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G
lioblastoma is themost common and
aggressive type of malignant primary
brain tumor in adults. Despite ad-

vances in neurosurgical intervention, radia-
tion therapy, and chemotherapy, the median
survival for glioblastoma remains less than15
months after diagnosis and tumors recur
usually within 6 to 12 months of chemo-
radiation initiation.1,2 The treatment of intra-
cranial glioma is limited by the inability to
deliver chemotherapeutics at efficacious lev-
els to the site of tumor.3 The blood�brain
barrier (BBB) is a tightly regulated interface
between the circulating blood and brain
tissues formedbybrainmicrovascularendothe-
lial cells. The BBBmaintains the homeostasis of

the highly sensitive central nervous system
(CNS) and protects the brain from neuro-
toxic substances prevalent in the peripheral
circulatory system.4 The BBB prevents free
diffusion of most foreign molecules includ-
ing therapeutic agents except for those that
are small, uncharged, and lipid-soluble.5

This remains the major obstacle for drug
delivery into the brain. However, integrity of
the BBB is severely compromised by many
diseases in the brain, including brain tumors,
neurodegenerative diseases, and traumatic
brain injury (TBI).6�8 Vigorous tumor growth
leads to induction of unregulated angiogen-
esis, resulting in defective vasculature with
large pores and high permeability. This allows
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ABSTRACT Chemotherapy for intracranial gliomas is hampered by

limited delivery of therapeutic agents through the blood brain barrier

(BBB). An optimal therapeutic agent for brain tumors would selectively

cross the BBB, accumulates in the tumor tissue and be activated from an

innocuous prodrug within the tumor. Here we show brain tumor-

targeted delivery and therapeutic efficacy of a nanometer-sized prodrug

(nanoprodrug) of camptothecin (CPT) to treat experimental glioblastoma

multiforme (GBM). The CPT nanoprodrug was prepared using sponta-

neous nanoemulsification of a biodegradable, antioxidant CPT prodrug

and R-tocopherol. The oxidized nanoprodrug was activated more

efficiently than nonoxidized nanoprodrug, suggesting enhanced ther-

apeutic efficacy in the oxidative tumor microenvironment. The in vitro imaging of U-87 MG glioma cells revealed an efficient intracellular uptake of the

nanoprodrug via direct cell membrane penetration rather than via endocytosis. The in vivo study in mice demonstrated that the CPT nanoprodrug passed

through the BBB and specifically accumulated in brain tumor tissue, but not in healthy brain tissue and other organs. The accumulation preferably occurred

at the periphery of the tumor where cancer cells are most actively proliferating, suggesting optimal therapeutic efficacy of the nanoprodrug. The

nanoprodrug was effective in treating subcutaneous and intracranial tumors. The nanoprodrug inhibited subcutaneous tumor growth more than 80%

compared with control. The median survival time of mice implanted with an intracranial tumor increased from 40.5 days for control to 72.5 days for CPT

nanoprodrug. This nanoprodrug approach is a versatile method for developing therapeutic nanoparticles enabling tumor-specific targeting and treatment.

The nontoxic, tumor-specific targeting properties of the nanoprodrug system make it a safe, low cost, and versatile nanocarrier for pharmaceuticals,

imaging agents, and diagnostic agents.

KEYWORDS: glioblastoma . nanoprodrug . drug delivery . targeted cancer therapy . EPR effect . nonendosomal cellular uptake .
nanoplatform

A
RTIC

LE



LEE ET AL. VOL. 7 ’ NO. 4 ’ 3061–3077 ’ 2013

www.acsnano.org

3062

certain macromolecules and nanoparticles to pene-
trate through the BBB into the tumor and, due to the
defective lymphatic drainage system in the tumor tissue,
accumulate at therapeutically effective concentrations.9

This phenomenon is termed the enhanced permeability
and retention (EPR) effect, and it grants the opportunity
for passive tumor-specific targetingwithmacromolecular
drugs and nanocarriers.10

Camptothecin (CPT), a pentacyclic alkaloid extracted
from the bark of the Chinese tree Camptotheca acumi-

nate, has been proved for its anticancer activity in vitro
and in vivo animal solid tumors.11,12 Themajor problem
encountered with CPT is its extremely low solubility in
an aqueous environment. Its carboxylate form is more
water-soluble, but the loss of the lactone form resulted
in the loss of its anticancer efficacy.13 Furthermore, the
use of the hydrophilic carboxylate formwas associated
with severe, unpredictable side effects.14�16 Following
the discovery that CPT acts through binding to topo-
isomerase I and inducing irreversible double-strand
DNA breaks,17,18 investigators have sought to improve
the therapeutic efficacy of CPT by reducing its non-
specific toxicity and increasing its water solubility. The
efforts to findmorewater-soluble analogues of CPT has
led to the development of small molecule analogues
such as topotecan and irinotecan,13 and many CPT-
polymer conjugates such as poly(ethylene glycol)-CPT,19

poly(L-glutamic acid)-CPT,20 and dextran-CPT.21

Research in the field of cancer therapy using nano-
structured materials has been receiving significant at-
tention from the pharmaceutical industry due to their
potential for precise targeting, improved tolerability,
and drug efficacy.22 One of the major advantages of
nanostructured materials is that hydrophobic thera-
peutics can be transported more efficiently in the
aqueous physiological environment when integrated
into stable nanostructures.23 In an effort to overcome
the problems for delivery of CPT-based chemothera-
peutics, nanoparticles loadedwith CPT analogues have
received significant attention in recent years. Noble
et al. used nanometer-sized liposomes for delivery of
irinotecan, which resulted in a higher drug residence
time in tissue, reduced toxicity, and effective treatment
of brain tumor.24 Koizumi et al. developed therapeutic
polymericmicelles by direct incorporation of the active
metabolite of irinotecan, SN-38,25 into the micelles.26

The above reports demonstrated the strategy and
feasibility to overcome the intrinsic problems of CPT-
based drugs and enhance the therapeutic efficacy by
using nanoparticles as tumor-targeting drug delivery
vehicles.
In our efforts to develop a new tumor-targeting

therapeuticnanoparticle,wehavedesignedananometer-
sized prodrug (nanoprodrug) by combining the con-
cept of a prodrug with a nanoscale drug delivery
system. In our previous study, we synthesized a new
CPT prodrug and prepared a nanoprodrug of CPT using

spontaneous nanoemulsification.27 In this study, we
demonstrate that the nanoprodrug can cross the BBB
in brain tumor (also called the blood�brain tumor
barrier, BTB), passively accumulate in the brain tumor
tissue via the EPR effect, and exhibit antitumor efficacy
in experimental animal models with subcutaneous or
intracranial human glioblastomas.

RESULTS AND DISCUSSION

Preparation and Characterization of CPT Nanoprodrug.
Brain tumors are one of the most deadly and difficult
to treat and cure. This is largely due to the failure to
deliver sufficient amount of drugs through the BBB into
the tumor tissue. Nanometer-sizedmaterials have drawn
considerable attention for their potential application as a
therapeutic platform in oncology. Polymer nanoparticles
have been widely used to overcome the problems
associated with drug solubility and stability and to
target tumors by exploiting the EPR effect-based pas-
sive drug targeting and accumulation.28 In addition to
this passive targeting, active targeting using ligands or
antibodies directed against selected tumor targets
increases selectivity for cancers. McCarron et al. devel-
oped a CPT-loaded polymer nanoparticles with a layer
of antibodies to actively target tumor cells.29 The
improved efficacy of this nanoparticle was explained
by the increased intracellular delivery of the nanopar-
ticles resulting from the active antibody targeting
toward Fas receptor on the surface of tumor cells.
Liposomes and polymeric micelles have been reported
to significantly increase the therapeutic efficacy com-
pared with free drugs. The liposomal CPT-based drugs
have been shown to increase the stability of the drugs,
accumulate to higher levels in tumors, and have a
longer overall residence time than free drugs.30 To
facilitate the delivery into the brain, CPT-loaded PLGA
polymer nanoparticles31 and liposomal CPT-1124 were
infused via convection-enhanced delivery (CED) to a
defined location in the brain, which improved drug
distribution in the brain parenchyma. However, for the
treatment of brain tumors, the in vivo efficacy of drug-
loaded nanoparticles may be compromised by their
inefficiency in crossing the BBB, the lack of brain tumor-
specific targeting ability, and insufficient accumulation
and retention within the tumor tissue. Our goal was to
develop a brain tumor-targeted delivery system for
CPT and CPT analogues using a nanoparticle that is
capable of passive accumulation via the EPR effect
without using active targeting ligands. While most of
the efforts to improve bioavailability and therapeutic
efficacy of CPT-based drugs have strived to develop a
more water-soluble analogue of CPT, we aimed to
design a more hydrophobic CPT prodrug that can be
transformed into a nanoprodrug by spontaneous hy-
drophobic assembly. In order to obtain a hydrophobic,
biodegradable prodrug,we first synthesizedCPTprodrug
from CPT, tetra(ethylene glycol) (TEG) spacer, and
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R-lipoic acid (ALA) by introducing biodegradable car-
bonate and ester bonds (Figure 1A).

