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ABSTRACT: The application of cell-penetrating peptides like
TAT for in vivo targeted delivery is limited because the
penetration behavior is not cell-specific. Herein, we designed
cRGD and TAT comodified cross-linkable micelles (cRGD/
TAT CMs), in which the TAT peptide was shielded by
relatively long poly(ethylene glycol) (PEG) chains. Docetaxel
(DTX)-loaded cRGD/TAT CMs were very stable with
minimal drug leakage under physiological conditions, whereas
rapid DTX release took place in a reductive environment. Flow
cytometry showed that the cRGD/TAT CMs with molar ratios of 20% cRGD and 10% TAT (cRGD20/TAT10 CMs) were
selectively and efficiently taken up by ανβ3-overexpressing U87MG glioma cells, with 8.3-fold and 18.3-fold higher uptake than
cRGD20 CMs and PEG CMs, respectively. DTX-loaded cRGD20/TAT10 CMs exhibited a high cytotoxicity in U87MG cells,
leading to rapid apoptosis of the tumor cells. Uptake mechanism studies revealed that cRGD20/TAT10 CMs mainly employed
the caveolae-mediated endocytotic pathway and efficiently escaped from the lysosomes. Notably, cRGD20/TAT10 CMs had a
long circulating time of 6.25 h in vivo, due to cross-linking of the micelles and shielding of the TAT peptide. Moreover, DTX-
loaded cRGD20/TAT10 CMs exhibited a significantly higher accumulation and deeper penetration in subcutaneous U87MG
glioma tissue compared to cRGD20 CMs and PEG CMs, leading to superior antitumor efficacy in vivo. Therefore, this dual-
ligand strategy provides an effective way to realize tumor-specific penetration and inhibition.
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1. INTRODUCTION

Drug-loaded nanocarriers, such as liposomes, nanoparticles, and
micelles, have shown distinct advantages over free therapeutic
molecules, such as targeted delivery and reduction of side
effects. However, their delivery efficiency was still hindered by
several physiological barriers.1−4 Among them, the cell
membrane presents a significant barrier to nanocarriers as
most of the drugs exert their pharmacologic action inside the
cells.5,6 To enhance the therapeutic effect of nanomedicines,
various methods to improve the cellular uptake have been
explored. The most frequently used method is to decorate the
surface of the nanocarrier with targeting ligands (such as cRGD,
transferrin, folate, and antibodies) based on the fact that
specific receptors are overexpressed on many kinds of tumor
cells.7−11 Unfortunately, receptor-mediated endocytosis still has
not led to satisfactory outcomes although higher cellular
uptakes were observed in many studies. The discovery of cell-
penetrating peptides (CPPs) opened the door for greatly
enhanced cellular uptake of nanocarriers.12 Among all of the
CPPs, TAT peptide derived from the HIV TAT protein was

mostly studied. TAT-based drug-delivery strategies have been
applied in various in vitro studies, which all showed a
considerable improvement in the cellular uptake of nano-
carriers.13−16 It seems that TAT peptide easily penetrates cell
membrane barriers and therefore also can be used for
nanocarrier delivery.17 Xiong et al. designed RGD4C and
TAT dual-functionalized DOX-loaded micelles, which readily
delivered mdr1 siRNA into resistant MDA435/LCC6 cells,
inducing improved P-gp silencing, enhanced DOX uptake, and
cytotoxicity in vitro.14 However, TAT has no selectivity to cells
as the penetration of TAT mostly relies on the interaction of
positively charged arginine residues within TAT and the
negatively charged cell membrane.18 This largely limited the in
vivo application of TAT-based nanocarriers because it may also
cause nonspecific penetration of normal cells. To avoid this
drawback of the use of TAT peptide, some new strategies have
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been developed. One approach is to hide TAT by the
introduction of long poly(ethylene glycol) (PEG) chains
containing stimuli-responsive bonds.19−21 In another strategy,
TAT peptide was blocked by electrostatic interaction with a
protecting negatively charged compound.22 The above
strategies led to shielding of the positively charged TAT during
circulation, whereas its penetration ability at the target site was
selectively restored by either cleavage of the shielding PEG or
removal of the electrostatic interaction with the protecting
negatively charged compound in the tumor microenvironment.
However, it is well known that the pH and concentration of
enzymes in the tumor microenvironment vary in different types
of tumors or in different regions of the tumor tissue,23−25 which
may affect the exposure of the protected TAT. Therefore, we
followed a different approach without the use of stimuli-
responsive bonds and negatively charged protecting com-
pounds. TAT peptide was coupled to short PEG chains (Mn =
2k), which were shielded by long PEG molecules (Mn = 5k) to

avoid nonspecific cell penetration and degradation by serum
enzymes in the blood circulation. The targeting ligands cRGD
peptide were attached to longer PEG (Mn = 6k) chains to allow
full exposure. We hypothesized that when the micelles
accumulated at the tumor site due to the EPR effect, bonding
of cRGD to its receptors (ανβ3 integrins) will bring the TAT in
close proximity of the cell membrane, allowing TAT to exert its
penetration ability (Scheme 1).
In this approach, the stability of the nanocarrier in the

circulation is a prerequisite to allow the ligands to exert their
function at the tumor site. We have reported that using the
proprietary functional monomer, dithiolane trimethylene
carbonate (DTC), reversibly cross-linked polymersomes or
micelles can be easily designed.26,27 Compared to non-cross-
linked nanocarriers, cross-linked nanocarriers exhibited longer
circulation times in vivo.28 After the micelles enter the cells, the
disulfide bonds can be converted into thiol groups in the
intracellular reductive environment, leading to micellar swelling

