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ABSTRACT

Antiangiogenic therapy shows great advantages in clinical cancer treatment while no overall survival has
been achieved. The compromised results were mainly contributed by intrinsic/acquired antiangiogenic
drug resistance and increased local invasion or distant metastasis after antiangiogenic therapy. Here we
constructed a CGKRK peptide-modified PEG-co-PCL nanoparticulate drug delivery system (DDS), aiming
at targeting both tumor angiogenic blood vessels and tumor cells to achieve enhanced anti-tumor ac-
tivity as well as holding a great potential to overcome the drawbacks of antiangiogenic therapy alone.
The obtained CGKRK-functionalized PEG-co-PCL nanoparticles (CGKRK-NP) with a particle size of
117.28 + 10.42 nm and zeta potential of —15.7 + 3.32 mV, exhibited an enhanced accumulation via an
energy-dependent, lipid raft/caveolae-mediated endocytosis with the involvement of microtubules in
human umbilical vein endothelial cells (HUVEC) and an energy-dependent, lipid raft/caveolae-mediated
endocytosis with the participation of Golgi apparatus in human U87MG cells. Using coumarin-6 as the
fluorescence probe, in vitro U87MG tumor spheroids assays showed that CGKRK-NP effectively pene-
trated into the tumor spheroids. Selective accumulation and extensive bio-distribution of CGKRK-NP at
tumor site was confirmed by in vivo imaging and tumor section analysis. After drug loading, CGKRK-NP
enhanced cytotoxicity and apoptosis induction activity of the loaded PTX on both HUVEC cells and
U87MG cells and improved its inhibition effect on the growth of U87MG tumor spheroids. The smallest
tumor volume was achieved by those mice bearing subcutaneous U87MG tumor following the treatment
of PTX-loaded CGKRK-NP. The findings here indicated that CGKRK peptide-functionalized nano-
particulate DDS could be used as an effective tumor angiogenic blood vessels and tumor cells dual-
targeting DDS and might provide a great promising approach for reducing the disadvantages of anti-
angiogenic therapy alone.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

strategies for anti-cancer therapy, and inhibition of growth factors/
signaling pathways necessary for endothelial cells (ECs) growth and

Angiogenesis, the formation of new blood vessels from pre-
existing ones, has been recognized as the distinct hallmark of
cancer [1-3]. Many solid tumors depend on an extensive newly
formed vascular network to become nourished and to expand [4,5].
Given the role of angiogenesis in tumor growth and progression,
targeting tumor vasculature has been proposed as an important
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proliferation is one of the practical approaches to inhibit tumor
angiogenesis [6]. Tumor vasculature targeting therapy shows great
advantages including enhanced “bystander effect” and much easier
access to target when compared with conventional chemotherapy
that directly kills tumor cells [7,8]. Many antiangiogenic drugs
including sorafenib (Nexavar, Bayer/Onyx) [9] and sunitinib
(Sutent, Pfizer) [10] had been approved for clinical use since FDA
(Food and Drug Administration) approved the first antiangiogenic
drug (bevacizumab) for treatment of metastatic colorectal cancer in
2004 [11].

Though angiogenesis inhibitors suppressing tumor growth have
been proven to be efficacious in pre-clinical animal models and in
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clinical use [12,13], the clinical benefits obtained in terms of overall
survival have been more modest than expected. The compromised
outcome is mainly caused by two reasons. One is the intrinsic or
acquired antiangiogenic drug resistance mediated largely by the
tumor microenvironment which can release alternative angiogenic
factors such as FGF2 [14], Bv8 [15], G-CSF [16], PDGFC [17] and HGF
[18] to preserve the development of blood vessels and play
important roles in mediating resistance to antiangiogenic therapy
after down-regulation of VEGF. These factors released by cancer
cells, stromal cells or both cell types in tumor mass can result in
insufficient intracellular drug concentration to kill ECs [19,20]. The
other is that antiangiogenic therapy may concomitantly elicit ma-
lignant progression of tumors to increased local invasion and
distant metastasis [21,22]. Notably, like most systemic chemother-
apies, antiangiogenic therapy have not produced enduring efficacy in
terms of either tumor shrinkage or long-term survival. Tumor
angiogenesis blood vessels and tumor cells dual-targeting chemo-
therapy offers an alternative option and might achieve great thera-
peutic efficacy as it can not only destroy the tumor blood vessels and
cut off the supply of nutrition and oxygen to tumor [23], but also
directly kill tumor cells, holding great potential in reducing acquired
drug resistance and metastasis after antiangiogenic therapy [24].

CGKRK peptide, which was discovered by phage display [25],
was found to specially bind to both neovascular endothelial cells
and tumor cells with high affinity [26]. The receptor of CGKRK
peptide was reported to be heparan sulfate—a sulfated poly-
saccharide which was found on the surface of neovascular endo-
thelial cells and tumor cells [27]. Previous studies showed that
intravenous injected CGKRK peptides specifically recognized the
vessels in most tumors but not those in normal tissues [28]. Be-
sides, the high cellular internalization contributed by the trans-
membrane effect of CGKRK peptide made it more favorable for anti-
tumor drug delivery. Unlike cell-penetrating peptides such as TAT
peptide which underwent an energy-independent transmembrane
process and showed no selectivity between normal cells and tumor
cells [29], CGKRK peptide mediated cellular internalization in an
energy and heparan sulfate receptor-dependent manner and
exhibited high binding selectivity to neovascular endothelial cells
and tumor cells [26]. Therefore, here we hypothesized that CGKRK
peptide might serve as an efficient ligand that can simultaneously
deliver its payload to both tumor endothelial cells and tumor cells
to enhance anti-cancer activity.

CGKRK peptide was functionalized to PEG-co-PCL nanoparticles
via a maleimide-thiol coupling reaction aiming at obtaining precise
dual-targeting efficacy. Using HUVEC cells as the model of neovascular
endothelial cells and U87MG cells as the model of tumor cell model
(both HUVEC cells and U87MG cells overexpressed heparan sulfate),
cellular association and internalization mechanism was investigated
on HUVEC cells and U87MG cells as well as penetration ability on
U87MG tumor spheroids by using coumarin-6 as the fluorescence
probe. In vivo bio-distribution of functionalized PEG-co-PCL nano-
particles was studied by taking DiR as near-infrared (NIR) probe. After
encapsulating paclitaxel (PTX) as the model drug, the anti-tumor ef-
ficacy of CGKRK-NP was evaluated on in vitro U87MG tumor spheroids
and in vivo subcutaneous U87MG tumor-bearing mice.