The biodegradable bonds ensure that the prodrug
molecules break down hydrolytically or enzymatically
by esterase. Spontaneous emulsification of the pro-
drug and R-tocopherol into the nanoprodrug abates
problems associated with free delivery of the highly
hydrophobic prodrug (Figure 1B). The resulting nano-
prodrug attains a stable structure that can exploit the
EPR effect for tumor specific entry and retention.
Interestingly, in contrast to CPT prodrug, CPT was not
incorporated into R-tocopherol nanoemulsion. Most
CPT precipitated during the emulsification process.
The results highlight the influence of molecular struc-
ture and intermolecular interaction on the formation of
stable nanostructures. The nanoprodrug strategy is an
example of constructing therapeutic nanostructures

usingmolecular self-assembly. Molecular self-assembly is
defined as the spontaneous association of molecules
under equilibrium condition into stable, structurally
well-defined aggregates joined by noncovalent bonds.32

The initiation or stability of self-assembly depends on the
physical/chemical properties of the components in the
system, such as structure, shape, charge, polarization,
magnetic dipole, mass, etc., which determine the non-
covalent interaction (van der Waals, electrostatic and
hydrophobic interaction, hydrogen and coordination
bonds) among them.33 Themodification of CPT to CPT-
TEG-ALA prodrug resulted in dramatic changes in
physical and chemical properties of the molecule:
CPT has a slightly yellowish powder form, while CPT
prodrug is sticky yellow oil similar to R-tocopherol. The
solubility of CPT in acetone is ∼0.1 mg/mL, while it is
>1.0 g/mL for CPT prodrug. These changes are believed

Figure 1. Preparation of camptothecin (CPT) prodrug and nanoprodrug. (A) Free CPT is incorporated with R-lipoic acid (ALA)
and tetra(ethylene glycol) (TEG) into prodrug CPT-TEG-ALA via ester and carbonate bonds. (B) CPT prodrug andR-tocopherol
(Toco) undergo spontaneous emulsification into CPT-TEG-ALA/Toco nanoprodrug (CPT nanoprodrug). (C) Thiol groups are
incorporated into the nanoprodrug by addition of 1-octadecanethiol. Nanoprodrug is then fluorescently labeled by
conjugation of Cy5.5-maleimide to thiol moiety of 1-octadecanethiol on the surface of the nanoprodrug.
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to be caused by introducing the TEG spacer. It is
plausible that the flexible TEG spacer facilitates optimal
spatial arrangement of CPT prodrug and R-tocopherol
and, thus, the hydrogen bond formation between the
oxygen atoms of TEG and the hydroxyl proton of
R-tocopherol. The above results suggest that the
intermolecular forces between CPT prodrug and
R-tocopherol favors the formation ofmixed self-assembly
(nanoprodrug), while CPT molecule acts against the
formation of self-assembly with R-tocopherol. The
hydrophobic interaction between the prodrug and
R-tocopherol molecules stabilizes the nanoprodrug in
an aqueous environment, which maintains the structural
integrity of the nanostructures. The hydrophobic na-
ture of the prodrug and its strong hydrophobic assem-
bly with R-tocopherol may reduce its activation in
aqueous physiologic condition and this would reduce
its therapeutic efficacy. However, the transformation into
the nanoprodrug generates abundant reactive surface
areawhere the prodrugs are activated upon contact with
biological molecules. This increased interaction increases
the rate of prodrug activation and thus improves ther-
apeutic efficacy.34 To visualize the in vivo delivery, we
aimed to fluorescently label the nanoprodrug. We first
prepared nanoprodrug containing 1-octadecanethiol.
Cy5.5 maleimide was conjugated to the thiol groups on
the surface of the nanoprodrug (Figure 1C).

In our previous report, we developed a single-step
spontaneous emulsification method for nanoprodrug

preparation.27 In order to increase the concentration of
the prodrug in nanoprodrug, we applied the three-step
emulsification method as described in the Materials
and Methods. The recovery yield was about 70%
throughout the three-step process (Figure 2A). The
concentration of the recovered prodrug CPT-TEG-ALA
was 652, 1239, and 2122 μM after the first, second, and
third step, respectively. The hydrodynamic size mea-
sured by the dynamic light scattering (DLS) using a
Coulter N4-Plus Submicrometer Particle Sizer was
215 ( 17 nm (PDI = 0.18), 220 ( 22 nm (PDI = 0.14),
and 228( 14 nm (PDI = 0.25) after the first, second, and
third emulsification step, respectively. Notably, the
amount of recovered prodrug CPT-TEG-ALA after the
second and third emulsification step were approxi-
mately twice and three times asmuch as the amount of
the single-step procedure, whereas the size increased
only slightly after each additional step. The polydis-
persity index (PDI) of all nanoprodrugs remained below
0.3. This multistep procedure of spontaneous emulsifica-
tion represents a rapid, reliable, and reproduciblemethod
for the preparation of concentrated nanoprodrug.

In this study, we also applied the nanoparticle
tracking and analysis (NTA) technique to visualize the
nanoprodrug in a suspension. Figure 2B shows that the
size of the CPT nanoprodrug is larger than the nano-
suspension prepared from R-tocopherol (Toco). The
average size of the CPT-nanoprodrug was 147 nm
when calculated using NTA, which was significantly

Figure 2. (A) Recovery yield of CPT prodrug and size of nanoprodrug measured by dynamic light scattering (DLS) after the
first, second, and third step of spontaneous emulsification. The mean diameter and standard deviation were calculated from
the measurements of three separate preparations. (B) Visualization and size distribution of CPT nanoprodrug (I) and
R-tocopherol (Toco) nanosuspension (II) obtained from nanoparticle tracking analysis (NTA).35 (C) In vitro cellular uptake of
CPTnanoprodrug intoU-87MGglioma cells after a 5 h incubation visualizedbyfluorescencedetectionof Cy5.5 functionalized
nanoprodrug as determined by laser confocal microscopy. Scale bars, 20 μm.
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smaller than the size calculated by DLS method
(∼220 nm). This discrepancy is because DLS method
is highly affected by the presence of a few larger
particles, tending to be weighted to the larger particle
sizes.35 In vitro confocal fluorescence microscopic imag-
ing demonstrated that U-87 MG glioma cells dis-
played effective cellular uptake after 5 h incubation
with Cy5.5-labeled nanoprodrug (Figure 2C). Obviously,

abundant nanoprodrugs were localized in the nuclei
where CPT interacts with its cellular target topoisomer-
ase I. In addition to the intracellular accumulation,
nuclear localization plays a crucial role in the thera-
peutic efficacy of CPT nanoprodrug.

