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Copolymer Micelles by High Resolution and High
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Abstract: The validation of high sensitivity and high resolution microSPECT/CT imaging for tracking
the in vivo pathway and fate of an 'Indium-labeled (*''In) amphiphilic diblock copolymer micelle
formulation is presented. Heterobifunctional poly(ethylene glycol) was used to initiate cationic ring opening
polymerization of e-caprolactone, which was then conjugated to 2-(4-isothiocyanatobenzyl)-diethylene-
triaminepentaacetic acid (p-SCN-Bn-DTPA) for chelation with '"'In. The micelles were characterized in
terms of their physicochemical properties including size, size distribution, zeta-potential, and radiochemical
purity. Elimination kinetics and tissue deposition were evaluated in healthy mice following administration
of """In-micelles, '''In-DTPA-b-PCL unimers (i.e., administered under the critical micelle concentration)
or ""In-Bn-DTPA. Healthy and MDA-MB-231 tumor-bearing mice were imaged using microSPECT/CT
following iv administration of '"'In-micelles or '"'In-Bn-DTPA. Overall, incorporation of '''In onto the surface
of thermodynamically stable micelles results in long plasma residence times for the radionuclide and
preferential localization within the spleen (22 + 5% i.d./qg), liver (13 £+ 3% i.d./g), and tumor (9 + 2%
i.d./g). MicroSPECT/CT imaging provided noninvasive longitudinal visualization of circulation dynamics
and tissue deposition. A strong correlation between image-based region of interest (ROI) analysis and
biodistribution data was found, implying that nuclear imaging can be used as a noninvasive tool to
accurately quantify tissue distribution. As well, the image-based assessment provided unique insight
into the intratumoral distribution of the micelles in vivo.

Keywords: Polymeric micelles; amphiphilic diblock copolymers; ''indium; nuclear imaging;
SPECT/CT

Introduction

Nanotechnology has far-reaching implications in several
branches of medicine including oncology, diagnostic radiol-
ogy, and nuclear medicine. In oncology the impact of
nanotechnology is evidenced by the large number of

anticancer drugs that have reached late stage clinical
development and rely on formulation in nanosized delivery
systems.1 As well, several nanotechnologies have shown
promise in cancer imaging and diagnostic applications such
as disease detection, characterization, and staging (e.g.,
Fenestra).”~* The toolbox of nanotechnologies commonly
explored for oncologic applications includes liposomes,>°
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lipid micelles,”® nanoemulsions,” carbon nanotubes, '© poly-
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12 90ld nanoparticles,"* and block

meric nanospheres,
copolymer micelles.'

Block copolymer micelles are one of the nanotechnologies
that has been explored for both therapeutic'*~'® and imaging
applications.’® 2% In aqueous media, micelles appear as
nanosized assemblies of amphiphilic copolymers with a
hydrophobic core surrounded by a hydrophilic corona.”* The

distinct hydrophilic and hydrophobic domains allow for
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incorporation of lipophilic material within the core (i.e.,
drugs, contrast agents), amphiphilic material at the core—corona
interface, and conjugation of hydrophilic moieties to the
corona. One of the unique advantages of block copolymer
micelles is that their physicochemical characteristics such
as size, morphology, and thermodynamic and kinetic stability
can be manipulated to suit a potential application through
modifications to the copolymer composition.”* > Also, the
colloidal nature or size of block copolymer micelles, and
other nanosized vehicles, facilitates their retention within the
circulation for prolonged periods, in comparison to low
molecular weight small molecules.*®?’ Stable vehicles with
prolonged retention in the circulation may be employed for
passive and active targeting to tumor sites. Indeed, studies
have shown that a size of less than 100 nm and the presence
of a nonionic, steric-stabilizing hydrophilic shell at the
vehicle surface can reduce uptake by the mononuclear
phagocyte system (MPS).?*?° The reduced MPS uptake and
prolonged circulation time are crucial for passive targeting
of these nanosized vehicles to inflamed tissues or tumors
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which have “leaky” vasculature via the enhanced permeation
and retention (EPR) effect.>®

In recent years, invaluable insight on the pathway and fate
of drug delivery systems in vivo has been gained through
the use of noninvasive imaging techniques.>' —** The unique
information emerging from these studies enables optimization
of the delivery system and may accelerate drug development
efforts. As well, the incorporation of an imageable compo-
nent into a drug delivery system creates a multifunctional
system that permits pursuit of image-guided drug delivery
for real-time monitoring of tumor accumulation, intratumoral
distribution, and kinetics of drug release in vivo. In the future
such multifunctional delivery systems may be used to direct
the design of personalized therapies and ultimately lead to
significant improvements in treatment outcomes. In this study
amphiphilic diblock copolymers were labeled with the
radionuclide indium-111 ('''In) in order to create a system
that enables real-time and noninvasive evaluation of the
pathway and fate of block copolymer micelles in vivo, using
high sensitivity and high resolution microSPECT/CT imag-
ing. The pharmacokinetics and biodistribution of the '''In-
labeled copolymer, administered at concentrations above and
below the critical micelle concentration (CMC) of the
copolymer, were evaluated using traditional methods and
image-based assessment. Data obtained via conventional
assessment of biodistribution was found to correlate well with
that acquired using noninvasive image-based region of
interest (ROI) analysis. Moreover, microSPECT/CT imaging
revealed the intratumoral distribution of the micelles in vivo
which is critical information that is unavailable through
traditional assessment of biodistribution.

Experimental Procedures

Materials. Methoxy poly(ethylene glycol) (MePEG, M,
= 5000, M,/M, = 1.06) was purchased from Polymer Source
Inc. (Montreal, QC, Canada). Hydrochloric acid (1 M, HCI
in ether), triethylamine, and dimethylsulfoxide (DMSO) were
purchased from Sigma Aldrich Corp. (Oakville, ON, Canada).
Heterobifunctional a-hydroxy-w-amino poly(ethylene glycol)

(30) Torchilin, V. P. Micellar Nanocarriers: Pharmaceutical Perspec-
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(31) Yuan, F.; Leunig, M.; Huang, S. K.; Berk, D. A.; Papahadjopoulos,
D.; Jain, R. K. Mirovascular permeability and interstitial penetra-
tion of sterically stabilized (stealth) liposomes in a human tumor
xenograft. Cancer Res. 1994, 54, 3352-3356.

(32) Matteucci, M. L.; Anyarambhatla, G.; Rosner, G.; Azuma, C.;
Fisher, P. E.; Dewhirst, M. W.; Needham, D.; Thrall, D. E.
Hyperthermia increases accumulation of Technetium-99m-labeled
liposomes in feline sarcomas. Clin. Cancer Res. 2000, 6, 3748—
3755.