Scheme 1. Illustration of cRGD and TAT Cofunctionalized, Reduction-Responsive, and Reversibly Cross-Linked Biodegradable
Micelles (cRGD/TAT CMs) for Targeted Subcutaneous Glioma Therapy in Vivoa

a(A) The micelles were assembled from copolymers of mPEG5k-P(DTC-co-CL), cRGD-PEG6k-P(DTC-co-CL), and TAT-PEG2k-P(DTC-co-CL);
(B) Docetaxel (DTX)-loaded cRGD/TAT CMs actively target glioma and penetrate deep into tumor tissues; (C) DTX-loaded cRGD/TAT CMs
exhibit efficient receptor-dependent cell penetration; (D) DTX is rapidly released into the cytoplasm via GSH-triggered de-cross-linking of cRGD/
TAT CMs.
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and subsequent rapid drug release (Scheme 1). We expected to
achieve maximal cytostatic effects in the tumor by combining
the dual-ligand approach with reversibly cross-linked micelles.
In this study, the optimal density of TAT at the micellar

surface was first screened by flow cytometry. The in vitro
antitumor efficacy of DTX-loaded cRGD20/TAT10 CMs in
ανβ3-overexpressing U87MG glioma cells was assessed by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) and apoptosis assays. Subsequently, the uptake
mechanism and lysosomal escape behavior were studied by
flow cytometry and confocal microscopy measurements,
respectively. The in vivo pharmacokinetics, imaging, biodis-
tribution, and tumor penetration were also investigated. Finally,
the in vivo antitumor efficacy of DTX-loaded cRGD20/TAT10
CMs was determined using an U87MG subcutaneous mice
model.

2. MATERIALS AND METHODS
2.1. Materials. Dithiolane trimethylene carbonate (DTC) was

synthesized as in our previous report.29 Free DTX (10 mg/mL) was
prepared by dissolving DTX in a 1:1 mixture of Tween 80 and
absolute ethanol. Other materials used are described in the Supporting
Information.
2.2. Cell Culture and Animal Studies. The murine fibroblast

L929 cells and human glioma U87MG cell line were purchased from
the cell institute of the Chinese Academy of Sciences (Shanghai,
China). Cells were cultured as a monolayer at 37 °C in a humidified
atmosphere containing 5% CO2 in Dulbecco’s modified Eagle’s
medium containing 1% (v/v) penicillin and streptomycin and 10% (v/
v) fetal bovine serum (FBS) according to our earlier protocol.8

Female Balb/c nude mice and Balb/c mice of 4−6 weeks age were
purchased from the Model Animal Research Center of Nanjing
University (Nanjing, China) and Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China), respectively. Mice were housed under
normal specific pathogen-free conditions. The protocols of all animal
experiments were approved by the Animal Study Committee of
Soochow University.
2.3. Synthesis of Polymers. mPEG5k-P(DTC-co-CL) was

synthesized by ring-opening polymerization of DTC and ε-CL in
DCM at 30 °C using MeO-PEG5k-OH as an initiator and DPP as a
catalyst (for details, see supplementary data and Figure S2). Ligand-
functionalized polymers cRGD-PEG6k-P(DTC-co-CL) and TAT-
PEG2k-P(DTC-co-CL) were synthesized by conjugating cRGD-SH
or TAT-SH to MAL-PEG6k-P(DTC-co-CL) or MAL-PEG2k-P(DTC-
co-CL) polymers, respectively (for details, see supplementary data and
Figures S2−S6). Cy5-labeled PEG5k-P(DTC-co-CL) polymer was
synthesized in three steps (for details, see supplementary data and
Figure S2B).
2.4. Preparation and Characterization of Blank and DTX-

Loaded cRGD/TAT CMs. cRGD/TAT CMs were prepared by
injection of mPEG5k-P(DTC-co-CL), cRGD-PEG6k-P(DTC-co-CL),
and TAT-PEG2k-P(DTC-co-CL) block copolymers at different molar
ratios (75/20/5, 72.5/20/7.5, 70/20/10, 65/20/15, and 60/20/20;
total polymer weight: 1 mg) in dimethylformamide (DMF) (10 mg/
mL) into 0.9 mL of phosphate buffer (PB, 5 mM, pH 7.4). After 2 h
standing at room temperature, the homogeneous dispersion was
incubated at 37 °C in a shaking bath (THZ-C, Taicang Instrument
Factory, Jiangsu, China) at 200 rpm overnight, followed by extensive
dialysis against PB (5 mM, pH 7.4) for 12 h at room temperature.
Control groups consisting of the nontargeting micelles (PEG CMs),
cRGD-functionalized micelles (cRGD CMs), and TAT-functionalized
micelles with PEG shielding (PEG/TAT CMs) or without PEG
shielding (TAT100 CMs) were prepared similarly. Cy5-labeled
micelles were prepared by insertion of 10% (molar ratio) of Cy5-
PEG5k-P(DTC-co-CL) polymer. The cross-linking of the micelles was
confirmed by determination of the disappearance of the UV
absorbance of DTC at 330 nm.

DTX-loaded micelles were prepared by injecting a mixture of block
copolymers (10 mg/mL in DMF) and DTX (10 mg/mL in DMF)
into PB (5 mM, pH 7.4). The drug-loading content (DLC) and drug-
loading efficiency (DLE) were determined by high-performance liquid
chromatography (HPLC). Briefly, DTT (final concentration: 20 mM)
was added to DTX-loaded micellar suspensions (1 mg/mL, 200 μL),
and the resulting suspensions were incubated at 37 °C in the shaking
bath at 200 rpm overnight to completely de-cross-link the micelles.
After addition of acetonitrile (800 μL), the samples were incubated in
the shaking bath for 2 h. The solution was filtered using a
poly(vinylidene fluoride) microfiltration membrane (pore size: 450
nm, Millipore), and the DTX concentration was determined by HPLC
(Agilent Technologies 1260 Infinity, mobile phase: a mixture of
acetonitrile and water (v/v = 1/1) and UV detection at 227 nm). The
following conditions were used: column, Sepax GP-C18 (150 mm ×
4.6 mm, 5 μm); injection volume, 20 μL; flow rate, 1.0 mL/min;
retention time, 8.3 min.