2. Materials and methods
2.1. Materials

CGKRK peptides were synthesized by ChinaPeptides Co., Ltd (Shanghai, China),
purified by HPLC and verified for purity >98%. Methoxypoly(ethylene glycol) 3000~
poly(e-caprolactone) 20000 (MePEG-PCL) and maleimide-poly(ethylene glycol) 3400-
poly(e-caprolactone) 30000 (Male-PEG-PCL) were kindly provided by East China
University of Science and Technology. Coumarin-6, DiR (1, 1’-dioctadecyl -3, 3, 3/, 3'-
tetramethyl indotricarbocyanine lodide) and Hoechst 33258 were provided by
Sigma—Aldrich (St. Louis, MO, USA). DAPI (4, 6-diamidino-2-phenylindole) was

purchased from Molecular Probes (Eugene, OR, USA), cell counting kit-8 (CCK-8)
from Dojindo Laboratories (Kumamoto, Japan) and Annexin V-FITC Apoptosis
Detection kit from BD PharMingen (Heidelberg, Germany). PTX was obtained from
Xi'an Sanjiang Biological Engineering Co. Ltd (Xi'an, China) and Taxol® from Bristol-
Myers Squibb Company. Alexa Fluor® 647 anti-mouse CD31 Antibody was purchased
from Biolegend (San Diego, CA, USA). All the other solvents were purchased from
Sinopharm Chemical Reagent Co., Ltd (Shanghai, China) and were of analytical or
chromatographic grade.

Dulbecco’s Modified Eagle Medium (DMEM) (high glucose) cell culture medium,
certified fetal bovine serum (FBS), penicillin/streptomycin stock solutions and 0.25%
Trypsin-EDTA were all obtained from Invitrogen Co., USA.

2.2. Cells and animals

Primary human umbilical vein endothelial cells (HUVEC cells) were purchased
from Cascade Biologics (USA) and Human U87MG cell lines were provided by Cell
Institute of Chinese Academy of Sciences (Shanghai, China). Both HUVEC cells and
U87MG cells were cultured in DMEM containing 10% fetal bovine serum, 100 U/ml
penicillin and 100 pg/ml streptomycin at 37 °C in a 5% C0,/95% air humidified
environment incubator (Thermo HERAcell®, USA). All experiments were performed
in the logarithmic phase of cell growth.

Balb/c nude mice (male, 4—5 weeks, 20 + 2 g) were obtained from Experimental
Animal Center of Fudan University and housed at 25 & 1 °C with access to food and
water ad libitum. The protocol of animal experiments was approved by the Animal
Experimentation Ethics Committee of Fudan University.

2.3. Preparation of CGKRK-NP

Unmodified nanoparticles (NP) loaded with PTX were prepared with a blend of
Maleimide-PEG-PCL and MePEG-PCL using the emulsion/solvent evaporation tech-
nique as described previously [30]. Briefly, the mixture of PTX (0.25 mg), Maleimide-
PEG-PCL (2.5 mg) and MePEG-PCL (22.5 mg) was dissolved in 1 mL dichloro-
methane, followed by the condition of 2 mL of 1% sodium cholate and then applied
to ultrasonication for 2.4 min at 280 W using probe sonicator (Ningbo Scientz
Biotechnology Co. Ltd., China) under ice bath. Thereafter, the resulting O/W emul-
sion was diluted into 8 mL of 0.5% sodium cholate aqueous solution under rapid
magnetic stirring for 5 min. After evaporating dichloromethane at room tempera-
ture with a ZXB98 rotavapor (Shanghai Institute of Organic Chemistry, China), the
obtained NPs were centrifuged at 15,000 rpm for 1 h using T ]-25 centrifuge
(Beckman Counter, USA). The nanoparticles were resuspended in 0.01 m HEPES
buffer (pH 7.0) for further used with the supernatant discarded.

CGKRK peptide-modified NPs (CGKRK-NP) were prepared via a maleimide-thiol
coupling reaction. For the conjugation with CGKRK peptide, the NPs and CGKRK
peptide were subjected to a container and stirred at room temperature for 6 h at the
molar ratio of CGKRK peptide to maleimide-PEG-PCL 3:1. The products were then
eluted with distilled water through the 1.5 x 20 cm sepharose CL-4B column
(Pharmacia Biotech, Inc., Sweden) to remove the unconjugated peptides.

2.4. Characterization of NP and CGKRK-NP

Particle size and zeta potential of NP and CGKRK-NP were determined by dy-
namic light scattering detector (Zetasizer, Nano-ZS, Malvern, UK). The morpholog-
ical examination of NPs was performed on a transmission electron microscope
(TEM) (H-600, Hitachi, Japan) following negative staining with sodium phospho-
tungstate solution. In order to verify the surface modification of nanoparticle with
CGKRK peptide, the NP samples were lyophilized via an ALPHA 2-4 Freeze Dryer
(0.070 Mbar Vacuum, —80 °C, Martin Christ, Germany) and then subjected to X-ray
photoelectron spectroscopy (XPS) analysis via a RBD upgraded PHI-5000C ESCA
system (Perkin Elmer) to determine the surface composition.

To determine the encapsulation efficiency (EE) and loading capacity (LC) of NP-
PTX and CGKRK-NP-PTX, the NP samples were dissolved in acetonitrile and subse-
quently analyzed on an Agilent 1100 HPLC system (Agilent Technologies, CA, USA)
with the detection wavelength of 227 nm. The encapsulation efficiency (EE) and
loading capacity (LC) were calculated as indicated below (n = 3).