R-Lipoic acid is known to scavenge a wide range of
ROSs and upon scavenge be converted into thiosulfi-
nates and thiosulfonate (Figure 3A).36 As part of the

Figure 3. Oxidation-sensitive prodrug activation fromCPT nanoprodrug. (A) Oxidation and degradation of CPT prodrug CPT-
TEG-ALA. (B) Recovered camptothecin from control and oxidized nanoprodrug after 24 and 48 h of dialysis. The prodrug was
oxidized to 10, 25, or 50% of molar equivalent of CPT prodrug. Control nanoprodrug without oxidation. (*) P < 0.02, (**)
P < 0.002, (***) P < 0.001. (C) Recovered R-tocopherol from control and oxidized nanoprodrug after 24 and 48 h of dialysis.
(D) RP-HPLC chromatograms of the control and oxidized nanoprodrugs before (0 h) and after 24 and 48 h of incubation. P1,
intact prodrug; P2, oxidized prodrug.
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prodrug, the oxidation of R-lipoic acid changes the
structure and solubility of the prodrug, which may
have great impact on the in vivo behavior of the drug.
We hypothesized that the prodrug activation increases
upon ROS scavenging, which is attributed to the
increased hydrophilicity of the oxidized prodrug mol-
ecules. To demonstrate oxidation-sensitive prodrug
activation, nanoprodrug was partially oxidized by ad-
dition of HOCl to 10, 25, or 50% of molar equivalent of
CPT prodrug and the dependence of the rate of
prodrug degradation on the degree of oxidation was
monitored. The degraded CPT prodrugs were removed
by dialysis and the amount of CPT prodrug remaining
in the nanoprodrug was analyzed.

Figure 3B shows the total amount of CPT recovered
after 24 and 48 h of incubation, regardless whether it is
from the oxidized or intact prodrug. The amount of
recovered CPT decreased with increasing degree of
oxidation, indicating that more CPT prodrug was de-
graded from the oxidized nanoprodrug. About 62, 57,
and 39% of the initial amount of CPT were recovered
after 48 h from the nanoprodrug with 10, 25, or 50%
of oxidation, respectively, while about 80% were re-
covered from control nanoprodrug without oxidation.
Whereas the degradation of CPT prodrug is very
sensitive to the presence of ROS,R-tocopherol remains
practically unaffected by the oxidation (Figure 3C). The
nonoxidized CPT prodrug remained relatively stable as
shown in the control experiment (Figure 3D). About 97,
89, and 79% of the intact CPT prodrug were found
before incubation (t = 0) after 24 and 48 h of incuba-
tion, respectively. More importantly for the concept of
oxidation-sensitive nanoprodrug, the prodrug activa-
tion occurred mainly from oxidized prodrug (P2), while
the intact prodrug (P1) was relatively stable. Compar-
ing the integration of the peaks, the rate of degrada-
tion of the oxidized prodrug (k2) was up to 10 times
higher than the rate of the intact prodrug (k1). The
observed stability of R-tocopherol as a structural ma-
trix plays a crucial role in the oxidation-sensitive nano-
prodrug strategy. The oxidation of the nanoprodrug
can occur practically everywhere in the body, for
example, in the bloodstream and any body fluids.
Therefore, it is very important to maintain the structur-
al integrity until they reach the final target site without
collapsing or disintegrating. The nanoprodrug main-
tained structural integrity when it was frozen and
stored at�20 or�80 �C in the presence of 10%glucose
(Figure S1), suggesting a cryoprotective effect of glu-
cose during the freezing�thawing process. CPT pro-
drug remained intact during storage at�20 or�80 �C,
whereas it oxidized considerablywhen stored at 4 �C or
RT (Figure S2).

Characterization of Cellular Uptake of Nanoprodrug. Cellu-
lar uptake of nanomaterials largely depends on the
particle size and surface characteristics, such as surface
charge and hydrophobicity. Nanoparticles less than

200 nm in diameter can be internalized via several
possible routes, including receptor mediated endocyto-
sis, nonspecific, adsorptive endocytosis, and pinocytosis,
while larger particles are internalized predominantly
via caveolae-mediated endocytosis.37 Most endocy-
tosed nanoparticles are trapped in the endosomes
and thus do not reach other cellular compartments in
the cytosol unless there are endosomal disruptive or
bypassing means are involved.38,39 The fluorescence
confocal images of U-87 glioma cells (Figure 2C) sug-
gested that the nanoprodrug is not confined to vesi-
cular endosomes but distributed throughout the
cytosol of the cells. To explore the mechanism by
which the nanoprodrug enters the cells, we analyzed
internalization patterns of the nanoprodrug and com-
pared with those of calcein. Calcein is a small molecule
membrane-impermeable fluorophore and normally
internalized via endocytic/pinocytic routes of cellular
uptake. Cells were incubated in the presence of Cy5.5-
labeled fluorescent nanoprodrug and calcein in serum-
free or serum-containing medium for 1 h. Figure 4A
shows that calcein was internalized by cells and dis-
played punctate fluorescence patterns indicative of
endosomal uptake and localization in the endosomes,
while a greater amount of nanoprodrugs were loca-
lized throughout the cytosol as a diffuse pattern of
intracellular fluorescence overwhelming the punctuate
pattern of calcein fluorescence, although few vesicular
structures were observed for both the serum-free and
serum-containing conditions. The nanoprodrug up-
take and intracellular distribution were qualitatively
similar in serum-free and serum-containing medium,
indicating that nanoprodrugs are resistant to nonspe-
cific protein adsorption and thus retain their behavior
toward cell membranes.40 Serum proteins did not
change the size of nanoprodrug (Figure S3), suggest-
ing that aggregation of nanoprodrugs or strong inter-
action with serum proteins did not occur. To further
demonstrate the nonendocytic uptake of the nanopro-
drugs, we carried out an immunofluorescence experi-
ment to visually distinguish the endocytic pathway
from the routes of the nanoprodrug internalization.
U-87 glioma cells were incubated in the presence of
fluorescent nanoprodrugs and then incubated with an
early endosomal marker EEA-1 antibody. Figure 4B
shows that the punctuate pattern of endosomes la-
beled with endosomal marker is very similar to the
pattern of calcein uptake, consistent with the endocy-
tic internalization mechanism of calcein, whereas the
pattern of nanoprodrug fluorescence indicates that the
nanoprodrugs were internalized most likely through
nonendocytic pathways. The patterns of endosomes
labeled with endosomal marker were qualitatively
similar in serum-free and serum-containing medium,
as the patterns of calcein uptake were. To obtain
comparable fluorescence signals for calcein and the
Cy5.5-labeled nanoprodrug, it was necessary to use
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much higher concentration of calcein (200 μM) than
Cy5.5 in the nanoprodrug (1 μM). Considering the
fluorescence quantum yield of 0.38 for calcein and
0.2 for Cy5.5, the higher fluorescence intensity for the
nanoprodrug can be explained that the nonendocytic
internalization process is much more efficient than the
endocytic process. Due to the intense and extensive
distribution of fluorescence throughout the cytosol, it
is not clear whether endocytic uptake of the nanopro-
drug can be completely excluded. It is possible that
nanoparticles can enter cells by a number of different
routes. However, the observed patterns and intracel-
lular distribution of the fluorescence clearly demon-
strate that the majority of nanoprodrugs are inter-
nalized viadirect penetration throughplasmamembrane
rather than via a slower active endocytic pathway. The
suggested direct penetration of nanomaterials through
cell membrane has been previously observed in ex-
periment with surface-modified gold nanoparticles or
liposomes. Verma et al. reported that ∼6 nm surface-
modified gold nanoparticles penetrate the cell mem-
brane bypassing endosomal routes.41 Nativo et al.

showed the endosomal route of cellular uptake of
∼16 nm gold nanoparticles can be bypassed when
the surface was modified with cell penetrating peptides
or delivered by liposomes.42 They suggested the exis-
tence of direct delivery routes across plasmamembrane.

To further confirm the nonendocytic uptake of the
nanoprodrug,we repeated the internalization experiments
at 4 �C or in the presence of sodium azide/deoxyglucose
to inhibit mechanisms of endocytic/pinocytic uptake.

