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Abstract: Block copolymer micelles (BCMs) can improve the payload delivery of therapeutic agents
to tumors. Our aim was to construct hEGF-modified BCMs for the delivery of 'In to tumor cells for
Auger electron-emission radiotherapy of EGFR-positive breast cancer (BC). Multifunctional nanosized
BCMs were prepared from MePEGys00-b-PCL1200 and "1In-DTPA-PEGszg00-b-PCL1goe With or without
hEGF-PEGig00-b-PCL1400 (1''In-hEGF-BCMs or ''In-BCMs). The resulting BCMs were analyzed by
dynamic light scattering and transmission electron microscopy. Cellular uptake and nuclear importation
were assessed in MDA-MB-468, MDA-MB-231 and MCF-7 BC cells with decreasing EGFR density. In
vitro antiproliferative effects were evaluated using the WST-1 assay after 48 h with '''In-hEGF-BCMs,
and the clonogenic assay was used to determine the survival fraction (SF) after a 21 h exposure. Results
were compared with "''In-DTPA-hEGF, an established Auger electron-emitting radiotherapeutic that is
currently in clinical development. Cell uptake and nuclear importation of '"'In-nEGF-BCMs decreased in
the following order: MDA-MB-468 > MDA-MB-231 > MCF-7. Cellular uptake of '"'In-hEGF-BCMs was
less than ""'In-DTPA-hEGF (P < 0.05) but was 4-fold higher than for "''In-BCMs (P < 0.001). There
was a significant growth inhibition of MDA-MB-468 cells by '"'In-hEGF-BCMs (6-fold inhibition, P <
0.05) while the growth of MDA-MB-231 and MCF-7 were not significantly inhibited. The SF of MDA-
MB-468 cells was decreased to 2.6% while that for MCF-7 cells was 132.7%. '''In-DTPA-hEGF reduced
the SF of MDA-MB-468 cells to 0.4%. Nontargeted '"'In-BCMs had minimal effect on the SF of BC
cells. Therefore, the "''In-hEGF-BCMs were bound, internalized and transported to the nuclei of EGFR-
positive BC cells, where the Auger electron emissions were lethal. The '"'In-hEGF-BCMs are a promising
delivery system for targeted radiotherapy of BC.
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Introduction growth and survival as well as adhesion, migration, dif-

Epidermal growth factor receptors (EGFR) are a subfamily ferentiation and other cellular processes.'* EGFR/ErbB1 is
of the receptor tyrosine kinases (RTK) that regulate cell a 170 kDa transmembrane glycoprotein that is overexpressed
in a number of human cancers including head and neck,
bladder, pancreas and breast.>* Potent ligands of EGFR/
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The earliest of these was tamoxifen, which is indicated for
the treatment of estrogen receptor (ER)-positive BC. High
response rates (>80%) have been reported with the use of
antihormonal therapies directed toward ER-positive BC.> In
some human epidermal growth factor-2-positive (EGFR-2/
HER-2) BC patients, anti-HER-2 humanized monoclonal
antibody (mAb) trastuzumab (Herceptin) was found to be
effective.® However, molecular investigations have shown
that sensitivity to antihormonal therapy correlates inversely
with levels of EGFR, indicative of poor prognosis.”® In
addition, acquisition of resistance (and therefore disease
relapse) to most of the currently available cytostatic and
cytotoxic agents has been common in clinical settings.
However, lower relapse rates have been observed when
radiotherapy is used in combination with these agents for
early stage disease.’

Targeted radiotherapy relies on the selective delivery of
radionuclides to tumor cells using antibodies or peptides that
recognize tumor-associated antigens or receptors. Radioim-
munotherapy employing mAbs radiolabeled with S-emitting
(B, *°Y) radioisotopes has achieved some success in
oncology especially in the treatment of hematological
malignancies such as non-Hodgkin’s B-cell lymphoma.’
These promising results unfortunately have been difficult to
reproduce for solid tumors in which response rates are very
low.”'” A major limitation for treatment of solid tumors is
the dose limiting, nonspecific irradiation and killing of bone
marrow stem cells associated with the long-range (2—12 mm;
200—1200 cell diameters) and moderate-high energy of the

(2) Rampaul, R. S.; Pinder, S. E.; Nicholson, R. 1.; Gullick, W. J.;
Robertson, J. F.; Ellis, I. O. Clinical value of epidermal growth
factor receptor expression in primary breast cancer. In. Adv. Anat.
Pathol. 2005, 12, 271-273.
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970.

(6) Tokuda, Y. Antibodies as molecular target-based therapy: tras-
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cancer. Br. J. Cancer 2000, 82, 501-513.

(8) Klijn, J. G.; Berns, P. M.; Schmitz, P. I.; Foekens, J. A. The
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B-particles (Eg 0.6—2.2 MeV). In contrast, Auger electrons
emitted by radionuclides such as '!'In are unique because
although their energy is low (<25 keV), it is deposited over
nanometer to at most micrometer distances in tissues, and
thus their linear energy transfer (LET) approaches that of
a-emitters.'' The magnitude of DNA damage in a cancer
cell is correlated with LET; thus, o-emitters and Auger
electron-emitters theoretically have the potential to be the
most toxic to cancer cells.'' In addition, the subcellular range
of the Auger electron-emitters restricts their toxicity to cells
that internalize these radionuclides. Reilly et al. previously
discovered that '''In-labeled human EGF (!'In-DTPA-
hEGF) was cytotoxic to human BC cells that overexpress
EGFR. The survival fraction (SF) of MDA-MB-468 BC cells
(1 x 10% EGFR/cell) treated in vitro with '''In-DTPA-hEGF
for 24 h was reduced to 3% while the SF for MCF-7 cells
with a 100-fold lower receptor density was almost 100%."'*"3
However, in EGFR-overexpressing mouse xenograft models
the amount of radioactivity delivered to the tumor was
generally low, typically 2% of the injected dose per gram
(% 1D/g), due to the short circulation half-life of the
radiopharmaceutical.'*'” In order to improve efficacy, strate-
gies are needed to increase the amount of radioactivity and
consequentially, the radionuclide dose delivered to the tumor
in vivo. As well, novel approaches that deliver multiple
radionuclides per ligand-receptor recognition event have the
potential to improve on the success already achieved with
"n-DTPA-hEGF.