Amount of PTX in the nanoparticles
Total amount of PTX added

EE(%) = x 100%
_ Amount of PTX in the nanoparticles

LC(%) = - - x 100%
nanoparticles weight

2.5. In vitro PTX release

In vitro PTX release from nanoparticles was determined under different pH
conditions (pH 7.4 and 6.0 representing the physiologic pH and pH in the tumor
microenvironment, respectively). The experiment was performed using an equi-
librium dialysis method with phosphate buffer solution (PBS, pH 7.4 and 6.0, with
0.1% Tween-80 to provide sink condition) as the release media [31]. Briefly, 1 mL of
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Table 1
Characterization of NP and CGKRK-NP. Data represented mean + SD (n = 3).

Nanoparticles Particle size Polydispersity Zeta potential
(nm) index (PI) (mV)

NP 103.13 £ 5.7 0.096 + 0.017 —32.7 £ 5.63

CGKRK-NP 117.28 + 10.42 0.170 + 0.07 —15.7 +£3.32

Taxol®, PTX-loaded NP and CGKRK-NP formulation with the concentration of PTX
adjusted to 100 pg/ml were subjected to a dialysis bag (MWCO = 8000 Da, Greenbird
Inc., Shanghai, China) and sealed. Following immediately immersed in 30 mL of
release medium, the mixture was incubated at 37 °C at the shaking speed of
120 rpm. Then at every pre-determined time points (0.5, 1, 2, 3,4, 6, 8,12, 24, 36, 48,
72 and 96 h), a 0.2 mL of the release sample was withdrawn and immediately an
equal volume of fresh dissolution medium were replenished. The samples were
subjected to HPLC analysis later as described previously [32].

2.6. Cellular association and uptake of NPs in HUVEC and U87MG cells

The cellular association measurement was performed via both fluorescent mi-
croscopy and KineticScan HCS analysis. For qualitative analysis, HUVEC cells and
U87MG cells were seeded in a 24-well plate at the density of 5 x 10% cells/well and
allowed to attach for 24 h, respectively. Then the cells were exposed to coumarin-6-
labeled NP and CGKRK-NP at the nanoparticle concentrations ranged from 25 pg/ml
to 200 pg/ml. One hour later, the cells were washed twice with PBS (pH 7.4), fixed with
4% formaldehyde for 15 min, stained with DAPI for 15 min and subjected to observation
under a fluorescent microscopy (Leica DMI4000 B, Germany).

For quantitative study, HUVEC cells and U87MG cells were cultured on a 96-well
plate at the density of 5 x 10° cells/well. Twenty-four hours later, the cells were
treated with NP and CGKRK-NP at the nanoparticle concentrations ranged from
25 pg/ml to 600 pg/ml for 37 °C and 4 °C, respectively. After removing the nano-
particles and washing twice with PBS 1 h later, the cells were then fixed with 4%
formaldehyde for 15 min and stained with Hoechst 33258 away from light for
15 min, and then subjected to a KineticScan HCS Reader (Thermo scientific, USA) for
analysis. For determining the fluorescent signals from the internalized nano-
particles, the cells were incubated with trypan blue (Beyotime Institute of
Biotechnology) to quench those fluorescent signals from the uninternalized nano-
particles, and subjected to a second reading. For evaluating the time related cellular
association experiment, the incubation time was ranged from 0.5 h to 4 h at the
nanoparticle concentration of 200 pg/ml.

C 100+

80+

40+

20

Cumulative release of PTX(%)

O T T T

To study the internalization mechanism, both HUVEC cells and U87MG cells
were pre-incubated with different endocytosis inhibitors, including 10 pg/ml
chlorpromazine, 4 pg/ml colchicines, 10 pg/ml cyto-D, 5 pg/ml BFA, 5 pg/ml filipin,
10 mm NaN3, 50 mm deoxyglucose, 2.5 mm methyl-B-cyclodextrin (M-B-CD), 200 nm
monensin, 20 um nocodazole, and 100 pg CGKRK peptide, for 1 h. After that, 200 pg/
ml coumarin-6-labeled NP and CGKRK-NP were added into each well and incubated
for 1 h. Then the cells were treated as described above before quantitative study.

2.7. Penetration of CGKRK-NP in tumor spheroid

For multicellular tumor spheroids formation, U87MG cells were seeded in a 48-
well plate pre-coated with 2% (w/v) agarose gel at the density of 2 x 10° cells/well.
After cultured for 7 days, the uniform and compact spheroids were selected for
further experiments.

In order to study the penetration ability of CGKRK-NP, the spheroids were
exposed to coumarin-6-labeled NP and CGKRK-NP at nanoparticle concentration of
400 pg/ml. Four hours later, the tumor spheroids were washed with cold PBS for
three times, fixed with 4% formaldehyde for 30 min and then subjected to laser
scanning confocal microscopy analysis (LSM510, Leica, Germany).

2.8. Bio-distribution of CGKRK-NP-DIR in tumor-bearing mice

In order to establish U87MG tumor-bearing nude mice model, the suspension of
US7MG cells (4 x 10° cells in 200 pl cell culture medium) were injected into the
subcutaneous tissue of the right hind legs. The subcutaneous tumors were allowed
to grow up to 0.6—0.8 cm in diameter for further use.

The bio-distribution of CGKRK-NP in U87MG tumor-bearing mice following
intravenous administration was studied via a CRi in vivo imaging system (CRi, MA,
USA). Six mice were randomly divided into two groups and intravenously injected DiR-
labeled NP and CGKRK-NP at the dose of 1 mg/kg DiR. The fluorescent images were
taken at the pre-determined time points (2, 4, 6, 8,12 h). Then the tumor-bearing mice
were sacrificed with the organs harvested at 24 h post-injection for ex vivo imaging.