Figure 5 shows that the intensity and pattern of
nanoprodrug fluorescence following the incubation
at 4 �C or in the presence of sodium azide/deoxyglucose
was indistinguishable from those of control experi-
ment at 37 �C, whereas cells incubated with calcein
at 4 �C or in the presence of sodium azide/deoxyglucose
shows a negligible internalized dye. The uptake of the
nanoprodrugs into the cytosol under conditions where
endocytic routes are blocked confirms that the nano-
prodrugs are capable of directly penetrating the cell
membranes. In this study, we also observed that no
escape of the internalized nanoprodrugs from cells
occurred. Cells were incubated with calcein and nano-
prodrug for 1 h, washed, and incubated for another 6 h
without calcein and nanoprodrug. Figure 5B shows
that calcein level dropped drastically, while the nano-
prodrug fluorescence was qualitatively similar before
and after the experiment. The results indicate that the
level of calcein declines rapidly due to exocytosis of the
dye entrapped in the endosomes and missing endo-
cytosis following the removal of calcein from the
medium. In general, the intracellular level of endocy-
tosed nanoparticles declines rapidly when treatment is
removedmainly due to exocytosis of the nanoparticles
from cells.43,44 The results again confirm the non-
endocytic route of the nanoprodrug internalization.
The observation also indicates that when the nanopro-
drugs are in the cytosol they lose the structural char-
acteristics necessary to pass through cell membranes,41

and, thus, are unable to permeate cell membranes to exit
out of cells. This phenomenon is of great importance

Figure 4. Characterization of cellular uptake of nanoprodrug into U-87 MG cells. (A) U-87 cells were incubated with calcein
and nanoprodrug in serum-free and serum containing medium (10% FBS) at 37 �C and internalization was observed by
confocal microscopy. Scale bar: 20 μm. (B) Confocal images of U-87 cells incubated with nanoprodrug in serum-free and
serum containing medium (10% FBS) at 37 �C. The early endosomes were visualized in green by using the early endosome
marker anti-EEA1 antibody. Nanoprodrug was visualized in red. Scale bar: 20 μm.
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for cancer therapy. In general, drugs are cleared from
the body within days after administration. To achieve
optimal therapeutic efficacy, it is often necessary to
maintain certain drug levels in the body. This necessi-
tates more frequent or multiple dosing of drugs, which
can cause considerable and frequent side effects.
Therefore, enhanced internalization and sustained cel-
lular retention of the nanoprodrug can reduce the
burden of frequent dosing and severity of side effects.

In Vivo Accumulation of CPT Nanoprodrug in U-87 MG Tumor
Xenograft. To elucidate the targeting ability of the
nanoprodrug in vivo, we examined the accumulation
of fluorescent CPT nanoprodrug in subcutaneous and
intracranial tumors. In the subcutaneous tumor model,
fluorescent nanoprodrugwas injectedwhen the tumor
size reached >1 cm. In vivo imaging was performed
72 h after the intravenous injection and organs were
harvested. As shown in Figure 6A, the accumulation of
the nanoprodrug occurredmuch stronger in the tumor
tissue than in other organs. The signal intensity of the
tumor was about 6.4, 2.3, 2.1, 11.7, 5.6, and 5.3 times
higher than that of the brain, liver, kidney, heart, lung,
and spleen, respectively (Figure 6B). No comparable

accumulation occurred when injected with free Cy5.5
(Figure S4). The pattern of the fluorescence distribution
in the dissected tumor tissue (Figure 6C) shows an
enhanced nanoprodrug accumulation at the rapidly
proliferating tumor boundaries. Figure 3C shows ab-
normal tumor vasculature immunostained with CD31
and brighter Cy5.5 fluorescence around the tumor
blood vessels, suggesting that an extravasation of the
nanoprodrug occurred across the wall of the tumor
blood vessels. The intracellular delivery of the nano-
prodrugs was evident with the high fluorescence
around nuclei displayed as blue DAPI staining.

The targeted accumulation in tumor was further
shown in the intracranial xenograft of U-87 MG glioma.
Ex vivo fluorescence images of the tumor-bearingmice
brains unambiguously demonstrated the accumulation
of the nanoprodrug in the brain tumor (Figure 7A). While
the fluorescence intensity of other organs changed
only slightly, the signal intensity of the brain tumor
increased about two and four times 24 and 48 h after
nanoprodrug injection, respectively, suggesting a highly
specific accumulation of the nanoprodrug in the brain
tumor (Figure 7B). The signal intensity of the brain
tumor area was about 10 times higher than that of the
normal brain area. This feature highlights the ability of
the CPT nanoprodrug to egress through the BBB in
the tumor region but not in the healthy brain tissue
surrounding the tumor. Notably, this discrimination
between brain tumor and normal brain areawas clearly
shown 5 h after injection and became stronger. The
ratio of fluorescence intensity of tumor to nontumor
area in brain increased from 5.6 for 5 h to 12 and 16 for
24 and 48 h, respectively. In contrast, the fluorescence
intensity of tumor rapidly decreased when injected
with free Cy5.5 (Figure S5).

Rapid clearance of nanoparticles from the blood
circulation and nonspecific biodistribution is a critical
issue for the therapeutic efficacy and the potential for
adverse side effects of nanoparticle drugs. Nanoparti-
cles should be retained in the body at a sufficient
concentration for a sufficient time to achieve thera-
peutic efficacy, whereas their long-term accumulation
in organs may cause unfavorable side effects. If nano-
particles are smaller than 20 nm in diameter, they may
undergo a rapid clearance via renal filtration, while
larger nanoparticles (>200 nm) can be sequestered by
sinusoids in spleen and fenestra of the liver.45,46 If the
sequestered nanoparticles are nonbiodegradable,
long-term accumulation in the liver and spleen can
occur, resulting in toxicity and negative side effects of
the nanoparticles.47 Larger nanoparticles can be re-
moved by themononuclear phagocytic systems (MPS).
Phagocytic removal is carried out by a process known
as opsonization. A protein known as opsonin adsorbs
on the surface of nanoparticles in biological fluids,
which promotes particle aggregation and recognition
by the MPS in the liver and splenic filtration. This leads

Figure 5. (A) U-87 cells were incubated with calcein and
nanoprodrug for 1 h in serum-free medium at 37 �C
(control), at 37 �C in the presence of inhibitors, and at
4 �C. The internalization of calcein or nanoprodrug was
observed by confocalmicroscopy. At 4 �C or at the presence
of inhibitor (deoxyglucose and sodium azide) the endocytic
uptake of calcein was inhibited. The nanoprodrugs entered
cells at 37 �C under conditions where active endocytic
processes are blocked in the presence of inhibitors sodium
azide and 2-deoxyglucose. Scale bar: 20 μm. (B) U-87 cells
were incubatedwith calcein andnanoprodrug in serum-free
mediumat 37 �C for 1 h (before). The cells were thenwashed
three times with fresh serum-free medium and incubated
for 6 h in serum-free without calcein and nanoprodrug.
Scale bar: 20 μm.
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Figure 6. Biodistribution of Cy5.5-fluorescent CPT nanoprodrug in subcutaneous tumor. (A) Representative fluorescence
images of mouse with subcutaneous U-87MG glioma xenograft and organs harvested 72 h after intravenous injection of the
fluorescent nanoprodrug. White arrow points to the tumor. (B) Relative fluorescence intensity of mouse organs from panel
(A). Fluorescence intensity was quantified bymeasuring the signal intensity of equally sized areas of the tumor and organs in
panel (A) using region of interest (ROI) tools of Xenogen 200 Imaging System. It shows means of three measurements of
different areas. Bars, SD (C) U-87MG subcutaneous xenograft tumor sections (10 μm)were stainedwith H&E, immunostained
with CD31, or imaged for Cy5.5-fluorescent CPT nanoprodrug. The nuclei stained with DAPI are displayed in blue. Black and
white arrows, tumor vasculature; scale bar: upper, 50 μm; down, 20 μm.

