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G
lioma is the most common high-
grade primary brain tumor in adults
with high morbidity and mortality.1

A crucial challenge for glioma treatment is
to deliver drugs effectively to invasive glio-
ma cells residing in a sanctuary within the
central nervous system (CNS).2 The blood-
brain barrier (BBB) restricts the delivery of
most small and large therapeutic molecules
into the brain.3,4 Moreover, even though
BBB is compromised to some extent in
malignant glioma, it remains an obstacle
influencing the glioma efficacy of antitumor
drugs via systemic administration.5 Various
strategies such as temporary disruption of
BBB as well as chemical modification of

available chemotherapeutic agents have
been utilized to improve the antiglioma
effect.6�8 However, the treatment effect
remains unsatisfied in the recent improve-
ments.6 Fortunately, there are many endo-
genous transport systems overexpressed on
the BBB and glioma cells that can mediate
ligand-modified drug delivery systems tar-
geting glioma and enhancing antitumor
drug uptake, which is regarded as a promis-
ing new method against the mentioned
problems.5,6

To curb tumor progress with a tumor-
specific manner is a long sought-after goal
in oncotherapy. The limitation of che-
motherapeutic agents has restricted their
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ABSTRACT Malignant glioma, a highly aggressive tumor, is one of the

deadliest types of cancer associated with dismal outcome despite optimal

chemotherapeutic regimens. One explanation for this is the failure of most

chemotherapeutics to accumulate in the tumors, additionally causing

serious side effects in periphery. To solve these problems, we sought to

develop a smart therapeutic nanodevice with cooperative dual character-

istics of high tumor-targeting ability and selectively controlling drug

deposition in tumor cells. This nanodevice was fabricated with a cross-

linker, containing disulfide linkage to form an inner cellular microenvir-

onment-responsive “-S-S-” barrier, which could shield the entrapped drug leaking in blood circulation. In addition, dehydroascorbic acid (DHA), a novel small

molecular tumor-specific vector, was decorated on the nanodevice for tumor-specific recognition via GLUT1, a glucose transporter highly expressed on tumor

cells. The drug-loaded nanodevice was supposed to maintain high integrity in the bloodstream and increasingly to specifically bind with tumor cells through the

association of DHA with GLUT1. Once within the tumor cells, the drug release was triggered by a high level of intracellular glutathione. When these two features

were combined, the smart nanodevice could markedly improve the drug tumor-targeting delivery efficiency, meanwhile decreasing systemic toxicity. Herein,

this smart nanodevice showed promising potential as a powerful platform for highly effective antiglioma treatment.
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clinical use, such as poor solubility, quick clearance,
systemic toxicity, or development of multidrug resis-
tance. More recently, designable nanoparticles (NPs)
have gained much attention in chemotherapy due to
their optimized size and functionalized surface
characteristics.9

Specific ligands functionalizing on the NP surfaces
havebeenused to improve tumor-targeting via receptor-
mediated pathway, and it has been known that various
transporters overexpressed on the tumor cell mem-
branes aim to supply the excess nutritional needs
of the tumor.10 Compared to the receptor-mediated
pathway, the transporter-mediated pathway is faster,
has better efficiency, and is less impacted by endog-
enous substrates.4,11 However, highly effective tumor-
targeting NPs by the transporter-mediated path-
way have not been widely developed.12�15

Facilitative glucose transporter isoform 1 (GLUT1) is
a representative member in the GLUT family. It is
mainly responsible for “two-way” transportation of D-
glucose to keep its stable concentration in cells. This
transporter is wildly distributed in normal tissues, such
as blood-brain barrier, erythrocytes, and kidneys.16

However, tumor cells deviating from most normal
tissues exhibit a dysfunctional and ravenous consump-
tion of glucose, known as Warburg effect.17 It has
proved that huge glucose consumption is an advan-
tage for tumor cell proliferation in normoxic or hypoxic
environments to evade killing by the immune sys-
tem.18,19 The molecular mechanisms underlying the
Warburg effect have been elucidated, most notably
that tumor cells overexpress the glucose trans-
porter GLUT1.20 Utilizing GLUT1 as targeted site such
as FDG-PET has been applied in clinical tumor diag-
nosis.21 In this article, this key discriminator of tumors
from normal tissues was exploited as a targeted site for
antiglioma.
Dehydroascorbic acid (DHA) is also one substrate

of GLUT1 (Figure 1A).22,23 The possibility is that a DHA
molecule forms a hydrate and cyclizes to the bicyclic
hemiketal form in vivo, which is structurally similar
to D-glucose and is transported by GLUT1, as well
(Figure 1A).24 As reported, GLUT1 overexpressed on
tumor cells can promote influx of DHA via facilitated
diffusion.25 Once inside the cell, DHA is rapidly reduced
to ascorbate, which effectively is “trapped” within the
cell (Figure 1A).26 Thus, unlike the “two-way” transpor-
tation of D-glucose by GLUT1, it is like a “one-way”
continuously accumulative process for DHA. Mean-
while, owing to the virtual absence of sodium ascor-
bate cotransporters (mainly transport Vc), DHA is the
main substitute in obtaining and accumulating Vc for
tumor cells.27 Therefore, DHA is regarded as a poten-
tially functional small molecule owing to high priority
in tumor-specific recognition and transportation.
Polymeric micelles have been used to encapsu-

late and protect diverse small molecules, especially

hydrophobic drugs. Moreover, they have shown better
deep penetrating ability and accumulating ability in
tumors due to their smaller particle size (<100 nm).28

