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It is urgent to find a technology accurately to better diagnose and treat to brain tumor. Eu-doped Gd2O3

nanorods (Eu-Gd2O3 NRs) with paramagnetic and fluorescent properties were conjugated with
doxorubicin (Dox) and chlorotoxin (CTX) via PEGylation, hydrazone bond and sulfur bond (named as CTX-
NRs-Dox), and these NRs could release more Dox in lower pH environment. The results of cell
experiments indicated that CTX-NRs-Dox had obvious targeting and toxic effects on U251 cells, as well as
good fluorescence imaging behavior. The orthotopic glioma-transplanted mice models were constructed
via the intracranial injection of glioma cells (U87MG). The result of experiments after the tail-vein
injection of the prepared NRs suggested that CTX-NRs-Dox could target to brain tumors via the long-time
blood circulation, leading to their obvious contrast enhancement ofMR imaging of the intracranial tumor
and their significant inhibitory effect on the growth and metastasis of brain tumors. A mechanism of
synergistic effect of CTX-NRs-Dox on targeting and inhabiting the brain tumor was proposed. Our
research suggested that CTX-NRs-Dox had potential application prospect in the detection and treatment
of glioma.
© 2019 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
As the most common primary malignant brain tumors,
glioblastomas (GBM) remained a difficult treatment due to its
heterogeneous, highly invasion and infiltration. In general, the
clinical treatments of GBM were combined with chemotherapy
and adjuvant radiotherapy after tumor resection [1]. However,
because of its high aggression, tolerance and infiltration surround-
ing brain parenchyma, there was currently no good treatment
efficiency of stereotactic radiosurgery or brachytherapy as a part of
clinical treatment [2,3], leading to a mean survival time of 15
months of GBM patients after the surgical resection [4]. Thus, the
chemotherapy played an important role in the treatment of GBM.
However, the chemotherapy drugs targeted effectively to GBM
were very absent [5,6]. Therefore, the diagnosis and effective
targeting on glioblastomas is necessary.

In clinical, brain tumors were diagnosed with magnetic
resonance imaging (MRI), due to their high spatial resolution of
the soft tissue [7–9]. Compared with the computed tomography
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(CT), MRI could obtain the image information of different sections,
conveniently to provide the shape and size of focal tissue [10,11].
However, T1 relaxation between the diseased tissue and normal
tissues did not cause significant difference, resulting in the blur
edge of the lesion area in the MRI image [12]. In order to obtain
clear MRI images with more pronounced contrast of tumor,
contrast agents (CA) were often used to enhance the contrast of
MRI [13–15]. Due to its higher sensitivity and soft tissue resolution,
fluorescence imaging could be combined with MRI to enhance
their ability to recognize the cancer cells [16]. Thus, it was
necessary to develop a MR-fluorescent dual-mode imaging probe
with higher resolution and sensitivity, for the diagnosis of brain
tumors.

Compared to other elements of lanthanide, gadolinium III (Gd3+)
with 7 unpaired electrons in the outermost layer, led to its long
electron relaxation time and the application of its chelate as T1
contrast agent in clinical practice [17–19]. In addition, lanthanide
elements, such as erbium Er and europium Eu, were also used as
fluorescence agents in optical imaging due to their excellent
fluorescence property [20,21]. Recently, Eu-doped nanomaterials
could be used to enhance fluorescence image [22,23], such as Eu-
doped Gd2O3 (Eu-Gd2O3) nanomaterials with the excellent
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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paramagnetic and luminescence properties. Arindam et al. reported
that the multifunctional Eu:Gd2O3 triangular nanoplates could
enhance the contrast ofMR imaging andfluorescence imaging [24],
leading to their application of tumor chemotherapeutic carrier
material.

However, poor hydrophilicity of Eu-Gd2O3 nanorods (NRs) led
to their bad intravenous administration, easy conglutination of
proteins or phagocytization of the macrophage phagocytic system,
so their surface needed to be linked with poly(ethylene glycol)
(PEG), in order to increase of the circulation time of Eu-Gd2O3 NRs
and enhance their permeability and retention effects (EPR) in vivo
[25,26]. Furthermore, these PEG-linked NRs could be connected
with the drugs to render their anti-cancer therapy function [25,27].
However, these clinical contrast agents and drug delivery vehicles
did not target the tumor tissues, and their passive accumulation in
tumor sites via EPR could lead to their lower imaging enhancement
and therapy efficiency [16,28]. Tumor-targeted peptides could be
linked with NRs to enhance their recognition to cancer tissues in
vivo through receptor-mediated endocytosis [29]. Deng et al.
prepared the CTX-NaGdF4:Ho3+ NPs, and these NPs could
significantly enhanced the in vivo contrast between normal tissue
and glioma [30]. Huang et al. reported that Chlorotoxin (CTX)-
modified dendrimer-based conjugate could targeted to the glioma
in vivo and had the possibility on accurate tumor diagnosis [31].
CTX was a peptide consists of 36 amino acids, purified from the
venom of Leiurus quinquestriatus [32–34], and it could easily target
some tumor tissues, specifically binding with matrix metal-
loproteinase II (MMP-2) on glioma sites to formed the complex of
CTX-ClC-3/MMP-2 [35]. Moreover, MMP-2 was highly expressed in
gliomas, hyloma and other neuroectodermal tumors, rarely
expressed in normal cells [6,36]. Therefore, CTX could be used
as an effective glioblastomas-targeted peptide on brain tumor
treatment [35]. Furthermore, as a chloride channel protein, ClC-3/
MMP-2 promoted the invasion and migration of glioma cells by
enhancing the efflux of chloride ions and the corresponding
obligatorymovement of water, so the complex of CTX-ClC-3/MMP-
2 could inhibit the volumetric contraction of tumor cells via
blocking Cl ion channels, thereby reducing the metastatic ability of
GBM [37,38].

