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ABSTRACT: Targeted molecular therapy, for example, with sorafenib (SF) is
considered as a new and potent strategy for glioblastoma (GBM) that remains hard
to treat today. Several clinical trials with SF, as monotherapy or combination
therapy with current treatments, have not met the clinical endpoints, likely as a
result of the blood−brain barrier (BBB) and inferior GBM delivery. Here, we
designed and explored small, smart, and LDLR-specific micelles to load SF (LDLR-
mSF) and to improve SF therapy of GBM by enhancing BBB penetration, GBM
accumulation, and cell uptake. LDLR-mSF with 2.5% ApoE peptide functionality
based on poly(ethylene glycol)-poly(ε-caprolactone-co-dithiolane trimethylene
carbonate)-mefenamate exhibited nearly quantitative SF loading, small size (24
nm), high colloidal stability, and glutathione-activated SF release. The in vitro and in
vivo studies certified that LDLR-mSF greatly enhanced BBB permeability and U-87
MG cell uptake and caused 10.6- and 12.9-fold stronger anti-GBM activity and 6.0-
and 2.5-fold higher GBM accumulation compared with free SF and non-LDLR mSF controls, respectively. The treatment of an
orthotopic human GBM tumor model revealed that LDLR-mSF at a safe dosage of 15 mg of SF/kg significantly retarded tumor
progression and improved the survival rate by inducing tumor cell apoptosis and inhibiting tumor angiogenesis. These small, smart,
and LDLR-specific micelles provide a potential solution to enhance targeted molecular therapy of GBM.

■ INTRODUCTION
Glioblastoma (GBM) remains a hard-to-treat malignancy
today.1−3 Dysregulation of the tyrosine kinase signaling
pathway is closely related to tumor development, and thus,
tyrosine kinase inhibition is an important strategy for potential
anticancer therapy. Based on the molecular alterations in
signaling pathways in GBM such as RAS-RAF-mitogen-
activated protein kinase (RAS/RAF/MAPK),4,5 phosphatidy-
linositol-3 kinase-Akt-mammalian target of rapamycin (PI3K/
Akt/mTOR),6,7 and polo-like kinases (PLK1),8 kinase
inhibitors such as sorafenib (SF),9 voxtalisib (XL765),10 and
BI 253611 are under preclinical and clinical development. In
particular, SF therapy is considered as a new and potent
strategy in that it could not only effectively inhibit cancer cell
proliferation and prevent angiogenesis by blocking the RAF-
MEK-ERK (MAPK) pathway, vascular endothelial growth
factor receptor (VEGFR), and platelet-derived growth factor
receptor (PDGFR) but also selectively deplete human GBM
tumor-initiating cells (GICs).12 SF has been approved for
clinical therapy of hepatocellular carcinoma, advanced renal
cell carcinoma, and differentiated thyroid cancer and also
shows clinical benefits for lung cancer, breast cancer, and
melanoma.13,14 Several clinical trials with SF, as monotherapy
or combination therapy with current treatments, for example,
bevacizumab,15 erlotinib,16 and tipifarnib,9 for treating GBM
failed to meet the clinical endpoints, likely as a result of the
blood−brain barrier (BBB) and inferior GBM delivery.17,18

The clinical use of SF is also disturbed by its poor
bioavailability and high and frequent dosing that causes
toxicity issues.9,19 Several nanosystems such as lipopolyplex
and hydrogels have been studied to enhance SF delivery for
hepatocellular carcinoma.20,21 Notably, intratumoral admin-
istration of SF-loaded lipid nanocapsules was reported to
efficiently treat GBM xenografts.22