Block copolymer micelles (BCMs) are nanosized su-
pramolecular assemblies of amphiphilic copolymers that have
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shown great promise as drug delivery vehicles
similarly have potential for the delivery of radionuclides.
In aqueous media, the micelles consist of a hydrophobic core
surrounded by a hydrophilic corona. The corona can be
functionalized to include various targeting ligands, metal
chelators for radionuclides and/or other imaging probes (e.g.,
", or ®Cu or Gd) while the core can be loaded with drugs
notably anticancer agents. BCMs can improve the amount
of drug reaching the tumor by passive targeting via exploita-
tion of the enhanced permeation and retention (EPR)
effect.”> 2" The EPR effect refers to the accumulation of
macromolecules or nanoparticles at tumors due to the leaky
vasculature and poor lymphatic drainage at these sites.'*®
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(20) Xiong, M. P.; Yanez, J. A.; Remsberg, C. M.; Ohgami, Y.; Kwon,
G. S.; Davies, N. M.; Forrest, M. L. Formulation of a geldana-
mycin prodrug in mPEG-b-PCL micelles greatly enhances toler-
ability and pharmacokinetics in rats. J. Controlled Release 2008,
129, 33-40.

(21) Hamaguchi, T.; Matsumura, Y.; Suzuki, M.; Shimizu, K.; Goda,
R.; Nakamura, I.; Nakatomi, I.; Yokoyama, M.; Kataoka, K.;
Kakizoe, T. NK105, a paclitaxel-incorporating micellar nanopar-
ticle formulation, can extend in vivo antitumour activity and
reduce the neurotoxicity of paclitaxel. Br. J. Cancer 2005, 92,
1240-1246.
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M Targeting ligand: hEGF-PEG-b-PCL
M "n-labeled DTPA-PEG-b-PCL

Figure 1. Schematic depicting '"'In-labeled-hEGF PEG-
b-PCL copolymer micelles ('''In-hEGF-BCMs).

MePEG-b-PCL

The macromolecules or nanoparticles must have prolonged
residence times in the bloodstream in order to fully exploit
the EPR effect.?""* 27 Active targeting of BCMs to tumors
can also be achieved by conjugation of moieties that
recognize specific receptors or epitopes on the diseased
tissues or organs.>*! Our group is currently exploring the
use of functionalized BCMs for the treatment and diagnosis
of EGFR overexpressing cancers.>*? In our recent study, it
was shown that the incorporation of '''In onto nontargeted
BCMs (!''In-BCM) resulted in a ~15-fold increase in the
circulation half-life of the radionuclide, in comparison to
n-benzyl-DTPA and a consequent increase in tumor
accumulation.”® As well, in vitro studies revealed that hREGF-
BCMs (hEGF > 0.05 nM) led to cell death in cells that
overexpress EGFR.?**° For the first time in this report, we
describe the potential of the nanosized hEGF-conjugated
BCMs functionalized with DTPA and complexed with !!'In
(Figure 1) for targeted Auger electron-emission radiotherapy
of EGFR-positive BC cells. In this in vitro study we aim to

(29) Kataoka, K.; Matsumoto, T.; Yokoyama, M.; Okano, T.; Sakurai,
Y.; Fukushima, S.; Okamoto, K.; Kwon, G. S. Doxorubicin-loaded
poly(ethylene glycol)-poly(beta-benzyl-L-aspartate) copolymer
micelles: their pharmaceutical characteristics and biological
significance. J. Controlled Release 2000, 64, 143-153.

(30) Lee, H.; Hu, M.; Reilly, R. M.; Allen, C. Apoptotic epidermal
growth factor (EGF)-conjugated block copolymer micelles as a
nanotechnology platform for targeted combination therapy. Mol.
Pharmaceutics 2007, 4, 769-781.

(31) Torchilin, V. P. Targeted pharmaceutical nanocarriers for cancer
therapy and imaging. AAPS J. 2007, 9, E128—147.

(32) Zeng, F.; Lee, H.; Allen, C. Epidermal growth factor-conjugated
poly(ethylene glycol)-block- poly(delta-valerolactone) copolymer
micelles for targeted delivery of chemotherapeutics. Bioconjugate
Chem. 2006, 17, 399-409.
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evaluate cellular binding, internalization and cytotoxicity of
multifunctional BCMs directed toward EGFR positive BC.

Materials and Methods

Materials. Methoxy polyethylene glycol (MePEG M, =
2500, polydispersity index = 1.06) obtained from Sigma-
Aldrich (St. Louis, MO) and H,N-PEG (M, = 3000,
polydispersity index = 1.07) obtained from JenKem Tech-
nology (Allen, TX) were dried twice by azeodistillation in
toluene. e-Caprolactone (CL, 99%) was obtained from
Sigma-Aldrich and was dried by n-butyllithium (at —78 °C),
calcium hydride and molecular sieves, prior to use. Tetrahy-
drofuran (THF, 99.9%) and toluene (99.9%) were obtained
from Sigma-Aldrich and were refluxed over a sodium—
benzophenone complex and distilled under nitrogen. HCI (1.0
M in diethyl ether, HCI ether), sodium (99.5%) and dieth-
ylenetriaminetetraacetic acid dianhydride (DTPA dianhy-
dride) were obtained from Sigma-Aldrich. hEGF was ob-
tained from Upstate Biotechnology (Lake Placid, NY).
"nCl; was purchased from MDS Nordion (Kanata, ON,
Canada). Carboxy-terminated poly(ethylene glycol)-b-poly(e-
caprolactone) (HOOC-PEG-b-PCL), methoxy-terminated PEG-
b-PCL (MePEG-b-PCL) and amino-terminated PEG-b-PCL
(HoN-PEG-b-PCL) copolymers were prepared as previously
reported.**** N-Hydroxysuccinimidyl PEG-b-PCL activated
ester (NHS-PEG-b-PCL) and hEGF-PEG-b-PCL were syn-
thesized as previously described.*” The conjugation efficiency
(and the amount of hEGF conjugated to the micelle) was
determined by the uBCA assay (Pierce Scientific) following
the manufacturer’s guidelines.