Some anti-cancer drugs were loaded in polymer nanocarriers to
enhance their therapy efficiency on gliomas, such as curcumin,
paclitaxel, doxorubicin (Dox) and so on [35,39–42]. Dox could
effectively treat many cancers by inhibiting the activity of
topoisomerase II and DNA synthesis in normal cells and cancer
cells [43,44]. However, Dox could also cause toxicity on cardio and
bone marrow via enhanced reactive oxygen species (ROS) in these
cells [45]. When Dox was combined with the peptide targeting
tumor, its toxic effect on normal cells was decreased and its anti-
tumor effect could be obviously enhanced. Moreover, the intra-
tumoral pH values of GBM were around 6.5, while peritumoral pH
values of GBMwere around 7.4 [46]. Thus, a hydrazone bond (with
pH response) between Dox and drug carriers could enhance the
release of Dox in tumor cells [47].

In this study, Eu-Gd2O3 NRs were used as the tumor-targeted
drug carriers, and their surface was coated with dual-functional-
ized PEG (called as PEG-NRs) via the reaction between succinimide
of PEG chain and amino group on NRs, and then PEG-NRs were
linked with Dox (called as Dox-NRs) via the formation of the
hydrazone bond. Finally, CTX was connected with PEG-NRs (called
as CTX-NRs) or Dox-NRs (called as CTX-NRs-Dox) via the reaction
between the sulfhydryl groups of CTX and maleimides of PEG
chain. MR and fluorescence imaging properties and the pH
response ability of CTX-NRs-Dox were analyzed. The cytotoxicity
and in vitro tumor-targeted ability of these materials were
analyzed via their co-culture with glioma cells. Then, the in vivo
targeting and therapy of CTX-NRs-Dox were evaluated in the
model of nude mice with human glioma, and these mice were
treated with prepared NRs to analyze the therapy ability of CTX-
NRs-Dox on GBM.

Herein, to prepare the expected CTX-NRs-Dox, this study
focused on the following works. First, 500mg of prepared Eu-
Gd2O3 NRs were mixed with 175mL of tetramethylammonium
hydroxide pentahydrate (7wt%), and reacted at 180 �C for 6 h. The
reaction products were washed three times with deionized water
and ethanol, respectively, and then dried for 12 h to obtain the
hydroxylated NRs (called as OH-NRs, as shown in Scheme S1a in
Supporting information) [48]. Then, 300mg of OH-NRs were
dispersed in 72mL of mixed solution (DMSO:CCl4 = 1:1), and
600mL of aminopropyltriethoxysilane (APTES) was added into
the OH-NRs suspension. After agitation at 60 �C for 8 h, the
aminated NRs (called as NH2-NRs, as shown in Scheme S1b in
Supporting information) were obtained. 500mg of NH2-NRs were
dispersed in 100mL of DMSO, and reacted with 25mg of
succinimidyl carbonate-poly(ethylene glycol)-carboxymethyl
(SC-PEG-CM) at room temperature (RT) for 24h. After washed
with redistilled water and dried, PEG-coated NRs (called as PEG-
NRs) were obtained (Schemes S1b and c in Supporting informa-
tion).

