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Abstract: In this study, a new poly(lactic acid)-poly (eth-
ylene oxide)-Arg-Gly-Asp (PLA-PEO-RGD) derivative was
synthesized, and paclitaxel-loaded PLA-PEO-RGD micelles
were prepared by this derivative. The solubility assay
showed that micelles mixed with Pluronic F-68 as surfactant
could increase the solubility of this hydrophobic paclitaxel
in aqueous solution. The cell-binding assay showed that
PLA-PEO-RGD micelle (ICsop = 11.13 * 1.38 nmol/L) had
about 3.6-fold higher integrin avidity than PLA-PEO-RGD
conjugates (ICso = 40.33 = 3.12 nmol/L). The avidity of mi-
celle was also higher than RGD4C peptide (ICsy = 24.44 *
1.21 nmol/L). The in vitro drug release profile of drug-
loaded PLA-PEO-RGD micelles exhibited initial burst
release to 37% * 2% (w/w) during the first 12 h, and then
the release rate became steady in a controlled release man-
ner. Furthermore, treatment of the MDA-MB-435 breast can-
cer cell line with paclitaxel-loaded PLA-PEO-RGD micelles

yielded cytotoxicities, with ECs; values of ~30 pmol/L. The
paclitaxel-loaded PLA-PEO-RGD micelles treated group
showed the most dramatic tumor reduction in MDA-MB-
435 tumor-bearing nude mice, and the final mean tumor
load was 31 + 16 mm® (mean + SD; n = 8). '*I-labeled
micelles administration resulted in significant (p < 0.001)
higher tumor uptake (2.68% = 0.14%, ID/g) of PLA-PEO-
RGD micelles compared to PLA-PEO micelles (0.84% =
0.09%, ID/g) after 2.5 h postinjection. Biodistribution study
showed the best blood clearance of PLA-PEO-RGD micelles
after 4.5 h postinjection. The results of this study suggest
that paclitaxel-loaded PLA-PEO-RGD micelles based on the
specific recognition of ayf; integrin represent a potential
and powerful target delivery technology. © 2007 Wiley Peri-
odicals, Inc. ] Biomed Mater Res 85A: 797-807, 2008
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INTRODUCTION

Currently, a large variety of chemotherapeutic
drugs are widely used to treat malignant diseases.
Unfortunately, the remarkable antitumor activity
exhibited by many cytotoxic drugs is accompanied by
undesirable side effects causing severe damage to
healthy tissues, and therefore, limiting their effi-
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cacy."? Ligand-mediated chemotherapeutic drug tar-
geting has emerged as a novel paradigm in targeting
either vascular compartment (first-order), cellular
(second-order), or intracellular (third-order) levels.
Most carrier systems or bioconjugates explored so far
can be used as cargo units for the site-specific presen-
tation and delivery of various bioactives using biore-
levant ligands, including antibodies,”® polypeptides,*®
oligosaccharides (carbohydrates), viral proteins, and
fusogenic residues.

A tumor cannot grow beyond the size of 1-2 mm
in diameter without developing a blood supply pro-
viding oxygen and nutrients. This phenomenon,
known as angiogenesis, was hypothesized 30 years
ago, by Folkman, to be an absolute requirement for
the growth and metastasis of solid tumors.®” Tumor
blood vessels exhibit several abnormalities in com-
parison with normal physiological vessels,® which
could also constitute potential targets for specific anti-
angiogenic therapy. Indeed, the vasculature under-
going angiogenesis differs from normal quiescent
vasculature by an overexpression of ECM-binding
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integrin receptors such as ayBs; and ayPs. These
markers make them suitable targets for chemothera-
peutics administration.”'® The affinity of Arg-Gly-
Asp (RGD) peptides for ayp; receptors expressed on
tumor blood vessels and on some tumoral cells has
found major attention. Recently, this property has
been exploited to image tumors in vitro and in vivo
using radiolabeled RGD-containing peptides.'!' Sev-
eral researchers also synthesis some RGD conjugates
to target tumor angiogenic vasculature.'>'* RGD-tar-
geted PEG-liposome is a very hopeful candidate in
antiangiogenic therapy.'>

In an attempt to provide a selective tumor cells
targeting, we chose RGD moieties on poly(lactic
acid)-poly(ethylene oxide) (PLA-PEO) colloidal drug-
delivery systems. Micellar could be an attractive
drug carrier, as it contains many characteristics of
ideal drug-delivery systems.'”'® Micelle can encap-
sulate various types of drugs, and drugs are pro-
tected from possible inactivation by biological sur-
rounding, and also prevent undesirable side effects
of cytotoxic drugs."” Micellar drug carriers can be
made to specifically target certain cells by designing
specific ligands on the outer surface of micelles.
DNA and RNA sequences, oligosaccharides, pepti-
des, and specific antibodies can serve as ligands
used in drug targeting. There are several examples
of targeted biopharmaceuticals conjugates such as
antibody conjugates, enzyme-antibody conjugates,
and folate-bearing conjugates, and cell adhesion mol-
ecule targeting conjugates.