(33) Ponce, A. M.; Viglianti, B. L.; Yu, D.; Yarmolenko, P. S
Michelich, C. R.; Woo, J.; Bally, M. B.; Dewhirst, M. W.
Magnetic resonance imaging of temperature-sensitive liposome
release: drug dose painting and antitumor effects. J. Natl. Cancer
Inst. 2007, 99, 53-63.

(34) Chen, Q.; Tong, S.; Dewhirst, M. W.; Yan, F. Targeting tumor
microvessels using doxorubicin encapsulated in a novel ther-
mosensitive liposome. Mol. Cancer Ther. 2004, 3, 1311-1317.

(HO-PEG-NH,, M,, = 5000, M,/M, = 1.08) was purchased
from Jenkem Technology Inc. (Beijing, China). p-SCN-Bn-
DTPA was purchased from Macrocyclics Inc. (Dallas, TX).
Toluene, dichloromethane, and e-caprolactone (e-CL) were
purchased from Sigma Aldrich (Oakville, ON, Canada), dried
under calcium hydride and distilled prior to use. !''In-chloride
was ordered from MDS Nordion (Kanata, ON, Canada). All
other materials were used as received.

Synthesis of MePEG-b-PCL. MePEG-H-PCL was pre-
pared by metal-free cationic ring opening polymerization of
&-CL via an activated monomer mechanism in the presence
of HCl—ether using an established method described
elsewhere.?>*>° The relative degree of polymerization of
the polycaprolactone (PCL) block was calculated by '"H NMR
analysis by comparing the integrals of characteristic meth-
ylene peaks of the PCL block at 2.31 ppm and PEG block
at 3.65 ppm in the '"H NMR spectrum. 'H NMR assignments
are as follows: the resonances assigned to the terminal
methoxy protons and methylene protons of MePEG were
observed at 0 = 3.38 ppm (3H, CH;—0—), 3.51 ppm (2H,
CH;—0—CH,—CH;—) and 3.65 ppm (4H, —O—CH,—
CH,—), respectively. The resonance for the sequence of
methylene protons of the ester carbonyl moiety of PCL were
observed at 6 = 1.38 ppm (2H, CO—CH,—CH,—CH,—
CHz_CHz_O), 1.65 pPpm (4H, CO_CHQ_CHz_CHz_
CHZ_CHZ_O), 2.31 ppm (ZH, CO_CHZ_CHQ_CHz_CHz_
CH,—0), and 4.07 ppm (2H, CO—CH,—CH,—CH,—
CH,—CH,—0). Lastly, terminal methylene protons of PCL
and MePEG were observed at 6 = 3.70 ppm (2H,
CH,—CH,—O0H) and 4.22 ppm (2H, O—CH,—CH,—0O—
CO), respectively.

Preparation of DTPA-PEG-b-PCL. Synthesis of NH,-
PEG-b-PCL was conducted in a similar manner to the
method described for MePEG-b-PCL with the exception that
HO-PEG-NH,; was used as the macroinitiator (Scheme 1).
The degree of polymerization of the PCL block was
calculated by comparing the integrals of characteristic
methylene peaks of the PCL block at 2.29 ppm and PEG
block at 3.62 ppm in the 'H NMR spectrum. 'H NMR
assignments are as follows: 0 = 140 ppm (2H,
CO_CHz_CHQ_CHZ_CHz_CHz_O), 1.63 pPpm (4H,
CO—CH,—CH,—CH,—CH,—CH,—0), 197 ppm (2H,
(NH,—CH,—CH,), 2.29 ppm (2H, CO—CH,—CH,—CH,—
CH,—CH,—O0), 3.62 ppm (4H, —O—CH,—CH,—), 3.69 ppm
(2H, CH,—CH,—0OH), 4.06 ppm (2H, CO—CH,—CH,—
CH,—CH,—CH,—0), and 4.22 ppm (2H, O-CH,—CH,—0O—
CO). The metal chelator p-SCN-Bn-DTPA was conjugated
to the NH,-PEG-b-PCL copolymer by reaction of the primary

(35) Kim, M. S.; Hyun, H.; Cho, Y. H.; Seo, K. S.; Jang, W. Y; Kim,
S. K.; Khang, G.; Lee, H. B. Preparation of methoxy poly(eth-
yleneglycol)-block-poly(caprolactone) via activated monomer
mechanism and examination of micellar characterization. Polym.
Bull. 2005, 55, 149-156.

(36) Lou, X. D.; Detrembleur, C.; Jerome, R. Living cationic polym-
erization of delta-valerolactone and synthesis of high molecular
weight homopolymer and asymmetric telechelic and block
copolymer. Macromolecules 2002, 35, 1190-1195.
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Scheme 1. Preparation of '"'In-DTPA-PEG-b-PCL
(0]

@
caprolactone

HCl-ether

HZN/“\{O\«/}OH
m

HzN“{Ma{LVV"h'

NH,-PEG-OH NH,-PEG-5-PCL
S=C=N
0.1 M NaHCO; Buffer pH
8.5 + 16%DMSO
HOOC N N
COOH _“N_J/_'> ( coom
N _COOH HooC—' HOOC  COOH
mmjlw/ SCN-Bn-DTPA
|-|ooc\I l\N -Bn-
HOOC\/ N Y

S (o]
R N O

o) DTPA-PEG-b-PCL

lllmc13

Ulp-DTPA-PEG-b-PCL

amino terminus of the copolymer with the reactive isothio-
cyanato group to form a highly stable thiourea complex. In
a typical procedure, a 25 mg/mL solution of NH,-PEG-b-
PCL in sodium bicarbonate buffer (0.1 M, pH 8.5) was
introduced into a vial containing a 2-fold molar excess of
p-SCN-bn-DTPA dissolved in 16% (v/v) DMSO. The
solution was stirred at room temperature for 4 h. Prior to
purification to remove the unbound DTPA, an aliquot of
DTPA-PEG-b-PCL was radiolabeled with a trace quantity
of ""In (<1 MBq). The DTPA conjugation efficiency was
evaluated with ascending instant thin layer chromatography
(ITLC) using a stationary phase of silica gel-impregnated
glass fiber strips (1 x 10 cm; ITLC-SG, Pall Corp.) and a
mobile phase of NaCitrate buffer (0.1 M, pH 6.0). Each strip
was spotted with the sample, developed in buffer, and then
sectioned for gamma-scintillation counting (y-counter) (Wal-
lac Wizard-1480; Perkin-Elmer Inc.). The DTPA conjugation
efficiency was calculated based upon the relative amount of
"Tn bound to DTPA-PEG-b-PCL in comparison to that
bound to free DTPA (R; '''In-DTPA-PEG-b-PCL = 0.0; R,
1n-Bn-DTPA = 1.0), given the known molar ratio of
DTPA to NH,-PEG-b/-PCL in solution.