DLC and DLE were obtained using the following formulae

=

×

DLC (wt%) (weight of loaded drug/total weight of polymer 

and loaded drug) 100

= ×DLE (%) (weight of loaded drug/weight of drug in feed) 100

2.5. Cellular Uptake of Micelles. To establish the optimal density
of TAT peptide, the cellular uptake of Cy5-labeled cRGD/TAT CMs
with a molar ratio of 20% cRGD and different molar ratios of TAT
peptide (5, 7.5, 10, 15, and 20%) was studied by flow cytometry and
confocal laser scanning microscopy. Details are described in the
Supporting Information.

2.6. Uptake Mechanism. To confirm whether the cellular uptake
of cRGD20/TAT10 CMs in U87MG cells is receptor-dependent,
ανβ3-negative L929 cells were used as control.30 Briefly, U87MG cells
(5 × 105 cells/well) or L929 cells (3 × 105 cells/well) were seeded in
six-well plates and cultured for 24 h. Cy5-labeled micelles (PEG CMs,
PEG/TAT10 CMs, cRGD20 CMs, or cRGD20/TAT10 CMs) were
added to the medium with a final micelle concentration of 100 μg/mL
and incubated for 4 h. The cells were then washed with PBS and
harvested for flow cytometry as described in the Supporting
Information for the cellular uptake of micelles. To study the energy-
dependent process, the cells were preincubated for 30 min either at 4
°C or in the presence of NaN3 (10 mM) at 37 °C. Cy5-labeled
micelles were added (final micelle concentration of 100 μg/mL) and
incubated at 4 or 37 °C for another 1 h. Furthermore, the uptake
pathway was studied by pretreating cells with different endocytic
inhibitors (chlorpromazine: 10 μg/mL, amiloride hydrochloride: 1
mg/mL, β-CD: 1 mg/mL) or the competitive inhibitor (heparin
sodium: 1 mg/mL) at 37 °C for 30 min. Subsequently, Cy5-labeled
micelles were added and incubated at 37 °C for another 1 h at a final
micelle concentration of 100 μg/mL. Cells treated with PBS at 37 °C
were used as control group. Subsequently, the cells were washed and
harvested for flow cytometry as described above. The lysosomal escape
behavior of the different Cy5-labeled micelles was studied by confocal
microscopy. Briefly, U87MG cells were seeded at a density of 2 × 104

cells/well on round glass coverslips in 24-well plates and cultured at 37
°C for 24 h. Cy5-labeled micelles were added and incubated for 4 h at
a micelle concentration of 100 μg/mL. For one group, the culture
medium was replaced with fresh medium and the cells were incubated
for another 4 h. For the other group, the cells were washed with PBS
after removal of the culture medium. Cells of both groups were then
stained with LysoTracker Green (200 nM) for 1 h, washed with PBS,
fixed using 4% paraformaldehyde, stained with 4’,6-diamidino-2-
phenylindole (DAPI) for 8 min, washed again with PBS, and finally
examined with CLSM.

2.7. Apoptosis. U87MG cells were seeded in six-well plates at a
density of 3 × 105 cells/well and cultured for 24 h. DTX-loaded
micelles or free DTX (final DTX concentration: 1 μg/mL) were added
and incubated for 4 h. Then, the medium was replaced with fresh
medium, and the cells were incubated for an additional 20 h. Apoptotic
cells were detected by staining with an Annexin V and propidium
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iodide kit (Sigma-Aldrich). Briefly, U87MG cells were detached with
0.25% trypsin (not containing ethylenediaminetetraacetic acid) and
centrifuged at 156.5g for 5 min. The cells were washed twice with PBS
and resuspended in 300 μL of binding buffer. After addition of
Annexin V-FITC (5 μL) and propidium iodide (PI, 3 μL), the cell
suspension was incubated at room temperature for 15 min in the dark.
The cells were analyzed by flow cytometry within 1 h.
2.8. In Vivo Pharmacokinetics. Female Balb/c mice were used to

investigate the in vivo pharmacokinetics of DTX-loaded micelles or
free DTX. After tail vein injection of DTX-loaded micelles or free
DTX (10 mg of DTX equiv/kg), ∼50 μL of blood was taken from the
retro-orbital sinus of Balb/c mice at different time points. Each blood
sample was dissolved in lysis buffer (1% Triton X-100, 0.15 mL) with
brief sonication. To extract DTX from blood, the samples were
incubated with methanol (1 mL) at −20 °C overnight. After vortexing
and centrifugation at 30 065g for 15 min, the DTX level of the
supernatant was determined by HPLC. The elimination half-life (t1/2β)
of DTX in DTX-loaded micelles or free DTX was determined by
fitting the experimental data using software Origin8 exponential decay
2 model: y = A1 exp(−x/t1 ) + A2 exp(−x/t2) + y0, and taking t1/2β =
0.693 × t2.
2.9. In Vivo Imaging. Subcutaneous U87MG tumor-bearing mice

were obtained by transplanting tumor blocks (2−3 mm3) into the
right hind flank of the mice. When the average volume of the tumors
reached a value of about 100 mm3, 200 μL of Cy5-labeled micelles was
injected into the tumor-bearing mice via the tail vein at a micelle dose
of 20 mg/kg. At different time points (2, 6, 12, 24, and 48 h) post
injection, the mice were anesthetized with pentobarbital sodium (10
mg/mL in PBS) at a dose of 62.5 mg/kg, and the distribution of the
fluorescence in mice was determined using a near-infrared fluorescence
imaging system (IVIS, Lumina II; Caliper, MA) with wavelength set at
Ex = 633 nm and Em = 668 nm. At 48 h, the main organs and tumors

were collected and their fluorescence images were acquired as
described above.