Then, 300mL of PEG-NRs were dispersed in 15mL of PBS (pH
7.2), and 30mg of succinimidyl 4-N-maleimidomethyl cyclohex-
ane-1-carboxylate (SMCC) was added into the PEG-NRs suspen-
sion. After the suspension was agitated for 1h at RT, SMCC-NRs
were prepared via the reaction between succinimide of SMCC and
remained amino group on NRs (Scheme S1d in Supporting
information). After washed with DMSO and dispersed in DMSO,
PEG-NRs-SMCC suspensions were mixed with 1.8 g of 1-(3-
dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride
(EDC) and 10mL of hydrazine hydrate solution (pH 6.5), then
the carboxyl of NRs-PEG-SMCC and hydrazine hydrate was reacted
with the agitation for 12h at RT (Scheme S1e in Supporting
information). After washed with water and freeze-dried, the
hydrazinedNRswere divided into 3 groups, and dispersed in 10mL
of DMSO, respectively. Then 2mL of Dox suspension (1mg/mL in
PBS, pH 6.5) was added into groups 2 and 3, while 2mL of PBS (pH
6.5) was added into group 1. Three groups were reacted with the
agitation at RT for 24h. After the reaction, the supernatant liquid
was collected for Dox loading test. Then 2mL of thiolate CTX
labeled with fluorescein isothiocyanate (SH-CTX-FITC) solution
(0.5mg/mL in DMSO)were added into groups 1 and 3, respectively,
while group 2 was only added with 2mL of DMSO. Three groups
were reacted at RT for 24h, and then the products were washed
and freeze-dried, and CTX-NRs in group 1, Dox-NRs in group 2 and
CTX-NRs-Dox in group 3were obtained, respectively (Schemes S1f-
h in Supporting information).

ThevaluesofMRrelaxation rate (r) andT1-weightedMR imaging
of Eu-Gd2O3 NRs and CTX-NRs-Dox were analyzed with 7.0 T MRI
imaging system (Bruker biospec 70/30 USR). Eu-Gd2O3 NRs and
CTX–NRs-Dox were dispersed into 0.5% agarose with different
concentrations of Gd3+ (0.25�4.0mmol/L). Then these suspensions
in tubes were placed into the MRI system. The measurement
conditions were as following: a field of view (FOV) of 40 mm�40
mm, a slice thickness of 2.0mm, the number of excitations (NEX) of
4, theflip angle of 30�, the size of the images of 256�256, the value
of echo time (TE) of 6.0ms, and repetition time (TR) of 180ms. To
analyze the targeting in vivo tumor, OTNM mice with brain U87
tumor were injected with dose of 5mg[Gd]/kg[mice] via tail vein,
subsequentlyT1-weighted imagesof thesemicewerecollectedwith
7.0 TMR imaging systematdifferent time (0, 2, 4 h)ofpost-injection
of Dox-NRs and CTX-NRs-Dox. Then these mice were anesthetized
via 2.0% isoflurane mixed pure O2, and the pre-injected MR image
(0h)wasas thecontrol.Thebrightnessofbraintumorfieldofaserial
of MRI images was obtained with soft of Photoshop 7.0, and
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the contrast intensity value was calculated with the following
formula: I = Iinside tumor – Iaround tumor.

In order to investigate the loading capacity and pH-controlled
release of Dox, a great deal of workwere carried out. Pure Doxwere
dispersed in different pH values of PBS buffer (pH 5.0, 6.5 and 7.4),
and their standard curve were measured by UV–vis. Then, the
concentration of obtained supernatant liquid was determined
based on the absorption intensity at the wavelength of 481nm.
Similarly, the suspension of CTX-NRs-Dox NRs was continuously
shaken at different pH of PBS (pH 5.0, 6.5 and 7.4). The
concentration of Dox released in supernatant liquid was analysed
by measuring the UV absorption at the wavelength of 481nm. The
loading capacity of Dox on CTX-NRs-Dox was calculated by
following Eq. (1):

The loading capacity 100%ð Þ ¼ MDox before reaction �MDox af ter reaction

MDox bef ore reaction

� 100%

ð1Þ
To explore the ability of various NRs on cell targeting and

fluorescence, the U251 cells were placed in a 12-well platewith 105

cells/well and incubation for 12h, then added by 2mL of fresh
DMEM containing different NRs (PEG-NRs, Dox-NRs, CTX-NRs,
CTX-NRs-Dox, respectively). After co-cultured for 4h, the cells
were with PBS, and then co-cultured with 4% paraformaldehyde
solution for 15min, subsequently co-cultured with 300mL of
Triton-100 for 3min, then co-cultured with 200mL of DAPI for
5min. After washed with PBS, the cells were observed by the laser
scanning confocal microscopy (LSCM, Leica TCS SP5, Germany)
with the exciting light wavelengths of 405nm and 488nm,
respectively. The average optical density (called as AOD) of
different materials were obtained with the image J soft. The
physiological saline and CTX-NRs-Dox were injected into the
tumor site of U87MG orthotopic xenograft tumor-bearing nude
mice (named as OTNMmice) to observe the fluorescence property
of CTX-NRs-Dox in vivo by a Maestro In-Vivo Imaging system (the
excitation wavelength was 480nm).