584 MOLECULAR PHARMACEUTICS VOL. 6, NO. 2

Purification and Radiolabeling of DTPA-PEG-b-PCL
with "'In, DTPA-derivatized NH,-PEG-b-PCL was purified
by size exclusion chromatography using a Bio-Gel P2
column (1.5 x 30 cm column, gel exclusion limit 2 kDa;
Bio-Rad Laboratories) with ddH,O as the eluent. Fractions
corresponding to the purified DTPA-PEG-b-PCL copolymer
were collected and lyophilized. DTPA-PEG-b-PCL was
labeled by incubation of 500 ug of the copolymer with 37
MBq of ''"In-acetate for 30 min at 37 °C. ''In-acetate was
prepared by mixing equal volumes of !!'In-chloride (MDS-
Nordion, Inc.) with sodium acetate buffer (0.1M, pH 6.0).
The radiochemical purity was evaluated by ITLC using the
method previously described (R, '''In-DTPA-PEG-b-PCL =
0.0; Ry free ''"In = 1.0).

Characterization of Copolymers. '"H NMR spectra were
obtained on a Mercury 400 spectrometer (400 MHz for 1H)
in CDCl; solvent. Chemical shifts were reported in ppm with
CDCl; as the internal standard. Gel permeation chromatog-
raphy (GPC) measurements were carried out at room
temperature using a Waters 590 liquid chromatography
system equipped with three Waters Styragel HR 4E columns
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and a 410 differential refractometer detector. THF with 1%
triethylamine was used as the mobile phase at a flow rate of
1.0 mL/min at 40 °C and polystyrene standards (Polysciences
Inc., Warrington, PA) were used for calibration. The data
obtained was analyzed using the Windows-based Millenium
2.0 software package (Waters Inc., Milford, MA). FTIR
spectroscopy was conducted on a universal ATR spectrum-
one Perkin-Elmer spectrophotometer (Perkin-Elmer, Con-
necticut, U.S.A.) with a resolution of 4 cm™!. A background
spectrum containing no sample was subtracted from the
spectra.

Preparation and Characterization of !''In-Radiola-
beled Micelles. Micelles composed of MePEG-b-PCL were
prepared by the thin-film hydration method.?” Typically, a
50 mg sample of MePEG-b-PCL was dissolved in DMF by
stirring at room temperature for 24 h. The copolymer solution
was dried under nitrogen at room temperature and left under
vacuum overnight. A 1 mL aliquot of phosphate buffered
saline (PBS) (0.01 M, pH 7.4) at 60 °C was then used to
hydrate the copolymer film. The solution was vortexed,
stirred for 72 h at room temperature and sonicated for 1 h
prior to use. !'In-labeled micelles were prepared by coin-
cubation of ''In-DTPA-PEG-b-PCL copolymers with pre-
formed MePEG-H-PCL micelles at 60 °C for 1 h and
overnight at room temperature. The relative concentration
of "n-labeled copolymer was calculated to be 1% of the
total copolymer weight. The hydrodynamic diameter of
MePEG-b-PCL micelles and In-DTPA-PEG-b-PCL micelles
was determined by dynamic light scattering (DLS) at an
angle of 90° and temperature of 25 °C (DynaPro-MS/X;
Protein Solutions Inc., Lakewood, NJ). The samples were
diluted from the original copolymer concentration of 50 mg/
mL to 1 mg/mL prior to DLS measurement. For these
measurements, nonradioactive InCl; (Sigma-Aldrich, St.
Louis, MO) was employed and unbound InCl; was removed
by dialysis. The effective mean diameter and relative size
distribution of the micelles were obtained using the Dynamics
V.6.7.1 Regularization algorithm (Wyatt Technology Corp.).
The zeta-potential of the ''In-DTPA-PEG-b-PCL was evalu-
ated using a 90 Plus Particle Size Analyzer (Brookhaven
Instruments Corp., New York). The acquired zeta potential
measurements were analyzed using the PALS Zeta Potential
Analyzer software.

In Vitro Stability of Micelles. The micelle solutions were
mixed with equal volumes of either PBS (0.01 M, pH 7.4)
or PBS containing bovine serum albumin (45 g BSA/L in
0.01 M PBS) and incubated at 37 °C. At various time points,
20 uL aliquots of the solutions were removed and analyzed
by DLS (n = 3) to evaluate the in vitro stability of the block
copolymer micelles in the presence of physiologically
relevant concentrations of serum protein. Transchelation of
"Tn from '"'In-micelles (500 ug, 0.006 MBq/ug) to trans-
ferrin was measured in vitro by incubation of micelles with

(37) Lee, H., Soo, P. L., Liu, J., Butler, M., Allen, C. Polymeric
micelles for formulation of anti-cancer drugs. In Nanotechnology
in Cancer Therapy; Amiji, M. M., Ed.; CRC Press: Boca Raton,
2006; pp 317—355.

1 mL of PBS or 1 mL of mouse plasma at 37 °C for up to
72 h. SEC analysis using a Superose column (1.0 x 50 cm
column; GE Healthcare, QC, Canada) with PBS (0.01M, pH
7.4) as the eluent at a flow rate of 0.1 mL/min, was conducted
at 24, 48, and 72 h to evaluate the dissociation of '''In from
the micelles. The standard transferrin peak was identified
by SEC analysis of !'In-transferrin, prepared by incubating
H1n-acetate (3 MBq) with mouse plasma for 12 h at 37 °C.
An elution chromatogram was generated by counting the
radioactivity in the collected fractions using a y-counter.

Pharmacokinetics and Biodistribution. The pharmaco-
kinetics of elimination from the blood and biodistribution
of the copolymer and micelles were evaluated in healthy
female BALB/c mice of 4—6 weeks of age. All animal
protocols were in compliance with Canadian Council on
Animal Care guidelines and following a protocol approved
by the Animal Care Committee at the University Health
Network (Protocol 989.5). The '''In-micelles were prepared
as described above. The "'In-PEG-H-PCL unimers were
prepared by direct dissolution of DTPA-PEG-b-PCL in PBS
with vortexing, stirring at 60 °C for 1 h and room temperature
overnight followed by sonication to obtain a final copolymer
concentration of 20 mg/L. The DTPA-PEG-b-PCL unimers
were then labeled with "''In and the radiochemical purity
was determined by ITLC as described above. Groups of 3—6
healthy female BALB/c mice (Charles River, Wilmington,
MA) were administered with 3.7 MBq of !'!In-micelles (250
mg/kg), "'In-Bn-DTPA, or 'In-DTPA-PEG-b-PCL unimers
(0.2 mg/kg) (i.e., copolymer concentration below the CMC)
via iv tail vein injection. Blood samples were collected into
heparin coated capillary tubes via saphenous vein puncture
at regular intervals up to 48 h post injection. The samples
were counted in a y-counter and expressed as mean + SD
percent injected dose per milliliter (% i.d./mL) vs time. The
mice were sacrificed 48 h post injection by cardiac puncture
and the liver, spleen, heart, lungs, and kidneys were excised,
weighed, counted on a y-counter and expressed as mean =+
SD percent injected dose per gram (% i.d./g) of organ.
Scientist v.2.01 software (MicroMath Scientific Software,
St.Louis, Missouri) was used to fit the pharmacokinetic data,
using least-squares fitting parameters based upon a two-
compartment, bolus input, first order output model defined
by the equation

concentration (time)=A e M4 p ¢ ~Atime (1)

