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ABSTRACT

Purpose Somatostatin analogue octreotide (OCT)-modified
PEG-b-PLA micelles were constructed to bind to somatostatin
receptors (SSTRs) overexpressed on tumor cells for enhanced
intracellular drug delivery and improved therapeutic efficacy for
malignant tumors.

Methods Copolymers conjugated with octreotide (OCT-
PEGg000-b-PLAs000) Were synthesized. The fluorescent probe
Dil or docetaxel (DTX)-loaded micelles with or without
octreotide modification (OCT-PM-Dil, PM-Dil, OCT-PM-
DTX and PM-DTX) were prepared, and their physiochemical
properties, intracellular delivery in vitro or anti-tumor activity in
vivo were evaluated, respectively.

Results The CMC of OCT-PEGggpp-b-PLAsg0p Was quite low
(<107 mol/L). All micelles were less than 80 nm with
spherical shape and high encapsulation efficiency. DTX
molecules were well dispersed in the micelles without
chemical interactions with the polymers. Flow cytometry and
confocal microscopy results showed that OCT-PM-Dil en-
hanced intracellular delivery efficiency via receptor-mediated
endocytosis in NCI-H446 cells; the optimal modification ratio
of OCT on micelle surface was 5%. OCT-PM-DTX exhibited
higher retardation of tumor growth after intravenous injections
into xenograft NCI-H446 tumor model; octreotide-modified
micelles did not show severe toxicity.
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Conclusions SSTRs targeting micelles may serve as promising
nanocarriers in tumor treatment for hydrophobic anticancer
drugs, such as DTX.
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INTRODUCTION

The clinical application of some traditional chemothera-
peutic agents is limited due to their poor water solubility
and intolerable side effects on patients. Docetaxel (DTX) is
an anticancer drug that is widely used due to its excellent
therapeutic effects against a wide spectrum of cancers. It is
a semi-synthetic taxane analog superior to paclitaxel.
Docetaxel has a greater affinity to f-tubulin binding site,
wider cell-cycle bioactivity and an increased uptake with
slower efflux from the tumor cells, thus resulting in longer
intracellular retention time and higher intracellular con-
centrations. The solubility of DTX is extremely low, so
Tween-80 and ethanol are included in Taxotere® to
solubilize DTX (1). Such formulation is also non-specific
in drug distribution, and it is found to cause many side
effects after intravenous injection or infusion in clinical
application due to DTX itself as well as Polysorbate 80,
including pruritus, systemic anaphylaxis, low blood-cell
counts, bruising or bleeding, anemia, nausea, vomiting,
sore mouth or mouth ulcers, taste changes, diarrhea, hair
loss, skin changes, hand-foot syndrome, tiredness and fluid
retention (edema) (2,3).

Thus, it is highly desirable to develop new drug delivery
systems that can enhance the efficacy of chemotherapeutic
agents, while limiting their side effects on normal tssues.
During the last several years, significant developments have

@ Springer



1168

Zhang et al.

been made with targeted drug delivery (4—6), which led to
the accumulation of anticancer agents in high concentra-
tions specifically at the tumor site, limiting their distribution
to other tissues and organs.

Polymeric micelles are formed by block copolymers
typically consisting of hydrophilic and hydrophobic chains
(7). Micelles are widely used as nanocarriers because of
their efficacy in encapsulating a large amount of hydro-
phobic drugs within the inner core, their stability in the
blood circulation and their ability to gradually release the
loaded drugs (8). The small particle sizes of polymeric
micelles (10-100 nm) allow them to evade uptake by the
reticuloendothelial system (RES) (9) and facilitate drug
delivery at the tumor site by enhanced permeability and
retention (EPR) effects (10). In our study, PEG-5-PLA
micelles were used as delivery carriers of the hydrophobic
anticancer drug. As the hydrophobic part of the amphi-
philic polymer, PLA, approved by the Food and Drug
Administration (FDA), has been well-studied due to its good
biodegradation and biocompatibility, while the polyethyl-
ene glycol (PEG), being the hydrophilic section, is non-toxic
and non-immunogenic. PEG improves the physicochemical
and biological properties of micelles, resulting in longer
circulation time # vwo. PEG creates a hydrophilic protec-
tive layer around the nanoparticles, which is able to repel
the absorption of opsonin proteins via steric repulsion
forces, thereby blocking or delaying the first step in the
opsonization process. PEG also reduces aggregation of the
micelle particles and inhibits their interactions with serum
proteins (11,12). The solubility of DTX would be greatly
increased by more than 1000-fold after its encapsulation
in the micelle vectors, which renders a high concentra-
tion in aqueous solution without the addition of any
solubilizing agents. Previous studies indicated that DTX-
loaded micelles showed stronger cytotoxicity to different
tumor cell lines m vitro and greater tumor suppression
effect with less toxicity i viwo than conventional formula-
tions (3).