2.9. Penetration of CGKRK-NP into tumor interior

U87MG tumor-bearing nude mice model was established as abovementioned
and the tumor masses were allowed to grow up to 450 mm?>. After that, the mice
were intravenously injected coumarin-6-labeled NP and CGKRK-NP at the equal
coumarin-6 dose. Three hours later, the mice were sacrificed and the tumor tissues
were harvested, fixed with 4% formaldehyde for 24 h and then dehydrated in 10%,
30% sucrose solution. Afterward, the tumors were imbedded in OCT (Sakura,

—— Taxol (pH6.0)
—— Taxol (pH7.4)
NP (pH6.0)
NP (pH7.4)
—— CGKRK-NP (pH 6.0)
—— CGKRK-NP (pH 7.4)

0 20 40

60 80 100

Time(h)

Fig. 1. Characterization of NP and CGKRK-NP. TEM images of NP (A) and CGKRK-NP (B). PTX release profiles from Taxol®, NP-PTX and CGKRK-NP-PTX in PBS (pH 6.0) and PBS (pH

7.4) with 0.1% Tween-80 (C). The bar is 200 nm.
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25 pg/ml

50 pg/ml

100 pg/ml 200 pg/mi

Fig. 2. Cellular association of coumarin-6-labeled unmodified NP and CGKRK-NP in HUVEC cells (A, B) and U87MG cells (C, D) after incubation for 1 h at the concentration ranged
from 25 to 200 pg/ml. Green: coumarin-6 labeled nanoparticles. Blue: nuclei. Original magnification: 20x. The bar is 100 um. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)

Torrance, CA, USA), frozen at 80 °C and sectioned at 7 pm. For immunostaining, the
slides were firstly blocked with 20% goat serum for 1 h at room temperature, and
then incubated with Alexa Fluor® 647 anti-mouse CD31 antibody overnight at 4 °C.
Finally, the slides were stained with DAPI and subjected to confocal microscopy
analysis (LSM710, Leica, Germany).

2.10. Cell apoptosis assay

Both HUVEC cells and US7MG cells (5 x 10° cells/well) were seeded in a 6-well
plate and allowed to grow for 24 h. After that, the cultured medium was substituted
with 100 ng/ml different PTX formulations including Taxol®, NP-PTX and CGKRK-NP-
PTX and incubated for 48 h. For qualitative analysis, the cells were washed with PBS,
fixed with 4% formaldehyde for 15 min and stained with DAPI for nuclear morphology
observation via a fluorescent microscope (Leica DMI4000 B, Germany). For quantitative
apoptosis assay, the treated cell were trypsinized, centrifuged at 1000 g for 5 min, and
then stained with FITC Annexin V Apoptosis Detection Kit I (Becton Dickinson Medical
Devices, Shanghai, China) according to the manufacture’s protocol. After that, the cells
undergoing apoptosis were quantified by a FACSscan Flow Cytometer (BD PharMingen,
Heidelberg, Germany). The cells treated with DMEM were used as control.

2.11. Anti-proliferation assay

The anti-proliferation activity of CGKRK-NP-PTX on both HUVEC cells and U87MG
cells was evaluated by using the CCK-8 assay. Briefly, the cells were seeded in 96-well
plates at the density of 2 x 10 cells/well. Twenty-four hours later, Taxol®, NP-PTX and
CGKRK-NP-PTX were added into wells at the PTX concentration ranged from 1 ng/ml to
1 ug/ml, respectively. Seventy-two hours later, 10 ul CCK8 was added into each well and
incubated for 1 h. After that, the plates were subjected to a microplate reader (Thermo
Multiskan MK3, USA) for cell viability assay at the wavelength of 450 nm.

2.12. Inhibition of tumor spheroid growth

The anti-growth ability of CGKRK-NP loaded with PTX on tumor spheroids
was evaluated by measuring the size of spheroids following different PTX for-
mulations treatment. Briefly, the selected tumor spheroids (6 days incubation)
were treated with Taxol®, NP-PTX and CGKRK-NP-PTX at PTX concentration of
200 ng/ml every other day for a week. The size of tumor spheroids was carefully

observed under an invert microscope (Chongqing Optical & Electrical Instru-
ment, Co., Ltd., Chongqing, China). The spheroids treated with DMEM were used
as the negative control.

2.13. In vivo anti-tumor growth effect of CGKRK-NP-PTX

In vivo anticancer activity was evaluated in mice bearing subcutaneous US7MG
tumor. The treatment schedule started when the tumor volume reached approximate
100 mm>. The mice were randomly divided into four groups (n = 6) and treated with
Taxol®, NP-PTX and CGKRK-NP-PTX via tail vein injection on the day 0, 2, 4 and 6 (PTX
dosage: 5 mg/kg, mice treated with physiological saline were used as control). Tumor
size was monitored via serial caliper measurement every 2 days and the tumor volume
was estimated using the formula: Volume = 0.5 x length x (width)?. On the day 14, the
animals were sacrificed by cervical dislocation, and the tumor mass was harvested,
weighted and photographed.

2.14. Statistical analysis

All the data were presented as mean =+ standard deviation. Unpaired student’s t
test was used for between two-group comparison and one-way ANOVA with Bonfer-
roni tests for multiple-group analysis. Statistical significance was defined as p < 0.05.

3. Results
3.1. Characterization of nanoparticles

The nanoparticles prepared from a blend of Maleimide-PEG-PCL
and MePEG-PCL with the emulsion/solvent evaporation method
exhibited the sizes of 102.81 + 5.32 nm. After modified with CGKRK
peptides, the size slightly increased to 115.34 + 7.83 nm with the
same narrow size distribution (Table 1). Representative TEM pho-
tographs illustrated that NP and CGKRK-NP exhibited the same
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Fig. 3. Cellular association and uptake of coumarin-6-labeled unmodified NP and CGKRK-NP at different temperature (4 °C and 37 °C) after incubation for 1 h at the nanoparticle
concentrations from 25 pg/ml to 600 pg/ml in HUVEC cells (A, B) and U87MG cells (C, D). Cellular association of coumarin-6-labeled unmodified NP and CGKRK-NP at different
incubation time ranged from 0.5 to 4 h in HUVEC cells (E) and C6 cells (F) at nanoparticles concentration of 200 pg/ml *p < 0.05, **p < 0.01, ***p < 0.001 significantly higher than the
cellular uptake of unmodified NP at 37 °C, and #p < 0.05, ##p < 0.01, ###p < 0.001 higher than the cellular uptake of unmodified NP at 4 °C.

spherical shape (Fig. 1A and B). Zeta potential of NP formulations
was —32.7 + 5.63 mV, while that of CGKRK-NP was —15.7 4 3.32 mV.

XPS assay showed that the surface nitrogen detected on CGKRK-
NP was 0.47% while that on the surface of unconjugated NP was
undetectable.

The EE of the optimized NP and CGKRK-NP was 47.67 + 3.21%
and 46.54 + 4.76%, respectively, with the LC 0.94 + 0.09% and
0.92 + 0.87%, respectively.