MicroSPECT/CT Imaging of Healthy Mice. Mi-
croSPECT/CT imaging was used as a noninvasive method
to assess circulation dynamics and tissue deposition of '''In.
Groups of 3—4 healthy female BALB/c mice were injected
with 37 MBq of ''"In-micelles (250 mg/kg) or '''In-Bn-
DTPA administered via iv tail vein injection. SPECT/CT
images were acquired at 2, 4, 12, 24 and 48 h postinjection.
Imaging was performed on a NanoSPECT/CT (Bioscan,
Washington, DC) small animal tomography imager. The four
multipinhole y-detector heads were each fitted with nine
high-resolution 1.4 mm tungsten apertures for high contrast
collimation. Cone-beam CT scans (180 projections, 1
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Table 1. Characteristics of PEG and PEG-b-PCL
Polymers Employed

Mn,cala Mn,GPCb Mn,NMRC Mw/Mnd CMCE

MePEG - 8740 5000 1.04 -
MePEGsi-b-PCLs 10000 17900 10300 1.15 38+6
NHo-PEGs¢-OH - 7360 5100 1.08 -
NHo-PEGs¢-b-PCLsc 10000 18200 10100 1.14 -
DTPA-PEGs-b-PCLsx  — 19000 11000 1.16 -

& Mhca =Mhoe + Mip; Moo, is the calculated molecular weight

(Da) of the PCL block based on the feed ratio of caprolactone to
MePEG. ® M,gpc is the relative molecular weight (Da) as
determined by GPC with respect to poly(styrene) standards.
S Manvr = M, + M, M,.. was calculated from 'H NMR

n | n
analysis. C’MW}JIE\(/;I,] = ppcglLydisppeCLrsity. ¢CMC = critical micelle
concentration (as previously determined) (mg/L)?®.

s/projection, 45 kVp, 0.18 mA) were performed prior to
helical SPECT image acquisition for anatomical reference.
For helical SPECT image acquisition, 24 projections were
acquired into a 512 x 512 acquisition matrix with a
minimum of 100,000 counts per projection. Images were
reconstructed using an ordered subset expectation maximiza-
tion (OSEM) algorithm (9 iterations). Coregistration of
SPECT and CT images was performed using InvivoScope
software (Bioscan). Postimaging, the mice were sacrificed
via cardiac puncture and the organs were excised, weighed
and counted in a y-counter. The radioactivity in the organs
was quantified and compared with the relative concentration
of '"'In in the organs estimated in the reconstructed images
by region of interest (ROI) analysis. InvivoScope image
processing software version 1.34 (Bioscan) was used for ROI
analyses and expressed as percent injected dose per gram
(% i.d./g).

MicroSPECT/CT Imaging of Tumor-Bearing Mice.
Evaluation of the tumor accumulation of the !''In-micelles
was conducted in female athymic BALB/c mice bearing
MDA-MB-231 tumor xenografts. The mice were inoculated
subcutaneously in the right flank with 1 x 107 MDA-MB-
231 breast cancer cells in 100 uL of growth medium mixed
with 100 uL of Matrigel (BD Biosciences). Two to four
weeks postinoculation, mice bearing tumors of an average
volume of 150 mm? were administered with 37 MBq of !!'In-
micelles (250 mg/kg) or ''In-Bn-DTPA via iv tail vein
injection and imaged using the NanoSPECT/CT imager at
24, 48, and 72 h post injection. Quantification was performed
by ROI analysis as described above.

Statistical Analysis. All data was reported as mean + SD.
Statistical comparison of the pharmacokinetics and biodistri-
bution of '''In-micelles, ! In-DTPA-PEG-bH-PCL unimers admin-
istered under the CMC, and '''In-Bn-DTPA was performed
using one-way parametric analysis of variance (ANOVA) with
an alpha value of 0.05. Post hoc analysis was conducted using
Bonferroni’s multiple comparisons test. Correlations between
two variables (ROI vs biodistribution data) were calculated by
generating a scatterplot (X versus Y) and tested using Pearson’s
correlation coefficient. All other statistical comparisons were
made using the Student’s ¢ test. GraphPAd Prism Software v.4.0
was utilized for all statistical evaluations.
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Figure 1. Structure and 'H NMR spectrum with peak
assignments for (A) MePEG-b-PCL and (B)
NH,-PEG-b-PCL, where n refers to the number of
ethylene oxide repeat units and m the number of
caprolactone repeat units.

— DTPA-PEG-b-PCL
= = NH,-PEG-b-PCL
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Figure 2. GPC chromatograms for NH,-PEG-OH,
NH>-PEG-b-PCL, and DTPA-PEG-b-PCL with THF +
1% TEA as the eluent.

Results

Synthesis and Characterization of MePEG-b-PCL.
Cationic ring opening polymerization of &-CL via an
activated monomer mechanism in the presence of HCL in
ether resulted in the formation of MePEG-b-PCL diblock
copolymers with >90% yield. The molecular weight (M,,)
of the PCL block was controlled by altering the feed ratio
of e-CL to MePEG in the reaction mixture. The copolymer
molecular weight was determined to be 10300 and 17900
Da by 'H NMR spectroscopy and GPC analyses, respectively
(Table 1). The M, xmr Was resolved by comparison of the
integrated peak areas of the resonances at 6 = 3.38 ppm
(MePEG) and 6 = 2.31 ppm (PCL) and was in good
agreement with the M, value calculated from the feed ratio
of &-CL to MePEG. Moreover, the polydispersity of the
MePEG-b-PCL diblock copolymer was relatively narrow
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(M/M,, =1.15) upon complete monomer conversion when
compared to the MePEG macroinitiator (M/M, =1.04).
Figure 1A includes the 'H NMR spectrum and peak
assignments for the MePEG-b-PCL diblock copolymer.

Synthesis and Characterization of DTPA-PEG-b-
PCL. The reactive NH,-PEG-b-PCL copolymer was syn-
thesized via cationic ring opening polymerization of e-CL
in the presence of HCL in ether. The '"H NMR resonance
attributable to the methylene protons of the PEG and the
PCL were well resolved revealing the expected chemical
structure (Figure 1B). Also, a small resonance can be
observed at 6 = 1.97 ppm (2H, NH,—CH,—CH,—) which
corresponds to the presence of the primary amine at the
terminus of PEG. The absence of a definable resonance at o
= 6.17 (1IH, —NH—CO—) corresponding to a secondary
amine proton of an amide linkage implies that ring opening
polymerization occurred via the hydroxyl endgroup of the
macroinitiator.