The overexpression of receptors such as low-density
lipoprotein receptors (LDLRs, including LRP-1, LRP-2, and
LDLR), the transferrin receptor, and integrins on BBB and
GBM cells provides a unique foundation for enhanced drug
delivery to GBM.23−27 We found that apolipoprotein E peptide
(ApoE, sequence: LRKLRKRLLLRKLRKRLLC), which is the
tandem-repeat dimer peptide of the apolipoprotein E protein
receptor-binding region, could bind to LDLRs with a high
affinity28 and mediate marked BBB penetration and protein
delivery for orthotopic GBM.29 Herein, we designed and
explored small, smart, and LDLR-specific micelles based on the
poly(ethylene glycol)-b-poly(ε-caprolactone-co-dithiolane tri-
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methylene carbonate)-mefenamate (PEG-P(CL-DTC)-MA)
copolymer to efficiently load SF (LDLR-mSF) and to improve
SF therapy of GBM by enhancing BBB penetration, GBM
accumulation, and cell uptake (Scheme 1). The disulfide-
crosslinked nanomedicines based on PEG-P(CL-DTC) have
exhibited excellent in vivo stability and triggered the drug
release property upon cytosol entry, affording great antitumor
efficacy.30,31 Further modifying PEG-P(CL-DTC) with MA, an
anti-inflammatory analgesic agent, could endow stable SF
loading into the micelles.32 Interestingly, our results showed
that LDLR-mSF induced an order of magnitude stronger anti-
GBM activity toward U-87 MG cells and significantly
enhanced tumor repression and survival rates of orthotopic
U-87 MG-Luc tumor-bearing mice than free SF and non-
LDLR mSF controls by inducing GBM cell apoptosis and
inhibiting tumor angiogenesis.

■ EXPERIMENTAL SECTION
Fabrication of SF-Loaded Micelles. SF-loaded ApoE peptide-

functionalized micelles (LDLR-mSF) were fabricated by adding a
predetermined PEG350 solution of PEG-P(CL-DTC)-MA, ApoE-
PEG-P(CL-DTC), and SF into PB and mixing uniformly. The ApoE
peptide content on LDLR-mSF was facilely controlled by adjusting
the molar ratio of ApoE-PEG-P(CL-DTC) and PEG-P(CL-DTC)-
MA in the preparation. In a representative example of 2.5% LDLR-
mSF, 50 μL of PEG350 solution of ApoE-PEG-P(CL-DTC) and

PEG-P(CL-DTC)-MA at 2.5/97.5 mol/mol (corresponding weight
ratio: 4.8/95.2 and total polymer concentration: 200 mg/mL)
containing SF (SF concentration: 50 mg/mL) was added into PB
(950 μL, 10 mM, pH 7.4) and carefully mixed using a pipette tip to
obtain a uniform dispersion. The dispersions were then dialyzed
against PB for 5 h. The drug loading content (DLC) and efficiency
(DLE) of SF were measured using UV−vis spectroscopy (absorbance
at 269 nm). The drug loading efficiencies of SF-loaded micelles with
different ApoE densities were >97% (97.1, 98.2, 98.6, and 98.2% for 1,
2.5, 5, and 7.5% LDLR-mSF, respectively) at a theoretical loading
content of 9.1 wt %. Since PEG350 is a safe excipient, in the following
experiments, PEG350 was not removed. The size, size distribution,
and zeta potentials were measured with a Zetasizer Nano-ZS
(Malvern Instruments). LDLR-mSF was stained with phosphotungs-
tic acid and observed using transmission electron microscopy
(HITACHI HT7700). The colloidal stability of mSF and LDLR-
mSF upon dilution and storage at room temperature was studied by
tracking the changes in size and size distribution using a Zetasizer
Nano-ZS. The SF loading stability was determined by measuring the
SF leakage during storage using UV−vis spectroscopy.

Cy5-labeled 2.5% LDLR-mSF was prepared similarly from ApoE-
PEG-P(CL-DTC), PEG-P(CL-DTC)-Cy5, and PEG-P(CL-DTC)-
MA, and a molar ratio of 2.5/0.5/97.0 was used.