3.2. In vitro PTX release
In vitro PTX release experiment was performed in PBS at

different PH (PH 7.4 and PH 6.0). pH 7.4 and pH 6.0 represented the
physiologic pH and pH in the tumor microenvironment

respectively. As shown in Fig. 1C, a burst release was achieved for
Taxol® in both PH 6.0 and PH 7.4 PBS with over 98% cumulative
release of PTX within 6 h. While NP-PTX and tLyp-1-NP-PTX pre-
sented almost the same controlled release behavior, achieving cu-
mulative PTX release 76.18 4- 7.15% and 74.38 + 4.36%, respectively,
after 96 h incubation in PBS (pH 7.4). The release rate of NP-PTX and
tLyp-1-NP-PTX in PH 6.0 PBS was faster than that in PH 7.0 PBS
(82.27 4+ 2.58% for NP-PTX and 81.84 + 5.36% after 96 h incubation).

3.3. Cellular association and uptake of NPs in HUVEC cells and
U87MG cells

The cellular association of NPs was characterized by both fluo-
rescent microscopy and HCS Reader analysis by using coumarin-6
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Fig. 4. Cellular uptake of coumarin-6 labeled CGKRK-NP in the presence of different endocytosis inhibitors in HUVEC cells (A) and U87MG cells (B). Fluorescence intensity in the
non-inhibited cells was used as control. Data represented mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 significantly different with that of control.

as the fluorescence probe. For quantitative analysis, as shown in
Fig. 2, the fluorescence intensity of CGKRK-NP was much higher
than that of unconjugated NP on both HUVEC cells and US87MG
cells at the nanoparticles concentration ranged from 25 pg/ml to
200 pg/ml.

Quantitative analysis confirmed the concentration-dependent
cellular association of NP and CGKRK-NP in both HUVEC cells and
U87MG cells. Besides, the cellular association of CGKRK-NP on both
cells was much greater than that of NP at 37 °Cand 4 °C (Fig. 3A—D).
The cellular association of CGKRK-NP was 2.3, 2.2, 2.7, 2.5, 2.8 folds
higher on HUVEC cells and 1.5, 1.7, 1.8, 1.8, 2.0 folds higher on
U87MG cells when compared with that of NP at 37 °C at the
nanoparticles concentration of 100, 200, 300, 400 and 600,
respectively. While after quenching by trypan blue staining, the
cellular uptake of CGKRK-NP was 3.65, 2.54, 3.30, 3.10, 3.30 folds
higher in HUVEC cells and 2.67, 2.55, 2.63, 2.43, 2.50 folds higher in
U87MG cells when compared with that of NP at 37 °C at the
nanoparticles concentration of 100, 200, 300, 400 and 600,
respectively. In addition, the time-related experiment exhibited
that the fluorescence intensity of CGKRK-NP on both HUVEC cells
and U87MG cells was significantly enhanced when compared with
that of NP at all experiment time points (Fig. 3E, F).

Endocytosis inhibition experiment showed that the cellular
uptake of CGKRK-NP was inhibited by colchicines (P < 0.001), filipin

(P < 0.001), Genistein (P < 0.001), NaNs + dg (P < 0.01), M-B-CD
(p < 0.001) and nocodazole (p < 0.001) in HUVEC cells and
restricted by colchicines (P < 0.05), BFA (P < 0.05), filipin (P < 0.05),
NaNs3 + dg (P < 0.001) and nocodazole (p < 0.01) in U87MG cells
when compared with non-inhibition control (Fig. 4). Meanwhile,
the pre-added 100 ug CGKRK peptide decreased the association of
CGKRK-NP by 82.47% (P < 0.001) and 70.9% (P < 0.001) on HUVEC
cells and U87MG cells, respectively.

3.4. Penetration of CGKRK-NP in tumor spheroid

The multicellular U87MG tumor spheroids were employed to
evaluate the penetration ability of CGKRK-NP. As shown in Fig. 5, the
penetration depth of unmodified NP was 87.72 um and the fluores-
cence mostly located at the edge of spheroid, while that of CGKRK-NP
distributed more extensive and penetrated much deeper with the
distance of 108.36 um in multicellular tumor spheroids.

3.5. Bio-distribution of CGKRK-NP in tumor-bearing mice

In vivo CGKRK-NP targeting ability was determined on subcu-
taneous U87MG tumors-bearing mice via a small animal imaging
system. The mice followed by CGKRK-NP-DiR injection exhibited a
much stronger fluorescence intensity at tumor site at every imaging



9502 Q. Hu et al. / Biomaterials 34 (2013) 9496—9508

NP-Cou-6

CGKRK-NP-Cou-6

Fig. 5. Penetration of coumarin-6-labeled NP and CGKRK-NP in U87MG tumor spheroids. Multi-level scan started the top of the spheroid in 5 um intervals of the penetration of NP
(A) and CGKRK-NP (D). Amplification, bight field and merge of fluorescent images of NP (C) and CGKRK-NP (F). Quantitative analysis of the penetration depth of NP (B) and CGKRK-

NP (E).

time (2, 4, 6, 8,12 h) when compared with that of NP group (Fig. 6A,
B). Ex vivo imaging of organs 24 h post-injection also confirmed
that CGKRK modification led to much more accumulation of
nanoparticles in tumor sites (Fig. 6C).

3.6. Penetration of CGKRK-NP into tumor interior

In order to evaluate ..., frozen tumor section was prepared and
observed under the confocal microscope. Using ... for..., it was
found that a low accumulation of coumarin-6-labeled NP was
observed in tumor site, mostly trapped in the blood vessels and did
not get into tumor parenchyma (Fig. 7A). In contrast, obvious
stronger fluorescence signals from CGKRK-NP was observed around
the blood vessels and many extravasated from vessels and pene-
trated into tumor foci (Fig. 7B).

3.7. Cell apoptosis assay
Both HUVEC cells and U87MG cells was used to study the cell

apoptosis induced by different PTX formulations. Paclitaxel
formulated in Taxol®, NP-PTX and CGKRK-NP-PTX activated

apoptosis in both HUVEC cells and U87MG cells with fragmented
nuclei observed after treated for 48 h. In addition, the nuclei of both
cells treated with CGKRK-NP-PTX became severely fragmented
with the unsharp borders (Fig. 8A, C).

