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There are two important obstacles for the currently applied anti-cancer drug delivery systems. One is the
conflict between long-circulation and cellular uptake while the other one is the achievement of ideal
anti-cancer efficacy. To solve these problems, we designed a polypeptide-based micelle system that
combined the advantages of receptor mediated endocytosis and multi-drug delivery. Firstly, an amphi-
philic PLG-g-Ve/PEG graft copolymer was prepared by grafting a-tocopherol (Ve) and polyethylene glycol

iey‘,"’ords" (PEG) to poly(L-glutamic acid) (PLG). Then docetaxel (DTX) and cisplatin (CDDP) were co-loaded into the
C(néggf%or PLG-g-Ve/PEG micelles via hydrophobic and chelation effect. After that, the surface of the dual-drug-
Target loaded micelles was decorated with an ¢,f3 integrin targeting peptide c(RGDfK). The targeted dual-

drug-loaded micelles showed synergistic cytotoxicity and enhanced internalization rate in mouse mel-
anoma (B16F1) cells. In vivo tests demonstrated that remarkable long circulation, anti-tumor and anti-
metastasis efficacy could be achieved using this drug delivery system. This work revealed a strategy
for the design and preparation of anti-cancer drug delivery systems with reduced side effect, enhanced

Combination
Drug delivery

anti-tumor and anti-metastasis efficacy.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Advancement in nanotechnology provided enormous opportu-
nities for anti-cancer drug delivery [1,2]. By the entrapment of anti-
cancer drugs in nanocarriers, the systemic toxicity of free drugs can
be reduced, and the resultant nano-drugs can passively accumulate
in tumor tissue via the enhanced permeability and retention (EPR)
effect [3—5]. Based on this, nano-sized anti-cancer drugs like
DOXIL (doxorubicin HCl liposome injection) [6], Abraxane (pacli-
taxel protein-bound particles for injectable suspension) [7], and
Genexol-PM (paclitaxel-loaded polymeric micelle) [8] et al. have
been clinically approved for cancer treatment, and many others
have entered into clinical trials [9,10].

However the currently applied anti-cancer nanomedicines are
far from perfect. Although the toxicity is greatly reduced and the
drug distribution in tumor is increased, the therapeutic efficacy has
not been significantly improved as compared to free drugs [11,12].
There are two most essential reasons for this phenomenon. One is
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that the widely used pegylation strategy significantly hinders the
nanomedicines from entering tumor cells, though pegylation can
improve the pharmacokinetics of nanoparticles and escape the
surveillance of immune cells and the reticuloendothelial system
(RES) [13]. For example, the pegylated liposome-encapsulated form
of doxorubicin DOXIL significantly prolonged the blood circulation
time of doxorubicin (the AUC for DOXIL is >60 times that of free
doxorubicin in rats) and resulted in increased intratumoral doxo-
rubicin accumulation via the EPR effect in 48 h [14]. However, this
did not come with significantly improved anti-tumor efficacy. It's
found that the liposomes accumulated in tumor tissue just stayed
outside tumor cells [15,16]. Another problem is the treatment with
a single drug often encounters multi-drug resistance, and this
greatly discounts the tumor inhibition effect [17,18].
Receptor-mediated endocytosis is an effective way for
enhancing drug uptake rate. Tumor cells often overexpress some
specific receptors, therefore, receptor-mediated uptake can be
achieved by decorating corresponding ligands on the surface of
nanocarriers, and this would relax the conflict between long cir-
culation and drug uptake [19]. For example, a prostate-specific
membrane antigen (PSMA)-targeted docetaxel nanoparticle
formulation showed long blood circulation time of about 20 h,
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enhanced tumor accumulation and markedly better anti-tumor
efficacy even at doses below the commonly applied docetaxel
dose in clinic. This drug formulation has entered clinical trials [20].
Combination of two or more drugs with different action mecha-
nisms is a promising strategy for overcoming multi-drug resistance
and enhancing anti-cancer efficacy [21-23]. In particular, the
nanocarrier-based drug combination, not only inherited the
advantage of reducing toxicity, but also ensured the same in vivo
route and better synergistic efficacy [23—26].

To the best of our knowledge, there are very few works applying
the above mentioned two strategies of the “receptor-mediated
cellular uptake” and “combination of multi-drugs” in one nano-
system. A receptor-targeted multi-drug-loaded nanomedicine
would solve the two obstacles of the current nanomedicines and
must result in enhanced anti-tumor efficacy. By now, only one try
by Kolshetti et al. has reported a self-assembled polymeric nano-
particle platform to target and codelivery of drugs to cancer cells. In
the system, polylactide conjugated with platinum(IV) prodrug was
co-assembled with PLGA-PEG-COOH in the presence of docetaxel.
A10 aptamer that could bind to the PSMA was derivatized on the
surface of the nanoparticles. In vitro toxicity demonstrated the
superiority of the targeted dual-drug combination nanoparticles
over single-drug or non-targeted nanoparticles [27]. However, the
stability of the co-assembled micelles was dubious, and there was
no in vivo result to confirm the performance of this kind of drug
delivery systems.