In Vitro Transport Study of LDLR-mSF Using a BBB-
Mimicking bEnd.3 Cell Monolayer. Briefly, 1.0 × 105 bEnd.3
cells were seeded on polycarbonate 24-well transwell membranes with
a mean pore size of 1.0 μm and surface area of 0.33 cm2 (Corning).
The bottom well was filled with 900 μL of DMEM. The transwell was

Scheme 1. Schematic Illustration of Small, Smart, and LDLR-Specific Micelles Loading SF (LDLR-mSF) (A) and Its Enhanced
BBB Penetration and Tumor Targeting Resulting in Better Inhibition of U-87 MG Tumor Cells and Tumor Angiogenesis (B)
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cultured in DMEM medium in a humidified atmosphere containing
5% CO2 at 37 °C. The integrity of the monolayer was ensured by
growing the bEnd.3 cell layer with a trans-endothelial electrical
resistance (TEER) of > 200 Ω·cm2 throughout the transcytosis
experiment as determined with an epithelial voltmeter (Millicell-RES,
Millipore, USA).
mSF and LDLR-mSF with different ApoE densities (1, 2.5, 5, and

7.5%) were added to the donor chamber (SF concentration: 3 μg/
mL). At 6, 12, and 24 h, the medium in the bottom chamber was
collected to quantify the transcytosed SF using HPLC, and an equal
volume of fresh medium was added. The transport ratio was defined
as the ratio of SF in the bottom chamber to the total SF added in the
donor chamber (n = 3).
Receptor-Mediated Cell Uptake, Apoptosis, and Protein

Inhibition of U-87 MG Cells. The cells were seeded in a 6-well plate
(3.0 × 105 cells/well) and cultured in an incubator overnight. For a
receptor-mediated cell uptake study, the cells were incubated for 4 h
with Cy5-labeled LDLR-mSF (ApoE densities of 1.0−7.5 mol %) or
mSF-Cy5 (Cy5:2 nM) at 37 °C before digestion and prepared for
flow cytometric analysis (n = 3).
For the apoptosis study, the cells were incubated for 4 h with

LDLR-mSF, mSF, or SF (SF: 3 μg/mL) and 44 h with drug-free
medium. The medium and cells were centrifuged, and the cell pellet
was washed twice with PBS and stained with Annexin V-AF647 and
PI for 20 min in the dark and subjected to flow cytometry
measurements within 15 min.
The inhibition of SF formulations on MAPK signaling pathway by

downregulating downstream pERK was studied using western blot in
U-87 MG cells. The cells were cultured in a 6-well plate (3.0 × 105

cells/well) overnight, then with LDLR-mSF, mSF, or SF (3 μg/mL)
for 4 h, and finally with fresh medium for 44 h. The cells were lysed
with RIPA buffer and treated with protocol in the Supporting
Information before monitoring the luminescence signals using Super
Signal ECL.
Cytotoxicity Assays. The in vitro antitumor effect of SF, mSF,

and LDLR-mSF was evaluated by MTT assays (n = 4). U-87 MG cells
were cultured in a 96-well plate (3.0 × 103 cells/well) overnight. A
total of 10 μL of SF, mSF, or LDLR-mSF with an ApoE density of 2.5,
5.0, or 7.5 mol % and SF concentration from 0.078 to 40 μg/mL was
added and incubated for 4 h. Then, the cells were further cultured in
drug-free medium for 44 h. Subsequently, 10 μL of MTT (5 mg/mL)
was supplemented, and 150 μL of DMSO was used to dissolve
formazan generated by live cells before measuring the absorbance (at
570 nm) using a microplate reader. The cell viability (%) was

determined compared with PBS-treated control wells (as 100%). The
cytotoxicity of empty micelles (non-LDLR m and LDLR-m) at
concentrations of 0.5, 1.0, and 2.0 mg/mL to U-87 MG cells was
assessed similarly (n = 4).