OTNM mice were sacrificed after treated for 4 d with different
prepared NRs to investigate the in vivo bio-distribution evaluation
of materials. Then, their heart, liver, spleen, lung, kidney and brain
tissues were excised and washed with physiological saline. A half
of each tissue was treated into 4% paraformaldehyde for 2 d, and
observed under the IFM after section and H&E staining; then
another half tissue was weighted, and digested with mixed acids
(nitric acid : perchloric acid, v/v = 3/1). The concentration of Gd
ions in the digesting solution of these tissues was determined by
Inductively Coupled Plasma Atomoic (ICP-AES, IRIS Adv, USA).
Finally, the bio-distribution of the different NRs in various tissues
was calculated as the percentage of injected dose per gram of
tissues (%ID/g), based on the results of ICP-AES.

Male BALB/c nude mice (4�6 weeks) were injected with 100mL
U87MGcellssuspension(about1�106cells) inthehipsubcutaneous
(tumor-bearingnudemice,TBNmice).When thediameterof tumors
reached 0.4�0.5 cm [49], TBN mice were injected intravenously
through the tail vein with 100mL of physiological saline, PEG-NRs,
Dox-NRs and CTX-NRs-Dox (concentration of 2mg (Gd)/mL) with a
dosage frequency of every 2 d (lasting for 10 d). The size of tumors
was measured by vernier micrometer for every 3 d.

All data in this study were expressed by mean� standard
deviation (SD). Statistical analysis was performed by the one-way
Analysis of Variance (ANOVA) test, and the differences between the
two groups were evaluated by Least-Significant Difference (LSD),
Student-Newman-Keuls (S-N-K) and Dunnett-t tests, respectively.
The P value of less than 0.05 was as the level of statistically
significant differences.
XRD pattern in Fig. S1a (Supporting information) demonstrated
that the prepared NRs were cubic Gd2O3 phase (JCPDS No. 11-
0604), and the slight shift of the NRs peaks indicated the slightly
increase of interplanar crystal space due to the larger radius of Eu3+

doping into the Gd2O3 crystal lattice. TEM images in Figs. 1a and [57_TD$DIFF]c
showed the uniform and disperse Eu-Gd2O3 NRs and CTX-NRs-
Dox. The length distribution in Figs. S1b and c (Supporting
information) showed that themean size of Eu-Gd2O3 NRs and CTX-
NRs-Dox were 90.9�37nm and 116.3�52nm, respectively. The
crystal structure of NRs could be observed clearly in a HRTEM
image (Fig. 1b), and the fringe spacing was about 0.3148nm,
corresponding to the interplanar crystal spacing of (222) plane [3].
Furthermore, the selective area electronic diffraction pattern
(SAED, inset in Fig. 1b) indicated the single crystal structure of
the prepared NRs, and the interplanar crystal spacing of the yellow
line, green line and red line were 0.3164nm, 0.2817nm and
0.1988nm, respectively. The energy dispersive spectroscopy (EDS)
and the element contents of CTX-NRs-Dox were shown in Fig. S2
and Table S1 (Supporting information), respectively, suggesting
that the Eu amount in Gd2O3 NRs was about 23%.

In Fig. 1d, there were the similar characteristic emission peaks
at 510�550nm in the fluorescence patterns of pure CTX-FITC, CTX-
NRs and CTX-NRs-Dox due to FITC linkedwith CTX; however, there
was no the typical peak in the patterns of PEG-NRs and Dox-NRs,
indicating that CTXwas successfully linkedwith the corresponding
NRs. The insert of Fig.1d show that therewere theweaker emission
peaks at 610�620nm in the patterns of PEG-NRs, CTX-NRs, Dox-
NRs and CTX-NRs-Dox due to the high-efficiency energy conver-
sion between Gd3+ and Eu3+. The peak range from 550nm to
600nm was the fluorescence peak of Dox. However, the peak of
Dox was hidden by the stronger peak of CTX in CTX-NRs-Dox. In
Fig. S3 (Supporting information), there were the obvious UV
absorption peaks in the range from 480nm to 550nm of the
patterns of Dox, Dox-NRs and CTX-NRs-Dox, while there was no
absorption peak in the pattern of PEG-NRs, indicating the
successfully conjugation of Dox with NRs. FTIR patterns of pure
Dox, PEG-NRs, Dox-NRs, CTX-NRs-Dox were shown in Fig. 1e. The
peaks marked with the red and blue arrows were the vibration of
the typical peaks of Dox and PEG-NRs, respectively. The broad band
at 1079 cm�1 corresponded to the stretching vibration peak of Si-O
band from 3-aminopropyl triethoxysilane, and the peak at
1369 cm�1 was attributed to the residual �NO3 group in NRs.
The peaks at 1726 cm�1, 1620 cm�1 and 1208 cm�1 were assigned
to the vibrations of C¼O bond of Dox, N��H bond of the hydrazide
bond and C¼N group, respectively [50,51]. Compared with the
peaks of PEG-NRs, two peaks at 1620 cm�1 and 1208 cm�1 in the
spectra of Dox-NRs and CTX-NRs-Dox appeared, demonstrating
that a hydrazide bond was formed which contained C¼N bond and
N��H bond, and the typical peaks at about 1458 cm-1 and 527 cm-1