In this study, we presented a drug delivery system for targeted
drug combination (Scheme 1). To achieve this, an amphiphilic graft
copolymer PLG-g-Ve/PEG was prepared, microtubule-stabilizing

agent docetaxel (DTX) was loaded in the inner core of the formed
micelles, DNA-cross-linking agent cisplatin (CDDP) was loaded at
the middle shell, which also provided a cross-linking effect for
enhancing the stability of the micelles. An o33 integrin targeting
peptide c(RGDfK) was decorated on the surface of the dual-drug-
loaded micelles. The in vitro synergistic cytotoxicity, endocytosis,
in vivo fate, anti-tumor and anti-metastasis efficacy were evaluated
on B16 melanoma.

2. Materials and methods
2.1. Materials

v-Benzyl-L-glutamate-N-carboxyanhydride (BLG-NCA) was prepared on the
method similar to our previous work [28]. Methoxypolyethylene glycol (mPEG,
My, = 5000) was bought from Sigma—Aldrich. Maleimide-polyethylene glycol (MAL-
PEG-OH, M,, = 3500) was bought from Beijing Jenkem Technology Co.,
Ltd. a-Tocopherol (Vitamin E, Ve) was purchased from Alfa Aesar. Fluorescein iso-
thiocyanate (FITC) was bought from Aladdin Reagent Co., Ltd. Docetaxel (DTX) was
purchased from Beijing Huafeng United Technology Corporation. Cisplatin was
purchased from Shandong Boyuan Chemical Company. ¢((RGDfK) was custom-made
by Apeptide Co. Ltd. (Shanghai, China). N,N-dimethylformamide (DMF) was stored
over calcium hydride (CaH3) and purified by vacuum distillation with CaHj. All the
other reagents and solvents were purchased from Sinopharm Chemical Reagent Co.,
Ltd. and used as received.

2.2. Preparation of the graft-copolymer

The preparation and fluorescent labeling of the graft-copolymer were carried
out following the method shown in Scheme 2.

2.2.1. Synthesis of poly(i-glutamic acid) (PLG)

Poly(L-glutamic acid) was prepared by ring opening polymerization of BLG-NCA
followed by deprotection of the benzyl group. Briefly, BLG-NCA (26.33 g, 100 mmol)
was dissolved in 270.0 mL DMF, then 1.0 mL of n-hexylamine (n-HA, 1.0 mm in DMF)

of o’ NH

°(‘NH W SN \(
e Docetaxel MAL o
M) Cisplatin cRGDfK vooc ) ©

PLG-g-VelPEG
A

S
I
\ N \ /
\ Sy
) \
@

B

Synergistic toxicity

\

g, . Cell apoptosis

€
1]
/’
\/
VAN

DNA damage

Scheme 1. (A) Schematic illustration of preparation of the ¢((RGDfK)-decorated dual-drug-loaded micelles. (B) The micelles enter tumor cells by receptor-mediated endocytosis, and

the loaded two drugs act synergistically intracellularly.
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Scheme 2. Preparation of poly(i-glutamic acid) (PLG), graft copolymer (PLG-g-Ve/PEG), and FITC-labeled graft copolymer (PLG(-FITC)-g-Ve/PEG). Insets: schematic illustration of

PLG-g-Ve/PEG.

was added. The reaction proceeded for 72 h at 25 °C and then the reaction solution
was precipitated into excess ether/ethanol (2/1, v/v). The resultant poly(y-benzyl-L-
glutamate) (PBLG) was dried under vacuum for 24 h. Then 5.0 g PBLG was dissolved
in 50.0 mL dichloroacetic acid and 15.0 mL HBr/acetic acid (33 wt%) was added for
removing the y-Benzyl group. After 1 h reaction at 30 °C, the solution was precip-
itated in excess acetone, and the final product poly(i-glutamic acid) was obtained
(yield: 86.5%).

2.2.2. Synthesis of PLG-g-Ve/PEG

The graft-copolymer was prepared by condensation reaction of PLG, PEG and a-
tocopherol with the condensation agents N,N’-diisopropyl carbodiimide (DIC) and
4-dimethylamiopyridine (DMAP). In brief, PLG (2.2 g, 0.20 mmol), a-tocopherol
(0.83 g, 2.0 mmol), mPEG (2.4 g, 1.2 mmol), MAL-PEG-OH (2.8 g, 0.8 mmol) were
dissolved in 25.0 mL DMSO, then DIC (1.1 g, 8.4 mmol) and DMAP (54 mg,
0.44 mmol) were added into the reaction system. After 48 h under 30 °C, the so-
lution was precipitated into excess ethyl ether, and then dialyzed in distilled water
for 3 days (MWCO = 3500 Da). The final product PLG-g-Ve/PEG was obtained after
freeze drying (yield: 86%).

2.2.3. Fluorescent labeling of the graft-copolymer

The FITC labeled graft-copolymer was prepared by stirring the PLG-g-Ve/PEG
(0.5 g,12.8 pmol) and FITC (10.0 mg, 25.6 pmol) in DMSO solution for 2 days. After
dialysis in distilled water for 3 days (MWCO = 3500 Da) and freeze drying, the green
PLG(-FITC)-g-Ve/PEG powders were stored in dark until use.