In Vivo Pharmacokinetics, Fluorescence Imaging, and
Biodistribution. Into healthy Balb/c mice (female, 5-week), 200
μL of free SF, mSF, or LDLR-mSF (15 mg of SF/kg) was
intravenously (i.v.) injected (n = 3). At the preset time points, ca.
60 μL of blood was withdrawn via the retro-orbital sinus. To extract
SF, 20 μL of plasma was obtained and immediately incubated at 37
°C with 300 μL of acetonitrile (containing 20 mM DTT) for 24 h.
The SF concentration was determined using HPLC based on a
calibration curve got from SF solutions of known concentrations
treated as the blood samples. The SF concentration was plotted versus
time, and the elimination half-lives and area under the curve (AUC)
were analyzed using PK Solver software.

To establish an orthotopic U-87 MG mouse model, luciferase-
transfected U-87 MG cells (U-87 MG-Luc) were first injected into
Balb/c nude mice (female, 6 week) subcutaneously. At a tumor size of
300−500 mm3, the tumors were cut into small pieces and
stereotactically injected into the right striatum using a 26-gauge
syringe with the bregma as the origin of coordinates (coordinates: 1.0
mm latter, 2.0 mm lateral, and 3.0 mm deep). The syringe remained
there for 5 min before withdrawal. For in vivo imaging, on day 10 after
implantation, Cy5-labeled mSF or LDLR-mSF (15 mg of SF/kg, 0.5
μg of Cy5 per mouse) was i.v. injected. At certain time points, the
mice were scanned using an IVIS II system.

For the biodistribution study, on day 10 after implantation, 200 μL
of free SF, mSF, or LDLR-mSF (15 mg of SF/kg) was i.v. injected
into the orthotopic model (n = 3). After 8 h, the mice were sacrificed
and major organs, the brain, and tumors were dissected. DMSO
solution (containing 20 mM DTT) was added and homogenized to
extract SF. SF was quantified by HPLC based on calibration curves
obtained from SF solutions of known concentrations in the presence
of organs treated as samples.

In Vivo Antiglioma Effects of SF Formulations on the
Orthotopic U-87 MG Model. On day 4, 6, 8, 10, 12, and 14 after
tumor inoculation, mice bearing orthotopic U-87 MG tumors were
randomly grouped and i.v. administered with 200 μL of free SF, mSF,
LDLR-mSF (15 mg of SF/kg), and PBS (n = 7). On day 4, 8, and 15,
luciferin potassium salt (75 mg/kg) was i.p. injected, and within 15
min, the bioluminescence of animals was measured to monitor the
tumor progression. Mice were weighed every two days. The
bioluminescence intensity and body weight were relative to their

Table 1. Characterization of mSF and LDLR-mSF

DLC (wt %)a

formulation theoretical determineda DLEa (%) sizeb (nm) PDIb Zeta potentialc (mV)

mSF 4.8 4.8 100.0 24.6 ± 0.1 0.14 ± 0.03 0.7 ± 0.2
9.1 8.9 98.2 24.5 ± 0.1 0.16 ± 0.02 −1.8 ± 0.6

LDLR-mSF 9.1 8.9 98.2 27.4 ± 0.5 0.16 ± 0.02 −3.1 ± 0.9
aDetermined using a UV−vis spectrometer. bDetermined by DLS at 25 °C in PB (pH 7.4, 10 mM). cDetermined by electrophoresis at 25 °C in PB
(pH 7.4, 10 mM).