2.10. Biodistribution. Quantitative analysis of the distribution of
DTX-loaded micelles or free DTX in the tumor and in different organs
was performed using U87MG tumor-bearing mice (three mice per
group) following 12 h iv injection with DTX-loaded micelles or free
DTX (10 mg DTX equiv/kg). The tumor, heart, liver, spleen, lung,
and kidney were collected, washed with cold PBS, and weighed. To
extract DTX, tissues were homogenized in 1 mL of methanol and the
samples were incubated at −20 °C overnight. Supernatants were
obtained after vortexing and centrifugation at 17 226g for 15 min and
subsequently transferred to 1.5 mL centrifuge tubes. Methanol was
removed by evaporation, and 750 μL of fresh methanol was added to
each sample. After vortexing and centrifugation at 30 065g for 15 min,
DTX levels were determined by HPLC as described above.

2.11. Tumor Penetration. The tumor penetration behavior of
micelles was studied by immunofluorescent analysis. When the
U87MG tumor reached a size of about 200 mm3, Cy5-labeled micelles
(micelle dose: 20 mg/kg) were injected into tumor-bearing mice via
the tail vein. At 12 h post injection, U87MG tumors were harvested,
fixed in 4% formalin overnight, embedded in paraffin, and sliced for
immunofluorescence staining analysis according to our previous
study31 except that Alexa 488-conjugated donkey antirat secondary
antibody was used in this study. Finally, the stained slices were studied
with CLSM.

2.12. In Vivo Antitumor Efficacy. The therapeutic efficacy of
DTX-loaded PEG CMs, cRGD20 CMs, cRGD20/TAT10 CMs, and
free DTX was evaluated using subcutaneous U87MG glioma-bearing
nude mice. Mice treated with PBS were used as control. When the
tumor reached a volume of ∼50 mm3, the mice were randomly divided
into five groups (six mice per group) and treated with the above
formulations (10 mg DTX equiv/kg) via tail vein injection every 3
days for a total of four doses. Tumor growth was monitored, and

Figure 1. (A) Size distribution of blank cRGD20/TAT10 CMs determined by DLS and TEM. (B) Flow cytometry studies of U87MG cells after 4 h
incubation with cRGD20/TAT CMs with different densities of TAT; cRGD20 CMs and PEG CMs were used as controls. (C) Quantitative analysis
of fluorescence intensity of the above micelles; data are presented as average ± standard deviation (n = 3). (D) Confocal microscopy study of
U87MG cells after 4 h incubation with cRGD20/TAT10 CMs (I); cRGD20 CMs (II); and PEG CMs (III), which were used as controls. The scale
bar is 10 μm.
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tumor volume was measured by calipers and calculated according to
the following formula: V = 0.5 × a × b2, where a and b are the tumor
dimensions at the longest and widest points of the tumor, respectively.
At the experimental end point, the tumor, liver, heart, spleen, lung, and
kidney were collected from one mouse of each group for histological
analysis after staining with hematoxylin and eosin (H&E). In addition,
to investigate the apoptosis of tumor cells induced by DTX, tumor
tissues were further stained with terminal deoxynucleotidyl transferase
dUTP nick end labeling (TUNEL) and finally evaluated with a digital
microscope (Leica QWin, Germany). For quantitative analysis of
TUNEL staining positive cells, the integral optical density (IOD) was
measured by Image-Pro Plus 6.0 software (Media Cybernetics Inc.,
Newburyport, MA).
2.13. Statistical Analysis. All data are presented as mean ±

standard deviation (SD). The statistical significance among groups was
analyzed using one-way analysis of variance (ANOVA), after which
post hoc tests with the Bonferroni correction were used for
comparison between individual groups. P values <0.05 indicate
statistical significance; *p < 0.05, **p < 0.01, ***p < 0.001.

3. RESULTS AND DISCUSSION

3.1. Stability, Reduction-Triggered Destabilization,
and Drug Release from cRGD20/TAT10 CMs. A series of
micelles was prepared with similar size distribution, as shown in
Table S1. Typically, cRGD20/TAT10 CMs had an average size
of 61 nm as determined by dynamic light scattering (DLS,
Malvern Instruments, U.K.) with a uniform distribution as also
shown by transmission electron microscopy (TEM) measure-
ments (Figure 1A). It was noticed that the ζ potential of
cRGD20/TAT10 CMs was negative, indicating that the
positive charge of TAT peptide was successfully shielded by
the long PEG chains. UV spectra showed that the characteristic

absorbance of polymers at 330 nm, which originates from the
dithiolane rings of DTC, completely disappeared in micellar
dispersions (Figure S7A), indicating that the dithiolane rings in
the micellar core spontaneously formed linear chains containing
disulfide bonds via ring-opening polymerization.29 The cross-
linked micelles exhibited excellent colloidal stability against
high-fold dilution (Figure S7B) or 10% FBS (Figure S7C).
However, the size of TAT100 CMs quickly increased probably
because the positively charged surface easily adsorbed
negatively charged proteins present in the serum, resulting in
micelle aggregation. In the presence of 10 mM GSH, which
mimics the intracellular reductive environment, cRGD20/
TAT10 CMs rapidly swelled to hundreds of nanometers
(Figure S7D) probably because the hydrophilic/hydrophobic
balance of the micelles had been destroyed due to the reduction
of the disulfide bonds to thiol groups by GSH. Additionally,
drug release from the micelles was studied in the presence or
absence of 10 mM GSH (Figure S8). A drug-loading content
(DLC) of 6.9 wt % was obtained at a theoretical DLC of 15 wt
% for DTX-loaded cRGD20/TAT10 CMs (Table S2). Under
physiological conditions, only 12.7% of the loaded drug was
released from cRGD20/TAT10 CMs at 24 h, demonstrating
that the cross-linked core effectively hindered drug leakage. In
contrast, in the presence of GSH (10 mM), the drug release
rate increased, with 54.1% release of drug in 8 h and 85.0% in
24 h, indicating that the drug can be rapidly released from the
micelles in the intracellular reductive environment.