2.2.4. Characterization
TH NMR spectra were measured on a Bruker AV 400 NMR spectrometer in tri-
fluoroacetic acid-d (CFsCOOD). Number-average molecular weights, weight-average

molecular weights (Mp, My) and molecular weight distributions (polydispersity
index, PDI = My,/M;) were determined by gel permeation chromatography (GPC)
using Waters 515 HPLC pump, with DAWN EOS 18 Angles Laser Light Scattering
Instrument and OPTILAB DSP Interferometric Refractometer (Wyatt Technology)
as the detector. The eluant was DMF (containing 0.01 m LiBr) with a flow rate of
1.0 mL/min, and monodisperse polystyrene as standard samples. Critical micelle
concentration (CMC) was estimated by fluorescence spectroscopy using pyrene as
the probe, following our previous method [29].

2.3. Preparation of ¢(RGDfK)-decorated dual-drug-loaded micelles

2.3.1. Drug loading

DTX and CDDP loaded micelles were prepared by a two-step method. Firstly,
DTX was loaded into the micelles by nanoprecipitation method. Briefly, PLG-g-Ve/
PEG (200.0 mg) and DTX (10.0 mg) were dissolved in 10.0 mL DMSO, and then
20.0 mL phosphate buffer (pH 7.4) was added under stirring. The mixture was stirred
for another 6 h and then dialyzed against distilled water using a dialysis bag
(MWCO = 3500 Da). After 5000 rpm centrifuged for 4 min, the supernatant solution
was filtered through a 0.45 um filter to gain a clarified solution, and then freeze-
dried to obtain the resultant DTX-loaded powder (M(DTX)). Next, 100.0 mg DTX-
loaded powder was dissolved in 10.0 mL distilled water, and 20.0 mg CDDP was
added after the pH was adjusted to about 8.0. Then the mixtures were left reacted at
37 °Cfor 72 h. After dialyzing in distilled water (to remove unloaded CDDP), DTX and
CDDP dual-drug-loaded micelle solution (M(DTXg5/Pt)) was obtained and stored at
4 °C. The solution was concentrated to required drug concentration before use. M(Pt)
was prepared following the same procedure except that there was no DTX added.

Dynamic light scattering (DLS) measurements were performed using a Wyatt-
QELS instrument with a vertically polarized He—Ne laser (DAWN EOS, Wyatt
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Technology) at 90° collecting optics. Zeta-potentials were measured with a Zeta
Potential/BI-90 Plus particle size analyzer (Brookhaven, USA) at room temperature.
Transmission electron microscopy (TEM) images were taken from JEOL JEM-1011
transmission electron microscope with an accelerating voltage of 100 kV. Concen-
trations of Pt and DTX were determined by inductively coupled plasma mass
spectrometry (ICP-MS, Xseries II, Thermoscientific, USA) and high-performance
liquid chromatography (HPLC). The HPLC system consisted of a reverse-phase C-
18 column (Symmetry®), with a mobile phase of acetonitrile and water (80:20 v/v)
pumped at a flow rate of 1.0 mL/min at 25 °C. 20 pL aliquot of sample was injected,
and the column effluent was detected at 227 nm with an UV detector (Waters 2489).
Drug loading content (DLC %) and drug loading efficiency (DLE%) were calculated
following the formula below:

weight of drug in micelles

DLC% = weight of drug — loaded micelles

x 100%

DLE% — weight of drug in micelles

" total weight of drug for loading x 100%

2.3.2. ¢(RGDfK) decoration

10.0 mL dual-drug-loaded micelle (40.0 mg) solution was mixed with 8.0 mg
c(RGDfK), and agitated overnight at 37 °C. Then the ¢(RGDfK) decorated micelles
(cRGD-M(DTX5/Pt)) were obtained after dialysis in distilled water for 12 h
(MWCO = 3500 Da). The c¢(RGDfK) peptide content of the micelles was determined
by measuring the arginine content following the method described in the literature
[30]. Degree of modification was defined as pmol of c(RGDfK) per mg of micelles.

2.4. In vitro cytotoxicity

The relative cytotoxicity of blank micelles and drug-loaded micelles was
assessed by measuring the cell viability using the MTT assay.

Hela cells were seeded in 96-well plates at 1.0 x 10° cells per well in 200 pL of
complete Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine
serum, supplemented with 50 U/mL penicillin and 50 U/mL streptomycin, and
incubated at 37 °C in 5% CO, atmosphere for 24 h, followed by removing the culture
medium and adding the blank micelle solutions at different concentrations. The cells
were subjected to MTT assay after being incubated for another 48 h.

For the drug-loaded micelles evaluation, mouse melanoma cell line B16F1 cells
were applied, following the procedure similar to the above. The cells were seeded in
96-well plates at 3.0 x 10 cells per well, and 24, 48 and 72 h incubation time were
applied.

The absorbance of the solution was measured on a Bio-Rad 680 microplate
reader at 492 nm. Cell viability (%) was calculated according to the following
equation: viability (%) = (Asample/Acontrol) X 100%, where Asample and Acontrol Were the
absorbances of the sample well and control well, respectively.