Somatostatin (SST) is a regulatory peptide endogenously
produced in neuroendocrine and immune cells. It regulates
a variety of physiological functions, including potent
inhibition of hormone and growth factor secretion, which
promote tumor growth, as well as modulation of cell
proliferation, leading to growth arrest and induction of
apoptosis (13). These biological effects are thought to be
mediated by five somatostatin receptor subtypes (SSTR1-5).
SSTRs are members of the G-protein-coupled receptors
(GPCR) superfamily, which are widely distributed in a
variety of tumors and cancer cell lines, including small-
cell lung cancer (14,15), neuroendocrine tumors (16,17),
prostate cancer, breast cancer (18), colorectal carcinoma,
gastric cancer and hepatocellular carcinoma (19). SST and
its analogs bind to the SSTRs specifically with high affinity
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in the low nanomolar range to produce a broad spectrum
of biological effects in many mammary cancer models.

The radiolabeled peptides are used @ wvwo receptor
scintigraphy to label the location of tumors and their
metastases, and it also emerges as a serious treatment option
at the therapeutic level. Many somatostatin analogs labeled
with radionuclide (eg. 111In—, 9OY-, 177Lu-, 68Ga-) have shown
a reduction or at least a stabilization of tumor growth after
intravenous injection (20). The peptides conjugated to cytotox-
ic agents have also been attempted for antitumor therapy (21).

Octreotide (OCT) 1s one of the most extensively studied
SST analogs, selectively binding to SSTR2, SSTRS,
especially more to SSTR2, and less to SSTR3 (22). Many
studies have demonstrated that OCTT is practically valuable
in developing the tumor tracers and the delivery systems for
anticancer drugs (23). The half life of octreotide in plasma
is much longer than endogenous SST (eg.SST-14 and SST-
28) (22), ensuring longer biological effect i vivo and
preventing immediate clearance in blood circulation. In
light of the above facts, OCT was introduced here as the
targeting bullet conjugated on the surface of micellar
nanoparticles to achieve enhanced intracellular delivery of
chemotherapeutic agent and superior antitumor efficacy
towards specific malignant tumor model.

In this study, we designed and prepared octreotide-
modified and DTX-loaded PEG-4-PLA polymeric micelles
(OCT-PM-DTX) for the first time in order to achieve
SSTRs-mediated cell-/tissue-specific targeting delivery for
cancer therapy. The fluorescent probe Dil-loaded micelles
with OCT modification (OCT-PM-Dil) were prepared and
tested on SSTRs overexpressing small-cell lung cancer cell
line (NCI-H446) to detect the intracellular internalization,
targeting delivery efficiency and cellular uptake mechanism.
Tumor selectivity and antitumor efficacy of OCT-PM-
DTX were evaluated on xenograft BALB/c nude mice
bearing NCI-H446 cells after intravenous injection.

MATERIALS AND METHODS
Materials

PEGs5000-0-PLA5000 (Mw/Mn=1.11 as determined by
GPC) and N-hydroxy-succinimidy-PEGgg00-0-PLA5000
(NHS-PEGﬁooo-b-PLAf)OQ(), Mw/Mn=1.35 determined by
GPC) were purchased from Advanced Polymer Materials
Inc. (Montreal, QC, Canada). OCT was from Zaichuang
Biotechnical Inc. (Shanghai, China), and DTX was from
Kejiegaoxin Technical Inc. (Chengdu, Sichuan, China).
Ninhydrin (Fluka) was from Sigma; dialysis bag (molecular
weight cut off =3500 Da) was from JingKeHongDa
Biotechnology Co., Ltd (China). Triethylamine (TEA),
trifluoroacetic acid (TFA), uranyl acetate, acetonitrile were
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all commodity chemicals of analytical grade. 1,1’-diocta-
decyl-3,3,3’,-3’-tetramethylindocarbocyanine perchlorate
(Dil) and Hoechst33258 were supplied by Molecular
Oregon, USA). Goat
antihuman SSTR2 polyclonal antibody was purchased
from Santa Cruz Biotechnology Inc. (CA, USA). Tween
80 was from Sigma Corporation (USA).
streptomycin was supplied by GIBCO, Invitrogen Corpo-
ration (Carlsbad, California, USA). Fetal bovine serum
(FBS) was purchased from Sijiging Company (Hangzhou,
Ltd.
(Beijing, China). Sterile filters (0.2 pum) were purchased

Probes Incorporation (Eugene,

Penicillin-

China). Trypsin was from Biodee Biotechnology Co.,

from Sartorius Stedim Biotech Company (Germany). All
other reagents were of analytical grade.