This is an important advantage to treat glioma, in
which the pore size of fenestrated capillary walls is
smaller than other tumors and restricts larger particle
leakiness.29 Nevertheless, one of the biggest chal-
lenges conventional polymeric micelles face in in vivo

application is the low structural stability. The stability of
the existing micelles mainly relies on the hydrophobic
interaction (physical interaction) between the drug
and hydrophobic segment of amphipathic copoly-
mers. This weak noncovalent bond hardly remains
stable in blood circulation, which simply causes drug
leaking from themicelles before reaching the targeted
site. In our study, we attempted to introduce a covalent
linkage between the polymers beyond the hydropho-
bic interaction, which could markedly increase struc-
tural stability of micelles.
It is noteworthy that the level of glutathione (GSH) in

tumor cellular microenvironment is about 5000-fold
higher than that in extracellular matrix.30 GSH can
cleave disulfide efficiently. The drug release triggered
by GSH from disulfide bond cross-linked NPs has been
developed.31,32 In this article, a smart “anti-leakage
barrier” based on disulfide bonds was introduced into
the cores of polymeric micelles. This barrier was able to
stabilize the structure of micelles, preventing the drug

Figure 1. (A) Different transportation characteristics of D-
glucose and DHA by GLUT1. (B) Synthesis of propargyl-
substituted DHA. (C) Characterization of propargyl-substi-
tuted DHA by 1H NMR spectrum in D2O.
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loss in undesired sites in blood circulation. Once inter-
nalized into the targeted cells, disulfide bonds should
be cleaved under higher GSH condition and the drugs
would be released by a cellular microenvironment-
triggered mechanism.
Herein, we aimed to develop glioma-targeting and

GSH-triggered drug-releasing micelles, DHA-PLys(s‑s)P.
PEG-pLys-pPhe was designed as an amphiphilic poly-
peptide copolymer to load the antitumor drug pacli-
taxel (PTX). We constituted the anti-leakage barrier
by cross-linking the pLys segment, which could stabi-
lize the micellar structure in blood circulation and
release the cargo quickly in the tumor cellular micro-
environment. In addition, DHA was covalently an-
chored on the micelle surfaces via Click reaction.
DHA-PLys(s‑s)P micelles could significantly improve
tumor accumulation of the drug. The improved anti-
tumor efficacy was achieved by combining the tumor-
specific recognition with cell-selective drug depo-
sition.

RESULTS AND DISCUSSION

The stability and targeting efficiency of drug nano-
carriers are equally important for tumor-targeting
therapy. Especially for chemotherapeutic agent deliv-
ery, undesirable drug loss in bloodwould cause serious
systemic toxicity by nonspecific drug accumulation in
normal tissues. In this work, we engineered a smart
polymeric micelle system, DHA-PLys(s‑s)P micelles, to
achieve targeting to glioma and controlling antitumor
drug release. DHA could actively guide the micelles to
accumulate in the tumor site via GLUT1 binding.
Additionally, drug deposition was controlled via the
disulfide bond cross-linked barrier, which could pro-
tect drug leakage against blood dilution. Once enter-
ing cells, drug release was triggered by a high level of
GSH. Combining tumor-specific recognition with cell-
selective drug deposition, PTX could be delivered into
glioma with higher efficiency and less side effects.

Synthesis of DHA. In contrast with D-glucose, DHA
showed higher priority in tumor-targeting owing to
its “one-way” accumulative process by GLUT1 trans-
port (Figure 1A).26 Herein, in order to modify DHA on
micelle surfaces via Click reaction,33 we introduced a
propargyl group into the DHA molecule. As shown in
Figure 1B,C, we successfully synthesized propargyl
DHA. Additionally, [M þ H]þ was 214.5, calculated by
mass spectrometry (Agilent, USA).

Chemical Synthesis of Polypeptide Copolymers. The poly-
peptide copolymers, CH3O-PEG-pLys-pPhe or N3-PEG-
pLys-pPhe, were synthesized via two-step ring-opening
polymerization (ROP) reaction in the presence of
CH3O-PEG-NH2 or N3-PEG-NH2 as the initiator and N-
carboxyanhydride (NCA) monomers of amino acids,
Lys(Z)-NCA (1) and Phe-NCA (2) (Supporting Informa-
tion, Scheme S1 and Scheme S2).34,35 The introduction
of an azide group to the end of the PEG chain was

completed by the conversion of hydroxy of HO-PEG-
NH2 to give N3-PEG-NH2, according to the literature.36

Here, the azide group at the N3-PEG-pLys-pPhe termi-
nus provided an opportunity to install selectively an
alkynyl moiety via Click reaction.33 The triblock copo-
lymers, PEG-pLys-pPhe, were designed with three seg-
ments, which played different roles in forming
micelles: (1) pPhe, the hydrophobic core for insoluble
drug entrapped; (2) pLys, the naked amino groups on
side chains for cross-linking reaction; (3) PEG, for
prolonging circulation time and surface function-
alization.

The conversion of monomeric Lys(Z) and Phe to
polymeric pLys(Z) and pPhewas 83.3%, consistent with
previous studies.35 The ability to control the molecular
weight distribution makes NCA-based polymerization
advantageous for bioconjugation.37 Themolar compo-
sition ratio of EG to Lys and Phe was 113:10:20,
calculated by 1H NMR after purification in every step
of polymerization (Figure 2B(a,b)). The complete dis-
appearance of the resonance peak from methylene
protons (�CH2Ph) of pLys(Z) blocks at 5.12 ppm de-
monstrated that the Z group was removed from pLys-
(Z) successfully (Figure 2B(c)). The molecular weight
calculated by 1H NMR was 9939.37. Additionally, the IR
spectra demonstrated that the conversion and polym-
erization of amino acid monomers were successful
(Supporting Information, Figure S1).