3.2. Establishing the Optimal Density of TAT Peptide
in cRGD/TAT CMs. Previous studies have demonstrated that
the cellular uptake of TAT-modified nanocarriers was closely
related to the surface concentration of TAT peptide.16,32

Figure 2. (A) U87MG cell viability after treatment with DTX-loaded micelles or free DTX at different DTX concentrations at 48 h (4 h treatment
plus 44 h incubation with medium). (B) Change in morphology of U87MG treated as above at a DTX concentration of 1 μg/mL. (C) Apoptosis
assay of U87MG cells after treatment with DTX-loaded micelles or free DTX at 24 h (4 h treatment plus 20 h incubation with medium) at a DTX
concentration of 1 μg/mL.
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However, a high surface density of TAT peptide may result in
instability of nanocarriers in the blood circulation and toxicity
to normal cells.33 Therefore, a proper density of TAT peptide is
critical for the function of nanocarriers. Here, we prepared a
series of Cy5-labeled cRGD/TAT CMs with different densities
of TAT peptide (molar ratios: 5, 10, 15, 20%) and investigated
the cellular uptake by flow cytometry. The density of cRGD
was fixed at 20% (molar ratio) according to our previous study,
in which PEG−SS−PCL micelles with similar size (61 ± 1 nm)
and 20% (molar ratio) of cRGD exhibited efficient U87MG cell
targeting.8 Figure 1B,C shows that compared to nontargeted
Cy5-labeled PEG CMs, cRGD20 CMs exhibited a 2.2-fold
higher cellular uptake due to receptor-mediated endocytosis.
Surprisingly, insertion of TAT into the cRGD20 CMs
dramatically increased the cellular uptake (the cellular uptake
of cRGD20/TAT10 CMs and cRGD20/TAT20 CMs increased
by 8.7-fold and 15.7-fold, respectively, compared to that of
cRGD20 CMs), further indicating that the cellular uptake of
the micelles increased with increased surface concentration of

TAT. However, we noticed that the ζ potential of the micelles
also tends to become positive with increasing TAT density
(Table S1), which may exert toxicity to cells. Therefore, an
MTT assay was conducted to assess the cytotoxicity of cRGD/
TAT CMs. Figure S9 reveals that 15% TAT in the micelles
decreased the cell viability to about 91.8%, and the cells became
partially shrunken as observed by microscopy (data not
shown). Thus, considering these effects and the cytotoxicity,
we selected 10% TAT peptide as the optimal density.
Subsequently, the cellular uptake of Cy5-labeled cRGD20/
TAT10 CMs was further studied by confocal microscopy. As
shown in Figure 1D, cRGD20/TAT10 CM-treated cells
displayed the strongest fluorescence intensity compared to
those treated with Cy5-labeled cRGD20 CMs or PEG CMs,
confirming the high cell penetration ability of cRGD20/TAT10
CMs.

3.3. In Vitro Cytotoxicity Assay. The MTT assay was
performed to assess the cytotoxicity of DTX-loaded micelles
and free DTX for U87MG cells. As shown in Figure 2A,

Figure 3. Uptake mechanisms of cRGD20/TAT10 CMs studied by flow cytometry and confocal microscopy. (A) Cellular uptake of different Cy5-
labeled micelles in both ανβ3-overexpressing U87MG cells and ανβ3-negative L929 cells following 4 h incubation; cells without treatment were used
as controls. (B) Cellular uptake of different Cy5-labeled micelles in the presence of ATPase inhibitor NaN3 or at 4 °C following 1 h incubation; cells
incubated with micelles under normal conditions were used as controls. (C) Relative cellular uptake of different Cy5-labeled micelles in the presence
of the competitive inhibitor heparin or various endocytic inhibitors; cells incubated with micelles under normal conditions were used as controls. (D)
Lysosomal escape behavior of Cy5-labeled cRGD20/TAT10 CMs observed by confocal microscopy after 4 h treatment with micelles or after 4 h
treatment with micelles, followed by 4 h treatment with culture medium; Cy5-labeled PEG CMs and cRGD20 CMs were used as controls.
Lysosomes were stained with LysoTracker Green (green), Cy5-labeled micelles were colored red, and cell nuclei were stained with DAPI (blue). The
scale bar is 10 μm.
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cRGD20/TAT10 CMs exhibited the highest cytotoxicity with
the IC50 value of 0.22 μg/mL, which was 5.6-fold, 10.4-fold, and
7.3-fold lower than that of DTX-loaded cRGD20 CMs (1.23
μg/mL), PEG CMs (2.28 μg/mL), and free DTX (1.60 μg/
mL), respectively, probably due to efficient cellular uptake and
subsequent fast drug release as demonstrated above. The
morphology of the U87MG cells after 48 h at a DTX
concentration of 1 μg/mL was also studied (Figure 2B).
Compared to the PBS group, DTX-loaded micelles or free
DTX induced morphological changes of U87MG cells on
different levels, among which cRGD20/TAT10 CM-treated
cells exhibited a significant shrinkage with obvious reduction of
pseudopodia. It has been reported that the invasion ability of
U87MG cells decreases with decreasing pseudopodia for-
mation.34 Therefore, cRGD20/TAT10 CMs may exhibit the
most strongest inhibition effect on U87MG cell invasion. To
further investigate the apoptosis of U87MG cells induced by
DTX, AnnexinV-FITC/PI was used for double staining of cells.
The lower left, lower right, upper right, and upper left
quadrants in the flow cytometry quadrant diagram indicated
viable, early apoptotic, late apoptotic, and necrotic cells,
respectively (Figure 2C). The percentage of total apoptotic
cells after treatment with DTX-loaded cRGD20 CMs (79.74%)
was much higher than that treated with DTX-loaded PEG CMs
(59.63%) and free DTX (62.19%), indicating the important
role of active targeting in tumor cell inhibition. Importantly, the
DTX-loaded cRGD20/TAT10 CM-treated group induced the
highest percentage of total apoptotic cells (91.02%), which was
consistent with the MTT assay. It was also noticed that the
early apoptotic cell population after treatment with DTX-
loaded cRGD20/TAT10 CMs (61.24%) was similar to that
after treatment with DTX-loaded cRGD20 CMs (67.45%),
whereas a greater late apoptotic population was observed
(29.78 vs 12.29%) probably because part of early apoptotic cells
in the cRGD20/TAT10 CM-treated group had entered into the
late stage of apoptosis, indicating that the efficient uptake of
cRGD20/TAT10 CMs led to more and rapid apoptosis of
tumor cells.
3.4. Uptake Mechanism of cRGD20/TAT10 CMs. To get