Synthesis and Characterization
of Octreotide-Modified Block Copolymer

The NHS-PEGg(00-0-PLAs5 000 was used to conjugate OCT to
the distal end of PEG hydrophilic segment of the block
copolymers.
chemical reaction by replacing NHS group with the primary
amino group of octreotide to form a stable amido bond
(Fig. 1). OCT and NHS-PEGgg00-6-PLAs5000 (1/2, mol/mol)
were dissolved in DMSO (1 mg/mL for octreotide) (24). TEA
(TEA/NHS-PEG000-0-PLA5000=3/1, mol/mol) was added
to adjust the pH value of DMSO reaction solvent to 8-9.
The reaction proceeded for 1 h at room temperature under

This reaction takes place via nucleophilic

moderate stirring. Thin layer chromatography (TLC)
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was applied to trace the reaction process qualitatively
by ninhydrin method (25). The developing solvent was 1-
butanol/33% acetic acid =1/1 (v/v). When the reaction
completed, the reaction mixture was dialyzed in a dialysis
bag extensively against distilled water for 24 h to remove the
unconjugated OCT, DMSO and other impurities. The final
solution was lyophilized and stored at —20°C before use.

Reverse-phase HPLC was applied to quantify the conjuga-
tion efficiency of OCT. At appropriate reaction time points,
20 pL reacting mixture was drawn from the reaction solvent
and diluted to 200 pL by the mobile phase. Then, the OCT in
sample solution was assayed by an HPLC system (reverse-phase
C18 column, 4.6 mm X 250 mm, 5 pm; Shimadzu, LC-10AT,
Japan) at a flow rate of 1.0 mL/min, and detected at 220 nm.
The mobile phase was a mixture of acetonitrile/pH 7.4 PBS
(30/70, v/v) containing 0.1% TFA. The OCT conjugation
efficiency was calculated by the following formula:

- B

100
y X

4
Conjugation Efficiency (%) =

A represents the amount of OCT at the initial reaction
time, and B is the amount of OCT at the end of reaction.

The formation and the molecular weight distribution of
synthesized OCT-PEGgg00-b- PLA5000 were determined by
gel permeation chromatography (GPC), calibrated with
PEG standards, with THF as eluent at a flow rate of
1.0 mL/min. The CMC of PEG5y9-0-PLA5p00 and OCT-
PEGyg000-0-PLA;009 were evaluated by a pyrene fluores-
cence probe technique (26).

o
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Preparation and Characterization of the DTX-Loaded
Micelles

To prepare the OCT-PM-DTX, DTX, OCT-PEGygpp-6-
PLAs000 and PEGs000-0-PLAsg00 (1/2/18, w/w/w) were
dissolved in acetonitrile, and acetonitrile was evaporated
under reduced pressure with a rotary evaporator at 60°C,
forming a thin film in a round-bottom flask. The dried
copolymer film was hydrated in 60°C distilled water and
sonicated in a bath-type sonicator untill a clear micelle
solution was obtained. The final concentration of the total
OCT-PEGyg000-b-PLA5000 and PEGsg00-0-PLA5o00 1s
10 mg/mL. Then, the micelle solution was centrifuged at
10,000 rpm for 5 min to precipitate the unloaded DTX,
and the supernatant was extruded through a polycarbonate
filter (0.22 pm pore size). The micelles obtained were stored
at 4°C before use. For the preparation of PM-DTX, an
identical procedure was performed except that the equiv-
alent amount of OCT-PEGyggp-0-PLA5000 was replaced by
PEG:5000-6-PLAs500.

The mean particle size, size distribution and zeta potential
of the two kinds of micelles were recorded by DLS using
Malvern Zetasizer Nano ZS (Malvern, UK). The DTX
loading amount and encapsulation efficiency of these micelles
were determined by an HPLC system (reverse-phase C18
column, 4.6 mmX250 mm, 5 pm; Shimadzu, LC-10AT,
Japan). Micelle solution was dissolved in mobile phase, eluted
at a flow rate of 1.0 mL/min, and detected at 230 nm. The
mobile phase was a mixture of acetonitrile/water (60/40, v/v).
TEM micrographs of the PM-DTX and OCT-PM-DTX
were taken. Briefly, copper grids were coated with a drop of
micelle solution with total copolymer concentration of 2 mg/
ml for 2 min. After the removal of excess solution with filter
paper, a drop of uranyl acetate (2% w/v) was added on the
copper grids to provide negative staining for 1 min. Excess
fluid was removed with filter paper, and copper grids dried.
The samples were finally observed under a transmission
electron microscope (JEM-100CX, Japan) at a magnification
of 61,000 (27).