Synthesis of DTPA-PEG-b-PCL. To a stirred suspension
of DTPA dianhydride (32 mg, 8.9 umol) in dry DMF (2
mL), triethylamine (1.4 mg, 10 umol) and N,H-PEG-b-PCL
(20 mg, 4.4 umol) were added and the mixture was stirred
at room temperature for 15 h. The reaction mixture was
purified by flash column chromatography with an RP-Cg
stationary phase mini-prep column (Sigma, St. Louis, MO)
using an isocratic (water) followed by a water/acetonitrile
gradient. Unreacted DTPA was eluted with a gradient of
water to water/acetonitrile 80/20 v/v, and pure DTPA-
PEG3;000-PCL 600 Was eluted from the column with water/
acetonitrile 30/70 v/v. Acetonitrile was evaporated under N,
and the DTPA-PEG-b-PCL residue was lyophilized prior to
storage at 4 °C.

Characterization of Block Copolymers. 'H NMR spectra
were acquired with a Gemini 200 spectrometer (200 MHz
for '"H) in CDCls. The molecular weights of polymers were
determined by analyzing the ratio of the proton intensities
in the 'TH NMR spectra.>® For example, the relative degree
of polymerization of the polycaprolactone (PCL) block was
calculated by 'H NMR analysis (spectra not shown) by
comparing the integrals of characteristic methylene peaks
of the PCL block at 2.31 ppm and PEG block at 3.65 ppm

(33) Zeng, F.; Allen, C. Synthesis of carboxy-functionalized hetero-
bifunctional poly(ethylene glycol) by a thiol-anionic polymeri-
zation method. Macromolecules 2006, 39, 6391-6398.
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Table 1. Characteristics of Block Copolymers?®

MW-PEG MW-PCL PDI CMC, mg/L
MePEG-b-PCL 2500 1200 1.12 102
H.N-PEG-b-PCL 3000 1600 1.16 nd®
HOOC-PEG-b-PCL 2900 1400 1.13 nd

2PCL: Polycaprolactone. PEG: Polyethyleneglycol. PDI:
Polydispersity index. CMC: Critical micelle concentration. MW:
Molecular weights calculated from NMR spectra. © Not determined.

in the 'H NMR spectrum (Table 1). Gel permeation chro-
matography (GPC) measurements to determine the molecular
weight and polydispersity index of the polymers were carried
out at 40 °C using a Waters 2695 liquid chromatography
system equipped with three Waters Styragel HR 4E columns
(10 pm, 7.8 x 300 mm) connected in series (Waters Inc.;
Mississauga, ON, Canada). The column effluent was con-
nected to a refractive index detector (Waters Inc., Missis-
suaga, ON, Canada) which was previously calibrated using
polystyrene standards (Polysciences Inc., Warrington, PA).
THF with 1% triethylamine was used as mobile phase at a
flow rate of 1.0 mL/min at 40 °C. The data was analyzed
using Empower software (Waters Inc., Mississauga, ON,
Canada). The critical micelle concentration (CMC) of the
copolymer was determined using an established method with
1,6-diphenyl-1,3,5-hexatriene (DPH) as the fluorescent
probe.**

Preparation and !"'In-Labeling of Block Copolymer
Micelles. MePEG-b-PCL micelles were prepared by the “dry-
down” method as previously described.?” Briefly, 50 mg of
MePEG-b-PCL copolymer was dissolved in 1 mL of DMF
and was stirred for 4 h, after which it was dried under an
atmosphere of N, and reduced pressure in a vacuum
overnight. The resulting dry film was then hydrated with 1
mL of filtered Milli-Q water at 60 °C with vortexing. The
hydrated micelle solution was then stirred at room temper-
ature for 48 h followed by 1 h sonication at room temperature.

DTPA-PEG-bh-PCL (1—5 ug) was radiolabeled with '''In-
acetate (''"InClsy/sodium acetate, 40—250 MBq) by incubation
at pH 6.0 for 30 min. Purity of the complex was determined
on Whatman ITLC-SG strips (Pall Life sciences, Missis-
suaga, ON, Canada) developed in 100 mM sodium citrate
pH 5.0. ""In-DTPA-PEG-b-PCL remains at the origin (Ry
= () while free '''In-DTPA/''In-acetate migrates with the
solvent front (Ry = 1).>* '""In-DTPA-PEG-b-PCL was
obtained with high specific activity (40—50 MBg/ug) and
radiochemical purity (96—98%). '''In-hEGF-BCMs were
prepared by adding different concentrations of hEGF-PEG-
b-PCL and specific activities of ''In-DTPA-PEG-b-PCL to
the preformed MePEG-b-PCL BCMs. The mixture was
stirred at 60 °C for 1 h and then at room temperature

(34) Zhang, X.; Jackson, J. K.; Burt, H. M. Determination of surfactant
critical micelle concentration by a novel fluorescence depolar-
ization technique. J. Biochem. Biophys. Methods 1996, 31, 145—
150.

(35) Liu, J.; Lee, H.; Allen, C. Formulation of drugs in block copolymer
micelles: drug loading and release. Curr. Pharm. Des. 2006, 12,
4685-4701.
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overnight. !"'In-BCMs were prepared in a similar manner
but without hEGF-PEG-b-PCL. Radioactivity was measured
using an automated gamma counter (Wallac, 1480 Wizard
3”, Perkin-Elmer, Turku, Finland).