Figure 7. (A) Representative fluorescence images of brain and organs harvested from brain tumor-bearing mice 5, 24, and
48 h after intravenous injection of Cy5.5-fluorescent CPT nanoprodrug. (B) Fluorescence intensity was quantified by
measuring the signal intensity of equally sized areas of the tumor and organs in panel (A) using region of interest (ROI)
tools of Xenogen 200 Imaging System. It showsmeans of threemeasurements of different areas. Bars, SD. The reverse side of
the brain was shown in white dotted rectangles. White arrows point to the tumors.
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to rapid clearance from the bloodstream.48�50 Neutral
nanoparticles have a much lower opsonization rate
than charged particles.51 Therefore, to minimize opso-
nization, nanoparticles are prepared to contain non-
ionic protecting shield molecules, most prominently
PEG and PEG-containing copolymers such as polo-
xamers, poloxamines, and polysorbates.52,53 The CPT
nanoprodrug is a neutral system prepared using neutral
CPT prodrug and R-tocopherol and nonionic surfactants
minimizing interaction with charged biomolecules. We
showed that serum proteins did not change the size of
nanoprodrug (Figure S3) and did not influence the
cellular uptake (Figure 4). As shown in Figure7, the
nanoprodrug was detected in the liver, kidney, lung,
and spleen 24 h after nanoprodrug administration. The
intensity decreased for liver, lung, and spleen after
48 h, while it increased slightly for kidney, indicating a
continuous renal clearance of degraded nanoprodrugs
with a smaller diameter that could undergo renal
filtration. R-Tocopherol makes more than 90% of the
nanoprodrug. After hepatic uptake, R-tocopherol is
preferentially secreted into the circulation and plays
a key role in vitamin E recycling in the body.54,55 R-
Tocopherol and its oxidized metabolites are disposed
of in the bile and ultimately excreted from the body.56

The pattern of the fluorescence distribution in the
dissected brain tumor tissue (Figure 8) shows its ideal
targeting property: strong accumulation confined to
the tumor bed, no accumulation in adjacent healthy
tissue, and maximum localization at the highly active,
invading, tortuous tumor boundary. Ki67 positive cells
were found with a higher density at the periphery of
the tumor, confirming the known tendency of tumors
to proliferate outward into healthy tissue.

These peripheral areas were also associated with
areas of strong CD31 positive endothelial cells, indicat-
ing that the enhanced nanoprodrug accumulation pre-
ferably occurred at the rapidly proliferating tumor
boundaries with strong tumor vasculature, suggesting
optimal therapeutic efficacy of the nanoprodrug. Cancer
stem cells have been shown to reside in the perivascular
niche and this delivery patternmay specifically target this
virulent subset of tumor cells.57

Compared with the blood vessels in normal brain
tissue, the blood vessels in the tumor area are sig-
nificantly larger and denser and have an increased
permeability.9,10 Figure 8B shows the extensive extra-
vasation and distribution of fluorescent-labeled nano-
prodrug from tumor blood vessels, whereas in the
nontumor brain tissue, nanoprodrugs are mostly con-
fined to blood vessels. Glioblastoma is one of the most

Figure 8. (A) Representative images of H&E staining, confocal Cy5.5 fluorescence, and CD31/Ki67 immunostaining of brain
sections bearing U-87 MG intracranial tumor xenograft. The brain was harvested from brain tumor-bearing mouse 48 h after
intravenous injection of Cy5.5-fluorescent CPT nanoprodrug. (B) The brain was harvested 24 h after intravenous injection of
Cy5.5-fluorescent CPT nanoprodrug. White dotted line and arrow point to the blood vessels. (C) The brain was harvested 48 h
after intravenous injection of Cy5.5-fluorescent CPT nanoprodrug. The nuclei stained with DAPI are displayed in blue. Scale
bar: 100 μm.
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aggressive and infiltrating tumors. While glioblastoma
virtually never metastasizes out of the brain, it tends to
spread (infiltrate) aggressively into adjacent tissues in
the brain and form satellite tumors, the invasive islands
of tumor cells.58 Small satellite tumors can be easily
overlooked and are extremely difficult to remove
surgically. Their growth leads to the inevitable recur-
rence associated with the disease. Therefore, it is of
great importance to target and delivery therapeutic
agents to the satellite tumors. Figure 8C shows that the
nanoprodrug is capable of targeting and accumulating
in the satellite tumors.

In Vivo Efficacy of CPT Nanoprodrug. In our previous
report, we showed that the CPT nanoprodrug signifi-
cantly inhibits proliferation of U-87 MG glioma cells.27

In this study, we investigated the efficacy of the nano-
prodrug on subcutaneous tumor growth of invasive
U-87 MG cells (Figure 9A). Statistical analysis showed a
significant reduction of tumor volume in the treatment
group compared with saline and R-tocopherol control
groups. The nanoprodrug inhibited tumor growth to
about 250 mm3 on day 21 after treatment, which was
more than an 80% reduction compared with the
control treatments (1350 mm3).

It was of interest whether the nanoprodrug would be
effective in amore clinically relevant orthotopicmodel of
intracranially implanted U-87 MG cells. Figure 9B dis-
plays the result of a survival study of the mice with
intracranial GBM xenograft. The median survival time
was 72.5, 41.0, 40.5, and 41.5 days for CPT-TEG-ALA/
Toco nanoprodrug, irinotecan, saline, and R-tocopherol
nanosuspension, respectively. There were long-term
survivors only in the nanoprodrug group (log rank,
P = 0.0015).

Vigorous angiogenesis occurs to meet the tumor's
accelerated metabolic need, resulting in defective

vasculature with large pores and high permeability.
The EPR effect has been clearly documented for most
human solid tumors, including both primary and me-
tastatic in nature.9 Considering the dysfunctional brain
tumor vasculature, we hypothesized that nanoparticle
accumulation in a gliomamodel can be, like most solid
tumor models, attributed to the EPR effect. Similarly,
CPT nanoprodrug may be capable of passive targeting
of brain tumor tissue via the EPR effect (Figure 10A).
Cy5.5 fluorescence images of thewhole brain and brain
cut in OCT block unambiguously demonstrate that the
accumulation of the nanoprodrug occurred in brain
tumor, but not in healthy brain tissue. CD31 immuno-
staining shows a strong, abnormal vasculature in the
tumor area and microvessels in normal brain tissue.
Cy5.5 fluorescence images of the brain section show
that CPT nanoprodrug was more localized around
tumor blood vessels. Therefore, the accumulation of
the nanoprodrug in the brain tumor is believed to be
achieved by the passive tumor targeting accomplished
by extravasation of the nanoprodrug through the com-
promised, hyperpermeable BTB and defective lympha-
tic drainage system in the brain tumor. Dysfunctional
tumor vasculature often exhibits poreswith cutoff sizes
as large as 400�600 nm.59 The U-87 human glioblas-
toma tumor model has shown high permeability when
implanted in the cranial window of mice. It has been
shown that the U-87 tumor was about two times more
permeable to BSA compared with human colon cancer
when implanted in the intracranial window of mice,
although intracranial human colon cancer exhibited
pore cutoff sizes of 380�550 nm, while U-87 human
glioblastoma pore cutoff sizes were 7�100 nm.60,61

This higher permeability was attributed to a compara-
tively higher frequency of open junctions in the U-87
tumor model. Therapeutically relevant upper limit of

Figure 9. Antitumor efficacy of CPT nanoprodrug. (A) Volumeof subcutaneousU-87MGhuman tumor xenograft inmice after
treatmentwith CPT nanoprodrug, irinotecan,R-tocopherol nanosuspension, and saline. Statistical significancewas estimated
by Student's t-test for the last three measurements of CPT nanoprodrug and saline control. (*) P < 0.05, (**) P < 0.01, (***)
P < 0.0001. Points, means from six animals per group; bars, SD. (B) Kaplan�Meier survival plot demonstrating survival benefit
of CPT nanoprodrug for animals with intracranial U-87 MG tumor xenograft. The figure shows percent survival of mice after
treatment with CPT nanoprodrug, irinotecan, R-tocopherol nanosuspension, or saline. Statistical significance was estimated
by log-rank method of CPT nanoprodrug compared with saline control.
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the BBB pore size has been reported to range between
20 and 100 nm.62 The size of the nanoprodrug used in
the study was measured to be around 200 nm by the
dynamic light scattering (DLS) and around 150 nm by
the nanoparticle tracking and analysis (NTA) tech-
nique, which is considerably larger than the reported
cut-off size. Therefore, amore thorough understanding
of the factors at work that allow for such remarkable
in vivo accumulation must be pursued.