Quantitative flow cytometry results confirmed that the ability of
the different PTX formulations to induce cell apoptosis followed the
order: CGKRK-NP-PTX > NP-PTX > Taxol® (Fig. 8B, D). The percent-
age of early apoptosis treated with CGKRK-NP-PTX (18.35 + 2.3% and
22.25 + 3.1% for HUVEC cells and U87MG cells, respectively) was
much higher than that treated with NP-PTX (10.19 + 1.6% and
9.46 + 2.3% for HUVEC cells and U87MG cells, respectively) and
Taxol® (8.89 + 1.3% and 8.65 = 1.9% for HUVEC cells and US7MG cells,
respectively).

3.8. Anti-proliferation assay

The anti-proliferation of different PTX formulations were
evaluated on both HUVEC cells and U87MG cells by using CCK8
method. As shown in Fig. 9, CGKRK-NP exhibited much higher
toxicity (IC50 values of 96.95 ng/ml and 52.51 ng/ml on HUVEC
cells and U87MG cells, respectively) when compared with NP
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Fig. 6. In vivo near-infrared imaging of mice bearing subcutaneous U87MG tumors intravenously treated with 200 pl DiR-labeled NP (A) and CGKRK-NP (B) through the tail vein at
2 h,4h,6h,8h,12 h, respectively. Ex vivo fluorescence imaging of dissected organs after 24 h post-injection (C). Semi-quantitative analysis of the fluorescent intensity of NP-DiR
and CGKRK-NP-DiR in different organs and tumors (D). Data represented mean + SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 significantly different with that of NP. All the arrows

represented the site of tumor.

(163.1 ng/ml and 107.3 ng/ml for HUVEC cells and U87MG cells,
respectively) and Taxol® (193.8 ng/ml and 126.0 ng/ml on HUVEC
cells and U87MG cells, respectively).

3.9. Inhibition of tumor spheroid growth

The inhibition of tumor spheroids growth was evaluated
following the treatment with serum-free DMEM, Taxol®, NP-PTX
and CGKRK-NP-PTX at the PTX concentration of 200 ng/ml ac-
cording to the schedule of every two days for one week. As shown
in Fig. 10, the tumor spheroid treated with serum-free DMEM kept
growing and became more compact, whereas the spheroids
treated with PTX formulations exhibited apoptosis of marginal
cells and reduction in sizes. In addition, the tumor spheroid
exposed to CGKRK-NP-PTX exhibited the smallest size with loose
intercellular junctions and lost three-dimensional structure at day
6 (Fig. 10).

3.10. In vivo anti-tumor growth effect of CGKRK-NP-PTX

The anti-tumor growth effect was evaluated by measuring the tu-
mor volume and weight following the treatment of saline, Taxol®, NP-
PTX and CGKRK-NP-PTX at PTX dose of 5 mg/kg every two days for two
weeks. As shown in Fig. 11, the ability of different PTX formulations to
inhibit tumor growth followed the order: CGKRK-NP-PTX > NP-
PTX > Taxol® > Saline. The tumor volume of mice treated with CGKRK-
NP-PTX was 0.15 cm? at the 14 days post-injection and 2.2, 2.47, 5.87
folds smaller than NP-PTX group, Taxol® group and saline group,
respectively. The tumor weight of mice treated with CGKRK-NP-PTX
was 0.14 g at the 14 days post-injection and 2.2, 2.86, 5.7 folds ligh-
ter than NP-PTX group, Taxol® group and saline group, respectively.

4. Discussion
Antiangiogenic therapy had been recognized as an effective

treatment to suppress tumor growth and achieved great development
since Judah Folkman’s long-standing vision of angiogenesis as a

Fig. 7. In vivo tumor distribution of coumarin-6-labeled NP (A) and CGKRK-NP (B) 3 h after administration. Blue: DAPI stained cell nuclei. Green: Coumarin-6-labeled nanoparticles.
Red: CD31 stained blood vessels. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. Induction of apoptosis in HUVEC cells and U87MG cells following 48 h incubation with Taxol®, NP-PTX and CGKRK-NP-PTX (PTX concentration 100 ng/ml). Morphology of
nuclei of HUVEC cells (A) and U87MG cells (C) after stained with DAPI. Flow cytometry analysis of apoptosis. The HUVEC cells (B) and U87MG cells (D) were stained with Annexin V-
FITC and PI. Both cells incubated with drug-free DMEM served as the control. Original magnification: 20x.

therapeutic target [33,34]. Agents that inhibit vascular endothelial
growth factor (VEGF), one of the most potent promoters of angio-
genesis, and its receptor have been approved for clinical use [35,36].
However, continued clinical and pre-clinical investigations have
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identified major drawbacks associated with the application of this
class of agents, including inherent/acquired resistance [37,38] and
induction of tumor invasiveness and metastasis [39,40]. The main
course of these severe drawbacks was that the modified tumor
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Fig. 9. Cell viability of HUVEC cells (A) and US7MG cells (B) after treated with Taxol®, NP-PTX and CGKRK-NP-PTX for 72 h at 37 °C.
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Day 6

Control

Fig. 10. Morphology of U87MG tumor spheroids treated with serum-free DMEM (A),
Taxol® (B), NP-PTX (C) and CGKRK-NP-PTX (D) on day 0, day 2, day 4 and day 6,
respectively, at the PTX concentrations 200 ng/ml.

microenvironment provides a greater contribution to antiangiogenic
drug resistance. In addition, the tumor mass out of oxygen and
nutrient after antiangiogenic therapy would adapt and progress to
stages of greater malignancy via a process referred to as “evasive
resistance”, even in some cases increased lymphatic and distant
metastasis. Therefore, so far, tumor angiogenesis blood vessels and
tumor cells dual targeting were urgently needed and represented one
of the best options to improve the therapeutic efficacy of progression-
free or overall survival benefits [41,42].