Physico-Chemical Characterization of Block Copolymer
Micelles. The hydrodynamic diameters of BCMs were
determined by dynamic light scattering (DLS) at an angle
of 90° at room temperature (90Plus Particle Size Analyzer,
Brookhaven Instruments Corp., Holtsville, NY). Sample
solutions of BCMs (1—20 mg/mL) were prepared in filtered
Milli-Q water and analyzed by DLS. Micelle morphology
was evaluated by transmission electron microscopy (TEM)
with a Hitachi 7000 microscope operating at an acceleration
voltage of 75 kV (Schaumburg, IL). 1 mg/mL samples of
hEGF-BCMs and BCMs in water were diluted 1/1 v/v with
a 2% solution of uranyl acetate and allowed to dry on
negatively charged copper grids that had been precoated with
carbon (Ted Pella Inc., Redding, CA). The copper grids were
then blotted and left to stand to allow solvent evaporation.
The average diameters of the copolymer aggregates in the
TEM images were obtained using SigmaScan Pro software
(Jandel Scientific).

Cell Culture. Human BC cells MDA-MB-468 (1 x 10°
EGFR/cell), MDA-MB-231 (2 x 10° EGFR/cell) and MCF-7
(I x 10* EGFR/cell) were purchased from the American
Type Culture Collection (Manassas, VA). The cells were
cultured at 37 °C and 5% CO, in Dulbecco’s modified
Eagle’s medium (DMEM, for MDA-MB-231 and MCF-7)
and RPMI 1640 medium (MDA-MB-468) containing 1%
penicillin—streptomycin solution (1000 U/mL, Invitrogen,
Grand Island, NY) and supplemented with 10% fetal bovine
serum (FBS, Invitrogen, Grand Island, NY). Subconfluent
cells were harvested by trypsinization with trysin-EDTA
(Sigma Aldrich, Mississauga, ON, Canada).

Receptor Binding Assay. '''In-DTPA-hEGF was prepared
by derivatization of hREGF with DTPA and labeled with !!!In
(specific activity 8—10 MBg/ug) as previously described.*®
The binding of '''In-hEGF-BCMs and '''In-DTPA-hEGF to
EGFR on MDA-MB-468 human BC cells was measured by
a direct receptor binding assay. Briefly, '''In-hEGF-BCMs
(1, 2, or 4 nM, hEGF equiv) or '""In-DTPA-hEGF (1, 2, or
4 nM, hEGF equiv) in 1 mL of 150 mM saline was added
to microtubes containing 1 x 105 MDA-MB-468 cells. After
incubation at 4 °C for 1 h, the tubes were centrifuged to
separate the total bound radioactivity (TB) (cell pellet) from
free radioactivity (supernatant). The cells were rinsed three
times with 150 mM saline, and the rinses were added to the
previously removed supernatant. Nonspecific binding (NSB)
was determined by repeating the assay in the presence of
100 nmol/L hEGF. Specific binding (SB) was obtained by
subtracting NSB from TB.

Intracellular Distribution of ''In-hEGF-BCMs and
HTn.BCMs. The intracelluar distribution (cytoplasmic and
nuclear radioactivity) of ''In-hEGF-BCMs was determined
by first seeding 2 x 10° MDA-MB-468, MDA-MB-231 or
MCEF-7 BC cells per well in 6-well plates. The cells were
cultured for 24 h and then incubated with 1—1.5 MBq '''In-
hEGF-BCMs (equivalent to a concentration of 150 nM,
hEGF), "'In-BCMs, or 'In-DTPA-hEGF (150 nM, hEGF)
for 1 h at 37 °C. Unbound radioactivity was removed
followed by rinsing three times with PBS. Cell surface-bound
"n-hEGF-BCMs, '"'In BCMs, or '''In-DTPA-hEGF was
removed and collected by rinsing the cells with 200 mM
sodium acetate, pH 2.5. Cytoplasmic and nuclear radioactiv-
ity were isolated using a nuclei isolation kit (Nuclei EZ Prep
Nuclei Isolation Kit, NUC-101; Sigma-Aldrich, Mississauga,
ON, Canada) according to the manufacturer’s directions. The
surface-bound, cytoplasmic, and nuclear fractions were
measured using a gamma counter. This procedure for
isolation of nuclei has been previously confirmed by our
group to be of high quality.?’

Cell Proliferation Assay. The effect of exposure to 'In-
hEGF-BCMs on the proliferation of BC cells was determined
using the WST-1 assay (Roche Diagnostics Gmbh, Man-
nheim, Germany). The assay is a colorimetric assay that
measures cell viability by determination of the rate of
conversion of WST-1 reagent (light red) to formazan (dark
red) by mitochondria enzyme succinic dehydrogenase. The
resulting shift in absorbance is measured by a UV—vis
spectrophotometer at 440 nm. Approximately 2 x 10° MDA-
MB-468, MDA-MB-231 or MCF-7 BC cells per well were
seeded into 96-well plates. Cells were treated with ''In-
hEGF-BCMs, '"In-BCMs, ""In-DTPA-hEGF, !''In-acetate,
DTPA-hEGF, or media alone (total volume of 1 mL) for
48 h. The following treatment groups and proportions of
hEGF/"!'In were used for studies of the '''In-hEGF-BCMs:
hEGF/!!'In was 75 nM/50 kBq, 150 nM/50 kBgq, 300 nM/
50 kBg, 150 nM/100 kBq or 150 nM/200 kBq. !!'In-BCMs
were studied at similar radioactivity amounts but without
hEGF in the micelles. The concentration of MePEG-b-PCL
was 125 uM. The '"In-DTPA-hEGF treatment group
consisted of hEGF/!!'In in 75 nM/50 kBq, 150 nM/100 kBq
or 300 nM/200 kBq ratios. The DTPA-hEGF group had
similar concentrations of unlabeled hEGF as that for '''In-
DTPA-hEGF. Control groups consisted of !'!''In-acetate,
unlabeled BCMs, or media alone. Ten microliters of the cell
proliferation reagent WST-1 was added to the wells followed
by a 2 h incubation at 37 °C under 5% CO,. The plates were
read with a BioTek microplate reader (Winooski, VT) at 440
nm. The proportion of viable cells was calculated as follows:
(Atreated - Ablank)/ (Acomrol - Ablank) where A is absorbance at
440 nM. The control group consisted of untreated cells.