2.5. Cellular uptake study

The cellular uptake of M(DTXg5/Pt) and cRGD-M(DTXg5/Pt) was evaluated by
confocal laser scanning microscopy (CLSM), flow cytometry (FACS), and ICP-MS
against B16F1 cells.

2.5.1. CLSM

B16F1 cells were seeded in 6-well plates at 2.0 x 10° cells per well in 2.0 mL
DMEM and cultured for 24 h, and then incubated at 37 °C for additional 1 or 3 h with
FITC-labeled M(DTXq5/Pt) and cRGD-M(DTXg5/Pt). Then, the culture medium was
removed and cells were washed with PBS thrice. Thereafter, the cells were fixed with
4% (w/v) paraformaldehyde for 30 min at 25 °C, and the cells were counterstained
with 4’,6-diamidino-2-phenylindole (DAPI) for cell nuclei according to the standard
protocols provided by the suppliers. CLSM images were taken through the confocal
microscope (Carl Zeiss LSM 780).

2.5.2. FACS

The cells were seeded in 6-well plates at 2.0 x 10° cells per well in 2.0 mL of
complete DMEM and cultured for 24 h, and then incubated at 37 °C for additional 1
or 3 h with FITC-labeled M(DTXg5/Pt) and cRGD-M(DTXg5/Pt). Thereafter, the cul-
ture media were removed and cells were washed with PBS thrice and treated with
trypsin. Then, 0.4 mL of PBS was added to each culture well, and the solutions were
centrifuged for 5 min at 3000 rpm. After removal of supernatants, the cells were
resuspended in 0.3 mL of PBS. Data for 1 x 10* gated events were collected, and
analysis was performed by flow cytometer (Beckman, California, USA).

2.5.3. ICP-MS

B16F1 cells were seeded in a 6-well culture plate at a density of 2.0 x 10° cells
per well. After attaching for 24 h, CDDP, M(DTXg5/Pt) and cRGD-M(DTXg 5/Pt) were
added into the cultured medium respectively (30.0 pg/mL, CDDP). After incubation
for 1 and 4 h at 37 °C, the medium was removed and rinsed with cold PBS thrice. The
cells were trypsinized and cell numbers were counted, and then incubated with

nitric acid (68%, v/v) at 70 °C for 12 h. The platinum content analysis was performed
using ICP-MS.

2.6. Phamocokinetics

Wistar rats were randomly divided into three groups (n = 3, average weight
250 g). CDDP, M(DTXq5/Pt), and cRGD-M(DTXg 5/Pt) were administered via tail vein
(Dosage, 1.5 mg CDDP equivalent/kg body weight). At defined time periods (5 min,
0.5, 1, 4, 10 and 24 h), blood samples were collected from the orbital cavity, hepa-
rinized, and centrifuged to obtain the plasma. Plasma samples were decomposed on
heating in nitric acid and the Pt contents were measured by ICP-MS, following the
procedure used before [31].

2.7. Tissue distribution

Xenograft melanoma model was established by subcutaneous injection of B16F1
cells in the right flank of C57BL/6 mice. The mice were handled under protocols
approved by the Lab Animal Center of Jilin University. The mice (average body
weight 15 g, 6 week old) were injected subcutaneously in the armpit of right anterior
limb with 0.1 mL of cell suspension containing 1.0 x 10° B16F1 cells in PBS. When the
tumor volume reached 100 mm?, the mice were divided into three groups, and
CDDP, M(DTXq5/Pt), and cRGD-M(DTXq5/Pt) were administered via tail vein
(dosage: 3.0 mg CDDP equivalent/kg body weight). At defined time periods (3 min, 1,
6, 24 and 48 h), 3 mice in each group were sacrificed, and the kidney, liver, spleen,
lung, heart and tumor were excised. The organs were weighed, decomposed on
heating in nitric acid, evaporated to dryness, re-dissolved, and the Pt concentration
was measured by ICP-MS.

2.8. Anti-tumor efficacy

The in vivo anti-tumor efficacy of the drug-loaded micelles was evaluated uti-
lizing the xenograft B16F1 melanoma xeno-implanted on C57BL/6 mice. Treatments
were started 5 days after cell implantation, when tumor in the mice reached a
volume of 30—70 mm?, and this day was designated as day 0. The mice were
weighed and randomly divided into 5 groups (6 mice per group): saline, M(Pt),
M(DTX), M(DTXo5/Pt), and cRGD-M(DTXg 5/Pt) (dosage: 1.5 mg DTX/kg body weight,
3.0 mg CDDP equivalent/kg body weight). The injection was carried out on day 0, 2,
4, 6, 8 via tail vein. The treatment efficacy and safety evaluation were assessed by
measuring the tumor volume and body weight, respectively. Tumor volume, tumor
growth rate, tumor suppression rate were calculated by the following formula:

Tumor volume(V;) = a x b%/2
Tumor growth rate(TGR, %) = (V¢/Vy) x 100%

Tumor suppression rate(TSR, %) = [(TGRc — TGRx)/TGR(] x 100%

a, b are the major and minor axes of the tumors measured by caliper, Vj represented
the initial volume. c represented the control group, while x represented the treat-
ment group.