The highly specific accumulation of the nanopro-
drug in tumor tissues followed by efficient intracellular
uptake may be of importance for the treatment of
cancers developing resistance to anticancer therapeutics,
denoted multidrug resistance (MDR). MDR mediated by
P-glycoprotein (Pgp) is the best characterizedmechan-
ism of MDR in brain tumors. Pgp has been found to be
expressed in the cell membrane of brain tumor cells
and in the endothelial cells of newly formed brain
tumor blood vessels.63 This integral membrane trans-
porter protein reduces intracellular drug levels by
inhibiting drug uptake and promoting drug efflux.
The use of nanoparticles that enter the cells by en-
docytosis may overcome Pgp-mediated MDR. It has
been suggested that Pgp recognizes hydrophobic
drugs when they are present in the plasmamembrane,
but not when they are already in the cytoplasm.64

Therefore, nanoparticles that enter the cells without
releasing drugs in the membrane may overcome the

Pgp-mediatedMDR. The superior anticancer efficacy of
CPT nanoprodrug compared with irinotecan may be
attributed to the increased level of therapeutic drug in
the tumor cells, which is accomplished by the combi-
nation of the passive accumulation of the nanoprodrug
in the tumor tissue (EPR effect) and efficient cellular
uptake via nonendocytic cell membrane permeation.
This combined effect may contribute to overcoming
Pgp-mediated MDR for the nanoprodrug, allowing drug
accumulation in the cytoplasm, whereas both irinotecan
and its active metabolite SN38 are substrates of Pgp.65,66

It is important to note that the selective tumor accumula-
tion, intracellular uptake, and nuclear localization of the
nanoprodrug are necessary factors leading to its re-
markable therapeutic efficacy. The mechanism and
efficiency of the nuclear localization of the nanoprodrug
is not yet clear and require further research. In addition,
we plan to evaluate the effect of this nuclear localization
on the therapeutic efficacy of the nanoprodrug. This
knowledge will provide insight into the antitumor action
of the nanoprodrug.

The nanoprodrug contains two antioxidant compo-
nents: R-tocopherol as a structural matrix and R-lipoic
acid as part of the CPT prodrug. R-Tocopherol is the
most relevant form of vitamin E and believed to be the
most potent lipid-soluble antioxidant that can break
the propagation of the free lipid radical chain reaction
in the biological membrane. There have been increasing

Figure 10. (A) Nanoprodrug accumulation via the enhanced permeability and retention (EPR) effect in the brain tumor tissue.
Brainwas harvested frombrain tumor-bearingmouse 48 h after intravenous injection of fluorescent CPT nanoprodrug, cut as
shown and frozen in OCT block. Black arrows point to the tumors. (B) Schematic representation of nanoprodrug activation in
the oxidative environment of the brain tumor. R-Lipoic acidmoiety of camptothecin prodrug scavenges ROS in the oxidative
tumor microenvironment, accelerating the erosion of the nanoprodrug surface. This facilitates the hydrolytic or enzymatic
degradation of the prodrug. Red arrow shows the site of hydrolysis.
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data that vitamin E may play a role in the prevention
and treatment of oxidative damage-related diseases
in the brain.67 As a structural matrix, R-tocopherol
reduced the size and increased chemical and physical
stability of nanoprodrugs, which is ascribed to enhanced
structural integrity of the nanoprodrugs by means of
strong hydrophobic assembly of R-tocopherol.68 The
other antioxidant component, R-lipoic acid moiety of
the CPT prodrug, serves as a molecular switch of the
nanoprodrug that scavenges a number of ROS and
undergoes structural change, leading to enhanced
prodrug activation. We previously characterized the
CPT nanoprodrug with regard to structure, reactive
oxygen species (ROS) scavenging capability, enzymatic
activation, release kinetics, and in vitro anticancer
efficacy against U-87 MG glioma cells.34 We demon-
strated that the R-lipoic acid moiety efficiently sca-
venged ROS, leading to accelerated destabilization of
the nanoprodrug and increased prodrug activation.69

This suggests that the nanoprodrug is activated prefer-
ably in an oxidative environment, including the highly
inflammatory tumor microenvironment. The oxidative
destabilization has been attributed to the increased
hydrophilicity of the oxidized prodrugs on the surface
of the nanoprodrug; the oxidized, hydrophilic pro-
drugs extrude into the aqueous environment, allowing
enzymatic degradation of the prodrugs (Figure 10B). In
this way, more prodrugs are degraded in an acceler-
ated fashion by esterases as oxidation occurs on the
surface of the nanoprodrug in the tumor microenvi-
ronment. This unique interaction between oxidative
destabilization and enzymatic prodrug activation char-
acterizes the oxidative stimuli-responsive nanopro-
drug. ROS have been reported to be directly involved
in the link between chronic inflammation and cancer.
Inflammation is widely recognized to be a critical com-
ponent of tumor progression, survival, and migration
by virtue of recruiting and stimulating inflammatory
cells, generating abundant ROS.70,71 There is consider-
able evidence that ROS play a major role in tumor
initiation and progression in both animal models and
humans.72,73 It has been reported that reducing in-
flammation in the tumor microenvironment inhibits
tumor progression in a mouse model.74

Tumor microenvironment is characterized by hyp-
oxia (low levels of O2). Paradoxically, the production
of ROS is increased under hypoxic conditions. When
the oxygen level decreases, the electron transport
chain of the mitochondria senses the hypoxic condi-
tion and responds by releasing ROS.75 It has been

proposed that a low level of oxygen itself and ROS
generated as byproducts are involved in the stabilization
and activation of hypoxia-inducible factor 1 (HIF1),
which in turn increases the energy production by
glycolysis, while the energy production by mitochon-
dria decreases.76,77 This metabolic shift in energy gen-
eration is believed to facilitate tumor survival in a
hypoxic tumor environment.78 Metabolic deprivation
and hypoxia caused by extensive tumor growth stimu-
late cells in the periphery of the primary tumor to
become invasive and infiltrate normal brain tissue.58

It has also been reported that hypoxia promotes
metastasis of cancer cells and attenuation of ROS by
antioxidants suppressed hypoxia-induced metastasis
of cancer cells.79 Metabolic deprivation and hypoxia
caused by extensive tumor growth stimulate cells in
the periphery of the primary tumor to become invasive
and infiltrate normal brain tissue. Thus, the combined
effect of the oxidation-sensitive activation and cap-
ability of accumulating in the more actively proliferating
tumor periphery and satellite tumors makes the nano-
prodrug an ideal tumor-targeting therapeutic agent.

CONCLUSION

In summary, the ability of the nanoprodrug to pass
through the BBB and selectively accumulate in the
brain tumor is a valuable property for brain tumor
therapy. Importantly, the accumulation was achieved
by passive drug targeting to tumors via the EPR effect
without using active targeting ligands such as tumor-
specific peptides or antibodies. The nanoprodrug entered
cells via nonendocytic cell membrane permeation, which
was found much more efficient than endocytic routes
and was retained within the cells, leading to a sustained
cellular drug accumulation. Consequently, a similar
therapeutic effect can be achieved with less drug
dosing and side effects. The nanoprodrug strategy is
a versatile method of developing therapeutic nano-
particles by converting drugs into prodrugs and trans-
forming them into nanoprodrugs. In addition, the
nanoprodrug system may also be used as a safe, low-
cost, and targeted delivery vehicle, being capable of
delivering hydrophobic agents in the matrix and hy-
drophilic agents on the surface. Therefore, nanopro-
drugs represent a universal vehicle for targeted cancer
therapy. We believe that the implications of this dis-
covery are significant in the field of cancer therapy, and
ongoing research into targeted cancer therapy using
nanoprodrugs will further define the mechanism of
tumor-specific delivery and prodrug activation.