(36) Reilly, R. M.; Scollard, D. A.; Wang, J.; Mondal, H.; Chen, P.;
Henderson, L. A.; Bowen, B. M.; Vallis, K. A. A kit formulated
under good manufacturing practices for labeling human epidermal
growth factor with 1111In for radiotherapeutic applications. J. Nucl.
Med. 2004, 45, 701-708.

(37) Hu, M.; Chen, P.; Wang, J.; Chan, C.; Scollard, D. A.; Reilly,
R. M. Site-specific conjugation of HIV-1 tat peptides to IgG: a
potential route to construct radioimmunoconjugates for targeting
intracellular and nuclear epitopes in cancer. Eur. J. Nucl. Med.
Mol. Imaging 2006, 33, 301-310.
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Figure 2. (A) Gel permeation chromatograms (GPC) of HOOC-PEGygp-b-PCL1400 (@) and HOOC-PEGogo (b). (B)
Radiometric trace (ITLC chromatogram) of the crude labeled mixture of "'In-DTPA-PEG-b-PCL.

Clonogenic Survival Assay. The clonogenic assay (or cell
survival assay) measures the ability of a single cell to grow
into a colony (>50 cells). The SF is a measure of the fraction
of cells that are plated and grow (those unable to form
colonies eventually die) to form colonies after treatment with
cytotoxic agents.*® The SF of BC cells exposed in vitro to
Tn-BCMs was determined by treating 1 x 105 MDA-MB-
468, MDA-MB-231 or MCF-7 cells per well in 6-well plates
for 21 h at 37 °C and 5% CO,. The treatment groups were
similar to those analyzed using the WST-1 assay (see above),
however, the concentration of '''In in each well was 10 times
greater. After the 21 h treatment period, unbound radioactiv-
ity was removed followed by rinsing three times with PBS,
pH 7.5. Approximately 1 x 10° to 1 x 10* cells were then
seeded in T25 flasks, and the cells were cultured at 37 °C
under 5% CO, in the appropriate growth medium supple-
mented with 10% FBS for 7—10 days, during which they
developed colonies (>50 cells). The plating efficiency was
determined by dividing the number of colonies formed in
the control wells by the number of cells seeded. The SF was
determined by dividing the number of colonies formed in
the treated wells by the number of cells seeded and
multiplying by the plating efficiency.

Statistical Analysis. All data was expressed as the mean
= standard deviation (SD) of at least 3 independent experi-
ments. Statistical significance was assessed using a two-tailed
Student’s ¢ test (receptor binding assay and intracellular
distribution studies) and one-way ANOV A with Bonferroni’s
correction (in vitro WST-1 cytotoxicity studies) with P <
0.05 considered to be significant. All graphs were generated
using GraphPad Prism (version 4.03; GraphPad, La Jolla,
CA).

(38) Franken, N. A.; Rodermond, H. M.; Stap, J.; Haveman, J.; van
Bree, C. Clonogenic assay of cells in vitro. Nat. Protoc. 2006, 1,
2315-2319.

182 MOLECULAR PHARMACEUTICS VOL. 7, NO. 1

Results

Synthesis and Characterization of Block Copolymer
Micelles. The characteristics of the copolymers used in these
studies are summarized in Table 1. DTPA was conjugated
to HoN-PEG3000-b-PCL g0 With a yield of ~77%. Figure 2A
shows the GPC chromatograms for HOOC-PEG;ggy-b-
PCL 400 (2) and HOOC-PEGsg (b). Conjugation of hEGF
was afforded via a lysine in hEGF using the N-hydroxysuc-
cinimidyl activated ester of carboxyl PEG,gno-b-PCL 400
(NHS-PEG-b-PCL) at pH 8.5. A conjugation efficiency of
30—50% was obtained. A radiolabeling yield =98% was
obtained for ll1IH-DTPA-PEG3000-b-PCL1(,()(). Figure 2B
shows the radiometric trace of an ITLC of the labeling
mixture.

DLS analyses revealed mean diameters of 15 + 0.8 nm
and 13 £+ 1 nm with monomodal size distributions for the
BCMs and hEGF-BCMs, respectively. BCMs were found
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Figure 3. Plot of specific binding (total binding —
nonspecific binding) of radioactivity for binding of
"n-DTPA-hEGF and '"In-hEGF-BCMs to MDA-MB-
468 cells. The fraction of '"'In-hEGF-BCMs bound was
less than '"'In-DTPA-hEGF at all concentrations (P <
0.05 for *, ** and ***).
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Figure 4. Cellular distribution of '"'In-hEGF-BCMs and '"'In-BCMs after 1 h incubation with (A) MDA-MB-468 cells
(cell associated and nuclei imported '"'In-nEGF-BCMs were greater than that obtained for '''In-BCMs with *P =
0.0003 and **P = 0.008, respectively); (B) MDA-MB-231 cells (*P = 0.041 and **P = 0.006); and (C) MCF-7 cells (*P
and **P > 0.05). (D) Cellular distribution of "'In-DTPA-hEGF in MDA-MB-468 and MCF-7 cells.

to retain their size following incubation in plasma. TEM
analysis of the BCMs and hEGF-BCMs showed mainly
spherically shaped micelles with a few rodlike structures
(results not shown).

Receptor Binding and Intracellular Distribution of
Un.hEGF-BCMs. Figure 3 shows a comparison of the
specific binding of !!!In-DTPA-hEGF and !!'In-hEGF-BCMs
on MDA-MB-468 cells. The fraction of bound !!'In-DTPA-
hEGF to MDA-MB-468 cells was higher than that for !!'In-
hEGF-BCMs at all concentrations (P < 0.05).