more insight into the mechanism of action of cRGD20/TAT10
CMs, we further studied the uptake mechanism. First, to
investigate whether the uptake of cRGD20/TAT10 CMs was
receptor-dependent, nontargeted PEG/TAT10 CMs and ανβ3-
negative fibroblast L929 cells were used as control group.
Figure 3A shows that in U87MG cells the cellular uptake of
cRGD20/TAT10 CMs was 6.3-fold higher than that of PEG/
TAT10 CMs, whereas in L929 cells, there was no significant
difference in the uptake between cRGD20/TAT10 CMs and
PEG/TAT10 CMs, demonstrating that the endocytosis of
cRGD20/TAT10 CMs is receptor-dependent. It was noted that
in both cells, PEG/TAT10 CMs, compared to PEG CMs,
exhibited higher cellular uptake probably because the
introduction of TAT enhanced the ζ potential of PEG micelles
(Table S1), resulting in stronger adsorption onto the cell
membrane. Next, to reveal whether the uptake of cRGD20/
TAT10 CMs was energy-dependent, cellular uptake in the
presence of the ATPase inhibitor NaN3 or at low temperature
(4 °C) was investigated. Figure 3B reveals that both NaN3 and
low temperature significantly decreased the cellular uptake of
micelles, indicating that the uptake of the micelles, including
cRGD20/TAT10 CMs, is an energy-dependent process. This
result was in line with previous studies, which also
demonstrated that TAT-mediated endocytosis is energy-

dependent.18,35,36 At 4 °C, the cellular uptake of the micelles
decreased substantially compared to that in the presence of
NaN3 at 37 °C. This was probably due to an increase of the
viscosity of the cell culture medium and cell membrane rigidity
with decreasing temperature, reducing the amount of micelles
that effectively interacted with the cells.37

Before endocytosis, cell-penetrating peptides (CPPs) first
electrostatically interact with extracellular anionic molecules,
such as heparin sulfate proteoglycans (HSPGs), which are
abundant on cell membranes.38,39 To define the role of HSPGs
in the cellular uptake of cRGD20/TAT10 CMs, heparin, an
HSPG analogue, was used here to compete with the HSPGs at
the cell surface. As shown in Figure 3C, heparin strongly
inhibited the cellular uptake of cRGD20/TAT10 CMs by
U87MG cells to 18.8% probably because the presence of
heparin hindered the interaction of TAT peptide with the
negatively charged HSPGs. This result again confirmed that
electrostatic interactions with HSPGs on the cell membrane
surface played a key role in exerting the cell penetration ability
of TAT.
Then, the uptake pathways of cRGD20/TAT10 CMs in

U87MG cells were studied. In general, the uptake pathways
involve four basic mechanisms: macropinocytosis, clathrin-
mediated endocytosis, caveolae-mediated endocytosis, and
clathrin- and caveolae-independent endocytosis.40 Here, the
transport pathways of different micelles were explored by
treating cells with different endocytic inhibitors at a
concentration which is nontoxic to U87MG cells (Figure
S10). Chlorpromazine (CPZ) specifically blocks clathrin-
mediated endocytosis by preventing clathrin polymerization
and obstructing the internalization mediated by clathrin-coated
vesicles (CCVs).41 As shown in Figure 3C, CPZ treatment
decreased the cellular uptake of cRGD20/TAT10 CMs to
75.8%, similar to that of PEG CMs (77.7%) and cRGD20 CMs
(80.3%), indicating that the clathrin-mediated pathway played a
similar role in the internalization of the three different micelles.
However, it was noticed that in the presence of amiloride
hydrochloride, a specific macropinocytosis inhibitor,42 the
uptake was significantly decreased to 56.1% for PEG CMs,
whereas less impact was found in the uptake of cRGD20 CMs
(decreased to 76.3%) and cRGD20/TAT10 CMs (decreased to
85.4%), suggesting that macropinocytosis played a more
important role in the uptake of nontargeted PEG CMs.
Interestingly, an opposite tendency in the cellular uptake of
different micelles was observed with the treatment of MβCD,
an inhibitor for caveolae-mediated endocytosis.43 MβCD had
no influence on the uptake of PEG CMs, whereas it decreased
the cellular uptake of cRGD20 CMs to 82.5%, indicating that
caveolae-mediated endocytosis was involved in the cRGD20
CM uptake. For cRGD20/TAT10 CMs, a significant inhibition
of cellular uptake (44.1%) was noticed, suggesting that
caveolae-mediated endocytosis may be a major pathway for
the internalization of cRGD20/TAT10 CMs by U87MG cells.
Different uptake pathways may lead to different intracellular

fates. It was reported that cargos internalized by cells via the
clathrin-mediated pathway and macropinocytosis were directed
to the lysosomes, whereas cargos internalized via caveolae could
bypass the lysosomal pathway.40,44 Moreover, the intracellular
fate may be different for different nanocarriers even with the
same uptake pathways. Therefore, studying the colocalization of
micelles with lysosomes and whether they have a subsequent
escape mechanism may help us to further understand their
mechanisms of action. As shown in Figure 3D, Cy5-labeled
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PEG CMs were almost all colocalized with lysosomes,
presenting a yellow appearance. After another 4 h incubation
with fresh culture medium, PEG CMs were still entrapped in
the lysosomes. In contrast, for the cRGD20 CMs, some of the
red dots were separated from lysosomes probably because these
micelles were endocytosed via caveolae and bypassed the
endosomal/lysosomal pathway. However, similar to the uptake
of PEG CMs, no more cRGD20 CMs escaped from lysosomes
after another 4 h incubation, suggesting that when these
micelles had entered the lysosomes they can hardly escape.
Surprisingly, only a small fraction of cRGD20/TAT10 CMs

was located in the lysosomes after 4 h incubation, and almost all
of these micelles escaped from the lysosomes after another 4 h
incubation, implying that in addition to the fraction of micelles
bypassing the endosomal/lysosomal pathway the remaining
part of cRGD20/TAT10 CMs could still efficiently escape from
the lysosomes. It has been reported that among other factors
the decreased pH in endosomes facilitates a membrane
perturbation by TAT and subsequent TAT-modified cargo
release into the cytoplasm.18 On the basis of the results,
possible uptake pathways and subsequent intracellular traffick-
ing of different micelles in U87MG cells are illustrated in Figure