in the spectra of Dox-NRs and CTX-NRs-Dox were the stretching
vibrations of benzoquinone and the anthracene in the linked Dox
[52]. These results indicated that Doxwas connectedwith PEG-NRs
and CTX-NRs through hydrazone bond, respectively. TG curves of
NH2-NRs, PEG-NRs, Dox-NRs and CTX-NRs-Dox were showed in
Fig.1f. Themass change difference between PEG-NRs andNH2-NRs
was 1.57%, and the mass change difference between Dox-NRs and
PEG-NRs was 5.27%, and the mass change difference between CTX-
NRs-Dox and Dox-NRs was 4.32%, suggesting that the amounts of
linked PEG, Dox and CTX peptides onto NRs were 1.57%, 5.27% and
4.32%, respectively.

UVabsorptionofDoxsolution (PBS, pH5.0,6.5, 7.2)withdifferent
concentrations were measured by UV–vis at the wavelength of
481nm, and then the standard curve of Dox in different pH values
(pH 5.0, 6.5, 7.2) were shown in Fig. S4 (Supporting information).
According toEq. (1) andthestandardcurveofDox inPBS(pH6.5), the
loading capacity of Dox in CTX-NR-Dox was about 69wt%. The pH
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Fig.1. TEM images of Eu-Gd2O3 NRs (a) and CTX-NRs-Dox (c); HRTEM image of Eu-Gd2O3 NRs (b), and SAED inseted in (b). Fluorescence emission spectra (d), FT-IR spectra (e),
TG curves (f) of differentNRs; Dox release curves of CTX-NRs-Dox inpH 5.0, 6.5 and 7.4 (g).Magnetization curve (h), the longitudinal relaxation rate r1 (1/T1) (i) of NRs and CTX-
NRs-Dox; T1-weighted MR images of NRs (g) and CTX-NRs-Dox (k).
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value in tumor was 6.5–7.2, while pH value of endosomes or
lysosomes in tumor cells was 5.0–6.5 [53]. So pH-response NRs
circulated in vivo, retained most of drug and released at the tumor
site or in the lysosomal or endosomal of tumor cells, which could
reduce the potential damage on normal cells [54,55]. The release
curves of Dox fromCTX-NRs-Dox in different pH values (pH 5.0, 6.5
and 7.4)were shown in Fig.1g, revealing that the release rate of Dox
from CTX-NRs-Dox at pH 7.2 after 12h was 31.21�1.4wt%.
However, their release rates at pH 6.5 and 5.0 reached to
46.71�1.65wt% and 55.58�1.68wt%, respectively, which were
15.5wt% and 24.37wt% higher than that at pH 7.2, indicating that
CTX-NRs-Doxpossessed thepH-response capacity of releasingDox.

The magnetization curves of NRs and CTX-NRs-Dox were
shown in Fig. 1h, indicating the good paramagnetism of NRs
and CTX-NRs-Dox. Because the linkage of CTX and Dox onto NRs
resulted in the reduction of Gd3+ percentage in CTX-NRs-Dox, the
mass magnetic value of NRs was higher than CTX-NRs-Dox at the
same magnetization. Fig. 1i show that the longitudinal relaxation
rate r1 of NRs and CTX-NRs-Dox were 0.195 L mmol�1s�1 and
0.317 L mmol�1s�1, respectively. The higher r1 value of CTX-NRs-
Dox resulted from the fact that PEG and CTX linked on the NRs
could increase the local hydrogen content and hydrophily of NRs,
leading to the larger water content around NRs [29,48]. Figs. 1j and
k showa series of T1-weightedMR images of NRs and CTX-NRs-Dox
in the range from0.25mmol/L to 4.0mmol/L of Gd ions, suggesting
that the signal intensity of T1-weighted MR images improved
continuously with increasing Gd3+ concentration.