As shown in Figure 4A, the amount of '''In-hEGF-BCMs
associated with MDA-MB-468 cells (1 x 10° EGFR/cell)
following a 1 h incubation at 37 °C was 1.9 + 0.2%
(percentage of total '''In-hEGF-BCMs incubated with the
cells), which was almost 4-fold higher than that for !''In-
BCMs (0.37 = 0.11%) (P = 0.0003). Nuclear importation
was 5-fold higher for '''In-hEGF-BCMs (0.11 4= 0.03%) than
for """In-BCMs (0.02 4 0.005%) (P = 0.008).

In the case of MDA-MB-231 cells (1 x 10° EGFR/cell),
the ratio of cell-associated radioactivity for '''In-hEGF-
BCMs to '"In-BCMs was 1.2 (Figure 4B) (P = 0.041) after
1 h incubation. Nuclear importation was 2-fold greater for

the '""In-hEGF-BCMs (0.035 £ 0.003%, of the total '''In-
hEGF-BCMs incubated with the cells) compared to !''In-
BCMs (0.017 & 0.002%, of the total '!'In-BCMs incubated
with the cells) (P = 0.006).

There were no significant differences in cell-associated
Hn-hEGF-BCMs (0.41 # 0.1% of total '''In-hEGF-BCMs
incubated with the cells) compared to '''In-BCMs (0.31 %
0.02%) after 1 h incubation (Figure 4C) in MCF-7 cells (1
x 10* EGFR/cell) (P = 0.231). There was no significant
difference (P = 0.110) in nuclear importation between '''In-
hEGF-BCMs and "''In-BCMs in MCF-7 cells. In MDA-MB-
468 cells 62 £ 2.4% of '"In-DTPA-hEGF was cell-
associated compared to 1.3 £ 0.24% in MCF-7 cells (Figure
4D), indicating the importance of cell surface EGFR expres-
sion on the binding of EGF-associated molecules. Also, the
amount of "'In-DTPA-hEGF that was internalized and
imported into the nuclei of MDA-MB-468 cells was 20-fold
higher than that for MCF-7 cells. In general, receptor-
mediated internalization was found to be much more efficient
when MDA-MB-468 cells were treated with '''In-DTPA-
hEGF (Figure 4D) in comparison to '''In-hEGF-BCMs
(Figure 4A).
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Figure 5. Effect of preblocking with hEGF (100 nM) on (A) cell uptake (*P = 0.002, **P = 0.401 and ***P = 0.312)
and (B) nuclear importation of '"'In-hEGF-BCMs in MDA-MB-468, MDA-MB-231 and MCF-7 cells (*P = 0.005, **P =

0.001 and ***P = 0.12).

To further assess the targeting specificity of the '!'In-
hEGF-BCMs, cells were preblocked with 100 nM of hEGF
for 30 min prior to radiopharmaceutical incubation; the
amount of cell-associated (Figure 5A) radioactivity and
radioactivity imported into the nuclei (Figure 5B) were
assessed. As shown in Figure 5A there was a significant
decrease in cell-associated radioactivity for MDA-MB-468
(P = 0.002) while there was no significant difference in the
case of MDA-MB-231 (P = 0.401) and MCF-7 (P = 0.310)
cells when preblocked with hEGF. As can be seen in Figure
5B, MDA-MB-468 cells that were preblocked with hEGF
had the least amount of radioactivity imported into the
nucleus. Nuclear importation of '''In-hEGF-BCMs in MDA-
MB-468 and MDA-MB-231 cells decreased by 9- (P =
0.005) and 2-fold (P = 0.001), respectively, when the cells
were preblocked compared to unblocked. There was no
significant decrease in nuclear importation when MCF-7 cells
were preblocked (P = 0.12) compared to unblocked.

Cell Proliferation Assay. After a 48 h treatment period,
growth inhibition was found to be significant for all treatment
groups compared to nontreated in MDA-MB-468 cells (P <
0.001). MDA-MB-231 and MCF-7 cells on the other hand
were not significantly inhibited compared to the nontreated
group (P > 0.05). As shown in Figure 6, '!'In-hEGF-BCMs
and ""'In-DTPA-hEGF inhibited the growth of MDA-MB-
468 cells by 6- and 3.5-fold compared to nontreated cells
(P <0.001), respectively (the difference between !!!In-hEGF-
BCMs and '''In-DTPA-hEGF was not statistically signifi-
cant). '"In-hEGF-BCMs and '''In-DTPA-hEGF did not
significantly inhibit the growth of MDA-MB-231 cells (P >
0.05). Compared to ''In-hEGF-BCMs, growth inhibition of
n-BCMs on MDA-MB-468 was less profound (1.9-fold,
P < 0.05).

Clonogenic Survival Assay. Figure 7 shows the SF of
MDA-MB-468 and MCF-7 cells following various treat-
ments. In general, the SF was lower for MDA-MB-468 cells
than for MCF-7 cells for most treatment groups. The SF of
MDA-MB-468 cells treated with increasing amounts (1 MBq,
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Figure 6. Proliferation assay (WST-1) for MDA-MB-468,
MDA-MB-231 and MCF-7 cells after 48 h treatment
(see text for description of treatment groups). *P < 0.05
for all treatment groups compared to untreated (media
alone) for MDA-MB-468 cells and **P > 0.05 for all
treatment groups compared to untreated for
MDA-MB-231 and ***P > 0.05 for MCF-7 cells.

2 MBq or 4 MBq) of ""In-DTPA-hEGF (specific activity
of 83 MBg/umol) was <1% for the three different treatment
groups while these treatments had no effect on the MCF-7
cells (for simplicity treatment groups with 2 MBq or 4 MBq
are omitted in Figures 6 and 7).