Figure 4. Schematic illustration of uptake pathways and lysosomal escape behavior of different micelles in U87MG cells.

Figure 5. (A) In vivo pharmacokinetics of different DTX-loaded micelles and free DTX in Balb/C mice. (B) Targeted delivery of Cy5-labeled
cRGD20/TAT10 CMs (I), cRGD20 CMs (II), and PEG CMs (III) in subcutaneous U87MG glioma-bearing mice. The red perforated circled areas
indicate the location of the tumor. (C) Ex vivo images of main organs and tumors from mice treated with cRGD20/TAT10 CMs (I), cRGD20 CMs
(II), and PEG CMs (III) at 48 h. (D) Biodistribution of different DTX-loaded micelles and free DTX in main organs and tumors 12 h after injection
of DTX-loaded micelles at a DTX dose of 10 mg/kg. Data are presented as average ± standard deviation (n = 3). *p < 0.05, **p < 0.01.
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4, revealing that more cRGD20/TAT10 CMs entered the
cytoplasm in time compared to PEG CMs and cRGD20 CMs.
Consequently, also more cRGD20/TAT10 CMs were
effectively de-cross-linked than the other micelles because
GSH is mainly present in the cytoplasm.45

3.5. In Vivo Imaging, Pharmacokinetics, and Biodis-
tribution. In vivo stability is an important issue for realizing
the tumor accumulation of nanocarriers.28,46 Therefore, the in
vivo pharmacokinetics of DTX-loaded cross-linked micelles
were evaluated. As shown in Figure 5A, DTX-loaded cRGD20/
TAT10 CMs had a prolonged elimination half-life (t1/2β) of
6.25 h, which is comparable to that of DTX/cRGD20 CMs
(6.47 h) or DTX/PEG CMs (6.62 h), indicating that the
positively charged TAT peptide was well shielded by the long

PEG layer. Notably, free DTX was rapidly cleared from the
systemic circulation with an extremely short t1/2β of 0.72 h.47,48

Moreover, it was noticed that the half-life of these cross-linked
micelles was obviously longer than that of non-cross-linked
micelle systems, as the premature disintegration of the cross-
linked micelles in the systemic circulation was obviously
prevented.28 This also made the cross-linked micelles more
suitable for systemic administration.
Noninvasive fluorescence imaging technology with Cy5-

labeled micelles was utilized to monitor the real-time
distribution and tumor accumulation of different micelles in a
subcutaneous U87MG glioma-bearing nude mice model
(Figure 5B). Exploiting the EPR effect, the three kinds of
micelles can all accumulate at the tumor site due to their small

Figure 6. Tumor penetration behavior of Cy5-labeled cRGD20/TAT10 CMs studied by confocal microscopy. Penetration of Cy5-labeled micelles
(A) at the edge and (B) at the interior of the tumor tissue. Tumor sections were obtained from U87MG tumor-bearing mice 12 h after tail vein
injection of Cy5-labeled micelles. The nuclei are stained with DAPI (blue), blood vessels are stained with CD31 (green), and Cy5-labeled micelles
are presented in red. The scale bar is 50 μm.
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size and stability in vivo. In time, the fluorescence of PEG CMs
at the tumor gradually decreased probably because PEG CMs
cannot be efficiently endocytosed by the tumor cells.
Compared to PEG CMs, cRGD20 CMs displayed better
tumor retention due to receptor-mediated endocytosis.
Surprisingly, the cRGD20/TAT10 CM-treated mice possessed
the most intensive fluorescence at the tumor site probably
because efficient cellular uptake facilitated further accumulation
of cRGD20/TAT10 CMs in tumor tissue. Another possible
reason is that TAT peptide may help the micelles to penetrate
deep into tumor tissues, resulting in better tumor retention.
The ex vivo images (Figure 5C) also showed that the cRGD20/
TAT10 CMs displayed the strongest tumor accumulation
among the three groups and, importantly, showed weak uptake
in normal organs, suggesting that TAT peptide was well
shielded by the PEG layer in vivo, thus reducing nonspecific cell
penetration.
Furthermore, the biodistribution of DTX using different

formulations was investigated using U87MG tumor-bearing

mice (Figure 5D). At 12 h after tail vein injection, the DTX
levels in the main organs and the tumor were measured by
HPLC. When DTX-loaded micelles were used, DTX was
mainly located in the liver and tumor tissue. Compared to free
DTX, DTX loaded in the micelles accumulated more strongly
in tumor tissue due to the longer circulating time of the
micelles. Notably, cRGD20/TAT10 CMs induced the highest
tumor DTX level (8.6% ID/g), which could probably be
attributed to efficient cellular uptake and deep tumor
penetration.