Conjugation of DHA to the distal end of copolymers
was performed via copper(I)-catalyzed azide�alkyne
Click reaction.33,38 Propargylic DHA could react with
the azide moiety of N3-PEG-pLys-pPhe in the presence
of Cu(I) catalyst to form a triazole, which is very stable
in physiological conditions (Figure 2A). Click reaction is
a preferable approach for bioconjugation because
the process is fast, highly efficient, and completed
under a mild condition.38 As shown in the 1H spectra
(Figure 2B(d)), peaks at 8.4�8.7 ppm (d) indicated the
presence of a triazole ring formed in the Click reaction,
and the conjugation of DHA to the copolymers was
successful.

Formulation and Characterization of PTX-Loaded DHA-
PLys( s‑s)P Micelles. The drug-loaded DHA-PLys(s‑s)P mi-
celles were prepared using a dialysis method with a
drug/copolymer mixture (Figure 3A).34,35 The quanti-
tative addition of functionalized copolymers DHA-PEG-
pLys-pPhe could control the density of DHA at the
micelle surfaces.39 In this work, four kinds of polymeric
micelles were prepared: DHA-modified cross-linked or
non-cross-linked micelles (DHA-PLys(s‑s)P/PTX or DHA-
PLysP/PTX) and unmodified cross-linked or non-cross-
linked micelles (PLys(s‑s)P/PTX or PLysP/PTX). To build a
smart anti-leakage barrier, intramicellar disulfide link-
age was established between amino groups of pLys
segments by NHS groups of DTSSP (Figure 3A).

AFM images showed that both of the DHA-PLysP/
PTX and DHA-PLys(s‑s)P/PTXmicelles revealed a regular
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spherical morphology in uniform particle sizes with
high dispersivity (Figure 3B). There was no aggrega-
tion caused by cross-linking reaction. Notably, zeta-
potentials of DHA-PLys(s‑s)P/PTX were lowered signifi-
cantly compared to those of DHA-PLysP/PTX (Table 1).

It suggested that the primary amino groups of the pLys
segment were converted to amino linkages and the
free amino groups were decreased.34 The particle sizes
of DHA-PLys(s‑s)P/PTX were also smaller after cross-
linking, as well (Table 1). It indicated that the structure

Figure 3. (A) Stepwise synthesis of the PTX-loadedDHA-PLys(s‑s)Pmicelles. (B) AFM images of DHA-PLysP/PTX (left) and DHA-
PLys(s‑s)P/PTX (right) micelles.

Figure 2. (A) Synthesis of modification of N3-PEG-pLys-pPhe with DHA through Click reaction. (B) Characterization of
polypeptide copolymers. 1H NMR spectrum of CH3O-PEG-pLys(Z) (a), CH3O-PEG-pLys(Z)-pPhe (b), CH3O-PEG-pLys-pPhe (c),
and DHA-PEG-pLys-pPhe (d) recorded in DMSO-d6.
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of DHA-PLys(s‑s)P/PTX became much more condensed
(Figure 3A) after cross-linking. There were two possible
reasons: (1) decreased primary amino groups of
pLys segments could reduce the intermolecular elec-
trostatic repulsion; (2) disulfide network formation
could decrease the intermolecular distance of copoly-
mers. Simultaneously, the drug entrapping efficiency
and loading efficiency of DHA-PLys(s‑s)P/PTX were
92 and 4.6%, respectively. Additionally, we evaluated
the cross-linked micelles' in vitro stability by GSH-
responsive drug release assay. When exposed to the
medium of GSH-free or low GSH concentration (2 μM,
extracellular GSH level), it showed that DHA-PLys(s‑s)P
micelles remained stable with only 20% 6-coumarin
release within 48 h. As the GSH concentration in-
creased up to the cytoplasm level (10 mM), the release
of 6-coumarin was markedly facilitated. These findings
suggested that the DHA-PLys(s‑s)P micelles were very
stable in the extracellular environment. However, the
drug release was initiated once entering the cells (data
not shown).

Investigation of Cellular Uptake and Internalization Mecha-
nism. U87 cells, human-derivedmalignant glioma cells,
were good candidate as in vitro model because their

surfaces highly express GLUT1.40 The cellular uptake
characteristics and mechanisms were investigated
in vitro by Red-BODIPY (λex = 650 nm, λem = 665 nm)
labeling (Figure 4). Compared with PLys(s‑s)P micelles,
the internalization of DHA-PLys(s‑s)P micelles was sig-
nificantly enhanced with increasing DHA modification
(from 10 to 40 mol %) (Figure 4A�D). The results sug-
gested that DHA could change the fate of the micelles
due to selectively targeting glioma cells. As expected,
propargyl-modified DHA retained its transportation
ability via GLUT1. Additionally, it retained the target-
ing activity when being decorated on the micelles
(Figure 4A�D).

To investigate internalization mechanisms of DHA-
PLys(s‑s)P micelles, the endocytosis pathways were
inhibited by various inhibitors,41 including 10 mM D-
glucose (GLUT1) (Figure 4G), 0.5 μg/mL filipin (Fil,
caveolae-mediatedpathway) (Figure 4E), 2.5μMphenyl-
arsine oxide (PhO, clathrin-dependent pathway), 2.5 μM
colchicines (Col, macropinocytosis). The internalization
of DHA-PLys(s‑s)P micelles was inhibited significantly
by 10 mM D-glucose (Figure 4G) and 0.5 μg/mL Fil
(Figure 4E). It indicated that the endocytic pathway of
DHA-PLys(s‑s)Pmicellesmainly referred to the caveolae-
mediated pathway, which was similar with common
micelles. Additionally, low temperature remarkably
inhibited the cellular uptake, as well (Figure 4I), de-
monstrating that the internalization pathway was
energy-dependent. Considering these findings, it was
suggested that DHA was mainly responsible for recog-
nizing and binding with GLUT1, whereas the natural
properties ofmicelles, such as size and surface features,

TABLE 1. Summary of Nanoparticle Properties

polymeric micelles size (d, nm)a PDI zeta-potential (mV)a

DHA-PLysP/PTX 59 ( 4 0.11 ( 0.01 14.1 ( 1.1
DHA-PLys(s‑s)P/PTX 47 ( 3 0.09 ( 0.03 2.35 ( 0.1

a Determined by Zetasizer Nano.