PLA-PEO diblock polymer contains hydrophobic
PLA chain and hydrophilic PEO chain. PLA has
been extensively investigated for applications in
drug delivery.®! Tt is biodegradable, well adapted to
biological environments, and does not have adverse
effects on blood and tissues. PEO has the advantage
of being hydrophilic, nonionic, and biocompatible,
and it has also been used in various biomedical
applications for increasing the stability of blood con-
tacting materials.”*** Due to such unique properties,
broad interest on copolymers of PEO/PLA with AB
and ABA architecture has been generated for the use
in biomedical applications.**

In this study, a novel PLA-PEG-RGD conjugate
has been prepared; the conjugate has many charac-
teristics to be an ideal drug carrier. This conjugate
can enclose drug molecule inside the core of micelle
to protect drug from degradation as well as prevent
unwanted drug interactions. And also the shell of
the micelle containing RGD binding moiety will ex-
hibit enhanced binding, due to several integrins
overexpressed on many types of cancer cells to help
deliver the drug molecule to a specific site of action.
Also, we selected a lipophilic anticancer drug pacli-
taxel as model drug to assess the efficacy of these
bioconjugates in vitro and in vivo using a MDA-MB-
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435 tumor-bearing nude mouse model. We now
report an example of micellar bioconjugates that ex-
hibit significant anticancer efficacy without the sys-
temic toxicity that is common to chemotherapeutics.

MATERIALS AND METHODS

Materials

Bicyclic RGD4C (ACDCRGDCFCG, molecular weight
[M,,] 1145.3) was obtained from AnaSpec. 4,4'-Methylene
di-phenyl diisocyanate (MDI, CAS number: 101-68-8,
Cy5H10N0,) and poly(ethylene glycol) (PEG, M,, = 1450)
were purchased from Sigma-Aldrich. Poly(p,L-lactic acid)
(PLA, M,, = 15,000) was purchased from Shandong Medi-
cal Instrument Institute (Qingdao, China). Toluene, diethyl
ether, methylene chloride, and acetone were purchased
from SinoPharm (Beijing, China). Di-n-butyltin dilaurate
was purchased from Stable Chemical (Beijing, China).
Methyl sulfonyl chloride (chemical reagent) was used
without further purification. Triethylamine was purified
according to the commonly used method.*

Cell lines

MDA-MB-435 breast carcinoma cells were purchased
from Experimental Center of Central South University of
China. Cells were cultured in RPMI medium 1640 (Sigma)
supplemented with 10% FBS (Min Hai Bio, Qinghai,
China). Cells were grown at 37°C in a humidified atmos-
phere of 5% CO, (v/v) in air. All experiments were per-
formed on cells in the exponential growth phase.

Preparation of paclitaxel-loaded PLA-PEO-RGD
(or PLA-PEO) nanomicelle

The methods of PLA-PEO diblock polymer and PLA-
PEO RGD derivative preparation are in supporting files.
The paclitaxel-loaded PLA-PEO-RGD nanomicelle was
prepared using an oil-in-water emulsion—solvent evapora-
tion method, conveniently adapted to obtain nanomicelle.
Briefly, 1.25 mg paclitaxel and 2.5 mg PLA-PEO-RGD (or
2.5 mg PLA-PEO) conjugates were dissolved in 5 mL of
dichloromethane. The organic solution was added into a
volume of 20 mL of a 0.5% (w/v) Pluronic F-68 aqueous
solution and the two phases were emulsified for 1.5 min
with a high speed homogenizer (ULTRA-TURRAX T-25
Basic, IKA, Germany). The organic solvent was then elimi-
nated by evaporation under 50°C. Finally, the particles
were isolated from centrifugation (3k18; Sigma, Germany;
15,000 rpm, 30 min) and washed three times with water.

Solubility degree assay

An excess amount of paclitaxel was added into deion-
ized water and was shaken at 100 rpm for 24 h at 24°C.
The undissolved paclitaxel was filtered. Paclitaxel-loaded
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PLA-PEO-RGD micelle solution was prepared in the upper
step. Another paclitaxel-loaded PLA-PEO-RGD micelle so-
lution was prepared with the same method but without
surfactant Pluronic F-68 in aqueous solution. These three
samples were then lyophilized (Labconco®, Kansas) for
48 h to obtain dry powder. Powder was redissolved in
ethanol. The concentration of paclitaxel in these three sam-
ples was determined by the method of HPLC. The mobile
phase used for high performance liquid chromatography
(HPLC) analysis of paclitaxel was a mixture of methanol/
ethanol/water (30:40:30) at a flow rate of 1 mL/min. A
C18 reverse phase column was used, and paclitaxel was
detected spectrophotometrically at 235 nm. The HPLC sys-
tem used consisted of a Waters 590 HPLC pump (Waters,
Milford, MA), Hitachi L-7200 auto-sampler (Hitachi, To-
kyo, Japan).