As shown in Table 1, the M, determined by 'H NMR was
in agreement with the theoretical value, indicative of
successful polymerization. In addition, the polydispersity
remained relatively narrow in comparison to the macroini-
tiator. As illustrated in Figure 2, GPC analysis reveals a shift
to earlier elution times for NH,-PEG-b-PCL and DTPA-PEG-
b-PCL, relative to NH,-PEG-OH, consistent with an increase
in molecular weight distribution and indicative of successful
ring opening polymerization of e-CL and conjugation of
p-SCN-bn-DTPA. Furthermore, monomodal molecular weight
distributions were observed for the initial (NH,-PEG-OH),
intermediate (NH,-PEG-b-PCL), and final products (DTPA-
PEG-b-PCL). There was an apparent slight broadening of
the GPC peaks for NH,-PEG-b-PCL and DTPA-PEG-b-PCL
compared to NH,-PEG-OH. The discrepancy between the
values obtained for the molecular weight of the copolymer
from 'H NMR and GPC analyses are attributed to the
difference between the hydrodynamic volumes of the block
copolymers and the polystyrene standards.

FTIR analysis (details in the Supporting Information
Figure S1) revealed a band at 1639 cm™! attributable to the
bending vibrations of the terminal primary amine (N—H)
group of NH,-PEG-b-PCL. A band at 2867 cm ™! attributed
to the stretching vibration of the aliphatic C—H chains of
PEG can also be observed. Bands at 1730, 2950 and 3444
cm™! were assigned to the stretching vibration of the carbonyl
group, aliphatic C—H chain and terminal —OH group of the
PCL, respectively. In addition, bands at 1100—1200 cm ™!,
1175 cm™!, and 1346—1473 cm™! corresponding to the
O—C—0 and C—0, the C—N, and the C—O—H bonds in
the polymer backbone, respectively, were well resolved. The
presence of these unique spectral characteristics indicates
successful ring-opening polymerization of e-CL by NH,-
PEG-OH in the presence of HCI in ether.

The conjugation efficiency of p-SCN-Bn-DTPA to NH,-
PEG-b-PCL was evaluated using ITLC-SG analysis of the
n-labeled reaction mixture (details in the Supporting
Information Figure S2). This analysis revealed that 38.9%
of the radioactivity migrated as a broad peak near the origin
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Figure 3. (A) In vitro stability of MePEG-b-PCL micelles
and In-micelles in PBS or PBS containing physiologically
relevant concentrations of BSA as determined by DLS. (B)
Percent transchelation of ''In to serum transferrin over
72 h incubation period.
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Figure 4. Percent injected dose of radioactivity remaining
in the blood at various time points post injection of
"n-micelles, '"'In-DTPA-PEG-b-PCL unimers admin-
istered under the CMC, or """'In-Bn-DTPA.

which corresponded to ""'"In-DTPA-PEG-b-PCL (fractions
1—4). The unconjugated p-SCN-Bn-DTPA labeled with '''In
("'"In-Bn-DTPA) migrated to the solvent front. Thus, based
on the known mole ratio of p-SCN-Bn-DTPA:NH,-PEG-b-
PCL used in the reaction (2:1), it was estimated that the
average number of DTPA groups conjugated per copolymer
was 0.78 £ 0.09.

Purification, Radiolabeling, and Radiochemical Purity.
Unconjugated p-SCN-Bn-DTPA was successfully removed
by size exclusion chromatography using a P-2 column. The
ability of this column to completely separate DTPA-PEG-
b-PCL from unconjugated DTPA was confirmed by chro-
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Table 2. Pharmacokinetic Parameters for '"'In-micelles,
"n-DTPA-PEG-b-PCL Unimers or '"'In-Bn-DTPA
Administered Intravenously in Healthy BALB/c Mice?

tea tg Vi Vss  CL AUC
sample )y (h) (mL) (mlL) (mUh) (% id. x himL)
"n-micelles® 0.40 29.1 1.30 1.85 0.04 2260
"In-DTPA-PEG- 0.09 1.99 0.60 2.32 0.94 106
b-PCL®
"n-Bn-DTPA 0.18 9.49 7.70 57.4 4.91 20.4

% tpq = alpha half-life, 3 = beta half-life, V; = volume of
distribution, Vss = volume of distribution at steady-state, CL =
clearance rate, AUC = area under the curve. ® ""'In-Micelles refers
to administration of copolymer at concentrations above CMC.
¢"n-DTPA-PEG-b-PCL refers to administration of copolymer at
concentrations below CMC.

Table 3. Biodistribution Pattern of Radiolabeled
Formulations at 48 h Postinjection in Healthy BALB/c Mice®

"In-Micelles '"'In-DTPA-PEG-b-PCL '""'In-Bn-DTPA

blood 11+4 09+0.6 0.1+0.2
liver 14+ 3 13+£2 0.3+0.2
heart 14+02 0.5+ 0.1 0.3+0.1
kidneys 3.2+ 0.9 0.7+0.2 1.7+£09
spleen 21+6 23+04 1.3+ 05
lung 26+04 05+0.2 0.3+ 0.1

@ Tissue distribution in healthy mice administered '''In-micelles,
"In-PEG-b-PCL unimers administered under the CMC, or
"n-Bn-DTPA 48 h p.i. (expressed as % id/g =+ SD);
representative of three-independent determinations (n = 3).

matographing this mixture labeled with ''In and measuring
the radioactivity of the eluted fractions in a y-counter (details
in the Supporting Information Figure S3A). ITLC analysis
of DTPA-PEG-b-PCL following removal of unbound DTPA
and labeled with !"'In revealed a 97 & 2% radiochemical
purity (R; '"'In-DTPA-PEG-b-PCL = 0.0; R; '"'In-Bn-DTPA
= 1.0) (details in the Supporting Information Figure S3B).

Size, Size Distribution and Zeta Potential of Micelles. The
mean hydrodynamic diameters of the MePEG-b-PCL and
Tn-labeled micelles were 57.7 £+ 5.4 nm and 58.0 4 5.0
nm, respectively, with monomodal size distributions (data
not shown). The relative mean zeta potential of MePEG-b-
PCL and '!"In-labeled micelles were found to be —2.7 and
—5.8 mV, respectively.