XRD measurements of DTX powder, lyophilized blank
micelles and lyophilized DTX-loaded micelles were carried
out on a Rigaku Dmax/2400 X-ray diffractometer with
CuKa radiation (\=1.5406 A) at room temperature (28).
The scanning speed was 4°C/min, and the XRD patterns
were recorded by scanning 20 angles from 3° to 50° in scan
mode (0.02°) at 40 kV and 100 mA. The slit widths were set
at 1/2° for DS, 1/2° for SS and 0.3 mm for RS.

FTIR spectra were recorded on NEXUS-470 Fourier
Transform Infrared Spectrometer (Thermo Nicolet Corpo-
ration) over the range of 4004000 cm ™' by accumulating
32 scans at a resolution of 8 cm™' with sample gain of 8.0,
mirror velocity of 0.6329 and aperture of 100.00. In each
experiment, DTX powder, lyophilized blank micelles and
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lyophilized DTX-loaded micelles were mixed with potassi-
um bromide at a ratio of 1/99 (w/w) to make into discs
before measurements.

Preparation and Characterization of OCT-PM-Dil
and PM-Dil

Dil was dissolved in anhydrous ethyl alcohol to obtain
the stock solution (I mg/mL). Dil and PEG-b-PLA (1/
1,000, w/w) were dissolved in acetonitrile (29), and the
OCT-PM-Dil (OCT-PEGg00-6-PLA5000/ PEGs5000-0-
PLA5000=1/9, w/w) and PM-Dil were prepared with the
same method as OCT-PM-DTX and PM-DTX men-
tioned above. The particle size, size distribution and zeta
potential of Dil-loaded micelles were determined by DLS
as described above. An aliquot of Dil-loaded micelle
solution was diluted by DMSO before quantifying the Dil
encapsulation efficiency via fluorescence spectroscopy with
excitation wavelength set at 550 nm and emission
wavelength set at 565 nm.

Cell Culture

NCI-H446 small-cell lung cancer cells were obtained from
Institute of Basic Medical Sciences Chinese Academy of
Medical Sciences & School of Basic Medicine Peking Union
Medical College (Beijing, China). NCI-H446 cells were
maintained in RPMI-1640 culture medium. The fetal
bovine serum (FBS) was added into the medium to a final
concentration of 10%, and then it was supplemented by
100 U/mL penicillin and 100 pg/mL streptomycin. Cells
were incubated at 37°C with the presence of 5% COy. Cell
culture medium was replaced by fresh RPMI-1640 medium
every 2-3 days. Before i vitro assays, the cells were rinsed
by 0.25% fresh trypsin with 0.53 mM EDTA for trypsini-
zation. The resultant cell suspensions were centrifuged for
5 min at 1,000 g, and then re-suspended in RPMI-1640
culture medium before seeding on well plates for i vitro cell
experiments. Cells were in the logarithmic phase of growth
at the time of experiments.

Flow Cytometry Studies

NCI-H446 cells were seeded in six-well plates, and
incubated in the complete culture medium for 24 h before
treatment. The Dil-loaded micelles were diluted by serum-
free culture medium (the final polymer concentration was
I mg/mL and the Dil concentration was 1 pg/ml) and
added to each well plate after extruding through a 0.2 pm
steriling pore size polycarbonate filter. Untreated cells were
used as negative control. After incubating at 37°C for 1 h,
3 h and 6 h with each micelle solution, the NCI-H446
cells were washed twice with cold PBS, suspended with
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trypsin, and then fixed by 4% paraformaldehyde in PBS
before examination by the flow cytometer (BD FACS-
canTM, BD Biosciences, USA). The fluorescence inten-
sity of Dil delivered into the cells by the micellar
vectors was excited at 530 nm and detected at 570 nm.
Files were collected of 10,000 gated events and analyzed