As shown in Figure 7 the cytotoxicity of !'!In-hEGF-
BCMs (0.4 + 0.01%) on MDA-MB-468 cells was less than
for ""In-DTPA-hEGF. The SF of MDA-MB-468 cells treated
with "'In-hEGF-BCMs (75 nM hEGF equivalent, 1 MBq)
or (300 nM hEGF equivalent, 1 MBq) were 9.1 + 3.2% or
2.6 + 2.0%, respectively. Both !''In-hEGF-BCMs and !'''In-
DTPA-hEGF were not cytotoxic to MCF-7 cells. As well
the nontargeted !''In-BCMs were not cytotoxic to MDA-
MB-468 and MCF-7 cells.
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cells after 21 h treatment (see text for description of
treatment groups).

Discussion

This study represents the first to evaluate BCMs for
delivery of therapeutic radionuclides to EGFR-positive BC
cells. BCMs have several properties that make them very
attractive as delivery systems. First, BCMs of different sizes
and morphologies can be easily prepared to suit a particular
application.*” As well the BCMs can be engineered to have
long circulation half-lives in vivo and thus accumulate at
solid tumors via the EPR effect. In addition, BCMs can easily
be functionalized to include different targeting moieties on
their surface that recognize specific epitopes/receptors on
diseased tissues, including tumors.*® Recently, Mamot et al.
demonstrated an enhanced antitumor effect of doxorubicin
loaded anti-HER2 mAD targeted immunoliposomes compared
to free doxorubicin or nontargeted doxorubicin loaded
liposomes (mean size 86 nm) in a HER-2 overexpressing
mouse xenograft model.* Although the tumor accumulations
of the anti-HER2 immunoliposomes and nontargeted immu-
noliposomes were comparable, the anti-HER2 immunolipo-
somes enabled a 6-fold increase in cellular uptake at the
tumor site compared to nontargeted liposomes 24 h following
iv administration. One of the advantages of BCMs over many
other colloidal carriers such as liposomes is that they can be
made to have much smaller hydrodynamic diameters which
may result in improved penetration in solid tumors.** In the
present study, the hREGF-PEG-b-PCL BCMs had a spherical
morphology with an average diameter of 15 nm and may
therefore allow for enhanced tumor penetration in vivo.*?

Many authors have shown that transport of BCMs across
cell membranes proceeds via an endocytotic mechanism that
is pH, temperature, time and energy dependent.***> Transport
of hEGF (and therefore '''In-DTPA-hEGF) occurs via

(39) Allen, C.; Maysinger, D.; Eisenberg, A. Nano-engineering block
copolymer aggregates for drug delivery. Colloids Surf., B 1999,
16, 3-217.

(40) Blanco, E.; Kessinger, C. W.; Sumer, B. D.; Gao, J. Multifunc-
tional micellar nanomedicine for cancer therapy. Exp. Biol. Med.
(Maywood) 2009, 234, 123-131.

receptor mediated endocytosis.! Also, using flow cytometry
it has been shown that anti-EGFR mAb immunoliposomes
internalize into EGFR-positive MDA-MB-468 cells by
receptor mediated endocytosis. As shown in Figures 4D and
5, preblocking cell surface EGFR with excess hEGF in
MDA-MB-468 cells revealed that uptake of '''In-DTPA-
hEGF and '''In-hEGF-BCMs was significantly reduced,
thereby confirming that uptake and internalization of !''In-
hEGF-BCMs also occurs by receptor-mediated endocytosis.

To be most radiotoxic '''In-hEGF-BCMs (as well as '''In-
DTPA-hEGF) have to be internalized into cancer cells and
localize in close proximity to the chromosomal DNA due to
the submicrometer range of the Auger electron-emitters.*’
Dosimetry estimates show that the lethal effect can be up to
35-fold greater when the '''In is located in the nucleus
compared to when it is located on the cell surface.*® "'In-
hEGF-BCMs were evaluated in comparison to '''In-DTPA-
hEGF for delivery of '!''In to EGFR-positive BC cells and
the nucleus of these cells in vitro. It was found that 1.4% of
total '''In-DTPA-hEGF incubated with cells was imported
into the nuclei of MDA-MB-468 cells and this was dimin-
ished 20-fold in MCF-7 cells. On the other hand, the amount
of ''"In-hEGF-BCMs imported into the nuclei (0.11% of total
""n-hEGF-BCMs incubated) of MDA-MB-468 cells dimin-
ished 4-fold in MCF-7 cells. In the current study, nuclear
importation of '''In-hEGF-BCM s in the EGFR-positive cells
decreased in the following order: MDA-MB-468 > MDA-

(41) Mamot, C.; Drummond, D. C.; Noble, C. O.; Kallab, V.; Guo,
Z.; Hong, K.; Kirpotin, D. B.; Park, J. W. Epidermal growth factor
receptor-targeted immunoliposomes significantly enhance the
efficacy of multiple anticancer drugs in vivo. Cancer Res. 2005,
65, 11631-11638.

(42) Mikhail, A. S.; Allen, C. Block copolymer micelles for delivery
of cancer therapy: Transport at the whole body, tissue and cellular
levels. J. Controlled Release, in press.

(43) Dreher, M. R.; Liu, W.; Michelich, C. R.; Dewhirst, M. W.; Yuan,
F.; Chilkoti, A. Tumor vascular permeability, accumulation, and
penetration of macromolecular drug carriers. J. Natl. Cancer Inst.
2006, 98, 335-344.

(44) Allen, C.; Yu, Y.; Eisenberg, A.; Maysinger, D. Cellular
internalization of PCL(20)-b-PEO(44) block copolymer micelles.
Biochim. Biophys. Acta 1999, 1421, 32-38.

(45) Maysinger, D.; Berezovska, O.; Savic, R.; Soo, P. L.; Eisenberg,
A. Block copolymers modify the internalization of micelle-
incorporated probes into neural cells. Biochim. Biophys. Acta 2001,
1539, 205-217.

(46) Mamot, C.; Drummond, D. C.; Greiser, U.; Hong, K.; Kirpotin,
D. B.; Marks, J. D.; Park, J. W. Epidermal growth factor receptor
(EGFR)-targeted immunoliposomes mediate specific and efficient
drug delivery to EGFR- and EGFRvIlI-overexpressing tumor cells.
Cancer Res. 2003, 63, 3154-3161.