Themorphology of cells (Fig. S5 in Supporting information) was
obtainedwith amicroscope, and these cells viability (Figs. S6a–d in
Supporting information) was evaluated (by Eq. S1 in Supporting
information) with MTTassay. With the increasing concentration of
four NRs (horizontal comparison in Fig. S5), HUVEC cells did not
present significant change, while the amount of U251 cells
decreased gradually. Compared with PEG-NRs group, due to a
high cytotoxicity of Dox on cells, the amount of cells in Dox-NRs
and CTX-NRs-Dox groups decreased significantly, and the bodies of
some cells contracted and their pseudopod disappeared (shown by
white arrows in Fig. S5). The cells morphology in CTX-NRs-Dox
group was worse than that in Dox-NRs group, because CTX could
specifically bind with MMP-2 from glioma cells, leading to more
NRs accessible to U251 cells and increasing the Dox cytotoxicity on
cells. The results of MTT in Fig. S6a and b further indicated that,
with their dose increase, PEG-NRs, CTX-NRs, Dox-NRs and CTX-
NRs-Dox could obviously limit the viability of HUVEC and U251
cells (P< 0.05). Obviously, PEG-NRs presented lower toxic to
HUVEC and U251 cells, compared with other three materials.
Furthermore, there was no significant toxicity difference between
Dox-NRs and CTX-NRs-Dox on HUVEC cells at the same concen-
tration, due to the CTX-targetedMMP-2 rarely expressed byHUVEC
cells, and little effect of linked CTXonHUVEC cells (Fig. S6c). On the
contrary, the toxicity of CTX-NRs-Dox on U251 cells at the higher
NRs concentration (� 100 mg/mL) was significantly higher than
that of Dox-NRs (P< 0.05, Fig. S6d), due to the high expression of
MMP-2 of U251 cells. Moreover, the toxicity of CTX-NRs-Dox on
U251 cells was lower than that of Dox-NRs at the concentration of
25 mg/mL (P< 0.05), because the mass percentage of Dox in CTX-
NRs-Dox was lower than that in Dox-NRs, and the role of Dox on
cells was dominant at the low concentration of NRs. These MTT
results indicated that the targeting property of linked CTX could
enhance the inhibitory effect of NRs on U251 cells.

The ultrathin sections of U251 cells co-cultured with PEG-NRs,
CTX-NRs, Dox-NRs and CTX-NRs-Dox were observed with TEM to
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analyze the inside structure of U251 cells (Figs. S6e and f in
Supporting information). Obviously, there were several prepared
NRs entered into cells in different groups, indicating PEG-NRs, CTX-
NRs, Dox-NRs and CTX-NRs-Dox were internalized inside the U251
cells. Furthermore, the integrated membranes and karyotheca,
plentiful mitochondria, integrated nucleus and small amount of
vacuoles of U251 cells in Figs. S6e and f indicate that PEG-NRs and
CTX-NRs had an influence on the cellular activity to a certain
extent. However, the karyotheca was broken and the shape of
nucleus was abnormal, besides, there were little integrated
mitochondra and numerous vacuoles in cytoplasm Figs. S6g and
h (Supporting information). These results indicated that compared
with PEG-NRs and CTX-NRs, Dox-NRs and CTX-NRs-Dox could
negatively influence the viability of U251 cells, which was
consistent with the result of MTT.

Fluorescent images of U251 cells incubated with PEG-NRs, Dox-
NRs, CTX-NRs, CTX-NRs-Dox were shown in Fig. 2. The blue-
fluorescence of nuclei could present the number and position of
U251 cells, and the red-fluorescence presented the number and
position of testedNRs. The bright and overlapped images displayed
the interaction between U251 cells and NRs. Compared to PEG-NRs
group, other three groups had the higher average optical density
(AOD) of red-fluorescence (Fig. S7 in Supporting information), and
exhibited many obvious red-fluorescence particles around and
inside the U251 cells, indicating that the connection with Dox and
CTX could enhance fluorescent intensity of prepared CTX-NRs-Dox.
Compared with Dox-NRs and PEG-NRs, there were more CTX-NRs
and CTX-NRs-Dox around U251 cells (the green arrows, Fig. 2), and
even entered into the cytoplasm (the yellow arrows, Fig. 2) of
U251cells in dark fields, and AODs of red-fluorescence in CTX-NRs
and CTX-NRs-Dox groups were significantly larger than those in
Dox-NRs and PEG-NRs groups, suggesting that there were more
materials entering into the cells (the yellow arrows, Fig. 2) due to
the targeting behavior of linked CTX. AOD of CTX-NRs-Dox (Fig. S7)
was larger than that of other NRs, and the overlapped image of
CTX-NRs-Dox group in Fig. 2 showed a much clearly detectable
red-fluorescence inside cells, indicating that there were a large
number of CTX-NRs-Dox entered the interior of U251 cells. These
[(Fig._2)TD$FIG]

Fig. 2. Fluorescence imaging of U251 cells co-cultured with 200mg/mL of four NRs
for 4h. Scale bars: 10mm.
results demonstrated that CTX-NRs-Dox possessed the targeting
ability to U251 cells.

The body weight of OTNM mice of 30 d after the transplanted
orthotopic glioma cells were recorded in Fig. S8 (Supporting
information), indicating that there was little difference of body
weight in 30 days, and the tumor did not significantly affect OTNM
mice and their body weight in 30 days. The brain tissue section of
OTNM rat at 2 week of post-translation of glioma cells was shown
in Figs. 3a and [58_TD$DIFF][28_TD$DIFF]b . The needle hole and tumor site in the brain tissue
could be clearly observed, and the U87MG cells tended to spread
from the edge of tumor to the brain, suggesting that the
transplanted orthotopic glioma model has been successfully
constructed. Furthermore, physiological saline and CTX-NRs-Dox
was injected into the tumor site of OTNM mice to analyze the
luminescence property of materials in vivo. As shown in Fig. S10
(Supporting information), the luminescence signals of the tumor
site in OTNM mice injected with CTX-NRs-Dox could be obviously
observed, while the luminescence signal in control group was not
found, indicating that CTX-NRs-Dox has the potential to be used for
in vivo fluorescence imaging.