MATERIALS AND METHODS
Chemicals and Reagents. All chemicals were analytical grade

unless otherwise specified. R-Tocopherol, acetone, polysorbate
80, Pluronic F68, 1-octadecanethiol, 2-deoxy-D-glucose, calcein,

sodium azide, sodium citrate, NaCl, paraformaldehyde (PFA),
sodium hypochlorite, hematoxylin, eosin, dialysis tubing cellu-
lose membrane (D9777), irinotecan, esterase (E3019), monoclonal
anti-EEA1 antibody (E7659), FITC-conjugated goat antimouse IgG,
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FITC-conjugated goat antirat IgG, and FITC-conjugated goat
antirabbit IgG was obtained from Sigma-Aldrich (St Louis, MO);
Triton X-100 from Fisher Scientific (BP151); betadine solution
(10% povidone-iodine) from Purdue Frederick, Stamford, CT;
ketamine from Bioniche Teoranta, Galway, Ireland; atipamezole
and dexmedetomidine from Orion Corporation, Espoo, Finland;
Carprofen from Hospira, Lake Forest, IL; Isoflurane from Piramal
Critical Care, Bethlehem, PA; buprenorphine from Reckitt
Benckiser Pharmaceuticals, Richmond, VA; hydrophilic syringe
filter from Corning (Corning, NY); Minium Essential Medium
(MEM), fetal bovine serum (FBS), penicillin, streptomycin, phos-
phate buffered saline (PBS), mounting medium with DAPI
(Prolong Gold), and rabbit antihuman Ki-67 (polyclonal) from
Invitrogen (Carlsbad, CA); rat antimouse CD31 (Clone MEC 13.3)
and four chamber culture slides from BD Biosciences (San Jose,
CA); Cy5.5 maleimide and MicroSpin G-25 Sephadex column
from GE Healthcare (Piscataway, NJ); Cy5.5 carboxylic acid from
Lumiprobe (Hallandale Beach, FL); OCT compound from Sakura
(Torrance, CA); and Hamilton syringe from Hamilton (Reno, NV).

Synthesis of Camptothecin Prodrug and Nanoprodrug Preparation.
CPT prodrug was synthesized by introducing biodegradable
ester and carbonate bonds as described in Figure 1. Nanopro-
drugs were prepared according to the method using sponta-
neous emulsification with multistep modification. For a single-
step procedure, 7 mg of CPT-TEG-ALA and 50 mg R-tocopherol
were dissolved in acetone (5 mL) containing polysorbate 80
(0.1% w/v). The organic solution was poured under moderate
stirring on amagnetic plate into an aqueous phase prepared by
dissolving 25 mg of Pluronic F68 in 10 mL of distilled water
(0.25% w/v). Following 15 min of magnetic stirring, the acetone
was removed under reduced pressure. For a multistep proce-
dure, the emulsification/evaporation cycle was repeated three
times. The nanoprodrug suspension obtained from the first
emulsification/evaporation cycle was used as the aqueous
phase for the second emulsification, and so forth. The suspen-
sion was dialyzed in cellulose membrane tube overnight in
distilled water and filtered consecutively through 0.8, 0.45, and
0.2 μm hydrophilic syringe filter and stored at 4 �C. R-Tocopherol
control nanosuspension was prepared using the same proce-
dure, except for the omission of CPT prodrug. The hydro-
dynamic size of the nanoprodrugwasmeasured by the dynamic
light scattering (DLS) using a Coulter N4-Plus Submicrometer
Particle Sizer. For the visualization and size measurement of the
nanoprodrugs, Nanoparticle Tracking Analysis (NTA) was per-
formed using a digital microscope LM10 system (Nanosight,
Amesbury, U.K.).35

Fluorescent Labeling of the Nanoprodrug. Cy5.5-labeled CPT
nanoprodrug was prepared using a single-step procedure, as
described above, except that 2 mg of 1-octadecanethiol was
added to the organic phase. To 2 mL of the suspension of
1-octadecanethiol-containing nanoprodrugs, 500 μL of 10�
PBS and 1.1 mol equiv of Cy5.5 maleimide were added. The
reaction mixture was incubated overnight at room temperature
under light protection. To remove unbound Cy5.5 maleimide,
the suspension was purified on a MicroSpin G-25 Sephadex
column equilibrated with 20 mM sodium citrate buffer with
0.15MNaCl.80 The labeled nanoprodrugwas filtered and stored,
as described above. The concentration of the bound Cy5.5 was
determined as follows: 50 μL of the labeled nanoprodrug
suspention was mixed with 950 μL DMSO and the absorbance
was measured at 675 nm. The concentration was calculated
using a standard curve generated with Cy5.5 maleimide.

Oxidation-Sensitive Prodrug Activation. Todemonstrateoxidation-
sensitiveprodrug activation, nanoprodrugwas partially oxidized
and the rate of prodrug activation was monitored. The partial
oxidation was performed by adding hypochlorous acid (HOCl)
to the nanoprodrug suspension to give the final concentra-
tion of 10, 25, and 50% of molar equivalent of CPT prodrug.
The concentration of HOCl in the diluted commercial sodium
hypochlorite solution was determined spectrophotometrically
(ε292 = 350 M�1 cm�1).81 After addition of HOCl, the nano-
prodrug suspension was incubated for 30 min at 37 �C, trans-
ferred into dialysismembrane (Sigma, D9777) and then dialyzed
in water for 48 h. Samples were taken after 24 and 48 h
and analyzed using RP-HPLC. RP-HPLC analysis was performed

on a Merck-Hitachi analytical LaChrom D-7000 HPLC/UV detec-
tor system (Merck, Darmstadt, Germany) with a CAPCELL PAK,
Type SG 120 (Phenomenex, Torrance, CA, U.S.A.) C18 reversed
phase column (250/4.6 mm, 5 μm). To analyze the composition
of the nanoprodrug suspension, 200 μL of the nanoprodrug
suspension was mixed with 350 μL of acetonitrile and then
analyzed using RP-HPLC. The composition of the mobile phase
(acetonitrile/water mixture containing 0.1% (v/v) trifluoroacetic
acid) was adjusted for oxidized and nonoxidized prodrug in
order to provide an appropriate retention time and separation.
To determine the total amount of camptothecin available from
the nanoprodrug after 24 and 48 h of dialysis, the aqueous
nanoprodrug suspension (200 μL) was incubated in the pres-
ence of 25 μL of 10� PBS and 25 μL of esterase (20 U/mL) for
30 min at 37 �C. The reaction mixture (250 μL) was mixed with
250 μL of acetonitrile, centrifuged for 2 min at 20000 � g, and
then analyzed using RP-HPLC. The separation was performed
under isocratic condition with a 60/40 mixture of acetonitrile/
water at a flow rate of 1 mL/min. The detection was carried out
at 360 nm.