Figure 1. (A) Size and size distribution profiles of mSF and LDLR-mSF. (B) Fluorescence intensity ratio of I372 to I383 as a function of micelle
concentrations. (C) In vitro release SF profiles from mSF and LDLR-mSF in PB (pH 7.4, 10 mM) with or without 10 mM GSH (n = 3).
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values on day 4. On day 18, one mouse of each group was euthanized;
major organs, the brain, and tumors were collected and sliced, and
tumor-bearing brains and major organs were stained with hematoxylin
and eosin (H&E). In addition, tumor-containing brain slices were
deparaffined with xylene and rehydrated with gradient ethanol,
antigen was retrieved with Tris−EDTA (pH 9.0); then, apoptotic
cells were marked by terminal deoxynucleotidyl transferase-mediated
nick end labeling (TUNEL). The pERK protein was stained with
primary rabbit mAb pERK and secondary Alexa Fluor 633-conjugated
goat anti-rabbit IgG. The VEGFR protein was stained with primary
rabbit mAb VEGFR and secondary Alexa Fluor 633-conjugated goat
anti-rabbit IgG. The blood vessels in the tumors were stained with
primary rat polyclonal antibody CD31 and secondary Alexa Fluor
488-conjugated donkey anti-rat IgG. The tissue slices were observed
using a fluorescence microscope. The rest of the mice were used for
monitoring survival rates (n = 6).
Statistical Analysis. Data were represented as mean ± SD. The

significance of differences among groups was analyzed using
GraphPad Prism 8 by One-way ANOVA using Tukey’s post-test,
and survival analysis was done using the log-rank (Mantel−Cox) test.
*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.

■ RESULTS AND DISCUSSION

Synthesis of the Block Copolymers. The present study
aimed to develop small, smart, and LDLR-specific micelles to
enhance SF delivery to GBM, for which a PEG-P(CL-DTC)-
MA copolymer (Mn = 4.2 kg/mol) with the mefenamate
terminal group and ApoE-PEG-P(CL-DTC) were designed
and synthesized. DTC-containing micelles were found to be
highly stable as a result of core-disulfide crosslinking.33,34 MA
was introduced to improve SF loading and micellar stability,
via the principle of π−π stacking as reported previously for
different systems and anticancer drugs.32 PEG-P(CL-DTC)-
MA was obtained via copolymerization of DTC and CL (1/1,
w/w) using mPEG (Mn = 2.0 kg/mol) and organocatalyst
DPP,35 followed with esterification with mefenamic acid.32

PEG-P(CL-DTC) had prescribed the composition and
molecular weight as determined by 1H NMR (Figure S1A)
and narrow polydispersity index (Mw/Mn = 1.1) as measured
by GPC. PEG-P(CL-DTC)-MA displayed typical signals of

Figure 2. Receptor-mediated BBB transcytosis and U-87 MG cell uptake of LDLR-mSF with an ApoE density of 1, 2.5, 5, or 7.5%. (A) Transport
ratio of SF, mSF, and LDLR-mSF across the bEnd.3 cell monolayer at different incubation times. (B) Endocytosis of Cy5-labeled LDLR-mSF by U-
87 MG cells at 4 h of incubation measured by flow cytometry.

Figure 3. Antitumor activity and downregulation of the pERK protein of LDLR-mSF, mSF, and free SF in U-87 MG cells (4 h of incubation with
drug followed by 44 h of incubation in drug-free fresh medium). (A) MTT assays of cytotoxicity (n = 4). (B) Flow cytometry analysis of apoptosis
(SF: 3 μg/mL). (C) Western blot analysis of the pERK protein (SF: 3 μg/mL).
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MA at δ 6.67−9.20 in the 1H NMR spectrum and an MA
functionality of over 95% (Figure S1B).
ApoE-PEG-P(CL-DTC) was produced through Michael

addition reaction between LRKLRKRLLLRKLRKRLLC pep-
tide and Mal-PEG-P(CL-DTC) (Mn = 5.6 kg/mol and Mw/Mn
= 1.2, Figure S2A). The PEG in ApoE-PEG-P(CL-DTC) had a
higher Mn than that in PEG-P(CL-DTC)-MA (3.4 vs 2.0 kg/
mol) to ensure the exposure of the ApoE ligand.29,32 The 1H
NMR spectrum showed characteristic peaks of the ApoE
peptide at δ 7.09−8.68 and 0.78−0.92 and complete
disappearance of the Mal signal at δ 7.00 (Figure S2B).
Micro-BCA assay confirmed a high ApoE functionality of
>95%.
Fabrication of LDLR-mSF. LDLR-mSF was produced by