2.9. Efficacy in treating melanoma metastasis

For the melanoma pulmonary metastatic model, C57BL/6 mice were injected
intravenously through tail vein with 100 pL of B16F10 cell suspension containing
1.0 x 10° B16F10 cells, and this day was designated as day 0. At day 10, mice were
randomly divided into three groups (3 animal each), saline, M(DTXq 5/Pt), and cRGD-
M(DTXo5/Pt) (dosage: 1.5 mg DTX/kg body weight, 3.0 mg CDDP equivalent/kg body
weight) were injected via tail vein. The mice were sacrificed at day 20 and the lungs
were removed and photographed, and the tumor colonies on the surface of lung
were counted to evaluate the anti-metastasis efficacy.

2.10. Statistics

All experiments were performed at least three times and expressed as
means + SD. Data were analyzed for statistical significance using Student’s t-test.
P < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Preparation of graft-copolymer PLG-g-Ve/PEG

Poly (i-glutamic acid) (PLG) is a kind of biodegradable poly-
peptide widely used in biomedical fields. Besides biodegradation,
good water solubility and non-toxicity, abundant carboxyl groups
in PLG could be applied for graft-modification, and further use in
wide range of applications [32,33]. In this work, we firstly prepared
PLG by ring opening polymerization of BLG-NCA, then hydrophobic
a-tocopherol and hydrophilic PEG were grafted on to the side
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Fig. 1. 'H NMR (A, in CFsCOOD), IR (B) characterization of PLG (1) and PLG-g-Ve/PEG (2). Molecular weight and distribution are summarized in Table 1.

chains of the PLG by condensation reaction. a¢-Tocopherol is a kind
of chemical compound belongs to the vitamin E family. It’s the most
important fat-soluble antioxidants in the body [34]. Herein, -
tocopherol was applied as the hydrophobic segment for inducing
self-assemble of the graft copolymer. PEG is the most widely
applied polymer for reducing non-specific interaction in blood and
prolonging the circulation time. Therefore, PEG was grafted to PLG
as the hydrophilic segment. Besides, MAL-PEG-OH was also grafted
to the backbone for further c(RGDfK) decoration.

Fig. 1 shows the 'H NMR and IR spectra of PLG and PLG-g-Ve/
PEG. In the 'H NMR spectra, the resonances at ¢ 4.3 ppm, 2.2 and
2.0—1.8 ppm were assigned to the protons of the poly (L-glutamic
acid) backbone (—C(O)CH(CH,—)NH—) and the methylene protons
of glutamic acid (—CH—CH>—CH,—CO—) residues. The number of
repeating units could be calculated by the integral area of peaks at
0 4.3 ppm and 0.75 ppm which belongs to the methyl of n-hexyl-
amine (—CHs). In the "H NMR of PLG-g-Ve/PEG, the newly appeared
resonances at ¢ 0.75 ppm and 3.65 ppm were attributed to the
protons of methyl and methylene in o-tocopherol and PEG,
respectively. The graft ratio was calculated by the integral ratio with
protons in PLG. For IR spectra, the broad vibration absorption be-
tween 3000 and 3500 cm™! belongs to the OH of the carboxylic acid
groups. In the IR spectrum of PLG-g-Ve/PEG, the strong absorption
at 1104 and 2885 cm™! was attributed to the stretching vibration of
methylene in PEG, and the absorption peak at 1750 cm™! belongs to
the carboxylic ether, a little different from the carboxylic acid at
1695 cm ™. Detailed characterization of PLG-g-Ve/PEG was listed in
Table 1.

3.2. Self-assembly, drug-loading and c(RGDfK)-decoration

After the simultaneous modification of hydrophilic PEG and
hydrophobic a-tocopherol, the graft-copolymer could self-
assemble into micelles in water. PLG-g-Ve/PEG blank micelles
were prepared by nanoprecipitation method. The hydrodynamic

radius Ry, of the micelles was 44 + 13 nm. TEM showed the uniform
spherical structure. The critical micelle concentration (CMC) of the
blank micelles was measured by the pyrene fluorescence probe
method. As shown in Fig. 2, the fluorescence excitation spectrum of
pyrene had a blue shift from 339 nm to 335 nm when the micelle
concentration decreased from 0.5 mg/mL. This was caused by the
transition of pyrene molecule from non-polar micelle core to the
polar solvent. The intensity ratios of I339/I335 were plotted as a
function of logarithm of polymer concentration, and CMC was
corresponding to the turning point concentration, 1.9 x 10~ mg/
mL.