In Vitro Stability. Micelles formed from a mixture of
MePEG-b-PCL and '"'In-DTPA-PEG-b-PCL copolymers
retained their size and monomodal size distribution over the
14-day incubation period in the presence and absence of
physiologically relevant concentrations of BSA (Figure 3A).
Transchelation of '''In from !!!In-micelles to transferrin was
assessed in vitro by incubation of the '''In-micelles with
mouse plasma at 37 °C for 72 h (Figure 3B). Through
quantification of the radioactivity in the resolved transferrin
and micelle peaks by SEC analysis, it was found that
transchelation to transferrin was minimal (i.e., 3.6%) over
the 72 h incubation period (details in the Supporting
Information Figure S4).

Pharmacokinetics and Biodistribution in Healthy
Mice. The concentrations of radioactivity in the blood of
mice injected intravenously with '!'In-micelles, !''In-DTPA-
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b-PCL administered under the CMC (38 + 6 mg/L)** or
"n-Bn-DTPA at selected times up to 48 h p.i. are shown
in Figure 4. The data was fitted using a two-compartment
pharmacokinetic model; the elimination constants for the
central and the peripheral compartments were obtained and
are summarized in Table 2. All three radiopharmaceuticals
were found to exhibit a biphasic elimination profile charac-
terized by a rapid distribution phase and a prolonged
elimination phase. The o-phase and 5-phase half-lives were
4-fold and 15-fold longer, respectively, for '''In-micelles
compared to '''In-DTPA-PEG-b-PCL unimers (2, = 0.40
vs 0.09 h and 71,5 = 29.1 vs 1.99 h, respectively; Table 2).
The #1245 of "'In-micelles was 3-fold longer than that of !!'In-
Bn-DTPA (ti,5 = 9.49 h). The area under the blood
concentration vs time curve value for '''In-micelles (AUC
= 2260% i.d. x h/mL) was more than 21 times greater than
that for '"'In-DTPA-PEG-b-PCL unimers (106% i.d. x
h/mL) and 110-fold higher than that for '''In-Bn-DTPA
(AUC = 204% id. x h/mL). Taken together, these
pharmacokinetic parameters revealed that '''In-micelles were
eliminated more slowly from the blood than '''In-DTPA-
PEG-b-PCL unimers, and much more slowly than unconju-
gated ''"In-Bn-DTPA. The volume of distribution of the
central compartment (V) for "In-micelles (1.30 mL) was
2-fold higher than for '''In-DTPA-PEG-b-PCL unimers (0.60
mL), but 6-fold lower than for ''""In-Bn-DTPA (7.70 mL).
The volume of distribution at “steady-state” (Vss) was slightly
smaller for '"'In-micelles (1.85 mL) than for '''In-DTPA-
PEG-b-PCL unimers (2.32 mL), but almost 32-fold lower
than that for !"'In-Bn-DTPA (57.4 mL). These parameters
indicate that '"In-micelles and '''In-DTPA-PEG-b-PCL
unimers are mainly confined to the blood volume of the mice
(approximately 2—3 mL), whereas unconjugated '!''In-Bn-
DTPA is widely distributed to tissues. At 48 h p.., 13 £
2% i.d./mL of the "In-micelles, 0.5 & 0.1% i.d./mL of the
"HTn-DTPA-PEG-b-PCL unimer, and 0.1 £+ 0.06% i.d./mL
of the "'n-Bn-DTPA remained in blood circulation,
respectively.

The results of biodistribution studies of the '''In-micelles,
"n-DTPA-PEG-b-PCL unimers administered under the
CMC, and ""In-Bn-DTPA at 48 h p.i. are shown in Table
3. Comparative biodistribution analysis revealed '''In-
micelles accumulated mainly in the spleen (27 £ 6% i.d./g)
and liver (14 4 3% i.d./g) in comparison to '''In-DTPA-
PEG-b-PCL unimers which exhibited a 12-fold lower spleen
but similar hepatic uptake (2.3 £ 0.4% i.d./g and 13 + 2%
i.d./g, respectively). This is possibly due to mononuclear
phagocyte system (MPS) clearance, commonly observed with
other micelle or liposomal formulations.>>**~*!' Localization
of the ""In-micelles in these organs infers that the PEG
corona does not completely prevent MPS uptake. The
increased spleen and liver concentrations of '!'In-micelles
over ''"[n-DTPA-PEG-b-PCL unimers may be attributed to
the increased blood circulation time of the copolymer in its
thermodynamically stable form. Unconjugated '!''In-Bn-
DTPA demonstrated very low uptake in these organs (1.3
+ 0.5% i.d./g and 0.3 £ 0.2% i.d./g, respectively (P <
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Figure 5. (A) MicroSPECT/CT maximum intensity projection (MIP) of a healthy BALB/c mouse acquired after i.v
administration of "'In-Bn-DTPA, which clearly delineates the G.I. tract. (B) MIP of "'In-micelles in a healthy BALB/c
mouse. Clear uptake is observed in the heart (1), spleen (2), liver (3), bladder (4), and carotid arteries (5) at 2 h, 4 h,
12 h, 24 h, and 48 h post injection. The '""In-micelles can be observed in circulation up to 48 h p.i. (C) Postimaging
biodistribution analysis, obtained by excision of organs and y-counting, illustrating tissue uptake of '"'In-Bn-DTPA at
48 h p.i. (expressed as % i.d./g of organ). (D) Tissue distribution of ""'In-micelles by MicroSPECT/CT ROI analysis
and postimaging excision of organs and y-counting at 48 h p.i. (E) ROI analysis of heart, liver, and spleen uptake of
""In-micelles in healthy BALB/c mice at various time points postinjection.

0.001)). The relatively small size of !''In-Bn-DTPA resulted
in rapid elimination leading to minimal normal tissue
accumulation. Localization of 'In-micelles and !''In-DTPA-
PEG-b-PCL unimers to other normal tissues was assumed
to be nonspecific and possibly attributable to blood pool
radioactivity. Accumulation in the heart and lungs were
3-fold higher for the ''In-micelles than the '''In-DTPA-PEG-
b-PCL unimers, respectively. '''In-Bn-DTPA demonstrated
only trace accumulation in these organs (0.3 = 0.1% i.d./g
and 0.3 £ 0.1% i.d./g). Similarly, kidney accumulation was
4-fold higher for the '"'In-micelles than the '''In-DTPA-PEG-

(38) Elbayoumi, T. A.; Torchilin, V. P. Enhanced accumulation of long-
circulating liposomes modified with the nucleosome-specific
monoclonal antibody 2C5 in various tumours in mice: Gamma-
imaging studies. Eur. J. Nucl. Med. Mol. Imaging 2006, 33, 1196—
1205.

(39) Harrington, K. J.; Rowlinson-Busza, G.; Syrigos, K. N.; Uster,
P. S.; Abra, R. M.; Stewart, J. S. W. Biodistribution and
pharmacokinetics of111In-DTPA-labelled pegylated liposomes in
a human tumour xenograft model: implications for novel targeting
strategies. Br. J. Cancer 2000, 83, 232-238.