addition of ApoE-PEG-P(CL-DTC) and PEG-P(CL-DTC)-
MA (final ApoE density of 1, 2.5, 5, or 7.5%) and SF in PEG
350 to an aqueous solution. As an example, 2.5% LDLR-mSF
realized almost quantitative encapsulation of SF at a theoretical
drug loading content (DLC) of 9.1 wt % (Table 1). The TEM
image confirmed the small size and uniform distribution of
LDLRs-mSF (Figure S3). In sharp contrast, micelles made of
PEG-P(CL-DTC) (without MA) revealed a markedly inferior
drug loading efficiency (DLE) of 46.1%, supporting that MA
plays a critical role in SF loading. All LDLR-mSF had small
sizes (ca. 24 nm) with narrow size distribution (Figure 1A) and
a near-neutral surface charge (Table 1). The analysis of critical
micellar concentration (CMC) using pyrene as a fluorescent
probe exposed that there was no sharp transition of I372/I383,

and no dissociation occurred at micelle concentrations from
10−3 to 103 μg/mL (Figure 1B), pointing to the disulfide
crosslinking formed during the preparation. Accordingly, mSF
and LDLR-mSF exhibited great colloidal stability upon
dilution to 50 μg/mL (Figure S4A,B) and colloidal stability
and drug loading stability at storage for at least 7 days at room
temperature (Figure S4C,D). The release studies showed a
markedly accelerated release of SF from LDLR-mSF under a
10 mM GSH environment in 24 h (Figure 1C). The non-
LDLR mSF exhibited nearly the same physiochemical and
release properties as LDLR-mSF. The GSH solution (10 mM)
was used to mimic the intracellular reductive conditions since
the concentration of reductive agents in the cytoplasm (mainly
GSH) is 2−3 orders of magnitude higher than that of the
extracellular environment and the blood. The triggered SF
release from LDLR-mSF and mSF with 10 mM GSH further
confirmed the de-crosslinking and dissociation of the DTC-
containing micelles due to the disulfide cleavage into free
thiols,33,36 implying the stability during circulation and fast
drug release once internalized by GBM cells of LDLR-mSF and
mSF.

Receptor-Mediated BBB Transcytosis and U-87 MG
Cell Uptake. To efficiently kill GBM cells and inhibit
angiogenesis, SF has to cross the BBB and be delivered to
the tumor site. The BBB transcytosis behavior of LDLR-mSF
was investigated using the bEnd.3 murine endothelial cell
monolayer as a BBB model. LDLR-mSF with different ApoE
densities (1, 2.5, 5, and 7.5%) was added to the donor
chamber, and LDLR-mSF penetrated through the monolayer
into the bottom of a 24-well plate was quantified using HPLC.
The results showed clearly a higher transport ratio of 2.5%
LDLR-mSF than free SF and mSF (Figure 2A), but there was
no statistical difference among LDLR-mSF with different ApoE
densities (1−7.5%). In spite of the tight junction and lack of
receptor-mediated transcytosis, mSF and free SF could also
cross the BBB to some lower degree, possibly through
nonreceptor-mediated transcytosis.37 This enhanced trans-
cytosis of LDLR-mSF supports the high affinity of ApoE to
LDLRs on the BBB.29,38 LDLR-mSF and mSF showed no
cytotoxicity to bEnd.3 cells under the same conditions (Figure
S5). Moreover, the endocytosis of Cy5-labeled LDLR-mSF was
studied in U-87 MG cells. Flow cytometric results illustrated a
significantly increased uptake of mSF by ApoE, in which 6.8-,
24.0-, 35.9-, and 29.7-fold higher endocytosis was observed at
1, 2.5, 5, and 7.5% ApoE density, respectively (Figure 2B), in
line with overexpression of LDLRs in U-87 MG cells39 and
receptor-mediated endocytosis of LDLR-mSF by GBM cells.