The PLG-g-Ve/PEG graft-copolymer was applied for co-
encapsulation of DTX and CDDP. A two-step method was applied.
Firstly, DTX was loaded into the hydrophobic core of the micelles by
nanoprecipitation method, the drug loading content (DLC%) and
efficiency (DLE%) of the single-DTX loaded micelles (M(DTX)) were
4.3% and 90.3%, measured by HPLC. Then M(DTX) was re-dissolved
in water, CDDP was loaded to the residual glutamic acid groups, and
the dual-drug-loaded micelles M(DTXq5/Pt) were obtained. The
DLC% and DLE% of CDDP were 8.5% and 50.9%, measured by ICP-MS.
The single platinum loaded micelles (M(Pt)) were prepared by
similar method except no DTX was added, with DLC% of CDDP 8.7%.
c(RGDfK) decorated dual-drug-loaded micelles cRGD-M(DTXg 5/Pt)
were prepared by Michael addition reaction of the sulfhydryl group
in ¢(RGDfK) with the maleimide in MAL-PEG- of the M(DTXq 5/Pt).
The morphology, size and zeta-potential of the drug-loaded mi-
celles were listed in Fig. 2 and Table 2. All the micelles were
spherical with moderate size and negative surface charge. After
CDDP chelation, the hydrodynamic radius R, decreased from 45 nm
to smaller than 26 nm, while zeta potential became less negative
from —35.8 to —15.3 mV. This could be explained by the con-
sumption of the carboxyl groups due to Pt chelation. c(RGDfK)
decoration did not have an obvious effect on the size, while the
surface potential of micelles was further increased to —8.1 mV. The
peptide content on the surface was determined by measuring

Table 1
Characterization of PLG-g-Ve/PEG.
Entry DP of PLG? Grafting molar content of Grafting molar M,/10% (g mol ') M,/10% (g mol~")° PDI”
PEG and MAL-PEG® content of Ve®
PLG-g-Ve/PEG 85 6+4 10 39 47 14

@ Measured by 'H NMR.
> Measured by GPC.
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Fig. 2. Characterization of the blank micelles and the drug-loaded micelles. A. Fluorescence spectrum of pyrene in the blank micelles by dilution of stock solution from 0.5 g/L to
2.4 x 10~* g/L. A blue shift takes place and the critical micelle concentration (CMC) was determined as 1.9 x 10~> g/L. B—F are the DLS and TEM results of the blank micelles and the
drug-loaded micelles, and the hydrodynamic radius and zeta potentials are summarized in Table 2.

arginine using a fluorimetric assay. The reagent 9,10-phenan-
threnequinone was mixed with the sample at a high pH followed by
acidification to convert arginine residues to a strongly fluorescent
small molecule (Aex = 312, Aem = 340—570 nm). The amount of
c(RGDfK) on the surface was 0.15 pmol/mg drug-loaded micelles.

3.3. Synergistic cytotoxicity

As a potential drug carrier, the cyto-compatibility of the graft-
copolymer was evaluated by MTT assay with HeLa cells. Fig. 3
showed the cell viability of HeLa cells when incubated with PLG-
g-Ve/PEG and PEI 25k for 48 h. The graft-copolymer showed good
biocompatibility, since over 80% of survival rate was observed at a
concentration even to 500 pg/mL, while PEI 25k showed obvious
cell proliferation inhibition effect.

DTX is a representative microtubule-stabilizing chemotherapy
drug, and CDDP is one of the most widely used DNA-modifying
chemotherapy drugs. The combination of DTX and CDDP is ex-
pected to have good synergism effect against wide range of cancer
cell lines due to the different action mechanism [35—37]. c((RGDfK),
a cyclic peptide developed by Kessler and co-workers [38], is a
highly specific ligand targeting the o, 3 integrin, which is overex-
pressed in various tumor vascular endothelial cells and some spe-
cific tumor cells [39—41]. Herein, B16F1 melanoma cells were
applied to test the synergistic toxicity of the co-loaded two drugs
and the enhanced toxicity after c(RGDfK) decoration. The survival
rate histogram of B16F1 cells after incubation with M(Pt), M(DTX),
M(DTXg5/Pt) and cRGD-M(DTXq 5/Pt) at 24, 48, 72 h was shown in
Fig. 3. All the micelles showed time and concentration dependent
tumor cell proliferation inhibition effect. At 72 h, the ICs¢ values of

Table 2
Hydrodynamic radius (R,) and zeta-potential of the micelles.

M(Pt), M(DTX), M(DTXq5/Pt) and cRGD-M(DTXg5/Pt) are 6.36 pg/
mL (CDDP), >5 pg/mL(DTX), 2.49 pg/mL(DTX) and 1.54 pg/
mL(DTX). Dual-drug-loaded micelles showed synergistic effect
since better proliferation inhibition effect over single-drug-loaded
micelles. After c(RGDfK) decoration, the effect was further
enhanced, and ICsq values further decreased.

3.4. Enhanced endocytosis of cRGD-M(DTXs/Pt)

The enhanced tumor cell proliferation inhibition effect of
c(RGDfK) decorated micelles might be attributed to the enhanced
uptake rate promoted by the receptor mediated endocytosis. To
clarify this, PLG(-FITC)-g-Ve/PEG was used to prepare the drug-
loaded or c(RGDfK)-decorated micelles. The endocytosis rate was
measured by CLSM and FACS. Pt in micelles was applied as the
interior label for measuring the micelle uptake by ICP-MS.