Receptor-binding assay

Binding affinity of the PLA-PEO-RGD micelles to o3
integrin on the surface of MDA-MB-435 cells was deter-
mined in competitive binding experiments using '*I-la-
beled echistatin as radioligand as described in the litera-
ture with modifications.’® In brief, MDA-MB-435 cells
were grown in Dulbecco’s medium (Gibco) supplemented
with 10% fetal bovine serum (FBS), 100 IU/mL penicillin,
and 100 pg/mL streptomycin (Invitrogen), at 37°C in a
humidified atmosphere containing 5% CO,. During the
cell-binding assay experiment, the cells were harvested,
washed twice with PBS, and resuspended (2 X 10° cells/
mL) in binding buffer (20 mmol/L Tris, pH 74,
150 mmol/L NaCl, 2 mmol/L CaCl,, 1 mmol/L MgCl,,
1 mmol/L MnCl,, 0.1% bovine serum albumin). Filter mul-
tiscreen DV plates (96-well; pore size, 0.65 um; Millipore)
were seeded with 10° cells and incubated with '*’I-echista-
tin (30,000 cpm/well) in the presence of increasing concen-
trations of different RGD peptide analogs (PLA-PEO-RGD
micelle, RGD4C and PLA-PEO-RGD conjugate) (0-1000
nmol/L). The total incubation volume was adjusted to
200 pL. After the cells were incubated for 3 h at room tem-
perature, the plate was filtered through multiscreen vac-
uum manifold and washed twice with cold binding buffer.
The hydrophilic PVDF filters were collected, and the radio-
activity was determined using Nal (T1) y-counter (Packard,
Meriden, CT). The best-fit ICsy values for the MDA-MB-
435 cells were calculated by fitting the data by nonlinear
regression using Origin (OriginLab Corporation, North-
ampton, MA). Experiments were carried out with triplicate
samples.

In vitro release of paclitaxel

Two milligrams of lyophilized drug-loaded nanopar-
ticles were redispersed in 10 mL of phosphate buffer solu-
tion (PBS, pH 7.4 containing 0.1%, w/v, Tween 80) in a
capped centrifuge tube. The tube was placed in a shaking
incubator (120 cycles/min) at 37°C. Tween 80 was used to
increase the solubility of paclitaxel in the release medium
and to reduce the association of the drug with the con-
tainer surface. At predetermined times, the tube was cen-

trifuged at 39,000¢ for 20 min. The collected particles were
redispersed in 10 mL fresh PBS, containing Tween 80, for
continuous release studies. The release of paclitaxel in the
supernatant was extracted with 2 mL DCM and then 1 mL
of acetonitrile/water (50/50, v/v) was added to the
extract. After DCM was evaporated by a dry nitrogen
stream, the drug concentration in the clear solution was
analyzed by HPLC. The HPLC apparatus was equipped
with a Waters 510 solvent delivery pump, a Luna C18(2)
column (5 pm, 250 mm X 4.6 mm; Phenomenex, USA),
and a UV/vis detector (Laballiance, USA), operated at a
wavelength of 227 nm. The mobile phase was acetonitrile/
water (50/50, v/v) and the flow rate was 1.0 mL/min. The
concentration of drug in the solution was obtained from
the calibration curve.

In vitro cytotoxicity assay

The cytotoxicity of paclitaxel-loaded micelles against
MDA-MB-435 cells was measured by MTT assay. MDA-
MB-435 cells of passages between 20 and 24 were cultured
in DMEM supplemented with 10% heat-inactivated FBS,
100 units/mL penicillin, 100 pg/mL streptomycin, and
0.25 pg/mL amphotericin B, under 5% CO, at 37°C. The
cells were inoculated to a 96-well plate at a density of 10*
cells in 200 pL medium per well, and incubated for 24 h.
Medium was replenished every 2 days. The medium was
then replaced with PLA-PEO-RGD micelles-containing
media (empty loaded micelles and paclitaxel-loaded
micelles with the drug concentration ranging from 0 to
100 pmol/mL) and incubation was continued as earlier for
24 h. The micelles-containing media were removed, and
180 pL fresh medium and 20 pL MTT solution (5 mg/mL
in PBS) were added to the cells. The cells were incubated
for 3 h. MTT internalization was terminated by aspiration
of the media, and the cells were lysed with DMSO. The
optical density at 570 nm was determined using a micro-
plate reader (Genios, Tecan, Mdnnedorf, Switzerland).

Xenograft tumor model

All animal experiments were performed with the ap-
proval from Institutional Animal Care and Use Committee.
One week before MDA-MB-435 cells inoculation, each
mice received 2 pg of 17B-oestradiol valerate (Sigma), dis-
solved in 0.2 mL of sesame oil, by subcutaneous injection.
Oestrogen injections were repeated every week to sustain
tumor growth. Nude mice were inoculated subcutaneously
with 2 X 10” MDA-MB-435 cells. By day 35 after inoculation,
all of the tumors were about the same size (~300 mm?).
The animals were randomly distributed into five groups at
eight mice each. Using the previously reported maximal
tolerated dose (MTD) of 20 mg/kg for i.v. paclitaxel'® as a
reference point, the following regimens were administered
by tail vein injections once a week: (1) saline; (2) PLA-
PEO-RGD nanomicelle without drug; (3) paclitaxel-loaded
PLA-PEO nanomicelle (PPP), 20 mg/kg paclitaxel; (4)
paclitaxel, 20 mg/kg; or (5) paclitaxel-loaded PLA-PEO-
RGD nanomicelle (PPP-RGD), 20 mg/kg paclitaxel. The
tumor size and body weight were then monitored for
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7 weeks. Tumor growth was measured twice a week using
a caliper (in mm) and tumor weight (mg) was calculated
using the formula tumor weight (mg) = (@* X b)/2, where
a is the width in mm and b is the length in mm. Micelles
used in vivo were all prepared using Pluronic F-68 as sur-
factant.