T-weightedMR images in tumorfields at the different time after
the tail-vein injections of NRs (0, 2 and 4h) are shown in Fig. 3c,
and theirmean tumor brightness ofMRI image of various condition
is shown in Fig. 3d. Due to the denser blood vessels in the tumor
field, Dox-NRs could slowly enter inside the tumor. At 0 h (pre-
injection), the tumor filed presented hypointensity and lower
contrast with periphery tissue. At 4h of after tail-vein injection of
prepared NRs, the brighter tumor fields obviously appeared,
resulting from the targeting accumulation of CTX-NRs-Dox and the
passive accumulation of Dox-NRs via blood circulation. However,
there was no obvious change between the tumor fields at 0h and
2h of NRs injection. It is found from Fig. 3d that, the brightness of
the tumor field in CTX-NRs-Dox group at 4h of post-injection not
only obviously increased (P< 0.05), but also significantly higher
than that of Dox-NRs group, indicating that CTX linked with NRs
could significantly guide NRs to target to the tumor field and
enhance the contrast intensity of MR image, due to the specific
recognition of CTX to MMP-2 over-expressed by glioma.

After the OTNMmice were treated via tail-vein injection for 4 d
with physiological saline, PEG-NRs, Dox-NRs and CTX-NRs-Dox,
respectively, their heart, liver, spleen, lung, kidney, brain and
tumor were extracted, and their photograph were shown in
Fig. S9a (Supporting information). There was no obvious abnor-
mality in the morphologic and color of each organ, indicating that
heart, liver, spleen, lung and kidney were not affected by prepared
materials. The Gd ion distribution in each organ/tissue was
determined by ICP-AES. As shown in Fig. S9b (Supporting
information), the injected PEG-NRs and Dox-NRs mainly accumu-
lated in the liver, spleen and lung due to the reticular endothelial
system (RES) uptake via blood circulation [56], while CTX-NRs-Dox
mainly accumulated in the liver, spleen, lung and tumor at 4 d of
the post-injection. Moreover, the amounts of PEG-NRs, Dox-NRs in
the tumor were higher than those in brain due to the EPR effect of
the tumor [21]. However, the amount of CTX-NRs-Dox in the tumor
(2.55%ID/g) was much more than those of organs/tissues, and
about 5 times and 8.8 times of Dox-NRs and PEG-NRs in the tumor,
respectively. These results further demonstrated the good tumor-
targeting property of CTX-NRs-Dox.

The images of histological sections of these OTNM mice were
showed in Fig. S11 (Supporting information). In four groups, there
were a small amount of neutrophils (green arrows) in the spleen.
Some pathologic changes, such as the degeneration or necrosis
(yellow arrows) of some renal tubular epithelial cells, tumor cells
(red arrows) metastasis in spleen and spleen atrophy, were
observed in the histological sections of four groups, which might
be related to the transplanted orthotopic gliomamodels. In Fig. S11,
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Fig. 3. (a, b) H&E–stained images of brain tissue of OTNM mice of transplanted orthotopic glioma established after 2 weeks. (c) T1-weighted MR images of the OTNM mice
acquired 0h (pre-injection), 2 h and 4h of the post-injection of CTX-NRs-Dox and Dox-NRs, respectively, and yellow rings show the tumor field in above images; (d) The
contrast intensity of tumor field, I = Iinside tumor – Iaround tumor (* shows the significant difference between two corresponding groups, P< 0.05). (e) Changes of tumor volume
during the tumor therapy assay.
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a small amount of tumor metastasis appeared in the liver tissue in
physiological saline group, while other groups were not found,
suggesting that NRs had a certain inhibitory effect on tumor
growth. Compared with other groups, the volume of tumor tissue
in brain in CTX-NRs-Dox group became smaller, and the necrotic
area of tumor cells increased, and the arrangement of tumor cells
was sparse, indicating that CTX-NRs-Dox had obvious therapeutic
[(Fig._4)TD$FIG]