As shown in Fig. 4, M(DTXq5/Pt) and cRGD-M(DTXg5/Pt) could
both be effectively uptake by B16F1 cells, and as time prolonged,
more micelles endocytosed. The c(RGDfK)-decorated micelles
showed faster tumor cell uptake rate as much stronger signal was
seen in the CLSM image. This was consistent with the FACS results.
Stronger mean fluorescent signal was observed in the treatment
with cRGD-M(DTXg 5/Pt) than M(DTXg 5/Pt). For ICP-MS results, free
CDDP diffused quickly into B16F1 cells, while loaded cisplatin
showed slower uptake rate than free CDDP. This may be ascribed to
the negative charge of the micelles, which blocked the fusion with
the negative cell membrane whereas the negative surface charge
was helpful during blood circulation for reducing non-specific
protein absorption. c(RGDfK) decoration solved the embarrass-
ment. Five times increases in intracellular Pt concentration were

Blank micelle M(DTX) M(Pt) M(DTXo5/Pt) cRGD-M(DTXg 5/Pt)
Ry (nm) 44 +13 45 + 20 23+ 4 26 + 11 284+9
Zeta potential (mV) —34.0+82 -358 +39 -149+24 -153 +1.2 —-8.143.0
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Fig. 3. MTT results. A is the survival rate of HeLa cells after incubation with PEI 25k and PLG-g-Ve/PEG for 48 h. B is the survival rates of B16F1 cells after incubation with M(Pt)

micelles for 24, 48 and 72 h. C-E are the survival rates of M(DTX),
average of three measurements, and list as mean + SD.

observed after c((RGDfK) decoration of the micelles. The above re-
sults indicate that c(RGDfK) would enhance the endocytosis of the
drug-loaded micelles, therefore, would result in enhanced tumor
cell proliferation inhibition effect.

3.5. Pharmacokinetics and tissue accumulation

To further clarify the performance of the c(RGDfK) targeting
ligands in vivo, we tested the metabolic behavior of the micelles
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Fig. 4. Cellular uptake studies of M(DTXg5/Pt) and cRGD-M(DTXq5/Pt) calculated by CLSM

yl

ye

M(DTXg5/Pt) and cRGD-M(DTXg5/Pt) after incubation with B16F1 cells for 24, 48 and 72 h. All the results are

with or without ¢(RGDfK) decoration in blood, organs and tumors.
As stated above, chelated platinum could be applied as the marker
for the in vivo fate of the micelles, and free CDDP was administered
as control.

The metabolic behavior in blood (pharmacokinetics) was stud-
ied in Wistar rats. CDDP, M(DTXg5/Pt) or cRGD-M(DTXg5/Pt) was
injected via tail vein (1.5 mg/kg, CDDP basis). Pt concentrations
were measured by ICP-MS. As shown in Fig. 5, CDDP was quickly
cleared from blood after intravenous administration, and the Pt
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Fig. 5. Phamacokinetics (A), tissue (C—E) and tumor (B) metabolism of CDDP, M(DTXg 5/Pt) and cRGD-M(DTXg 5/Pt). The phamacokinetics was carried out on healthy Wistar rats, at a
dosage of 1.5 mg CDDP equivalent/kg body weight, blood samples were collected at 5 min, 0.5, 1, 4, 10 and 24 h. Tissue and tumor distribution was carried out on B16F1 melanoma
xenograft-bearing C57BL/6 mice at a dosage of 3.0 mg CDDP equivalent/kg body weight. The drug concentration was measured according to the Pt interior marker by ICP-MS. Each

group was expressed as mean + SD (n = 3).

concentration decreased to less than 550 ng/mL blood in 4 h. Mi-
celles loaded with Pt showed significantly prolonged blood circu-
lation time, and the Pt concentration remained over 1000 ng/mL
blood after 24 h ¢(RGDfK) decoration showed no obvious effect on
blood circulation in healthy rats. The significant prolonged blood
circulation time of M(DTX5/Pt) and cRGD-M(DTXg5/Pt) indicated
that the micelle systems could protect the loaded drugs from direct
interaction with plasma proteins, and escaping the reticuloendo-
thelial system (RES) uptake and renal clearance. This enhanced the
possibility for passive accumulation of the micelles in tumor tissue
by enhanced permeability and retention (EPR) effect.

The distribution and metabolic behavior of the drug-loaded
micelles in organs and tumors were studied in C57BL/6 mice
bearing xenograft BI6F1 melanoma. Pt was used as the interior
label for following the route of the micelles. When tumor volume
reached 100 mm?, CDDP, M(DTXg5/Pt) or cRGD-M(DTXg5/Pt) was
injected via tail vein (3.0 mg/kg, CDDP). Kidney, liver, spleen, lung,
heart and tumor were excised at defined time intervals. The Pt
content was measured by ICP-MS after treating by nitric acid. As
shown in Fig. 5, free CDDP quickly diffused into and cleared out
from each organ, while a significant fast and high distribution was
observed in the kidney. Because nephrotoxicity of CDDP is depen-
dent on the maximum urinary Pt concentration and on the peak Pt
concentration in the kidney tubules, the high peak concentration of
Pt in the kidney induced the severe nephrotoxicity of CDDP [42]. In
contrast, the drugs loaded in micelles showed well distribution in
each organ, and no acute spread in kidney was observed. This re-
flected the different in vivo fate of free drugs and drugs loaded in
micelles. Free drugs quickly spread to each organ and then cleared
out or interact with biological systems, while drugs loaded in

micelles were protected from premature interacting with physio-
logical environment, and had long blood half-life.