Many strategies of using tumor angiogenesis blood vessels and
tumor cells dual-targeting drug delivery system (DDS) toward the
treatment of tumor have been developed over the past few years
and showed great combined or synergetic advantages when
compared with antiangiogenic therapy alone [24,43,44]. The
currently available dual-targeting therapeutics was less than
optimal for tumor treatment, mainly owing to the cellular inter-
nalization problem contributed by the functional ligand which
could result in insufficient intracellular drug concentration. Thus
modified a nanoparticulate DDS with a ligand of high dual-
targeting property and robust cellular internalization will achieve
significant therapeutic efficacy. In this present study, CGKRK pep-
tide, which was reported as a ligand targeted to heparan sulfate
that overexpressed on the surface of both neovascular endothelial
cells and tumor cells, was utilized as the functional ligand to be
conjugated to the surface of PEG-co-PCL nanoparticles. The func-
tionalized CGKRK-NP was expected to achieve tumor angiogenesis
blood vessels and tumor cells homing efficacy with high cellular
internalization efficiency, and hold a great potential to achieve
more efficient anti-cancer activity.

In tumor drug delivery, the size of nanoparticulate DDS needed
to be perfectly controlled under 150 nm to meet the demand of
enhanced permeability and retention (EPR) effect and decrease
blood clearance [45,46]. In our study, the size of PEG-PCL nano-
particle was increased from 103.13 + 5.7 nm to 117.28 &+ 10.42 nm
after modification with CGKRK peptide and the size distribution
was suitable for anti-tumor drug delivery. The CGKRK conjugation
on the surface of CGKRK-NP was confirmed by the elevation of zeta
potential from —32.7 + 5.63 mV to —15.7 4 3.32 mV and this mainly
contributed by the electropositivity of CGKRK peptide.

In vitro PTX release experiment showed a burst release behavior
for Taxol® and similar biphases release pattern for the NPs for-
mulations which was in consistent well with previous studies [47].
The release rate of NP formulations in PBS (pH 6.0) was faster than
thatin PBS (pH 7.4), it was speculated acidic pH could accelerate the
degradation of the polymer nanoparticles.

Cellular experiment results showed that a concentration-,
temperature- and time-dependent cellular association of CGKRK-
NP was achieved on both HUVEC cells and U87MG cells, suggest-
ing a process of active endocytosis. Qualitative (Fig. 2) and quan-
titative results (Fig. 3) exhibited a significantly higher fluorescence
intensity on both HUVEC cells and U87MG cells treated with
CGKRK-NP when compared with that of unmodified NP, indicating
the specific affinity of CGKRK ligand and heparan sulfate receptor
overexpressed on the surface of HUVEC cells and U87MG cells
mediated and enhanced cellular endocytosis. Notably, the
enhanced cellular uptake of CGKRK-NP over unmodified NP in both
HUVEC cells and U87MG cells after quenching by trypan blue was
much higher than that before quenching, suggesting that more
cellular associated CGKRK-NP was internalized into cellular inte-
rior. The increased internalization of nanoparticle, which was
contributed by CGKRK peptide, would exhibit great superior in
anti-tumor drug delivery by significantly enhancing the intracel-
lular accumulation of drug to kill cancer cells more effectively.

To characterize the endocytosis pathways that involved in the
cellular association of CGKRK-NP, both HUVEC cells and U87MG
cells were exposed to CGKRK-NP in the presence of various endo-
cytosis inhibitors. As shown in Fig. 4A, the association of CGKRK-NP
on HUVEC cells was restricted by microtubules depolymerization
agent—colchicines and nocodazole, caveolae-mediated endocytosis
pathway inhibitor—filipin and genistein, energy-depletion agent—
NaNs3 + dg and lipid raft inhibitor—M-$-CD, suggesting the endo-
cytosis process of CGKRK-NP on HUVEC cells was energy-
dependent, lipid raft/caveolae-mediated endocytosis with the
involvement of microtubules. In the case of US7MG cells, the as-
sociation of CGKRK-NP was inhibited by colchicines, filipin,
NaN3 + dg, M-B-CD, nocodazole and Golgi apparatus destroyer—
BFA, indicating the involvement of lipid raft/caveolae-mediated
endocytosis and Golgi apparatus as well as energy in the process
of association of CGKRK-NP in U87MG cells. In addition, pre-added
CGKRK peptide significantly inhibited the association of CGKRK-NP
in both HUVEC cells and U87MG cells, confirming the contribution
of CGKRK peptide modification to enhanced cellular uptake.

The elevated association of CGKRK-NP also resulted in stronger
anti-proliferative and apoptosis-induction activity following
encapsulation of PTX in both HUVEC cells and U87MG cells. As
shown in Fig. 8, the nuclei of HUVEC cells and U87MG cells treated
with CGKRK-NP-PTX exhibited much more segmentation and
fragmentation compared with that of Taxol® and NP-PTX group
after incubation for 48 h. Flow cytometry results also confirmed
that nanoparticles with CGKRK peptide modification induced more
early and late apoptosis in both HUVEC and U87MG cells. Anti-
proliferative analysis showed that the IC50 values of CGKRK-NP-
PTX was 1.68, 2 folds lower than that of NP and Taxol® in HUVEC
cells and 2.04, 2.4 folds lower than that of NP and Taxol® in US7MG
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Fig. 11. Anti-tumor growth effects of CGKRK-NP-PTX on nude mice bearing subcutaneous U87MG tumors. Four groups were administrated i.v. with saline, Taxol®, NP-PTX and CGKRK-
NP-PTX at PTX dose 5 mg/kg, respectively. The injection was repeated every 2 days for two weeks. Change in body weight of the nude mice bearing subcutaneous U87MG tumors
during the 14-day experimental period (A). Tumor morphology and size at the experimental end point (14th day) (B). Tumor weight at the experimental end point (14th day) (C).
Tumor volume at the experimental end point (14th day) (D). Data represents mean + SD, n = 6. **p < 0.01, ***p < 0.001 significantly different with that of CGKRK-NP-PTX group.

cells, indicating that enhanced internalization of nanoparticles af-
ter functionalization with CGKRK peptide led to much higher
intracellular PTX concentration in both cells and thus more efficient
anti-cancer activity. Taken these results together, the improved
anti-proliferative and induced apoptosis ability was believed to be
attributed to the CGKRK peptide, which could bond the receptor of
heparan sulfate specifically and robustly and then facilitated the
internalization of the PTX formulation into HUVEC cells and
U87MG cells. The strong anti-proliferative effect of CGKRK-NP on
tumor cells might also prevent local invasion and distant metastasis
of tumor cells which often occurred during antiangiogenic therapy
alone.