Antitumor Activity of LDLR-mSF and Downregula-
tion of the pERK Protein. To investigate the antitumor
potency of LDLR-mSF, MTT and apoptotic assays were
conducted in U-87 MG cells. Interestingly, LDLR-mSF with
2.5, 5, and 7.5% ApoE all showed an order of magnitude
stronger antitumor activity than free SF and nontargeted mSF
(IC50 = 1.6−3.1 μg/mL vs >32 μg/mL) (Figure 3A). The low
cytotoxicity of mSF to U-87 MG cells could be probably
ascribed to the lack of LDLR-mediated endocytosis, resulting
in a low intracellular micellar concentration, in line with the
cellular uptake results (Figure 2B). Empty micelles (LDLR-m)
did not show cytotoxicity to the cells even at an LDLR-m
concentration of 2 mg/mL (Figure S6). Considering the best
performance in BBB transcytosis and endocytosis and
cytotoxicity in U-87 MG cells, LDLR-mSF with 2.5% ApoE
was chosen for further studies. The apoptotic assays displayed

Figure 4. Pharmacokinetics and biodistribution of LDLR-mSF, mSF,
and SF in mice. (A) Pharmacokinetics determined using HPLC (n =
3). (B) In vivo NIR imaging using Cy5-labeled micelles and (C)
biodistribution study determined by HPLC (15 mg of SF/kg) at 8 h
after injection (n = 3) in orthotopic U-87 MG-bearing mice.
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that LDLR-mSF caused 55.2% cell apoptosis, while free SF and
mSF induced only ∼10% apoptosis of tumor cells (Figure 3B).
We using western blot further studied the expression of the
pERK protein in LDLR-mSF-treated U-87 MG cells. SF was
reported to induce apoptosis by inhibiting the extremely active
MAPK signaling pathway in tumor cells.32,40 The results
showed that LDLR-mSF at 3 μg of SF/mL greatly inhibited
ERK phosphorylation (Figure 3C). The pERK1/2 protein
level of the LDLR-mSF group was 2.1- and 1.6-fold lower than
that of free SF and mSF controls, respectively. These results
verify that LDLR-mSF possesses high specificity and potency
to GBM cells by blocking the RAF-MEK-ERK (MAPK)
pathway.
Pharmacokinetics and Biodistribution of LDLR-mSF

in Mice. The pharmacokinetic studies in healthy mice showed
that both LDLR-mSF and mSF had a prolonged elimination
half-life (t1/2,β = 15.2 and 11.8 h, respectively) and larger area
under the curve (AUC) than free SF (Figure 4A). The slower
elimination of LDLR-mSF than mSF might be ascribed to its
longer PEG chains (3.4 vs 2.0 kg/mol).41 The in vivo near-
infrared (NIR) imaging of the mice bearing orthotopic U-87
MG Luc tumors exhibited pronounced Cy5 fluorescence in the
tumor at 8−24 h after injection of Cy5-labeled LDLR-mSF
compared to mSF (Figure 4B). We further quantified SF levels
in major organs at 8 h after administration of SF formulations
into orthotopic U-87 MG-bearing mice. Notably, LDLR-mSF
reached a SF tumor accumulation of 3.3% ID/g, which was
6.0- and 2.5-fold that of free SF (**p) and non-LDLR mSF
(*p) groups, respectively (Figure 4C). Importantly, negligible

SF was detected in the normal brain tissue of mice. These
results indicated that LDLR-mSF is able to cross the BBB and
selectively target GMB tumors. Hematoxylin−eosin (H&E)
staining showed no damage of LDLR-mSF to all major organs
(Figure S7), which is possibly due to the specific action of SF
and safe dose used in this study.42,43