Apoptosis

The approach to assess apoptosis induction was based
on the measurement of the enrichment of histone-associ-
ated DNA fragments (mono- and oligonucleosomes) in ho-
mogenates of the tumor and different organs (liver, kid-
ney, spleen, heart, and lung) by using anti-histone and
anti-DNA antibodies by a cell death detection ELISA"-YS
kit (Roche Applied Biosciences) as described 3132 Briefly,
the isolated cells of organs and tumor were harvested after
treatment, and incubated on ice for 30 min in Tris lysis
buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1 mM
EDTA, 20 mM NaF, 0.5% NP-40, and 1% Triton X-100)
containing fresh protease inhibitors (5 pg/mL aprotinin,
10 pg/mL phenylmethylsulfonyl fluoride, and 10 pg/mL
sodium vanadate), and then centrifuged at 14,000¢ for
10 min at 4°C. The total cell lysate was used for protein
determination by the DC Bio-Rad"™ protein assay. The lysate
was added to lysis buffer and pipetted on a streptavidin-
coated 96-well microtiter plate to which immunoreagent
mix was added and incubated for 2 h at room temperature
with continuous shaking at 600g. The wells were then
washed with washing buffer, the substrate solution added,
and the color developed (10-20 min) was read at 405 nm
against the blank, reference wavelength of 490 nm. In these
experiments, there were only three tumors that could be an-
alyzed in PPP-RGD treatment group, since five of eight
treated animals experienced complete tumor reductions.

Organ distribution of PLA-PEO
and PLA-PEO-RGD micelle

Copolymers PLA-PEO and PLA-PEO-RGD were radiola-
beled with I in the 1,4-dioxane medium by a modified
chloramine T method.>® Each of the copolymers (30 mg)
was dissolved in 1 mL of 1,4-dioxane. Then 10 mL of ['%°I]
iodide (100 pL/mL) (ICN Biomedicals, Irvine, CA) was
added. The reaction was started by addition of 40 mL of a
chloramine T solution (50 mg/mL) in phosphate buffer
(pH 7.4). The solution was tightly capped, and the reaction
was allowed to proceed with stirring for 24 h. The reaction
was stopped by addition of 60 mL of sodium metabisulfite
solution (100 mg/mL). Unbound [**®1] iodide was dis-
placed by addition of 20 mL of potassium iodide (100 mg/
mL). Unbound '*I was removed by dialysis. Then the
radiolabeled copolymer was used for preparing nanomi-
celle by the method described in “Materials and Methods”
with Pluronic F-68 as surfactant. But these micelles used
for the biodistribution study did not carry paclitaxel. All
biodistribution studies of tumor and organ (liver, kidney,
spleen, heart, lung, and brain) were obtained under the
same experimental conditions. When the tumors reached a
size of ~300 mm?®, mice were treated i.v. with 15 mg/kg

Journal of Biomedical Materials Research Part A

HU ET AL.

1%T]abeled PLA-PEO-RGD nanomicelle and '*I-labeled
PLA-PEO nanomicelle. The maximum tolerated dose was
detected in separate experiments. The animals were eutha-
nized at 0.5, 1.5, 2.5, and 4.5 h postinjection. Tissues were
removed and the radioactivity uptakes, expressed in %ID/
g were measured. The activity of '*°I in samples of tumor
and tissues was measured with gamma counter Wallac
1480 Wizard 3 (Wallac, Turku, Finland). Student’s two-
tailed unpaired t-test was performed to determine statisti-
cal significance of the observed differences in organ accu-
mulation between the conjugates.

RESULTS

Micelle preparation

In the emulsification step of preparation process,
the hydrophilic RGD peptide fixed to PEO blocks
migrated to the water interface, whereas the PLA
blocks and paclitaxel remained within the organic
droplets. After organic solvent dichloromethane re-
moval, micelles with paclitaxel central core and a
grafted PEO-RGD hydrophilic shell were formed.
The surface morphology and size distribution of
nanomicelles were evaluated by transmission elec-
tron microscope (TEM) (Fig. 1). The mean particle
size was 128 * 10 nm. This image was typical of
those obtained for all the samples, confirming that
the PLA-PEO-RGD bioconjugates form spherical, dis-
crete particles in aqueous media.

Enhancement of solubility of paclitaxel
encapsulated in micelle

The solubility of paclitaxel in water was used as a
reference for comparison with solubility enhancement
of other samples. The solubility for paclitaxel in water
was determined to be 0.23 pg/mL (Table I). The solu-
bility of paclitaxel encapsulated in PLA-PEO-RGD
micelle prepared by the method without surfactant
Pluronic F-68 was determined to be 0.40 pg/mL
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Figure 1. TEM photograph of PLA-PEO-RGD micelle.
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TABLE 1
Study of Solubility of Paclitaxel

Solubility + SD

Solubility

Sample, n = 3 (ug/mL) Enhancement (%)
Paclitaxel in water,

no surfactant 0.23 = 0.02 Baseline
Pa in micelle

no surfactant® 0.40 = 0.04 73.9
Pa in micelle with

surfactant® 142 + 0.25 617

"Pa in micelle no surfactant: Paclitaxel encapsulated in
PLA-PEO-RGD micelle without surfactant.

PPa in micelle with surfactant: Paclitaxel in encapsulated
in PLA-PEO-RGD micelle with surfactant Pluronic F-68.

(Table I). PLA-PEO-RGD micelle prepared without
surfactant enhanced the solubility of the paclitaxel by
73.9%. The solubility of paclitaxel (1.42 pg/mL) in
PLA-PEO-RGD micelle solution prepared by adding
Pluronic F-68 as surfactant showed this surfactant can
increase the solubility of paclitaxel by 6.17 fold (Table I).
These solubility enhancement results showed that
PLA-PEO-RGD micelle with surfactant can increase
the solubility of hydrophobic paclitaxel.