Figure 4. Cellular uptake of PLys(s‑s)P micelles (A) and DHA-PLys(s‑s)P micelles with DHA modification ratio of 10 mol % (B),
20 mol % (C), and 40mol % (D). Themicelles were labeled by Red-BODIPY. (D�I) Possible involved pathway of DHA-PLys(s‑s)P
micelle entry into U87 was observed by fluorescence microscopy qualitatively. The cells were blocked by different inhibitors
(E, 0.5 μg/mL Fil; F, 2.5 μM PhO; G, 10 mM D-glucose; H, 2.5 μM Col). The cells incubated with DHA-PLys(s‑s)P in the absence of
any inhibitor (D) were considered as control. (I) Cells were incubated with DHA-PLys(s‑s)P micelles at 4 �C.
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played an important role in DHA-PLys(s‑s)P micelle
internalization. This pattern was different from the
simple receptor-mediated clathrin-dependent path-
way. Additionally, we obtained a similar conclusion
from the assessments on brain capillary endothelial
cells (BCECs), which highly express GLUT1, as well (data
not shown).

Evaluation of Glioma-Targeting Effect and In Vivo Distribu-
tion. To evaluate the glioma-targeting effect, Red-
BODIPY-labeled DHA-PLys(s‑s)P or PLys(s‑s)P micelles
were i.v. injected into glioma-bearing mice. DHA-PLys-
(s‑s)P micelles showed a progressive accumulation in
glioma from 1 to 12 h after administration (Figure 5A).
The signal intensity ratio in the glioma area (DHA-
PLys(s‑s)P versus PLys(s‑s)P treated group) at different
time points was analyzed quantitatively. Compared to
PLys(s‑s)P, DHA-PLys(s‑s)P exhibited much higher target-
ing effiency in glioma sites (Figure 5E(a)). Notably, the

targeting efficiencies of DHA-PLys(s‑s)P micelles were
2.36- (**p < 0.01) and 2.84-fold (**p < 0.01) higher than
that of the PLys(s‑s)P treated group at 8 and 12 h,
respectively. Above all, DHA maintained the high
glioma-targeting ability in vivo, which could promote
the micelles gradually accumulating in glioma.

In order to further study the in vivo subcellular
localization ofmicelles, the glioma-bearing brainswere
observed under fluorescence microscopy (Figure 5B)
and confocal microscopy (Figure 5C,D). The localiza-
tions of micelles at the glioma in low-magnification
images were obtained from fluorescence microscopy.
As shown in Figure 5B,C, overwhelming majority of
micelles were accumulated in glioma boundaries and a
portion of them were localized in the glioma central
region in the DHA-PLys(s‑s)P treated group. Most im-
portantly, DHA-PLys(s‑s)P micelles could be readily
further internalized into glioma cells (Figure 5D).

Figure 5. In vivo distribution and subcellular location of DHA-PLys(s‑s)P micelles on the U87 xenograft model. (A)
Representative real-time fluorescence imaging of mice treated with Red-BODIPY-labeled DHA-PLys(s‑s)P (left in every image)
or PLys(s‑s)P (right in every image) micelles. In vivo images were taken at 1, 2, 8, and 12 h after i.v. injection. Ex vivo images
showed the corresponding exposedmain organs (glioma-bearing brain, Br; heart, H; liver, L; spleen, S; lung, L; kidney, K) that
were excised 12 h after administration. Intensity of the signal: dark red is the strongest, while dark blue is the weakest, as
shown by the bar. (B) Fluorescence microscopic imaging of glioma-bearing brain sections showed the increasingly
accumulation of DHA-PLys(s‑s)P micelles (a) both at interior and margin of the glioma, compared to PLys(s‑s)P micelles (b).
N = normal brain; T = tumor; yellow dashed line = boundary of the glioma; red, Red-BODIPY-labeled micelles; blue, DAPI-
stained cell nuclei; white arrow probed the signals from DHA-PLys(s‑s)P micelles; original magnification = 50�. (C) Confocal
microscopic imaging of glioma-bearing brain sections. Original magnification = 200�. (D) Corresponding subcellular
localization of DHA-PLys(s‑s)P (a,b) or PLys(s‑s)P (e,f) micelles within the glioma. The region in the dotted box was enlarged
and shown in c,d or g,h, respectively. (E) Quantitative analysis of glioma target ability (a) and in vivo distribution (b) of DHA-
PLys(s‑s)P micelles. (a) Signal intensity ratio in the tumor area (DHA-PLys(s‑s)P versus PLys(s‑s)P treated group) at different time
points. (b) In vivo distribution ofmicelles 12 h after administration (*p< 0.05, **p<0.01, DHA-PLys(s‑s)P vs PLys(s‑s)P;

&&p< 0.01,
PLys(s‑s)P vs DHA-PLys(s‑s)P; n = 3).
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As reported, tumormicroenvironment becomes one of
the greatest difficulties for a drug to deeply penetrate
into the tumor central region because of higher pres-
sure and hypoxia.42�44 Recently, it has been demon-
strated that the expression levels of GLUT1 were highly
up-regulated in the intratumoral region as the tumor
developed.44 Accordingly, the uptake of D-glucose
increased. Meanwhile, as indicated in our study, we
could see notably intratumoral accumulation of DHA-
PLys(s‑s)Pmicelles, comparedwith PLys(s‑s)Pmicelles. All
of these findings revealed that DHA could provide a
promising potential to increase the tumor penetration
ability of nanoparticles.