(40) Novakova, K.; Laznicek, M.; Rypacek, F.; Machova, L. I-125-
labeled PLA/PEO block copolymer: biodistribution studies in rats.
J. Bioact. Compat. Polym. 2002, 17, 285-296.

(41) Wang, H. E.; Yu, H. M.; Lu, Y. C.; Heish, N. N.; Tseng, Y. L.;
Huang, K. L.; Chuang, K. T.; Chen, C. H.; Hwang, J. J.; Lin,
W.I.; Wang, S. J.; Ting, G.; Whang-Peng, J.; Deng, W. P. Internal
radiotherapy and dosimetric study for 111In/177Lu-pegylated
liposomes conjugates in tumor-bearing mice. Nucl. Instrum.
Methods 2006, 569, 533-537.

b-PCL unimers (3.2 £+ 0.9% i.d./g and 0.7 & 0.2% i.d./g)
and 2-fold higher than '''In-Bn-DTPA (1.7 & 0.9% i.d./g),
respectively. Radioactivity remaining in the blood at 48 h
p-i, (acquired via cardiac puncture) was significantly higher
for ""In-micelles (11 4 4% i.d./g) in comparison to '''In-
DTPA-PEG-b-PCL unimers (0.92 & 0.6% i.d./g) and '''In-
Bn-DTPA (0.12 £ 0.2% i.d./g), respectively (p < 0.01).

MicroSPECT/CT Imaging in Healthy Mice. As shown
in Figure 5A, "'In-Bn-DTPA was rapidly eliminated from
the blood prior to the first imaging time point at 2 h p.i. as
expected, likely by glomerular filtration but also in part by
hepatobiliary elimination as noted in the microSPECT/CT
images. Only some residual radioactivity that was cleared
into the gastrointestinal tract was observed up to 4 h p.i.
with no major accumulation of '''In activity visualized in
any other organs.

In contrast, as shown in Figure 5B, '''In-micelles exhibited
a higher level of circulating radioactivity within the heart
and some major vessels. As well, radioactivity was localized
in the liver, spleen and spine up to 8 h p.i. At 24 and 48 h
p-i., the heart, major blood vessels, and spine could no longer
be visualized but the spleen uptake became more prominent.
As illustrated in Figure 5D, evaluation of the biodistribution
postimaging via excision and y-counting of organs revealed
predominant spleen (24 + 4% i.d./g), liver (13 &+ 3% i.d./
), and kidney (3 + 1% i.d./g) accumulation of the ''In-
micelles, while only trace accumulation in all organs excised
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Figure 6. (A) MIP and sagittal image of tissue accumulation of ''In-micelles 48 h p.i in an athymic BALB/c mouse
bearing an MDA-MB-231 tumor xenograft after iv administration of '"'In-micelles. Clear visualization of the liver,
spleen, bladder and tumor was observed. (B) Tissue distribution of '"'In-micelles acquired via conventional
methodology and MicroSPECT/CT ROI analyses in MDA-MB-231 tumor-bearing mice at 48 h p.i. (C) Transversal
slices of tumor accumulation illustrating nonhomogeneous distribution of "'*In-micelles.

was observed for !"'In-Bn-DTPA (Figure 5C). Tissue ac-
cumulation was strongly correlated between ROI analysis
and postimaging assessment of biodistribution in the liver
and the spleen (r = 0.91, P = 0.02). Furthermore, as the
"In-micelles were sequestered and eliminated via the MPS
(liver and spleen), the radioactivity remaining in circulation
(passing through the heart) was noticeably diminished while
the activity in the liver and spleen was increased (Figure
SE).

MicroSPECT/CT Imaging in Mice Bearing MDA-MB-
231 Tumor Xenografts. As shown in Figures 6A and 6B,
accumulation of radioactivity in the spleen, liver, and tumor
was observed at 48 hpi of '''In-micelles in athymic mice
bearing s.c. MDA-MB-231 breast cancer xenografts. Closer
examination of the tumor radioactivity on the transverse
slices revealed incomplete and nonhomogeneous distribution
of ""In within the tumor nodule, with the majority located
at the periphery (Figure 6C). Tumor accumulation estimated
by ROI analysis was found to be 9 & 2% i.d./g. Postimaging
quantification of normal tissue and tumor accumulation by
y-counting is shown in Figure 6B. Liver uptake was 13 £
3% i.d./g, while spleen uptake was 22 £+ 5% i.d./g. Tumor
uptake was found to be 9 + 2% i.d./g. These values agreed
well with the ROI analysis estimates (r = 0.91, P = 0.03).
Elimination kinetics from the blood was very rapid for the
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"1n-Bn-DTPA and no distinguishable localization in the
MDA-MB-231 tumor xenografts was observed at 48 h p.i.
In contrast, the ''In-micelles exhibited 52-fold significantly
greater tumor accumulation (9 vs 0.17% i.d./g) that was
clearly visualized on the images. Maximal tumor uptake was
observed at 48 h p.i., and ROI analysis again correlated well
with conventional postimaging biodistribution data measured
by y-counting (r = 0.91 and P = 0.03).

Discussion

With numerous drug formulations based on block copoly-
mer micelles in clinical evaluation for the treatment of cancer,
there exists a need to develop imageable micelle formulations
that enable noninvasive image-based assessment of the
pathway and fate of these systems in vivo. The radiolabeling
of block copolymer micelles with '''In enables high resolu-
tion SPECT imaging which when combined with CT
provides information on the location of the micelles in the
context of the whole body frame. In terms of spatial
resolution, sensitivity, and potential for quantification, the
combination of SPECT and CT is particularly powerful.*?

Moreover, the integration of nuclear imaging, such as
SPECT, and nanotechnologies is expected to expedite the
acquisition of their PK and biodistribution in preclinical and
clinical studies. In particular, the pharmacological disposition
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of the nanotechnology including its adsorption, distribution,
and elimination can be monitored in real-time in a nonin-
vasive manner. For instance, drawing ROI over the heart
and other organs affords accurate quantification of the
concentrations of agents in blood and tissue. Several pre-
clinical studies have shown that '!'In concentrations in tissues
can be delineated with acceptable accuracy using mi-
croSPECT imaging.***** However, there are inherent limita-
tions associated with ROI analysis to quantify the distribution
of ""In in tissues. For example, only radioactivity in visibly
distinguishable organs and tissues can be quantified, and
drawing the ROI on the images is somewhat subjective. In
addition, the accuracy of quantification of '''In uptake in
organs by ROI image analysis can be influenced by scattered
y-photons (partial volume effect) and attenuation by overly-
ing tissues (negligible in a mouse model but much greater
in humans). As well, longitudinal assessment of '''In
distribution by microSPECT imaging is limited by the half-
life of the radionuclide (ie., t;, '"'In = 2.83 days).
Nevertheless, a significant correlation between microSPECT/
CT ROI analysis and the biodistribution data obtained by
y-counting of excised tissues in healthy (» = 0.93, P = 0.001)
and tumor-bearing mice (r = 0.91, P = 0.03) was established
in this study, implying that imaging can be used as a
noninvasive tool to accurately quantify relative tissue
concentrations of '''Tn-micelles.