Integrin binding affinity

To compare the binding affinity of PLA-PEO-RGD
micelle with other RGD peptide conjugates, competi-
tive binding measurements were performed between
1%T-echistatin and the RGD analogs (PLA-PEO-RGD
conjugate and RGD4C peptide) (Fig. 2). All analogs
tested in these assays showed the expected sigmoid
curves. They inhibited the binding of '*I-echistatin
to a, integrin-positive MDA-MB-435 cells. The ICs
values for echistatin, PLA-PEO-RGD micelle, RGD
peptide, and PLA-PEO-RGD conjugate were 0.25 =
0.01, 11.13 = 1.38, 2444 + 1.21, and 40.33 * 3.12
nmol/L, respectively. The cell-binding assay demon-
strated that PLA-PEO-RGD micelle had about 3.6-
fold higher integrin avidity than PLA-PEO-RGD con-
jugate. The avidity of micelle was also higher than
RGDAC peptide. Coupling of PLA-PEO chain with
RGD4C peptide significantly reduce the receptor
avidity of the peptide (ICsy values for RGD4C pep-
tide and PLA-PEO-RGD conjugate were 24.44 = 1.21
and 40.33 £ 3.12 nmol/L, respectively). But once
PLA-PEO-RGD conjugate was used for preparing
micelle by using an oil-in-water emulsion-solvent
evaporation method; the receptor avidity of RGD
was significantly upgraded. The reason may be that
amphiphilic PLA-PEO-RGD block copolymers form
micelles composed of a hydrophobic PLA core and
hydrophilic RGD shell in water. Hydrophobic blocks
are segregated from the aqueous exterior to form an
inner core surrounded by a palisade of hydrophilic

segments. Micelles with nanometer-scale size have
large ratio of surface to bulk atoms. Large surface
always gives high active behavior of RGD. The
nanometer-scale property of micelles enhanced the
receptor avidity of RGD in our experiments.

In vivo release profile

The amount of paclitaxel released from drug-
loaded micelles was determined in an in vitro release
assay, in an effort to assess whether paclitaxel-incor-
porating micelles might be useful as a sustained-
release dosage form. Drug-loaded micelles were incu-
bated in PBS at 37°C. The in vitro release profiles of
paclitaxel from paclitaxel-loaded PLA-PEO-RGD
micelles into PBS (pH 7.4) solution are presented in
Figure 3. Paclitaxel-loaded micelles exhibit an initial
burst release to 37% = 2% (w/w) during the first
12 h, and then the release rate of paclitaxel slowed down
and became steady in a controlled-release manner.

In vitro cytotoxicity

To assess the cytotoxicity of paclitaxel-loaded
PLA-PEO-RGD micelles, their tumor cell killing
activity was determined against breast cancer cell
lines by MTT assay. Paclitaxel-free PLA-PEO-RGD
micelles did not cause significant cytotoxicity against
MDA-MB-435 cells up to the concentration 10 pmol/L
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Figure 2. Competition of specific binding of '*’I-echistatin
with unlabeled echistatin (l), RGD4C (O), PLA-PEO-RGD
micelle (&), and PLA-PEO-RGD conjugate (VW) to MDA-
MB-435 cells. Cell-associated radioactivity in the absence
of competitor was set at 100%. Values are mean of tripli-
cate assays = SD. [echistatin: 0.25 = 0.01 nmol/L; PLA-
PEO-RGD micelle: 11.13 * 1.38 nmol/L; RGD peptide:
2444 + 121 nmol/L; PLA-PEO-RGD conjugate: 40.33 *
3.12 nmol/L].
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Figure 3. In vitro cumulative paclitaxel release (mean =

SD, n = 3) profile for paclitaxel-loaded PLA-PEO-RGD
micelles prepared by emulsion methods.

(survival = 90% = 5% for concentration 10 pmol/L).
However, the empty micelles did show cytotoxicity
at higher dose (survival = 82% = 8% for concentra-
tion 100 pmol/L) (Fig. 4). Paclitaxel-loaded micelles
showed cytotoxicity against MDA-MB-435 cells, with
ECsy values of ~30 umol/L.

In vivo effect of tumor growth inhibiting

For saline, PLA-PEO-RGD, and paclitaxel groups,
the treatment did not show good efficacy at the end of
observation period, and the mean tumor sizes at the
end of the study for the groups were 1223 *+ 39, 1220
+ 56, and 398 *+ 15 mm?>, respectively (mean * SD; n
= 8) [Fig. 5(a)]. None of the animals of the saline and
PLA-PEO-RGD groups exhibited tumor regression.
Overall five of seven animals in the saline group and
six of eight animals in the PLA-PEO-RGD group
reached end point (body weight loss of >20%) during
the study duration. Five of the eight animals in the
paclitaxel group reached the end point [Fig. 5(b)]. The
difference in the final mean tumor size for the pacli-
taxel group compared with the saline and PLA-PEO-
RGD groups was statistically significant. The pacli-
taxel-PLA-PEO-RGD-treated group demonstrated the
most dramatic efficacy: the final mean tumor load was
31 * 16 mm’ (mean = SD, n = 8, significantly smaller
than all other groups by ANOVA at 95% confidence
interval). Five of eight treated animals experienced
complete tumor reductions. Another animal exhibited
regression of tumor size after the initial dosing,
remaining animals showed tumor growth after treat-
ment. Only three tumors could be analyzed, since five
mice were completely free of tumor at the end of the
treatment. All mice in the paclitaxel-PLA-PEO-RGD
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group survived the 6 weeks study duration. The pacli-
taxel-PLA-PEO group also was more efficacious than
the paclitaxel, PAL-PEO-RGD, and saline control
groups, but significantly less efficacious when com-
pared with the paclitaxel-PLA-PEO-RGD group. The
mean tumor size at end point was 145 * 15 mm?
(mean * SD, n = 8). Two complete tumor reductions
were observed and three animals dead during study
duration. The study demonstrated that, after a single
administration, the paclitaxel-loaded PLA-PEO-RGD
micelle group was most efficacious against MDA-MB-
435 cells breast tumors, resulting in a better survival
than other treatment groups.

