg Gd/kg dose)
via intravenous injection. And tumor regions of interest (ROI) with
the same circular area were carefully selected on T1-weighted
MR images before and after injection according to the previous
T2-weighted images' delineation. And the signal intensity of ROI
in the brain tumor was then measured.

NIR-to-NIR Fluorescence Imaging of Intracranial Glioblastoma ex Vivo.
Ex vivo NIR-to-NIR UCL imaging was carried out by using a
homemade UCL in vivo imaging system from Prof. Li's group
(Advanced Materials Laboratory, Department of Chemistry,
Fudan University). Excitation was provided by using an external
0�5 W adjustable CW infrared laser (980 nm, Shanghai Connet
Fiber Optics, China). UCL signals were collected at 800( 12 nm
and images of UCL signals were analyzed with Kodak Molecular
Imaging Software. The tumor-bearing brain was then removed

for ex vivo imaging in 1 h after the intravenous injection with
ANG/PEG-UCNPs and PEG-UCNPs at a total dose of 150 μL
(15 mg Y/kg dose). The clinical 5-ALA was used for comparison
experiment at a total dose of 150 μL (90 mg/kg dose).
Then ex vivo fluorescence imaging of glioblastoma-bearing
brain were conducted on imaging machine (Bruker, excitation,
470 nm; emission, 650 nm.) in 1 h after the postinjection. All
imaging experiments were performed under the same condi-
tion. After completion of fluorescence imaging, the mice brain
were frozen, and H&E-stained tumor sections from mice brain
were used to further ensure the existence of brain tumor. The
histological sections were observed under optical microscope.

Toxicity Studies in Vivo. Kunming mice with average weight of
20 g were purchased from laboratory animal center; shanghai
medical college of Fudan University. The ANG/PEG-UCNPs at a
total dose of 150 μL (15 mg Y/kg dose) were injected into
Kunming mice (n = 5) via the intravenous injection and this
group of mice was used as the experimental group. Kunming
mice (n = 5) with no injection of the ANG/PEG-UCNPs were
selected as the control group. The body weights of the mice in
both groups were recorded for 30 days. Blood samples and
tissues were harvested from mice in control group or mice
injected with ANG/PEG-UCNPs on 3, 15, and 30 days postinjec-
tion. Three important hepatic indicators (alanine aminotrans-
ferase (ALT), aspartate aminotransferase (AST) and Alkaline
phosphatase (AKP)), and two indicators for kidney functions
(creatinine (CRE) and blood urea nitrogen (BUN)) were mea-
sured. The complete blood panel data from healthy control and
treated mice (white blood cells, red blood cells, mean corpus-
cular hemoglobin, mean corpuscular hemoglobin concentra-
tion, and mean corpuscular volume, hemoglobin, red cell
distribution width, hematocrit and lymphocyte) were tested.
After completion of the blood collection, the mice were sacri-
ficed. H&E-stained tissue sections from mice to monitor the
histological changes inbrain (cortex, hippocampusand striatum),
liver, spleen, heart, lung and kidney of mice were collected. The
histological sectionswere observedunder an opticalmicroscope.

Characterization. Transmissionelectronmicroscopy (TEM) images
and energy-dispersive X-ray analysis (EDXA) were performed
on a JEOL 200CX microscope with an accelerating voltage
of 200 kV. Powder X-ray diffraction patterns were performed
on a Rigaku D/MAX-2250 V diffract meter with graphite-
monochromatized Cu KR radiation. Fourier transform infrared
spectroscopy (FT-IR) spectra were recorded on a Nicolet Avatar
370 FT-IR spectrophotometer using KBr pellets. Dynamic light
scattering (DLS)measurementwas conducted onNano-Zetesizer
(Malvern Instruments Ltd.). The Y, Gd concentrations of samples
were measured by inductively coupled plasma optical emission
spectrometry (ICP-OES). Upconversion luminescence emission
spectra were collected on Fluorolog-3 Spectrofluorometer
(Jobin Yvon, France) with the excitation of a 450W xenon lamp
and an external 0�1 W adjustable 980 nm semiconductor laser
(Beijing Hi-tech Optoelectronic Co., China). CLSM images were
recorded on FV 1000, Olympus, Japan.
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