3.6. Tumor Penetration. From the in vivo imaging, we
speculated that TAT peptide may help micelles to penetrate the
tumor tissue. Therefore, the distribution of micelles at the
tumor periphery or in the tumor interior 12 h after tail vein
injection of different Cy5-labeled micelles was observed by
confocal microscopy. The blood vessels were stained with
CD31, and cell nuclei were stained with DAPI. As shown in
Figure 6A, PEG CMs were only located at the tumor periphery
where abundant blood vessels are present, and little micelles

Figure 7. In vivo antitumor efficacy of different DTX-loaded micelles in subcutaneous U87MG glioma-bearing nude mice. (A) Tumor volume
changes in time of mice treated with different DTX-loaded micelles, free DTX, and PBS. The drug was given on days 0, 3, 6, and 9 at a dosage of 10
mg DTX equiv/kg. Data are presented as mean ± SD (n = 6). (B) Body weight changes of nude mice following different treatments within 21 days.
(C) Photographs of tumor blocks collected from different treatment groups on day 21. (D) Tumor weight of mice in different treatment groups on
day 21; data are presented as mean ± SD (n = 6). *p < 0.05, **p < 0.01, ***p < 0.001. (E) H&E-stained liver and tumor sections, and TUNEL
analysis of tumor tissues excised from subcutaneous U87MG glioma-bearing nude mice following 21 day treatment with DTX-loaded cRGD20/
TAT10 CMs (I), cRGD20 CMs (II), PEG CMs (III), free DTX (IV), and PBS (V). The yellow arrows indicate hepatocellular necrosis. The images
were obtained using a Leica microscope at 400× magnification. The scale bar is 50 μm.
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were distributed in the depth of tumor, probably due to the
extracellular barriers, such as high interstitial fluid pressure and
reduced transcapillary pressure gradients.1 Although the
cRGD20 CMs presented a stronger fluorescence compared to
the PEG CMs, limited tumor penetration was observed.
Surprisingly, cRGD20/TAT10 CMs displayed bright fluores-
cence not only in the abundant blood vessels at the tumor edge
but also in the avascular regions. Distribution of micelles in the
tumor interior (Figure 6B) also revealed a similar trend that
cRGD20/TAT10 CMs penetrated deeper into the tumor as
compared to the other micelles. Notably, the enlarged pictures
in Figure 6B clearly show the strongest cellular uptake of
cRGD20/TAT10 CMs. The high tumor penetration of
cRGD20/TAT20 CMs may probably be due to two aspects.
First, it was reported that RGD peptide can also target ανβ3-
overexpressing neovasculature in tumor tissue.49 Therefore,
selective and efficient penetration of neovasculature by
cRGD20/TAT20 CMs may increase the number of micelles
entering the tumor tissue. Second, the rapid uptake of
cRGD20/TAT20 CMs in U87MG cells would create higher
diffusion gradients, which enhance the transport rate of micelles
into the tumor.50,51 This possibly explains why cRGD20/
TAT10 CMs exhibited the most efficient tumor penetration
among the micelles tested. Some other studies, in which no
reversibly cross-linked nanosystems were used, also demon-
strated that the application of a combination of a targeting
ligand and CPP could facilitate tumor penetration (lip-
osomes,52 PEG−PCL nanoparticles,53 and mesoporous silica
nanoparticles54).
3.7. In Vivo Antitumor Efficacy of cRGD20/TAT10

CMs. The in vivo antitumor efficacy of DTX-loaded cRGD20/
TAT10 CMs was evaluated using a U87MG subcutaneous
glioma model in nude mice. In comparison to DTX-loaded
PEG CMs, DTX-loaded cRGD20 CMs exhibited a stronger
tumor inhibition effect, probably due to receptor-mediated
endocytosis (Figure 7A). Importantly, the tumor growth was
nearly completely terminated by treatment with DTX-loaded
cRGD20/TAT10 CMs. This superior antitumor efficacy was
closely related to the high tumor accumulation and penetration,
efficient cellular uptake, and subsequent rapid drug release as
demonstrated above. Although free DTX also showed some
tumor inhibition effect, significant mice body weight loss was
found during therapy (Figure 7B), indicating its systemic
toxicity to nude mice. However, the micelle-treated group did
not show significant body weight decrease, implying good
tolerance of nude mice to DTX-loaded micelles. Figure 7C,D
shows the tumors excised from each treatment group and
corresponding tumor weights, respectively, further confirming
the superior antitumor efficacy of DTX-loaded cRGD20/
TAT10 CMs. H&E staining (Figures 7E and S11) depicted the
histological morphology of main organs and tumors in each
group. It was noticed that serious damage was observed (yellow
arrows) in liver tissue for the free DTX-treated group,
indicating the hepatotoxicity of free DTX, whereas no obvious
change was found in normal organs for the micelle-treated
groups compared to the PBS-treated group. The tumors of the
DTX-loaded cRGD20/TAT10 CM-treated group exhibited
large areas of necrosis, and TUNEL staining further showed
large amounts of apoptotic cells (brown dots), with a
significantly higher IOD value of TUNEL-positive cells than
for other groups (Figure S12), demonstrating that DTX-loaded
cRGD20/TAT10 CMs had a superior antitumor effect.

4. CONCLUSIONS
In this study, dual-ligand-functionalized reversibly cross-linked
micelles were simply engineered by using PEG-P(DTC-co-CL)
block copolymers with different PEG lengths (2, 5, and 6k), of
which TAT was attached to PEG2k and cRGD to PEG6k. In
vitro studies showed that cRGD20/TAT10 CMs markedly
increased the cellular uptake compared to cRGD20 CMs or
PEG CMs and exhibited the strongest cytotoxicity against
U87MG cells after loading with DTX. Mechanistic studies
revealed that the cellular uptake of cRGD20/TAT10 CMs was
receptor- and energy-dependent and mainly took place via
caveolae-mediated endocytosis combined with efficient escape
from lysosomes. Importantly, cRGD20/TAT10 CMs remained
stable in the circulation in vivo due to shielding of TAT and
cross-linking of micelles. cRGD20/TAT10 CMs also showed a
high accumulation and deep tumor penetration in U87MG
subcutaneous glioma, leading to almost complete inhibition of
tumor growth. Therefore, combining the dual-ligand strategy
with reversibly cross-linked micelles may provide an effective
way to realize high tumor penetration and inhibition.
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