As shown in ex vivo images, there was higher
accumulation in the liver of mice treated with PLys(s‑s)P
micelles (1.7-fold, &&p < 0.01, vs DHA-PLys(s‑s)P treated
group, Figure 5E(b)). This was probably attributed to
the properties (sizes and zeta-potential, etc.) ofmicelles
composed of polypeptides.45 However, besides higher
accumulation in the glioma, the drug distribution was
relatively lower in liver and partially higher in lung for
the DHA-PLys(s‑s)P treated group. It was demonstrated
that the distribution and clearance of micelles in vivo

were altered after modifying with DHA on the surfaces
of micelles. Meanwhile, the fluorescence signal was
visible in the intestinal tract in the DHA-PLys(s‑s)P
treated group (Figure 5A, left). It suggested that DHA-
PLys(s‑s)P micelles were further excreted into the intes-
tine from the liver, evidenced by the decreased accu-
mulation in the liver. Additionally, the signals of
kidneys (both groups) after 12 h administration were
very weak. This was attributed to the different excre-
tion pathway between micelles and small molecular
drugs.46 The possible excretion pathway of micelles
was mainly through the liver. Another possibility was
that the excretion by kidneys was completed 12 h after
administration.

In Vitro Evaluation of Antiglioma Effect. The antitumor
effect of DHA-PLys(s‑s)P/PTX micelles was evaluated
in vitro on human glioma U87 cells through a cell via-
bility assay, an antiproliferation assay, and cellular apo-
ptosis by TUNEL assay.

Cell viability assay (Figure 6A) showed that the IC50
value of Taxol on U87 cells after 48 h incubation was
0.3067 μM, similar to previous reports.47,48 IC50 values of
PLysP/PTX and PLys(s‑s)P/PTX were 0.388 and 0.397 μM,
respectively, and slightly higher than that of the
Taxol treated group. This was because Taxol and its
micellar formulations had a different pathway to enter
into cells. Taxol couldmore readily enter tumor cells via
passive diffusion,49 whereas micelles were mainly in-
ternalized through an endocytotic pathway (Figure 4).
Furthermore, the statistically lower IC50 value was
provided at 0.2314 μM (***p < 0.001 vs Taxol; &&&p <
0.001 vs PLys(s‑s)P/PTX; n = 4) in the DHA-PLys(s‑s)P/PTX
treated group. This greatest cytotoxicity against U87
was mainly attributed to DHA modification, which

dramatically promotes DHA-PLys(s‑s)P/PTX uptake by
tumor cells.

PTX could trigger cell cycle arrest onG2/M to induce
robust mitotic delay through microtubule stabi-
lization.50,51 This means that the cellular apoptosis
induced by PTX could probably have time lag. In our
study, both cell viability assay and other cytotoxic
assays (cell cycle test or Annexin V-FITC staining assays)
aimed at reflecting the apoptotic effect in vitro induced
by different PTX micellar formulations (Figure 6). G2/M
arrests in U87 were investigated after 48 h treatment
with PTX micelles to evaluate the antiproliferative
activity (Figure 6B). G2/M fractions of U87 were in-
creased significantly after treated with PTX micelles
(21.82�48.04%) comparedwith the Taxol treated group
(17.54%). G2/M fractions in groups exposed to cross-
linked micelles (PLys(s‑s)P/PTX and DHA-PLys(s‑s)P/PTX)
were slightly higher than that treated by non-cross-
linked micelles (PLysP/PTX and DHA-PLysP/PTX). Ad-
ditionally, the proportion of cells in sub-G1 fractions
(14.54%) was increased because of dramatically abro-
gated delay of the cell cycle in the DHA-PLys(s‑s)P/PTX
treated group (48.04%), which is considered ameasure
of nonviable cells (including apoptosis).47

Accordingly, to further characterize the apoptotic
features of PTX micellar formulations, Annexin V-FITC
staining assays were performed to indicate early apo-
ptosis (green). Late apoptotic or necrotic cells were
shown with PI staining (red). Compared to unmodified
micelles, early apoptosis and late apoptosis were re-
markably increased after 48 h treatment with DHA-
modified micelles. Substantial apoptotic cells were
revealed in the DHA-PLys(s‑s)P/PTX treated group, com-
pared to PLys(s‑s)P/PTX or DHA-PLysP/PTX.

In Vivo Antitumor Efficacy. Annexin-Vivo 750 was ap-
plied to show the apoptotic cells and revealed informa-
tion about immediate cell death in a glioma model
(Figure 7).52 Compared with PLys(s‑s)P/PTX, apoptotic
signals were achieved significantly in the DHA-
PLys(s‑s)P/PTX treated group (Figure 7A,B). This result
is consistent with high accumulation of DHA-PLys(s‑s)P/
PTX within glioma cells in vivo (Figure 5). The apoptotic
signals were further confirmed by TUNEL assay analysis
(Figure 7C,D). Most importantly, these apoptotic cells
were mainly distributed in the central glioma region,
indicating that tumor permeability of DHA-modified
micelles was improved by binding with GLUT1
(Figure 7C).