250 DMSO

mV 11 solvent

with FCS Express V3 software. Before the experiment
mentioned above, the intracellular delivery efficiencies of
targeted PEG-)-PLA micelles modified by 0%, 5%, 10%
or 20% molar ratio of OC'T were detected with the same
procedures to determine a better OCT modifying density
on the micelle surface.
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Fig. 2 Determination of OCT-PEG-b-PLA. (A) RP-HPLC assessment of unconjugated octreotide: (a) free OCT in reaction mixture at the initial reaction time,
(b) NHS-PEG-b-PLA reacted with OCT in a molar ratio of 2:1 in the reaction mixture after reacting for | h at room temperature, and (c) lyophilized OCT-
PEG-b-PLA product after reaction. (B) GPC diagram of PEGsppo-b-PLAs00 and the synthesized OCT-PEGgnpp-b-PLAsg00 product.
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Table | Characteristics of PEG-b-PLA Polymeric Micelles (n=3)

Polymeric micelles Size (nm) PDI Zeta potential (mV) Loading amount (%) Encapsulation efficiency (%)
Blank PM 51.8+0.7 0.04=0.01 0.75=0.01 - -

PM-DTX 69.0+1.0 0.2=0.0l —0.13x0.22 4.7=0.18 98.0£3.7

OCT-PM-DTX 764=1.5 0.2+0.02 —0.27+0.27 3.6+0.23 87.6+4.8

PM-Dil 509+06 0.06 £0.01 —1.2=0.60 - 93.5+4.0

OCT-PM-Dil 61.5=3.1 0.07=0.02 —2.8x0.62 - 87.5+2.1

Confocal Laser Scanning Microscope Studies

CLSM was utilized to visualize the cellular internalization and
investigate the intracellular distribution of Dil-labeled
micelles. NCI-H446 cells were grown on well plates to 50%
confluence before treatment. The micelles were diluted by
serum-free culture medium (the final polymer concentration
was | mg/mL and the Dil concentration was 1 pg/mL) and
added to each well plate after extruding through a sterile
polycarbonate filter (0.2 pm pore size). After incubating at
37°C for 3 h with OCT-targeted and non-targeted micelles
(30), the cells were washed three times with cold PBS, and
then fixed by 4% paraformaldehyde in PBS for 10 min before
the cell nucleus were stained by 2 pg/mL Hoechst 33258
(excitation/emission: 352 nm/461 nm) for 15 min. The
fluorescence images, internalization of micelle-incorporated
Dil as well as the fluorescence intensity of Dil delivered into
the cells were visualized on a Leica TCS SP2 Confocal Laser
Scanning Microscope (Germany). The excitation and emis-
sion wavelengths of fluorescent probe Dil were set at 543 nm
and 565 nm, respectively. In the receptor competitive
inhibition experiment, excess goat anti-human SSTR2 poly-
clonal antibody (1:150, primary antibody) was added to the
serum-free culture medium to incubate for 1 h at 37°C prior
to the addition of OCT-PM-Dil.

Fig. 3 TEM micrograph of PM-
DTX (A) and OCT-PM-DTX (B). A
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Pharmacodynamic Studies

The antitumor efficacies of different DTX formulations were
investigated on male BALB/c nude mice (6 weeks of age,
initially weighing 20-25 g) which were purchased from Vital
Laboratory Animal Center (Beijing, China). All of the animal
experiments adhered to the principles of Care and Use of
Laboratory Animals and were approved by the Institutional
Animal Care and Use Committee of Peking University.
Briefly, NCI-H446 cells were collected after trypsinization
and centrifugation, and then re-suspended in serum-free
RPMI-1640 culture medium. Approximately 5% 10° NCI-
H446 cells were injected subcutaneously (s.c.) into the right
flank of nude mice. When tumors reached 100 to 150 mm®
in volume, mice were randomly assigned to four treatment
groups (n=35). The treatment formulations included OCT-
PM-DTX (2.5 mg/kg), PM-DTX (2.5 mg/kg), DTX
injection (2.5 mg/kg, preparation procedures referred to
the formulation of Taxotere® (36)) and 5% glucose injection,
which was used as negative control. Mice were administered
formulations via the tail vein every two days for five times.
Throughout the pharmacodynamic study, tumor volume and
body weight of each mouse were monitored every two days.
The tumor volumes were measured with a caliper, and

calculated by the following formula: V=(major axis) X (minor
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axis)’x 1/2. After the final administration, the mice were
further observed for another week before they were
sacrificed on the fourteenth day, and the tumors were
stripped from the mice bodies. Photos of the stripped tumors
of each treatment group were taken.

Statistics
Data were presented as the mean * standard deviation

(SD).

(ANOVA) were performed in statistical evaluation to

Student’s t-test and one-way analysis of variance

determine significance between groups. A value of p<0.05
was considered to be significant.