Apoptosis induction

The analysis of apoptosis induction in the tumor
and the healthy organs confirmed the effectiveness of
the tumor-targeting approach in comparison with the
paclitaxel alone and paclitaxel-PLA-PEO (Fig. 4). The
direct measurement of apoptosis induction in the tu-
mor and the healthy organs showed that passive tar-
geting because of the enhanced permeability and
retention effect led to a decrease in the induction of
apoptosis in healthy organs and enhanced the apopto-
sis induction in the tumor. However, “active” tumor
targeting by RGD peptide dramatically increased apo-
ptosis induction in the tumor and significantly pre-
vented adverse events on healthy tissues; apoptosis
induction level in the tumor by paclitaxel-PLA-PEO-
RGD group is 51 = 7 (Fig. 6). We can see that pacli-
taxel alone use has adverse events on healthy tissues;
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Figure 4. Dose-dependent cytotoxicity of paclitaxel-
loaded micelles against MDA-MB-435 cells. Cells were
treated with empty (solid square) and paclitaxel-loaded
micelles (empty circle). The utilized concentration of
empty micelles was that at which the micelles could
deliver the designated paclitaxel concentration. Each point
represents the mean * SD from three experiments.
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Figure 5. (a) The comparative efficacy study of single tail

vein injection (day 0) of (i) saline (solid square); (ii) PLA-
PEO-RGD(PP-RGD) nanomicelle without drug (X center
square); (iii) paclitaxel loaded PLA-PEO(PPP) nanomicelle
(+ center circle), 40 mg/kg; (iv) paclitaxel (solid circle),
40 mg/kg; or (v) paclitaxel-loaded PLA-PEO-RGD(PPP-
RGD) nanomicelle (circle), 40 mg/kg paclitaxel. (b) Plot of
results for each of the five groups divided into four catego-
ries: tumor growth (black), complete tumor regression
(gray), partial tumor regression (grid), and mortality (bar).
There were only three tumors that could be analyzed in
PPP-RGD treatment group, since five of eight treated
animals experienced complete tumor reductions.

the apoptosis level of paclitaxel to liver, spleen, kid-
ney, heart, and lung are 7.9 = 0.4,7.3 £ 0.8,7.2 = 0.5,
8.3 £ 0.4, and 7.8 * 0.6, respectively (Fig. 6).

Biodistribution

To verify that the PLA-PEO-RGD conjugates could
specifically target human breast cancer xenografts
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Figure 6. Apoptosis induced by treating with saline (con-
trol), paclitaxel, paclitaxel-PLA-PEO, and paclitaxel-PLA-
PEO-RGD in tumor and different tissues in mice bearing
xenograft of breast tumor. *, p < 0.05 when compared with
mice treated with saline; {, p < 0.05 when compared with
mice treated with paclitaxel; {, p < 0.05 when compared
with mice treated with paclitaxel-PLA-PEO.

in vivo, the biodistributions of '*°I-labeled PLA-PEO-
RGD micelles and '*°I-labeled PLA-PEO micelles in
mice were evaluated. Tumor accumulation was signifi-
cantly (p < 0.001) higher for the PLA-PEO-RGD
micelles [3.53% = 0.14% ID/g; tumor (T)/blood (B) =
17.65] than for the PLA-PEO micelles [0.84% =
0.09% ID/g; T/B = 3.36]. Kidney and liver accumu-
lation were also observed for the PLA-PEO-RGD
micelles (5.1% = 0.3%, 2.3% = 0.2%, respectively),
and the PLA-PEO micelle (7.4% = 0.2%, 6.5% =
0.1%, respectively) (Fig. 7).
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Figure 7. The radioactivity in tissues and tumor 2.5 h post-
intravenous injection of '*I-labeled residual radioactivity in
percent injected dose per gram (% ID/g) of organ tissue
2.5 h postintravenous injection of '*I-labeled conjugates.
The tumor localization of PLA-PEO-RGD nanomicelle
(black) is significantly (p < 0.001) greater than PLA-PEO
nanomicelle (white). The data are expressed as mean * SD.
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A different time-points biodistribution study was
carried out to better assess the extended in vivo accu-
mulation and clearance of PLA-PEO-RGD micelle. The
results seen in Figure 8 demonstrate a time-dependent
decrease of PLA-PEO-RGD micelle accumulation in all
organs analyzed except the tumor. PLA-PEO-RGD mi-
celle revealed fast blood and organ clearance. The
accumulation of blood, liver, kidney, heart, and mus-
cle at 4.5 h was significantly (p < 0.05) lower than at
0.5 h, respectively. The lung accumulation at 4.5 h was
significantly (p < 0.05) lower than at 2.5 h. The maxi-
mum tumor uptake for the micelle appeared at 2.5 h
postinjection (3.53% = 0.14% ID/g), and remained
constant at 4.5 h postinjection (3.30% = 0.13% ID/g).
The best tumor-to-blood and tumor-to-organ ratios
were achieved at 4.5 h postinjection. The maximum tu-
mor /blood ratio at 4.5 h (33.00) was significantly (p <
0.05) higher than the ratio at 2.5 h (17.65); also the ratio
at 2.5 h was significantly (p < 0.05) higher than at 0.5 h
(1.75). The tumor/blood ratios increase significantly
over time indicating rapid blood clearance and sus-
tained tumor accumulation (Fig. 9).