Targeted Treatment of Mice Bearing Orthotopic U-87
MG-Luc Xenografts. Inspired by its BBB-crossing ability,
high selectivity, and potency to U-87 MG cells, we further
evaluated the therapeutic effect of LDLR-mSF toward the
orthotopic model. On day 4 after tumor implantation, the mice
were scanned using an IVIS imaging system to get the initial
bioluminescence and divided into four groups: PBS, SF, mSF,
and LDLR-mSF (15 mg of SF/kg). SF formulations were i.v.
injected on day 4, 6, 8, 10, 12, and 14, respectively (Figure
5A). Clinically, SF is orally dosed at 400 mg per time
(equivalent to 50−60 mg of SF/kg in mice) and twice a day.
Such a frequent and high-dosing scheme often causes toxicity
and modest efficacy. In this study, LDLR-mSF was applied at a
low dose of 15 mg of SF/kg every two days to achieve good
therapeutic efficacy without causing side effects. Figure 5B
shows markedly stronger tumor inhibition of LDLR-mSF than
SF and mSF. The semiquantification of tumor biolumines-
cence revealed significantly lower U-87 MG tumor bio-
luminescence in the LDLR-mSF group compared to PBS,
SF, and mSF groups on D15 (*p, Figure 5C). The mice in the
PBS group showed a significant body weight decrease within
20 days due to invasion of GBM, and one mouse died on day
15 (Figure 5D). The LDLR-mSF group exhibited the least

Figure 5. In vivo therapy of orthotopic U-87 MG-bearing mice with SF, mSF, and LDLR-mSF (15 mg of SF/kg) (n = 6). (A) Treatment scheme.
(B) In vivo bioluminescence images on day 4, 8, and 15 after tumor implantation. (C) Relative tumor bioluminescence intensity. (D) Relative body
weight. (E) Kaplan−Meier survival curves. LDLR-mSF vs PBS, ***p < 0.001; LDLR-mSF vs SF or mSF, **p < 0.01.
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body weight loss among all groups, supporting its effective
GBM inhibition and low systemic toxicity (Figure S7). The
survival curves of mice exhibited that LDLR-mSF significantly
extended the median survival time (MST) to 37 days from
merely 20 days for the PBS group (***p, Figure 5E). In
comparison, free SF and nontargeted mSF caused only a
moderate increase in MST.
On day 16, one mouse of each group was euthanized, and

the tumor-containing brain was isolated for immunohisto-
chemical analyses. H&E staining images showed that tumor
cell density in the LDLR-mSF group was the lowest among all
groups, and plenty of tumor cells underwent apoptosis (Figure
6A). Further TUNEL assays certified that LDLR-mSF brought
about the most extensive tumor cell apoptosis (green
fluorescence) (Figure 6B). Moreover, the analyses of pERK
proteins in the tumor tissues revealed a reduced pERK
expression in the tumors of the LDLR-mSF group compared
with free SF and mSF groups (Figure 6C). Notably, LDLR-
mSF showed also a clear antiangiogenic effect with a
significantly decreased VEGFR expression (Figure 6D) and
the number of blood vessels (Figure 6E) in the tumor tissue.
These results conclude that LDLR-mSF augments SF delivery
to GBM and causes not only selective inhibition of GBM cells
but also reduction of tumor angiogenesis, leading to potent SF
therapy of orthotopic GBM in mice.

■ CONCLUSIONS

We have demonstrated that small, smart, and LDLR-specific
micelles (LDLR-m) are able to efficiently load and deliver SF
across the BBB and selectively into GBM tumors, resulting in

superior tumor inhibition and survival benefits. Notably,
LDLR-m serves not only to improve the pharmacokinetics
and biodistribution of SF but also to markedly enhance its
selectivity and antitumor activity toward GBM cells. This is a
first report on the development of targeted SF therapy for
GBM. Unlike most cytotoxic drugs, SF as a targeted molecular
drug is essentially nontoxic at the dosage used in this study.
LDLR-mSF with easy fabrication and favorable biophysical
properties provides a new and advanced therapeutic strategy
for GBM.
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