The high sensitivity and submillimeter resolution of
microSPECT/CT enables noninvasive assessment of the
efficacy or tissue toxicity of !!'In-labeled systems for tumor
diagnosis or treatment. Due to the modular design of the
block copolymer micelles, changes to the copolymer com-
position may be made based upon imaging studies to
circumvent problems such as toxicity, poor stability, or low
tumor localization. For example, it is evident that there is
significant liver and spleen accumulation of the 'In-micelles.
Based on this, optimization strategies can be employed to
reduce uptake in these organs. One strategy could be to
replace or modify the metal chelator SCN-Bn-DTPA em-
ployed in this study. In comparative biodistribution studies
of five different backbone substituted derivatives of SCN-
Bn-DTPA linked to a monoclonal antibody (mAb) and
labeled with '"'In, Roselli et al. found that the mAb-1B3M-
DTPA had a tumor to liver ratio of 9.96 in comparison to
3.99 for mAb-SCN-Bn-DTPA at 120 h p.i., respectively in

(42) Zheng, J.; Jaffray, D.; Allen, C. Nanosystems for multimodality
in vivo imaging. In Multifunctional Pharmaceutical Nanocarriers;
Torchilin, V. P., Ed.; Springer:in press.

(43) Carlson, S. K.; Classic, K. L.; Hadac, E. M.; Bender, C. E.; Kemp,
B.J.; Lowe, V.J.; Hoskin, T. L.; Russell, S. J. In vivo quantitation
of intratumoral radioisotope uptake using micro-single photon
emission computed tomography/computed tomography. Mol.
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athymic mice bearing a human colon carcinoma xenograft.*’
Furthermore, they found that tumor uptake increased 2-fold
from 20.67 to 41.7% i.d./g after 120 h with the mAb-1B3M-
DTPA derivative in comparison to the mAb-SCN-Bn-DTPA.
45 Similarly, active delivery to tumor-associated epitopes
overexpressed on cancer cells via conjugation of a targeting
moiety to the surface of delivery systems can result in
significantly higher tumor uptake.*® In this way, modification
of the PEG-b-PCL micelle surface with epidermal growth
factor (EGF) or trastuzumab (Herceptin) to route the micelles
to EGFR or HER2-positive breast cancer could be a means
of enhancing and increasing the specificity of tumor ac-
cumulation. The use of such targeting ligands could also
inform on the expression of tumor status indicators such as
tumor cell surface receptors or tumor vasculature markers
which would provide valuable insight into the metastatic
potential, angiogenic activity and possible drug resistance
of the tumor. Through imaging, this invaluable information
will enable the development of personalized treatment
strategies.*’

Importantly, in the current study microSPECT imaging
of '""In-micelles provided insight on the intratumoral dis-
tribution of these nanoassemblies in wvivo. Specifically,
analysis of the transverse slices of the tumor revealed
heterogeneous distribution and incomplete tumor penetration
of the "'In-micelles (Figure 6C). The heterogeneity could
be associated with the disorganization of the tumor vascu-
lature*® and the limited penetration of the micelles from the
vascular surface into the tumor interstitium. Therefore,
despite the significant accumulation of the micelles at the
tumor site via passive targeting, the distribution of the
delivery system is limited primarily to the tumor periphery.
This critical information, that is otherwise unavailable
through traditional assessment of biodistribution, could have
profound implications in terms of the ability of such a micelle
formulation to eradicate all or most tumor cells in a lesion.
To date, evaluation of the relationships between properties
of nanocarriers and their performance in vivo has largely
been performed using traditional methods. Therefore, infor-
mation on the intratumoral distribution of delivery systems
is limited. A recent study that relied on intravital laser-
scanning confocal microscopy of solid tumors in nude mice
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implanted with a dorsal skin fold window chamber, showed
that macromolecular carriers with molecular weights of 40,
70 and 2000 kDa and 2000 kDa (i.e., hydrodynamic
diameters of ~11, 15 and 50 nm, respectively) had moderate
to long circulation lifetimes, yet the apparent tumor perme-
ability rates decreased almost 6-fold; from 9.5—9.8 x 1077
cm/s for the 11 and 15 nm macromolecules to 1.7 x 1077
cm/s for the 50 nm macromolecules.?® In order to address
the poor tumor penetration of the '''In-micelles achieved in
this study, the copolymers could be tailored to form smaller
micelles which may in turn facilitate increased tumor
permeability. These studies highlight the key information that
may be obtained through noninvasive image-based assess-
ment of the distribution of drug formulations.

The findings from this study support the use of radiola-
beled block copolymer micelles for image-guided drug
delivery. Multifunctional block copolymer micelles labeled
with "'In and loaded with a therapeutic agent would allow
for real-time monitoring of the tumor accumulation and
intratumoral distribution of the formulation. However, use
of this approach to achieve image-guided therapy requires
that the majority of the drug remain within the carrier until
reaching its target site. Information obtained through image-
guided drug delivery is critical to achieving leap-step
advances that result in more efficacious treatments and the
future realization of personalized medicine. In the clinical
translation of these advanced drug delivery vehicles, such
information could provide insight into why some formula-
tions, though promising in preclinical animal models, fail in
clinical development. Imageable drug delivery vehicles could
allow for patient prescreening for early optimization of the
dose or dose schedule and enable identification of individual
patients with high tumor accessibility prior to administration
of a drug-loaded formulation. This would enable the dif-
ferentiation of patients more likely to respond to drug
treatment from patients that are less likely to respond.
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Alternative treatment strategies could then be pursued for
patients that are less likely to respond.

In closing, the full exploitation of block copolymer
micelles as a delivery technology for drugs or radionuclides
requires a firm understanding of their pathway and fate in
vivo. The integration of advances in imaging (i.e., hybrid
MicroSPECT/CT) and radiochemistry (i.e., p-SCN-Bn-
DTPA) with this delivery technology allowed for the
development of an imaging agent (i.e., '''In-micelles) that
was evaluated in vivo with high sensitivity and high
resolution. MicroSPECT/CT imaging allowed for accurate
visualization and quantification of the tissue distribution and
fate of the !''In-labeled micelles in vivo in real time in the
same animal. Furthermore, microSPECT/CT imaging enabled
the quantification of the nonspecific tumor uptake of the
micelles and visualization of their degree of tumor penetra-
tion. In this way, the image-based assessment provided
unique information that is not obtainable using conventional
methodologies.
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