RESULTS

Synthesis and Characterization of OCT-Modified
Block Copolymer

After 1 h reaction at room temperature, the dot of free OCT
in the reaction mixture almost disappeared on the TLC plate,
compared to that at the initial time (data not shown). The
HPLC measurement showed that the conjugation efficiency
of OCT was more than 85% after 1 h reaction (Fig. 2A), and
the final OCT conjugation efliciency reached to 95.3% after
constantly reacting for 8 h at room temperature. Thus, the
molar ratio of OCT-PEGggqq-0-PLA;q in the final reaction
product was approximately 50%.

The molecular weights of the copolymers determined by
GPC a shown in Fig. 2B. The peak value (molecular weight)
of OCT-PEGgp9-0-PLA;009 was larger than that of
PEG;5000-0-PLA5000, and the retention time of OCT-
PEGGOOO'b'PIASOOO was shorter than that of PEG5000-1)-
PLA5000, which demonstrated the conjugation of targeting
moiety OCT to the PEG-b-PLA copolymer. The polydis-
persity values of the two peaks were less than 1.5, indicating a
narrow distribution of molecular weights of the copolymers.

The CMC value of PEGsg0p-6-PLA5qgy and OCT-
PEG g000-6-PLA5 000 was 0.914x 1077 mol/L and 4.072 x
10”7 mol/L, respectively. These values are rather low,
which is favorable for the formation of micelles.

Characterization of OCT-PM-DTX, PM-DTX,
OCT-PM-Dil and PM-Dil

The mean particle size of OCT-PM-DTX and PM-DTX
was 69-76 nm (PDI<0.200), and the DTX encapsulation
efficiency was 87% and 98%, respectively (Table I). The
final concentration of DTX encapsulated in micelles was
around 0.45 mg/ml. The DTX-loaded micelles were stable
at 4°C for more than two weeks with little changes in
particle size and drug loading amount. The particle size of

OCT-PM-Dil and PM-Dil was 51-61 nm (PDI<0.07), and
the Dil encapsulation efficiency was 87% and 94%, respec-
tively (Table I). As also listed in Table I, the Zeta potential of
blank PEG5q00-0-PLA50o micelles was close to zero, while
the micelles loaded with DTX or Dil were negatively
charged, but their Zeta potential were less than —3 mV.
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Fig. 4 XRD and FTIR curves of drug-loaded micelles. (A) XRD curves of
(@) DTX, (b) lyophilized blank PEG-b-PLA micelles, (c) lyophilized PM-
DTX; (B) FTIR curves of (@) DTX, (b) lyophilized blank PEG-b-PLA
micelles, (c) lyophilized PM-DTX.
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All experiments were repeated three times for each group,
and the data were expressed as mean = SD. The accuracy
and precision of the measurements are within 2%.

The TEM micrographs showed that the micelle particles
were spherical in shape and homogenously dispersed in
aqueous solution without aggregation (Fig. 3). The particle
size of OCT-PM-DTX was slightly larger than that of PM-
DTX, which was in good accord with previous observation
by DLS (Table I). In short, a stable micellar system with small
particle size, homogenous dispersion, low surface potential
and high encapsulation efficiency was obtained.

X-ray diffraction curves and the FTIR spectra a
illustrated in Fig. 4. The blank micelles were amorphous,

Fig. 5 Flow cytometry studies of
OCT-PM-Dil and PM-Dil in NCI-

so they showed a relatively wide and broad peak in X-ray
diffraction curves (Fig. 4Ab), while the DTX crystals
exhibited many distinct sharp peaks (Fig. 4Aa), which
disappeared in the DTX-loaded micelles (Fig. 4Ac), indi-
cating that DTX exists in the inner core of micelles in a
molecular or amorphous dispersion with little leakage.

As presented in Tig. 4B, D'TX showed the characteristic
bands at 1713, 1248 and 709 cm_l, as well as the benzene
ring bands at 1450, 1500 and 1600 cm™'. After DTX
encapsulated in micelles, besides the peak position similar
to DTX and blank PEG-4-PLA micelles, no new peaks
occurred in PM-DTX, and the positions of DTX peaks did
not changed obviously in 4Bc, revealing that DTX was
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physically entrapped in the polymer matrix, and there was
no chemical interaction between DTX and the copolymers
in the micelle preparation process.