Fig. 4. Schematic of orthotopic glioma models and synergistic mechanism of CTX- a
Establishment of brain tumor of OTNM rat; b) CTX-NRs-Dox were treated into OTNM v
circulation and special recognition of CTX with MMP2; d) The formed MMP2-CTX-NRs-D
CTX-NRs-Dox in tumor cells entered nucleus and mitocholndria, leading to cells apopt
effect on the tumor tissue in brain. In addition, compared with the
physiological saline group, CTX-NRs-Dox did not obviously damage
cardiac, and the lesion degrees of spleen, liver, lung and kidneywas
reduced. This result not only suggested that there were no obvious
toxic damages of CTX-NRs-Dox on the liver, lungs and kidneys, but
also indicated that CTX-NRs-Dox could slightly limit the lesion
from tumor metastasis on the heart and spleen.
nd Dox-dual-linked NRs (CTX-NRs-Dox) to target and limit the brain tumor: a)
ia tail vein injection; c) CTX-NRs-Dox actively targeted into tumor field via blood
ox complex to block Cl� channels of U87 cells; e) the released Dox drugs from some
osis.
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The curves of OTBNmiceweights in Fig. S9c indicated that there
washardlydifferencebetweenfourgroups, suggestingthenegligible
side effects of prepared NRs on the OTBNmice weights. The change
curves of the tumor volumes in Fig. 3e showed the effect of different
NRs on U87MG tumors of TBN mice. Compared with physiological
salinegroup, the tumorsizeofPEG-NRs,Dox-NRsandCTX-NRs-Dox-
injected TBNmice groups only increased slowly, indicating that NRs
could significantly inhibit the growth of U87MG tumor. The tumor
size at 9th day of Dox-NRs groupwas obviously smaller than that of
PEG-NRs group, owning to the therapeutic effect of connected Dox
drug.Moreover, the growth (0.35) of tumor volume in CTX-NRs-Dox
group at 9th daywas obviously smaller than 0.87 of Dox-NRs group,
suggesting that the targeting property of connected CTX could
enhance the therapeutic effect of NRs-Dox on tumor, which was
consistent with the result of MTT.

According toourabove results, the synergeticmechanismofCTX-
NRs-Dox on targeting and therapeutic brain tumor is proposed, as
shown in Fig. 4. First, U87 cellswere transplanted into the intracal of
nudemiceandgrowout intobraintumor,namelyOTNM,asshownin
Figs. 3a and 4a. Then the sterilized CTX-NRs-Dox suspension were
injected into the tail-vein ofOTNM, as shown in Fig. 4b. Subsequent-
ly, most of CTX-NRs-Dox could reach to nascent blood vessel wall of
the tumor via their long-time blood circulation, due tomanyMMP2
on the nascent blood vessel in the tumor [55]. Furthermore, CTX
linked with NRs-Dox could target and accumulate around glioma
tumor, in which there were many over-expressed MMP2 among
tumor cells of tumor tissue.With the accumulationof CTX-NRs-Dox
in or around the tumor field, as shown in Fig. 4c, T1-intensity of MR
image in the tumorfieldwas significantlyenhanced, resulting in the
obvious increaseof the contrast intensityof tumorfield, as shown in
Fig. 3c. Then, CTX on the surface of NRs-Dox could specially bund
withMMP2 intoMMP2-CTX-NRs-Dox complexes. A part of MMP2-
CTX-NRs-Dox complexes could block Cl– channels of glioma cells
[56], limiting the active of U87 cells [35,36], as shown in Fig. 4d.
Other MMP2-CTX-NRs-Dox complexes could enter into U87 cells,
and released Dox drugs from MMP2-CTX-NRs-Dox complexes due
to the lower pHvalue in tumor tissue [45], and entered intonucleus
leading to U87 cells apoptosis via inhibiting DNA synthesis;
meanwhile the released Dox could enter into mitochondria to
induce reactive oxygen species (ROS) in cells, resulting in the
cellular inactivation. So the synergistic effect of CTX-NRs-Dox on
tumor field to inhibit the tumor growth via blocking ions channels,
limiting DNA synthesis and increasing ROS in tumor cells.

In summary, we prepared Eu-Gd2O3 NRs with uniform particle
sizewere linkedwith Dox and CTX via PEGylation, hydrazone bond
and sulfur bond. CTX-NRs-Dox had good paramagnetic, fluorescent
properties, and excellent pH response properties. CTX-NRs-Dox
and Dox-NRs had no significant toxicity on HUVEC cells, while the
toxicity of CTX-NRs-Dox on U251 cells was higher than that of Dox-
NRs, owing to the specifically binds between CTX on the surface of
CTX-NRs-Dox andMMP2 fromU251. The results of cells test of CTX-
NRs-Dox also indicated their good adhesion, internalization and
fluorescence properties on U251 cells. The transplanted orthotopic
glioma models of OTBM were fabricated via the intracranial
injection of U87 cells suspension and the in vivo culture, and the in
vivo experiments after the tail-vein injection indicated that CTX-
NRs-Dox had no significantly toxicity to normal organs, and could
target and accumulate in the brain tumors via the long-time blood
circulation, leading to the significant contrast enhancement of MRI
images in the tumor field and inhibiting the growth andmetastasis
of brain tumors to a certain extent. A simple synergistic
mechanism of targeting, dual-models imaging and inhabitation
of CTX-NRs-Dox on the intracranial tumor is proposed. These
results suggested that CTX-NRs-Dox has potential application
prospect in the detection and treatment of glioblastomas.
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