The discovery of RGD sequence, the cell attach-
ment site of many other adhesive proteins,>*?> and
the subsequent discovery of integrins, cell surface
receptors that recognize the RGD sequence of vari-
ous proteins, have given RGD a central role in cell
adhesion biology as the prototype adhesion signal.
The rapid advancement of the understanding of the
function of RGD has impacted the design and devel-
opment of drugs with the potential to treat cancer
by inhibiting tumor angiogenesis.
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Figure 8. Different time-points radioactivity, expressed as
percent injected dose per gram tissue (% ID/g) in different
organs and tumor of MDA-MB-435 xenograft model after
intravenous injection of 1%T_labeled PLA-PEO-RGD nano-
micelle at 0.5, 1.5, 2.5, and 45 h (n = 4). *p < 0.05 com-
pared to 0.5 h, **p < 0.05 compared to 2.5 h.
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Figure 9. Tumor/blood ratios of PLA-PEO-RGD 0.5, 1.5,
2.5, and 4.5 h postintravenous injection. The ratios incre-
ment has significant time dependence demonstrating rapid
blood clearance and sustained tumor accumulation. The
data are expressed as mean * SD (n = 4). *p < 0.05 com-
pared to 0.5 h, **p < 0.05 compared to 0.5 and 1.5 h, **p <
0.05 compared to 0.5,1.5,and 2.5 h.

Micelles 10-100 nm in size can deliver large pay-
loads to molecular targets, but undergo slow diffu-
sion and/or slow transport through delivery bar-
riers.’® So we used the binding of RGD peptide
PLA-PEO micelle targeting integrins on MDA-MB-
435 tumor-bearing nude mice. Integrin-targeting
micelles showed a better blood clearance and rapid
tumor accumulation (Fig. 8). This targeting strategy
presents a very hopeful target delivery method.
Amphiphilic molecules (PLA-PEO-RGD) could spon-
taneously organize into micelles and displayed the
targeting motif on the micellar surface, which was
recognized by the integrin receptors on breast cancer
cells surface and internalized by cells via receptor
mediated endocytosis to deliver paclitaxel. These
micelles contained an inner core that could encapsu-
late and increase the solubility of hydrophobic pacli-
taxel, which could potentially mask the toxicity of
paclitaxel until delivery to specifically targeted cells.

DISCUSSION

Specific in vivo tumor targeting was demonstrated
by the 3.19-fold higher tumor localization with PLA-
PEO-RGD micelles relative to PLA-PEO micelles af-
ter 2.5 h postinjection. The best tumor/blood ratio
for PLA-PEO-RGD micelles was also achieved after
4.5 h postinjection. The higher tumor accumulation
was due to the high affinity of RGD peptides to
ayPs; integrin. The PLA-PEO micelles showed a



RGD PEPTIDE CONJUGATED PLA-PEO MICELLE FOR TARGETED DRUG DELIVERY 805

lower tumor uptake relative to PLA-PEO-RGD mi-
celles, as these micelles accumulate in tumor through
a mechanism called the Enhanced Permeability and
Retention (EPR) effect. This EPR effect can be attrib-
uted to these micelles that had long blood circulation
to escape the vasculature through abnormal leaky
tumor blood vessels.”

As pluronic F-68 has only very low toxicity,*
Pluronic F-68 nonionic surfactant has diverse appli-
cations in various biomedical fields ranging from
controlling release of drugs and also as a coating for
wounds and protection against microbes.***' Subse-
quent to the approval by the U.S. Food and Drug
Administration, this substance has been found to
have widespread use in the medical field as vehicle
for delivery of drugs through the rectal, ophthalmic,
and nasal mucosa, as well as for subcutaneous
administration.**' The available toxicology LDsg
data* for poloxamers are based on oral and dermal
dosing, which is less than 5 g/kg body weight. The
kinetics and fate of radiolabeled pluronic F-68 fol-
lowing intravenous administration has been deter-
mined in dogs.*> Radiolabeled pluronic F-68 has
been found in all organs, particularly in the liver,
lung, and muscles, 24 h postintravenous administra-
tion into the dog. This study has indicated that the
primary route of pluronic F-68 excretion is renal,
and that the minor route is biliary.*