Flow Cytometry Studies

It was found that the micelles modified with 5% OCT
displayed the highest intracellular delivery efficiency among
all the micelles modified by different mol ratio of OCT
after incubating with NCI-H446 cells for the same time
(Fig. 5A). Based on this result, we prepared the OCT-PM-
Dil and OCT-PM-DTX with OCT modification of 5%
mol ratio for further experiments.

The intracellular fluorescence intensity exhibited a time-
dependent course for both Dil formulations. The intracellular
Dil fluorescence intensity increased from 1 h to 6 h as shown in
Fig. 5B. It is important to mention that OCT-PM-Dil had
1.5, 5.1-, 5.1-folds higher internalized Dil fluorescence
intensity than that of PM-Dil (Fig. 5C) after 1 h, 3 h, 6 h

incubation at 37°C, respectively, indicating the promotion of

cell uptake by OCT modification on the surface of micelles.

Confocal Microscopy Studies

As shown in Fig. 6A, D, B, and E, OCT-PM-Dil group
displayed stronger fluorescence intensity of Dil in cell
cytoplasm than that of PM-Dil group, suggesting again
that OCT-modified micelles had higher intracellular
delivery efficiency than the non-targeted micelles.

Pre-incubation with goat anti-human SSTR2 polyclonal
antibody (1:150), to a large extent, inhibited the intracellular
delivery of OCT-PM-Dil. In fact, the intracellular uptake
efficiency, in such a case, was even lower than that of non-
targeted micelles due to the receptor competitive inhibition
effect. In conclusion, this test proved that the mechanism that
enhanced intracellular delivery of OCT-PM-Dil was owing to
the SSTR2-mediated endocytosis.

Pharmacodynamic Studies

It was demonstrated in Fig. 7A that OCT-PM-DTX group
exhibited the highest antitumor efficacy compared to other
formulations in terms of retardation of tumor growth. The

Fig. 6 Confocal microscopy images of NCI-H446 cells incubated with (A, D) OCT-PM-Dil, (B, E) PM-Dil and (C, F) OCT-PM-Dil pre-incubating with
goat anti-human SSTR2 polyclonal antibody (1:150) for 3 h at 37°C. Red represents the fluorescence of Dil. Blue represents the fluorescence of Hoechst

33258. D, E, F are the same images as A, B, € without nucleus’ overlay.
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Fig. 7 Pharmacodynamic studies. (A) Antitumor activity on NCI-H446
bearing BALB/c male nude mice treated with different formulations. Data
represent mean=SD (n=5). a p<0.0l, OCT-PM-DTX versus 5%
glucose at the same time point; b p<0.01, OCT-PM-DTX versus DTX
solution at the same time point; ¢ p<0.0l, OCT-PM-DTX versus PM-
DTX at the same time point. (B) Photos of stripped solid tumors. a OCT-
PM-DTX; b PM-DTX; ¢ DTX solution; d 5% glucose as negative control.
(C) Body weight changes on NCI-H446 xenografts (n =5).

tumor size of OCT-PM-DTX group at the end of the
experiment was smaller than other treatment groups (Fig. 7B).
Based on the tumor sizes, there seemed to be no difference in
tumor growth suppression between the PM-D'TX and DTX
injection groups. Finally, the three D'TX formulations showed
similar body weight changes in BALB/c¢ nude mice bearing
NCI-H446 tumors (Fig. 7C), revealing that the micelle system
and the OCT modification did not increase & viwo toxicity.

@ Springer

DISCUSSION

Synthesis and Characterization of OCT-Modified
Block Copolymer

As seen in Fig. 2B, GPC test revealed that both PEG;409-6-
PLA5000 and OCT-PEG6000-17- PLA5000 had narrow distri-
bution peaks, with polydispersity values less than 1.5,
indicating that the two copolymers had the uniform
distribution of molecular chain length, which could facili-
tate the formation of uniform micelles. This may be the
reason for homogenous dispersion of nanoparticles in size
as shown in the TEM micrographs (Fig. 3). It was noticed
that both OCT-modified and non-modified block copoly-
mers had low CMC values, less than 107 mol/L (31),
which ensures that the DTX-loaded micelles retain their
stable core-shell structure in the bloodstream, even though
they would be largely diluted by the blood after intravenous
injection. In addition, micelles with low CMC values may
achieve longer circulation time @ vwo, with little drug
leakage from the micellar core before the nanoparticles
accumulate to the tumor site. On the other hand, limited
leakage of DTX from micelle vectors can prevent the
released DTX from aggregating and forming crystals in
blood circulation, which commonly occurrs in conventional
DTX formulations.