The therapeutic effects were evaluated by survival
days in the glioma models, and weight loss could
indicate the systemic toxicity from PTX to some
extent.53 The control group exhibited a rapid loss of
body weight and early death (median survival, 23.5
days, Figure 8), consistent with previous studies.54

Compared to the Taxol treated group (median survival,
25.5 days), micelle treated groups possessed pro-
longed survival times, and the loss in body weight
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was much gentler. Compared with nontargeted mi-
celles (PLysP/PTX or PLys(s‑s)P/PTX), DHA-PLysP/PTX
and DHA-PLys(s‑s)P/PTX possessed longer survival days.
Additionally, the survival days were markedly pro-
longed in the DHA-PLys(s‑s)P/PTX treated group and
achieved the greatest antitumor efficacy. It indicated
that the anti-leakage barrier of DHA-PLys(s‑s)P/PTX
altered distribution of PTX and markedly decreased

free PTX in the blood system in vivo, which increased
drug accumulation in the glioma site and decreased
PTX in periphery.

CONCLUSION

A key issue in oncotherapy is how to enhance the
tumor delivery efficiency of therapeutic agents, mean-
while decreasing side effects. It is practical to develop a

Figure 6. (A) Cell viability of treatmentwith different PTX formulations, Taxol, PLysP/PTX, PLys(s‑s)P/PTX, DHA-PLysP/PTX, and
DHA-PLys(s‑s)P/PTX (n = 4). (B) Cellularmitotic delay induced by PTX and increased cell death. U87 cells were evaluated for cell
cycle distribution via FACS analysis after 2 h of incubation in their culture medium added or not (control) with Taxol, DHA-
PLysP/PTX, DHA-PLys(s‑s)P/PTX, PLysP/PTX, and PLys(s‑s)P/PTX micelles followed by another 48 h of incubation only in the
culturemedium. (C) Cellular apoptosis of U87 cells inducedby Taxol (a), DHA-PLysP/PTX (b), DHA-PLys(s‑s)P/PTX (c), PLysP/PTX
(d), and PLys(s‑s)P/PTX (e) was examinedby fluorescencemicroscopy after 2 h treatment and 48 h incubation. (f) Enlarged view
of dashed region in (c). Green, FITC-labeled apoptotic cells; red, PI-labeled apoptotic cells or dead cells.
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Figure 7. (A) Representative in vivo apoptosis images 24 h after Annexin-Vivo 750 administration after DHA-PLys(s‑s)P/PTX
(right), PLys(s‑s)P/PTX (middle), and Taxol (left) treatment groups. (B) Quantitative analysis of apoptotic signal intensities of
corresponding treated groups (***p < 0.005, DHA-PLys(s‑s)P/PTX vs PLys(s‑s)P/PTX;

#p < 0.05, PLys(s‑s)P/PTX vs Taxol; n = 3). (C)
Representative histological images of the glioma-bearingbrains using the TUNEL assay after Taxol, DHA-PLysP/PTX, PLysP/PTX,
PLys(s‑s)P/PTX, and DHA-PLys(s‑s)P/PTX treatment. Saline treated groupwas considered as control. Blue, DAPI-stained cell nuclei;
green, apoptosis cells; yellow dashed line, boundary of the glioma; originalmagnification = 100�. (D) Analysis of percentage of
apoptosis cells (***p < 0.005, DHA-PLys(s‑s)P/PTX vs PLys(s‑s)P/PTX; **p < 0.01, DHA-PLys(s‑s)P/PTX vs DHA-PLysP/PTX; n = 3).

Figure 8. Kaplan�Meier survival curves (A) and average changes of body weight (B) of glioma-bearing mice treated with
different PTX formulations at days 12, 15, and 18 postimplantation (n = 15).
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powerful tumor-targeting drug delivery system. In this
study, DHA was exploited as a novel targeting moiety,
and smart and highly effective tumor-targeting DHA-
PLys(s‑s)P micelles were established for delivering anti-
tumor drugs. In summary, DHA-PLys(s‑s)P exhibited sig-
nificantly stronger glioma-targeting ability, improved

tumor permeability, enhanced chemotherapeutic ef-
fect of PTX, and decreased side effects in glioma-
bearing animal models. Due to the smart “-S-S-” bar-
riers inside micelles, DHA-PLys(s‑s)P was determined to
have great potential as a carrier for chemotherapeutic
drugs in tumor-targeting delivery.

EXPERIMENTAL METHODS
Materials. N6-Carbobenzyloxy-L-lysine N-carboxyanhydride

(Lys(Z)-NCA) and L-phenylalanine N-carboxyanhydride (Phe-
NCA) of high purity were used for the Fuchs�Farthing method
using triphosgene (Supporting Information, Scheme S1).55 4,6-
Diamidino-2-phenylindole (DAPI), 6-(((4,4-difluoro-5-(2-pyrrolyl)-4-
bora-3a,4a-diaza-s-indacene-3-yl)styryloxy)acetyl)aminohexanoic
acid, and succinimidyl ester (Red-BODIPY) were purchased
from Molecular Probes (Eugene, OR, USA). 3,30-Dithiobis(sulfo-
succinimidylpropionate) (DTSSP) was purchased from PIERCE
(Thermo, USA). Annexin-Vivo 750was purchased fromGEHealth-
care (USA). D-Glucose, phenylarine oxide, filipin complex, and
colchicines were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Taxol (dissolving PTX in Cremophor EL/EtOH 1:1) was
further diluted by saline when used.

Balb-c nudemice (male, 18�20 g) were purchased from the
Sino-British SIPPR/BK Lab Animal Ltd. (Shanghai, China). All
animal experiments were carried out in accordance with guide-
lines evaluated and approved by Fudan University Institutional
Animal Care and Use Committee (IACUC).