The ex vivo 3D tumor spheroids are not only aggregates of cells
in close contact but possess an organized extracellular matrix
consisting of fibronectin, laminin, and collagen suggestive of the
extracellular matrix of tumors in vivo [48,49]. In addition, the
physiologic barriers of tumor spheroids such as high cell density,
acidic pH and increased interstitial pressure, increased the diffi-
culty of permeability of anti-tumor drug into solid tumor interior
[50,51]. Therefore, the tumor spheroids could be an effective tool to
study the performance of DDS. In this study, we employed the
ex vivo U87MG tumor spheroids to evaluate the penetration and
anti-tumor spheroids growth ability of CGKRK-NP. As shown in
Fig. 5, the U87MG tumor spheroids treated with CGKRK-NP
exhibited much more extensive fluorescence intensity and deeper
penetration depth when compared with that of unmodified NP,
indicating the conjugation of CGKRK peptide could facilitate

permeation and enrichment of CGKRK-NP in solid tumor. In vitro
anti-tumor spheroids growth experiment also confirmed targeting
capability of CGKRK-NP with much stronger inhibitory effects on
tumor spheroids when compare with Taxol® and NP-PTX (Fig. 10).
The improved targeting and penetration ability of CGKRK-NP could
enhance the present comprised chemotherapeutic efficacy of
anticancer agents and promote a synergetic approach for solid tu-
mor treatment when combine with antiangiogenic therapy.

Xenograft tumors are characterized by synchrony and repro-
ducibility of tumor formation, rapid tumor development, and high
penetrance. The use of s.c. models allows for easy tumor visuali-
zation, making decisions of treatment initiation and drug applica-
tion [52,53]. A large panel of xenografts obtained from several types
of tumor has been used to compare drug response between the
xenograft and the individual patient, resulting in a xenograft po-
tency greater than 90% in predicting correctly the clinical response
[54,55]. In this study, xenograft nude mouse models with U87MG
cells line implanted in right leg was used for determining the
in vivo targeting ability of CGKRK modified nanoparticulate DDS,
which provides abundant blood vessels to target and much con-
venience in evaluating the penetration ability of DDS.

Based on the exciting in vitro cellular results, in vivo NIR im-
aging experiments was performed to further evaluate the tumor
targeting efficacy of CGKRK-NP. As shown in Fig. 6, much stronger
fluorescence intensity was achieved at tumor site for CGKRK-NP at
all time points when compared with that of unmodified NP. Ex vivo
organs imaging showed stronger fluorescence signal in tumor
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tissue for CGKRK-NP and was in good consistent with the time-
dependent bio-distribution result. These results suggested that
CGKRK-NP exhibited a significant superiority in tumor targeting
which was mainly contributed by CGKRK-heparan sulfate interac-
tion in vivo than unmodified NP which relied on limited EPR effects
to get into tumor site.

In order to study the distribution of CGKRK-NP and unmodified
NP in tumor section, the frozen sections of tumor tissue was
observed under a laser scanning confocal microscopy. As shown in
Fig. 7, it was demonstrated that a low accumulation of NP was
achieved and mainly trapped in blood vessels, suggesting the
localization of NP at tumor site mostly depended on EPR effects
which showed limit extravasation from tumor blood vessels [56]. In
contrast, CGKRK-NP exhibited a much stronger fluorescence in-
tensity and more extensive distribution around tumor blood ves-
sels and in tumor foci. It was believed that the accumulation of
CGKRK-NP was contributed by the angiogenic blood vessels and
tumor cells dual-targeting ability of CGKRK peptide. Functionali-
zation with CGKRK peptide on the surface of nanoparticle could
effectively target angiogenic blood vessels, then induce the DDS to
extravasate from tumor blood vessels and facilitate DDS to pene-
trate into tumor parenchyma [26].

For evaluating the anti-tumor efficacy in vivo, the mice bearing
subcutaneous U87MG tumors was employed as animal model. The
mice were treated with saline, Taxol®, NP-PTX and CGKRK-NP-PTX
according to schedules of every two days in two weeks at PTX dose
5 mg/kg. As shown in Fig. 11, the ability to inhibit tumor growth
followed the order: CGKRK-NP-PTX > NP-PTX > Taxol® > Saline,
strongly suggested the improved accumulation and penetration of
CGKRK-NP-PTX at the tumor site led to an anticipated enhanced
anti-tumor growth efficacy in vivo.

5. Conclusion

In the present study, we constructed a CGKRK peptide func-
tionalized PEG-co-PCL nanoparticulate DDS to achieve angiogenic
blood vessels and tumor cells dual-targeting effect. The CGKRK
peptide was conjugated to the surface of PEG-co-PCL nanoparticles
via a maleimide-thiol coupling reaction with the particle size of
117.28 + 10.42 nm. The conjugation of CGKRK peptide was
confirmed by increased zeta potential and XPS analysis. Enhanced
cellular association was achieved on HUVEC cells and U87MG cells.
CGKRK-NP was internalized via an energy-dependent, lipid raft/
caveolae-mediated endocytosis with the involvement of microtu-
bules in HUVEC cells and an energy-dependent, lipid raft/caveolae-
mediated endocytosis with the participation of Golgi apparatus in
U87MG cells. The improved intracellular accumulation of PTX
mediated by CGKRK peptide exhibited higher apoptosis induction
and anti-proliferative activity. Furthermore, in vitro U87MG tumor
spheroids assays showed that CGKRK-NP effectively penetrated into
the tumor spheroids and significantly improved the inhibitory ef-
fects of PTX on the growth of tumor spheroids. In vivo animal
experiment showed that extensive accumulation at tumor site and
improved anti-tumor efficacy was achieved for CGKRK-NP. The
findings together suggested that CGKRK-NP could be used as an
effective tumor angiogenic blood vessels and tumor cells dual-
targeting DDS, holding great potential in improving anti-cancer
activity and avoiding the drawbacks of antiangiogenic therapy alone.
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