In Vitro Cell Culture and Uptake of Nanoprodrugs. The human
glioblastoma cell line U-87MG was obtained from American
Type Culture Collection (ATCC, Bethesda, MD, U.S.A.). The cells
were tested and authenticated by the providers andmaintained
according to the provider's instruction. The cumulative culture
length of the cells was <2months after reception. The cells were
grown and maintained in Minimum Essential Medium (MEM)
containing antibiotics penicillin (100 U/mL) and streptomycin
(100 μg/mL) and supplemented with 10% fetal bovine serum.
Cells were grown at 37 �C at an atmosphere of 5% CO2 in
humidified air. To demonstrate intracellular uptake, cells were
incubated in the presence of Cy5.5-labeled nanoprodrug at a
final concentration of 1 μM Cy5.5. Four chamber culture slides
were seeded with U-87 cells, and the cells were allowed to
attach for 24 h. The mediumwas replaced with 1.0 mL of freshly
prepared suspension of the fluorescent-labeled nanoprodrug in
medium, and the chamber slides were incubated for 5 h. Cells
werewashed three timeswith PBS to remove free nanoprodrug,
one drop of mounting medium with DAPI was added, and then
cover slides were placed. To study the mechanism of cellular
uptake of the nanoprodrug, cells were incubated with nano-
prodrug and calcein, and the pattern of cellular uptake was
observed. Cells were grown in a four-chamber culture slide
overnight, and then medium was exchanged with fresh serum-
free or serum-containing (10% FBS)MEMmedium. For a study in
serum-free medium at 37 �C, the attached cells were washed
three times with prewarmed serum-free medium and preincu-
bated in serum-free medium for 30 min at 37 �C. Fluorescent
nanoprodrug was added at a final concentration of 1 μM Cy5.5.
Calcein was added at a final concentration up to 200 μM. The
cells were incubated at 37 �C for 1h, washed three times with
prewarmed PBS, and then slides for confocal analysis were
prepared as described above. For studies at 4 �C, the cells were
preincubated at 4 �C for 30min before nanoprodrug and calcein
addition. The serum-free medium, solutions for washes, nano-
prodrug suspension, and calcein solution were all preincubated
to 4 �C before use. Samples incubated with both calcein and
nanoprodrug were also studied. To study the cellular uptake
of nanoprodrug after blockage of endocytosis, the cells
were incubated with 10 and 50 mM of sodium azide and
2-deoxyglucose, respectively, for 30 min at 37 �C. Then, calcein
(200 μM) or nanoprodrug (1 μM Cy5.5) was added and the cells
were incubated for another 30 min. The cells were then washed
with PBS and slides were prepared as described above. For
microscopic analysis, a confocal laser-scanning microscope
(Leica Microsystem SP5, Mannheim, Germany) equipped with
a digital camerawith a fluorescencemicroscope (Model Upright
Zeiss, Jena, Germany) was used.

Animal Model. All animal studies were performed according
to Cedars-Sinai Medical Center Institutional Animal Care and
Use Committee protocols. Female 6- to 8-week-old immunode-
ficient athymic nu/nu nude mice (Crl:Nu-Foxn1nu, Charles River
Laboratories) were used for all experiments. For subcutaneous
tumor model, 107 U-87 MG human glioma cells suspended in
PBS (100 uL) were injected in the right flank under anesthesia
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with Isoflurane (3% to effect). For an intracranial tumor model,
mice underwent intracranial stereotactic implantation of U-87
MG cells. Mice were anesthetized using a ketamine (75 mg/kg)
and dexmedetomidine (0.5 mg/kg) combination as a single
intraperitoneal injection. Betadine solution (10% povidone-
iodine) was used to prepare the skin at the incision site on the
skull. After anesthesia induction and prior to surgery, Carprofen
(4mg/kg)was administered subcutaneously in upper left arm to
aid in the management of postoperative pain. A skin incision
was made, a hole was drilled in the skull, and 5 � 104 U-87 MG
cells suspended in 2 μL of PBS were implanted in the right
frontal region of the brain, 2 mm to the right of Bregma and
3.0 mm of depth, using a Hamilton syringe. The animals were
injectedwith atipamezole (1mg/kg) intraperitoneally to reverse
the dexmedetomidine effect and are allowed to recover from
anesthesia. A single subcutaneous injection of buprenorphine
(0.1 mg/kg) was administered for pain relief.

In Vivo Antitumor Efficacy of Nanoprodrug. The antitumor effect of
the CPT nanoprodrug was tested on subcutaneous and intra-
cranial xenografts of U-87 MG tumors in mice. In the subcuta-
neous model, treatment was started when the tumor size
reached approximately 0.5�1.0 cm in diameter. The animals
(n = 6) received intravenous (tail vein) injection of nanoprodrug
on a daily basis for five days (4 mg/kg/day CPT-TEG-ALA). Two
perpendicular diameters of the tumor were measured, and the
volume was calculated according to the following equation:
V (mm3) = L (mm)�W2 (mm2)/2, where L is the longest diameter
and W is the diameter perpendicular to L. In the intracranial
model, the animals (n = 8) received intravenous (tail vein)
injection of nanoprodrug (16 mg/kg/day CPT-TEG-ALA) begin-
ning 7 days after tumor implantation every three days for
4 weeks. As control, animals received injection of irinotecan,
R-tocopherol nanosuspension, or saline. The injection was
performed under anesthesia with Isoflurane (3% to effect).

Optical Imaging. In the subcutaneous model, 100 μL of fluo-
rescent nanoprodrug (10 μM Cy5.5) were injected (tail vein)
when the tumor reached >1 cm. In the intracranial model,
fluorescent nanoprodrug was injected when there were signs
of significant neurological impairment. Fluorescence imaging of
the living animals and harvested organs were performed using
Xenogen 200 Imaging System (Caliper Life Sciences). Organs
(brain, heart, liver, kidney, spleen, and lung) were harvested
from the animals and imaged immediately. Imaging was made
on the whole body (subcutaneous model only), isolated tumors
and organs, and tumor sections embedded and frozen in OCT
compound. For fluorescence confocal microscopy, tumors were
cryosectioned with a thickness of 10 μm (Leica CM3050S), one
drop of mounting medium with DAPI was added, and then
cover slides were placed. For microscopic analysis, a confocal
laser-scanning microscope (Leica Microsystem SP5, Mannheim,
Germany) equipped with a digital camera with a fluorescence
microscope (Model Upright Zeiss) was used.

Histology and Immunohistochemistry. Whole brains were har-
vested immediately after the animals were sacrificed, frozen in
OCT compound, cryosectioned (10 μm), and stained with
hematoxylin and eosin. For immunohistochemistry, sections
were fixed in 4% PFA for 5 min. Slides were washed three times
by gentle shaking in PBS and blocked for 1 h in 10% goat serum
in PBS. To demonstrate tumor angiogenesis, the slides were
incubated with rat antimouse CD31 diluted 1:50 in 0.5% goat
serum in PBS for 1 h at room temperature followed by three
times wash in PBS. The slides were then incubated with FITC-
conjugated goat antirat IgG diluted 1:100 in 0.5% goat serum in
PBS for 1 h at room temperature followed by three timeswash in
PBS. To detect the proliferative activity, sections were treated
with rabbit antihuman Ki-67 diluted 1:100 and then FITC-
conjugated goat antirabbit IgG diluted 1:100 as described above.
To study the endocytic internalization, cells were incubated in the
presence of nanoprodrug and calcein and then reacted with an
early endosome marker EEA-1. Cells were grown in four cham-
ber slides, fixed in 4% PFA for 5 min, and then washed three
times by gentle shaking in PBS. Cells were permeabilized with
0.1% Triton-X 100 in PBS for 10 min and washed three times
with PBS. Cells were blocked for 1 h in 10% goat serum in PBS at
room temperature. The cells were then incubated with mouse

anti-EEA1 antibody diluted 1:100 in 0.5% goat serum in PBS for
1 h at room temperature followed by three times wash in PBS.
The slides were then incubated with FITC-conjugated goat
antimouse IgG diluted 1:100 in 0.5% goat serum in PBS for 1 h
at room temperature followed by three times wash in PBS.
Slides were prepared as described above. All sections were
counterstained with DAPI by adding one drop of mounting
medium with DAPI. Confocal microscopic analysis was per-
formed as described above.

Statistical Analysis. Other than the survival study, the results
were analyzed and expressed as mean ( standard deviation
(S.D.). Statistical analysis of the results was carried out using
Student's t-test. For themouse survival study, log-rank statistical
analysis was performed. For all tests, differences were consid-
ered statistically significant at P < 0.05.
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