Block Copolymer Synthesis. CH3O-PEG-pLys-pPhe block copo-
lymer, comprising EG units of 113 (MW 5000), Lys units of 10,
and Phe units of 20, was synthesized via ROP reaction as pre-
viously described.34,35 N3-PEG-pLys-pPhe was synthesized by
the same procedure, with N3-PEG-NH2 (MW5000) as an initiator.
In brief, under a dry atmosphere, CH3O-PEG-NH2 or N3-PEG-NH2

(1 g, 0.2 mmol) was dissolved in anhydrous DMF (10 mL) with
stirring. Lys(Z)-NCA (736 mg, 2.4 mmol) in anhydrous DMF was
added into the PEG solution at 50 �C under argon. After 48 h,
Phe-NCA (917 mg, 4.8 mmol) in anhydrous DMF was added to
the reaction mixture. The reaction was maintained at 50 �C for
another 48 h. The copolymer mixture was precipitated into
diethyl either and was dried to yield an off-white solid. Yield
91%. Finally, the deprotection of PEG-pLys(Z)-pPhe was per-
formed by treating the block copolymer with TFA (10 mL) and
HBr/HOAc (0.5 mL) to remove Z groups (Supporting Informa-
tion, Scheme S1). PEG-pLys-pPhe was isolated by dialysis using
a membrane (Spectrapor, MWCO 1000) for 48 h, followed by
freeze-drying. The preparation of fluorescently labeled CH3O-
PEG-pLys-pPhe was achieved by the reaction of amino groups
on side chains of pLys with active groups contained in Red-
BODIPY. Briefly, the CH3O-PEG-pLys-pPhe (pLys, 10 amino
groups) was dissolved in DMF with 0.1 equiv of probe solution
and 0.5 equiv of triethylamine. The reaction was maintained at
room temperature for 1 h and further purified by dialysis in the
darkness.

DHA was coupled to the terminus of N3-PEG-pLys-pPhe via
copper(I)-catalyzed azide�alkyne Click reaction.56 The copoly-
mer N3-PEG-pLys-pPhe (500 mg, 0.1 mmol) and excess azidated
DHA (43 mg, 0.2 mmol, 2 equiv) were dissolved in 5 mL of DMF
under argon. A freshly prepared solution of CuI (0.5 equiv) and
DIPEA (1 equiv) was added, and the reaction was carried out for
12 h at 30 �C. The product DHA-PEG-pLys-pPhe was purified by
dialysis against 10 mM EDTA-2Na pH 7.0 for 24 h, deionized
water for 24 h, followed by freeze-drying.

Micelle Preparation. The PTX-loaded polymeric micelles were
prepared by dialysis method and a subsequent cross-linking
reaction with slight modification.34,35 In brief, CH3O-PEG-pLys-
pPhe (10 mg) and 0.5 mg of PTX were dissolved in 0.5 mL of
DMF. The solutionwas dialyzed against deionizedwater for 24 h
using a membrane (MWCO 1000). Then the non-cross-linked
PTX-loaded micelles, PLysP/PTX, were collected. For cross-
linked micelle preparation, a disulfide-containing cross-linking

agent, DTSSP, was added into the solution at the feed molar
ratio of [DTSSP]/[Lys] = 1:1. The reaction was maintained for 3 h
at pH 8.0, and the solution was dialyzed for 3 h to remove
residual DTSSP and unloaded PTX, which were PLys(s‑s)P/PTX
micelles. For DHA-modified micelle preparation, 40 mol % (of
total copolymers) of DHA-PEG-pLys-pPhe was added into the
copolymer DMF solution. The later process was the same as
mentioned above.

The empty micelles were prepared according to the proto-
col, without addition of PTX into the copolymer mixture in DMF.
For Red-BODIPY-labeled micelle preparation, 0.5 mol % of
fluorescently labeled CH3O-PEG-pLys-pPhe was added into
the micelles composition.

Micelle Characterization. Micelles were analyzed by dynamic
light scattering to determine size/PDI and zeta-potential. Re-
sults of size distribution were shown as the average diameter
with PDI. The morphological examination of micelles was
performed using atomic force microscopy (AFM, Veeco Instru-
ments Inc., USA).

Investigation of Cellular Uptake and Internalization Mechanism. U87
cells were seeded in 24-well culture plates (Corning-Coaster,
Tokyo, Japan) at a density of 2 � 104 cells/well. When 70�80%
confluence was achieved, the cells were washed extensively
and preincubated with PBS pH 7.4 for 15 min at 37 �C. Then
the cells were incubated with the Red-BODIPY-labeled DHA-
PLys(s‑s)P micelles with various DHA modification (0, 10, 20,
40 mol %) at the concentration of 0.5 mg copolymers/well
under D-glucose-free medium. To investigate themechanism of
internalization, the cells were preincubated with PBS added
with various inhibitors,41 including 10 mM D-glucose as GLUT1
transporter inhibitor or 2.5μMphenylarine oxide (PhO), 0.5μg/mL
filipin complex (Fil), and 2.5 μM colchicines (Col) as endocytic
inhibitors, respectively. After 15 min preincubation, Red-BODI-
PY-labeled DHA-PLys(s‑s)P micelles with 40 mol % of DHA modi-
fication (0.5 mg copolymers/well) were introduced to the cells
for 30 min at 37 or 4 �C. After 30 min incubation, the medium
was removed, and the cells were washed with cold PBS three
times and then visualized under an IX2-RFACA fluorescent
microscope (Olympus, Osaka, Japan).

Tumor Implantation. All animal experiments were carried out
in accordance with guidelines evaluated and approved by the
ethics committee of Fudan University, Shanghai, China. Glioma-
bearing mice were prepared by intracranial injection (striatum,
1.8 mm right lateral to the bregma and 3 mm of depth) of 1 �
105 U87 cells suspended in 5 μL of serum-free media into male
nudemice with a body weight of 20�25 g (Sina-British Sippr/BK
Lab Animal Ltd.). More than 95% ofmice could recover from the
surgery, and the incidence of glioma was almost 100%.