Characterization of OCT-PM-DTX, PM-DTX
OCT-PM-Dil and PM-Dil

The particle size, Zeta potential and encapsulation
efficiency of OCT-PM-Dil and PM-Dil were generally
similar to those of OCT-PM-DTX and PM-DTX
(Table I), which is important because particle size, surface
potential and other physicochemical properties of micelles
were proven to be responsible for their behavior @ vitro
and i viwo (32). The slight difference between Dil and
DTX-loaded micelles indicated that the fluorescent Dil-
labeled micelles could be used to study the intracellular
delivery behaviors in vitro, instead of DT X-loaded PEG-4-
PLA polymeric micelles.

Flow Cytometry Studies

It was found that the targeted micelles showed higher
intracellular uptake than that of non-targeted micelles,
although the two kinds of Dil-loaded micelles were very
similar in physicochemical properties as listed in Table I
(Fig. 5B, C). The effect of their physicochemical properties
on the intracellular Dil delivery seems not significant in the
test condition.

As we can seen in Fig. 5C, the intracellular fluorescence
intensity of Dil in OCT-PM-Dil group was about 5-folds
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higher than that of PM-Dil at 3 h and 6 h. In other
words, more than 80% of intracellular Dil was due to the
receptor-mediated cell uptake of micelles. Hence, it
seems reasonable to conclude that OCT modification
on the surface of micelles is the main cause for the
difference between targeted and non-targeted vectors in
terms of their interaction with cells over-expressing
SSTRs.

Additionally, the micelles modified with 5% of OCT
showed the highest intracellular delivery (Fig. 5A). Namely,
relatively lower ligand density appeared to be more
effective. A likely explanation may be the steric hindrance
at the binding sites between the receptor and ligand (33). A
similar finding has been reported previously for the lactose-
conjugated polymer micelles (34).

Confocal Microscopy Studies

It was revealed in Fig. 6 that OCT-PM-Dil group displayed
stronger internalized Dil fluorescence than that of PM-Dil
group. That is to say, the qualitative data in confocal
microscopy studies was consistent well with the quantitative
one in flow cytometry test (Fig. 5) discussed above.

In addition, in the receptor competitive inhibition
experiment, when the tumor cells were pre-incubated with
the goat anti-human SSTRZ2 polyclonal antibody for 1 h
before incubation with OCT-PM-Dil, the intracellular Dil
fluorescence intensity decreased dramatically, as demon-
strated in Fig. 6C and F. This was because the primary
antibody previously occupied the somatostatin receptor
locus on NCI-H446 cell membrane, leading to the loss of
opportunity for OCT to interact with the receptor
molecules.

Interestingly, it was observed in the same test (Fig. 6C
and F) that receptor competitive inhibition resulted in even
lower intracellular Dil fluorescence in OCT-PM-Dil group
than that in PM-Dil group. Although the reason is not
clear, the steric obstacles from OCT on the micelles and
primary antibody associated on the cells are speculated.

Pharmacodynamic Studies

With Tween 80 in the formulation, the DTX injection is a
micelle system of surfactants. The PM-DTX and DTX
injection exhibited similar anticancer effect (Fig. 7), possibly
because both were non-targeted micelle vectors.

It is worthwhile to mention that the dosage of DTX in
this study was all reduced to 2.5 mg/kg, one quarter of the
normal dosage (10 mg/kg) for the DTX nanoparticles
reported (35). Notwithstanding, all formulations showed
obvious antitumor effect. The reduction of the DTX
dosage could be favorable for decreasing the toxicity to
normal tissues.

Above all, OCT-PM-DTX demonstrated better anti-
tumor efficacy than all other groups. Based on the previous
studies in cell level, it would be supposed that such system
targets DTX to tumor tissue and delivers drug into tumor
cells through a somatostatin receptors-mediated endocyto-
sis, resulting in improved anticancer effect.

CONCLUSION

In this study, OCT-modified PEG-4-PLA micelles demon-
strated higher intracellular drug delivery over non-targeted
micelles on SSTRs overexpressing NCI-H446 tumor cells
via the somatostatin receptors-mediated endocytosis. Fur-
thermore, the OCT-PM-DTX achieved greater antitumor
efficacy i vivo than that of non-targeted one, due to the
facilitation of the receptors specific intracellular transport of
DTX into target tumor cells. It is concluded that the
octreotide may be used as a cancer cells recognition moiety
for tumor targeting, OCT-modified PEG-4-PLA micelles
may serve as a promising nanocarrier for hydrophobic
anticancer drugs, and OCT-modified micelles loaded with
DTX are a potential drug delivery system for malignant
solid tumors.
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