To target ayPz-integrin expressing tumor vascula-
ture, RGD peptides have been conjugated to lipo-
somes,lS’16 polymer“'45 by chemical methods. In vivo
long-term biodistribution evaluation in tumor-bearing
mice was carried out in Amitava Mitra’s research. The
tumor accumulation increased significantly (p < 0.01)
over time from 1.05% = 0.03% ID/g tissue at 1 h to
4.32% =+ 0.32% at 72 h. In contrast, the activity in major
background tissues (blood, liver, spleen, and kidney)
decreased significantly (p < 0.05) from 1 to 72 h post-
injection in SCID mouse xenograft model of human
prostate carcinoma.* In our studies, the maximum tu-
mor uptake for the PLA-PEO-RGD nanomicelle
appeared at 2.5 h postinjection (3.53% = 0.14% ID/g),
and remained constant at 4.5 h postinjection (3.30% =+
0.13% ID/g). Xenograft model of human breast cancer
of our study showed faster tumor accumulation of
conjugate than xenograft model of human prostate
carcinoma in Amitava Mitra’s research. The antitumor
effectiveness of HPMA copolymer-RGD4C conjugate
in a SCID mouse xenograft model of human prostate
carcinoma was also evaluated in Amitava Mitra’s
research. At 21 days, the control tumors increased
442% in volume from baseline. In contrast, a 7% and a
63% decrease of tumor volume were observed for the
100- and 250-uCi *°Y-labeled HPMA copolymer-
RGD4C conjugates treatment groups, respectively.*
In our experiments, after 6 weeks observation time,
the control tumors increased 307.7% in volume from

baseline. In contrast, an 89.7% decrease of tumor vol-
ume was observed for the paclitaxel-loaded PLA-
PEO-RGD micelle treatment group.

The distribution levels of PLA-PEO-RGD micelle in
the liver, spleen, and kidney are comparable to the tu-
mor uptake. But the apoptosis experiment data did
not show an increase in apoptosis level in these organs
(Fig. 6). In Bruce R. Line and Amitava Mitra’s studies
of HPMA copolymer-RGD4C conjugates biodistribu-
tion, although the organ activity for the polymer—pep-
tide conjugates was lower than the free peptide, the
levels in the liver, spleen, and kidney are comparable
to or higher than the tumor uptake.** After paclitaxel-
loaded copolymer—peptide micelles were accumu-
lated in kidney, liver, and spleen, copolymer—peptide
micelle did not interact with the cell easily as there
was less ayf; integrin in these organs than tumor.
Also paclitaxel did not leak in these organs temporar-
ily, as paclitaxel was encapsulated in micelle core with
RGD peptide outside of micelle. Then micelles
showed organ elimination and tumor accumulation as
longer blood circulation times were observed for co-
polymer—peptide micelles. The increased tumor inten-
sity for the micelles was most likely due to the interac-
tion of the ayfB; integrin with the RGD motifs on the
micelle surface. The a5 target was immediately ac-
cessible to the intravascular space of tumor. Increased
apoptosis levels were not observed in the liver, spleen,
and kidney due to the long blood circulation, pacli-
taxel encapsulation in core, and specific ayB3 integrin
targeting of micelle.

Xiaoyuan Chen’ research showed that the ICs
values for echistatin, E{E[c(RGDfK)],},, and E|c
(RGDfK)], to human glioblastoma U87MG cell line
were 1.2 = 0.1, 15.0 = 1.1, and 32.2 = 2.1 nmol/L,
respectively. The ICsy values for DOTA-E{E[c
(RGDfK)],}» and DOTA-E[c(RGDfK)], were 16.6 = 1.3
and 48.4 = 2.8 nmol/L.*" In our integrin binding affin-
ity assay, the ICsy values for echistatin, PLA-PEO-
RGD micelle, RGD4C peptide, and PLA-PEO-RGD
conjugate to MDA-MB-435 cells were 0.25 = 0.01,
11.13 + 1.38, 24.44 + 1.21, and 40.33 = 3.12 nmol/L,
respectively. Integrin avidity of PLA-PEO-RGD mi-
celle to MDA-MB-435 cells was higher than DOTA-E
{E[c(RGDfK)]»}> to human glioblastoma U87MG cells.
The affinity of RGD4C was higher than E[c(RGDfK)],,
but lower than E{E[c(RGDfK)],},. The endothelial cell
adhesion assay results of Amitava Mitra’s research®
also indicated that free RGD4C showed 1.3-fold
higher inhibition than free RGDfK.

CONCLUSIONS

In our study, a diblock copolymer was success-
fully synthesized by a coupling reaction between
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poly(pL-lactic acid) and PEG through MDIL RGD
were then attached to the end of PEO chain. Then
we developed controlled-release polymer drug-deliv-
ery vehicles, which could target and be taken up by
MDA-MB-435 cells. The solubility assay of paclitaxel
showed that the enhancement of paclitaxel solubility
could be achieved by encapsulating this hydrophobic
drug in PLA-PEO-RGD micelle, and the surfactant
used in micelle preparation could increase the solu-
bility by 6.17 fold. PLA-PEO-RGD micelle was
shown to bind with high affinity and specificity with
integrin-positive MDA-MB-435 cells in vitro.

The release behavior of paclitaxel from drug-
loaded micelles exhibited a biphasic pattern charac-
terized by a fast initial release, followed by a slower
and continuous release. In vitro cell viability experi-
ment for MDA-MB-435 cells showed high cytotoxic-
ity of paclitaxel in the micelle formulation, with ECs
values of ~30 umol/L. In vivo effect of tumor growth
inhibiting showed that paclitaxel-loaded PLA-PEO-
RGD micelles were more efficacious against MDA-
MB-435 cells xenograft tumor than paclitaxel and
paclitaxel-loaded PLA-PEO micelles. Biodistribution
study showed that PLA-PEO-RGD micelles had spe-
cific localization in tumor and decreased accumula-
tion in all organs analyzed except the tumor and
rapid blood clearance.
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