Nanoparticle Distribution in Glioma-Bearing Mice. At the 18th day
after implantation, glioma-bearing mice were injected intrave-
nously with Red-BODIPY-labeled PLys(s‑s)P or DHA-PLys(s‑s)P
micelles through the tail vein at the same dose of 1 mg of
micelles per animal. Then at 1, 2, 8, and 12 h after administration,
the mice were anesthetized and visualized by a Cambridge
Research & Instrumentation in vivo imaging system (CRi, MA,
USA). After that, mice were sacrificed, and the glioma-bearing
brains and other principal organs (heart, liver, spleen, lung, and
kidney) were excised carefully to compare relative accumula-
tion. The excised glioma-bearing brains were then fixed in 4%
paraformaldehyde for 48 h and further dehydrated in sucrose
solution. Afterward, excised brains were frozen at�80 �C inOCT
embedding medium (Sakura, Torrance, CA, USA). Frozen sec-
tions of 20 μm thickness were prepared with a cryotome
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Cryostat (Leica, CM 1900, Wetzlar, Germany) and stained with
300 nM DAPI for 10 min at room temperature. After being
washed twice with PBS pH 7.4, the sections were immediately
observed under the IX2-RFACA fluorescent microscope
(Olympus, Osaka, Japan) and confocal laser scanning micro-
scope (Olympus, Fluoview FV100, Japan).

Cell Viability Assay. The cell viability was assessed by 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT;
Sigma). U87 cells were seeded in 96-well culture plates
(Corning-Coaster, Tokyo, Japan) at a density of 5 � 103 cells/
well. When 60�70% confluence was achieved, the cells were
balanced with glucose-free medium for 15 min. Then the
cells were incubated with Taxol, PLysP/PTX, DHA-PLysP/PTX,
PLys(s‑s)P/PTX, or DHA-PLys(s‑s)P/PTX micelles at PTX concentra-
tions ranging from 100 nM to 500 μM at 37 �C for 48 h in DMEM
(added with 2.5 mM D-glucose). After incubation, the medium
was removed and the cells were rinsed with cold PBS three
times. Subsequently, the in vitro cytotoxicity was determined by
MTT assay (n = 4).

Cell Cycle Determination. The progression of cell cycle and
apoptosis was determined by flow cytometry via propidium
iodide (PI; Sigma-Aldrich, MO, USA) staining.47 U87 cells were
seeded in 12-well plates at a density of 105 cells/well. After
being prebalanced with glucose-free medium, the cells were
incubated with 200 μL of Taxol, PLysP/PTX, DHA-PLysP/PTX,
PLys(s‑s)P/PTX, or DHA-PLys(s‑s)P/PTX micelle solution at 1 μM
PTX. The cells treated with saline were used as control. Two
hours later, the drug solutions were displaced by ECCM for
another 48 h incubation. Then the cells were harvested by a
trypsinization method, washed with PBS twice, and incubated
with PI solution in an ice bath for 15 min. The cells were col-
lected by centrifugation at 3000 rpm for 15min at 4 �C. Then the
stained cells (10 000 cells) of each sample were detected by
FACS Calibur flow cytometer (BD, USA), and the percentage of
cell cycle phases and apoptosis was analyzed using Flowjo 6.0.

Cell Apoptosis Analysis. The imaging of cell apoptosis was
evaluated by PI and Annexin V-FITC (Invitrogen, NY, USA)
staining. Briefly, after incubation with Taxol, PLysP/PTX, DHA-
PLysP/PTX, PLys(s‑s)P/PTX, or DHA-PLys(s‑s)P/PTXmicelle solution
at a dose of 1 μM PTX, the U87 cells were further cultured with
drug-free ECCM. After another 48 h incubation, the cells were
rinsed by cold PBS twice and stained with a cell apoptosis kit
(250 μL binding buffer, 2.5 μL Annexin V-FITC, and 2.5 μL PI/
well), according to the protocols. Fifteen minutes later, the cells
were washed twice and immediately observed under an IX2-
RFACA fluorescent microscope (Olympus, Osaka, Japan).

Evaluation of Anti-tumor Efficacy in Vivo. Intracranial glioma-
bearing mice were randomly divided into six groups (n = 15)
and treated with Taxol, PLysP/PTX, DHA-PLysP/PTX, PLys(s‑s)P/
PTX, or DHA-PLys(s‑s)P/PTX micelles at a dose of 10 mg PTX/kg
via intravenous injection at days 12, 15, and 18, respectively (the
implantation day was day 0). The mice treated with saline were
considered as the control. The treatment experiment was
performed with all mice at the same time.

For in vivo apoptosis imaging, at day 21, the animals of
Taxol, PLys(s‑s)P/PTX, or DHA-PLys(s‑s)P/PTX micelle treated
groups received intravenously 100 μL/mouse apoptotic agent
Annexin-Vivo 750 (GE Healthcare, USA), which was able to bind
to apoptotic cells and reveal information about immediate cell
death induced by drug accumulation. Imaging was conducted
at 24 h post-Annexin administration by a CRi in vivo imaging
system (excited at 740 nm; emission collected at 780 nm). After
that, the excised glioma-bearing brains were frozen sectioned
and stained with DAPI, then observed under the fluorescent
microscope. To further validate the apoptotic signal, in vivo
TUNEL assay was applied to detect the broken nuclear DNA
fragments, stained with DAPI, and observed under the fluo-
rescent microscope.

For survival study, all groups were inspected twice daily. All
animals were observed for a total period postimplantation of 50
days, and body weight was recorded every 2 days. Each group
included 12 mice.

Statistical Analysis. Analysis was performed with the compu-
ter program GraphPad Prism software. The data are expressed
as mean ( SD. Statistical analysis of comparison was done by

Student's tests. The comparative survival rateswere analyzed by
a log rank test.
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