(47) Reilly, R. M.; Kiarash, R.; Cameron, R. G.; Porlier, N.; Sandhu,
J.; Hill, R. P.; Vallis, K.; Hendler, A.; Gariepy, J. '!'In-labeled
EGF is selectively radiotoxic to human breast cancer cells
overexpressing EGFR. J. Nucl. Med. 2000, 41, 429-438.

(48) Goddu, S. M.; Howell, R. W.; Rao, D. V. Cellular dosimetry:
absorbed fractions for monoenergetic electron and alpha particle
sources and S-values for radionuclides uniformly distributed in
different cell compartments. J. Nucl. Med. 1994, 35, 303-316.
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MB-231 > MCF-7 (Figure 4A—C). Nuclear importation of
1Tn-hEGF-BCMs was lower than '''In-DTPA-hEGF at 1 h
postincubation in MDA-MB-468 cells. The most significant
difference between ''In-DTPA-hEGF and '''In-hEGF-BCMs
is the cell-associated uptake of the radiopharmaceuticals after
1 h incubation. Cell-associated '''In-DTPA-hEGF in MDA-
MB-468 cells was 30-fold higher than for ''In-hEGF-BCMs
(Figures 4A and 4D). A plausible explanation for the
decreased cell-association of '''In-hEGF-BCMs is the steric
hindrance that may arise due to the conjugation of hEGF to
the surface of the micelles. In addition, cell uptake and
internalization of BCMs and other nanoparticles generally
occurs slowly.***? Uptake of '''In-DTPA-hEGF peaks after
1 h incubation while uptake of (nontargeted) BCMs is a slow
process and peaks at 24 h post incubation for some BCMs.*
However, receptor-mediated internalization of targeted nano-
particles such as anti-EGFR mAb-targeted immunoliposomes
can be much more efficient and has been found to plateau
as soon as 4 h.*® Due to these limitations fewer '''In were
delivered to the nuclei of EGFR-positive BC cells in vitro
by ""In-hEGF-BCMs in comparison to !''In-DTPA-hEGF.
However, as has been observed for other nanoparticles,
BCMs can increase delivery of radionuclide/drug to tumors
in vivo via exploitation of the EPR effect.”!"*”***2 Recently,
we showed that incorporation of '''In onto nontargeted
BCMs led to a 15-fold increase in the circulation half-life
of the radionuclide and improved tumor accumulation in mice
bearing MDA-MB-231 tumor xenografts.>* In vivo studies
will need to be conducted to determine if the increase in
tumor accumulation of "'In that may be provided using
hEGF-BCMs as a delivery system translates into improved
efficacy, in comparison to !"'In-DTPA-hEGF.

The WST-1 assay measures the activity of mitochondrial
succinate dehydrogenase for which decreased activity is one
of the hallmarks of apoptosis (intrinsic apoptosis pathway).
Therefore other triggers of apoptosis (e.g., extrinsic apoptosis
pathway) and other forms of cell death cannot be measured
by WST-1. In this way, the clonogenic assay provides a better
measure of cell survival and death. Some major differences
in growth inhibition were observed for the different treatment
groups. Use of the WST-1 assay to analyze cells 48 h (Figure
6) after treatment showed '''In-hEGF-BCMs were growth
inhibitory toward MDA-MB-468 cells. This is in agreement
with a previous study where we showed by MTT assay that
unlabeled hEGF-BCMs (0.1—10 nM hEGF) resulted in
profound death of MDA-MB-468 cells after 72 h treatment

(49) Luo, L.; Tam, J.; Maysinger, D.; Eisenberg, A. Cellular internal-
ization of poly(ethylene oxide)-b-poly(epsilon-caprolactone) diblock
copolymer micelles. Bioconjugate Chem. 2002, 13, 1259-1265.
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while 24 h treatment did not result in a significant cell
death.*® Unlabeled EGF paradoxically has growth-inhibitory
effects on MDA-MB-468 cells with high levels of EGFR,
but is much less toxic than '''In-hEGF.>* Some nonspecific
uptake of '''[In-BCMs (significantly lower than '''In-hEGF-
BCMs in MDA-MB-468 and MDA-MB-231 cells) was
observed in all three cell lines. Nonspecific binding of !''In-
BCMs inhibited the growth of MDA-MB-468 cells but not
MDA-MB-231 and MCEF-7 cells. However, this (low)
nonspecific uptake did not affect the SF of the cells. The SF
assay suggests that the higher the concentration of hEGF-
PEG-b-PCL copolymer in the BCMs, the higher the amount
of ""In imported into the nuclei and, consequently, the lower
the SF of MDA-MB-468 cells (Figure 7). The SF of MDA-
MB-468 cells treated with '''In-DTPA-hEGF (1 MBq, 83
umol/MBq) was 0.4%, which is in agreement with another
recent observation by our group.'?® Therefore, ''In-DTPA-
hEGF was more cytotoxic than '''In-hEGF-BCMs.

Conclusion

We have shown that ''In-hEGF-BCMs in comparison to
"Tn-DTPA-hEGF have a lower affinity for EGFR in vitro.
Despite their reduced affinity, !''In-hEGF-BCMs were ef-
fective at targeting and killing BC cells that express high
levels of EGFR. Nontargeted '''In-BCMs inhibited the
growth of MDA-MB-468 cells but did not affect their SF.
Targeting and killing of BC cells were enhanced by the
incorporation of EGF as targeting ligand, an effect that could
potentially be further enhanced in vivo via exploitation of
the EPR effect that is amenable to BCMs. The retention of
cellular binding, internalization and cytotoxicity of !''In-
hEGF-BCMs in EGFR positive BC cells encourages further
evaluation of this micelle formulation in vivo. Future studies
will evaluate the pharmacokinetics, biodistribution and
efficacy of the '''In-hEGF-BCMs in comparison to '''In-
DTPA-hEGEF in animal xenograft models of EGFR-positive
BC.
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