Next, we compared the metabolism of CDDP, M(DTXy5/Pt) and
cRGD-M(DTXg 5/Pt) in tumor tissue in 48 h. In the initial 3 min, free
drugs and loaded drugs quickly entered the tumor tissue. After that,
free drugs diffused out, and the drug concentration quickly
decreased. While for the loaded drugs, obvious retention effect was
seen, especially for the c(RGDfK) decorated micelles. After 6 h, the
concentration of Pt in cRGD-M(DTXg 5/Pt) group was almost double
as compared to M(DTXq5/Pt) while quarter as compared to free
CDDP. These results demonstrated that the drug-loaded micelles
would quickly diffuse into tumors after injection, and would keep
high drug concentrations in tumor tissues due to the EPR effect.
While after c(RGDfK) decoration, this effect was enhanced due to
the interaction of c(RGDfK) with the integrin over-expressed on the
tumor cell surfaces.

3.6. In vivo anti-tumor and anti-metastasis efficacy

The in vivo anti-tumor efficacy was tested on the xenograft
B16F1 melanoma established on C57BL/6 mice. When tumor vol-
ume grown to 30—70 mm?, mice were divided into five groups.
Saline, M(Pt), M(DTX), M(DTXgps5/Pt), cRGD-M(DTXg5/Pt) were
injected respectively via tail vein on day 0, 2, 4, 6, 8. The tumor
volume was measured and body weight was recorded for 16 days.
As shown in Fig. 6, all the drug-loaded micelles showed obvious
anti-tumor efficacy. The dual-drug-loaded micelles showed better
anti-tumor effect than single-drug-loaded micelles due to the
synergistic effect of the two drugs. The c(RGDfK) targeted dual-
drug-loaded micelles resulted in the best tumor inhibition effect.
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photos (insets) and tumor colonies were recorded on day 20 (data are mean =+ SD, n = 3).

At day 16, M(Pt), M(DTX), M(DTXg5/Pt), cRGD-M(DTXg5/Pt) got
tumor suppression rate (TSR%) of 59.4%, 67.3%, 70.7% and 85.1%,
respectively (Table 3).

Body weight change is a reflection of the system toxicity. As
shown in Fig. 6, all the drug-loaded micelles showed no body
weight loss during the 16 days observation period, which means no
obvious toxicity. From the survival rate results of the five groups,
we could see that the survival time was prolonged after treatment
with the drug-loaded micelles, and the best results were still ob-
tained from the group with cRGD-M(DTXg 5/Pt) micelles, which was
consistent with the tumor inhibition results.

Metastasis is one of the most important reason for chemo-
therapy failure. Tumor metastases inhibition can be achieved by
selective targeting of a,B3 integrin with c(RGDfK) since a3 plays
an important role in tumor cell attachment, spreading and migra-
tion [43—45]. Herein, we established the melanoma pulmonary
metastases model and tried our micelles on the inhibition of the
metastases.

The melanoma pulmonary metastases model was established by
injection of 1.0 x 10° B16F10 cells via tail vein [46,47]. After 10 days,
saline, M(DTXg5/Pt) and cRGD-M(DTXg5/Pt) were administrated
via tail vein. At day 20, the lung was excised and photographed.

Table 3
Tumor volume, TGR%, and TSR% of the treatment groups.

Tumor colonies on the lung surface were counted. As shown in
Fig. 6, the targeted dual-drug-loaded micelles showed obvious in-
hibition effect on the melanoma metastasis to lung. Therefore, the
cRGD-M(DTXq 5/Pt) micelles showed great potential in melanoma
chemotherapy, and in other solid or metastasis tumors.

4. Conclusion

A targeted dual-drug-loaded micelle system was developed for
enhanced anti-cancer efficacy. The enhanced anti-cancer efficacy of
the loaded drugs can be connected with long circulation time,
enhanced accumulation and retention in tumor tissue, quickly
endocytosis, and synergistic cytotoxicity. Polypeptide-based PLG-g-
Ve/PEG graft copolymer was prepared by condensation reaction of
poly(i-glutamic acid) with PEG and a-tocopherol. DTX and CDDP
were co-loaded inside the micelles by hydrophobic and chelation
effect. c((RGDfK) was decorated on the surface for o,p3 integrin
targeting. The co-loaded drugs showed synergistic cytotoxicity to
inhibit tumor cell proliferation. c(RGDfK) decoration considerably
enhanced the endocytosis rate and retention effect of the micelles
in tumor tissue. Therefore, the micelle system showed good anti-
tumor and anti-metastasis efficacy in melanoma bearing mice.

Saline M(Pt) M(DTX) M(DTXq.5/Pt) CRGD-M(DTXg5/Pt)
Tumor volume@DayO0, Vo 60.0(£11.6) 63.1(£10.7) 72.8(+16.2) 63.1(+£10.7) 70.5(+£13.2)
Tumor volume@Day16, V; 10,008(+2027) 4268(+1060) 3974(+1819) 3079(+953) 1756(+£219)
TGR%@Day16 16,680 6764 5459 4880 2491
TSR%@Day16 — 59.4 67.3 70.7 85.1
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