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Purpose. Block copolymer micelles (BCMs) were functionalized with indium-111 and/or epidermal
growth factor (EGF), which enabled investigation of the in vivo transport of passively and actively
targeted BCMs. The integration of conventional and image-based techniques afforded novel quantitative
means to achieve an in-depth insight into the fate of polymeric nanoparticles in vivo.
Methods. Pharmacokinetics and biodistribution studies were performed in athymic mice bearing human
breast xenografts to evaluate the whole-body transport of NT-BCMs (non-targeted, EGF-) and T-BCMs
(targeted, EGF+). The intratumoral distribution of BCMs was investigated using MicroSPECT/CT and
autoradiographic imaging, complemented with quantitative MATLAB® analyses. Tumors were
fractionated for quantifying intracellular uptake of BCMs via γ-counting.
Results. The intratumoral distribution of NT-BCMs and T-BCMs were found to be heterogeneous, and
positively correlated with tumor vascularization (r>0.68±0.04). The enhanced in vivo cell uptake and cell
membrane binding of T-BCMs were found to delay their clearance from tumors overexpressing EGFR,
and therefore resulted in enhanced tumor accumulation for the T-BCMs in comparison to the NT-BCMs.
Conclusions. Adequate passive targeting is required in order to achieve effective active targeting. Tumor
physiology has a significant impact on the transvascular and intratumoral transport of passively and
actively targeted BCMs.

KEY WORDS: active targeting; block copolymer micelles; epidermal growth factor; intratumoral
distribution; passive targeting.

INTRODUCTION

Nanoparticle-based drug delivery systems (NDDS) have
made an enormous impact in the field of drug formulation,
especially in oncology, with many drugs relying on NDDS
currently in clinical trials or with approval for clinical use

(1,2). In particular, long-circulating NDDS have the ability to
passively target solid tumors via the enhanced permeability
and retention (EPR) effect. The EPR effect occurs as a result
of the leaky vasculature and impaired lymphatic clearance
within tumors, which leads to preferential NDDS extrava-
sation and retention at the tumor site (3). Compared to free
drugs of lower molecular weight, drugs encapsulated in long-
circulating NDDS exhibit more favorable pharmacokinetics,
biodistribution, and toxicity profiles (4–6). In an attempt to
further increase the therapeutic index of drug-loaded NDDS,
many scientists have pursued active targeting by functionalizing
the NDDS surface with moieties that recognize biomarkers
expressed in diseased tissues. Examples of active targeting
biomarkers include receptors for ligands with high affinity for
angiogenic neovasculature (7,8) or proliferation markers that
are overexpressed on the tumor cell surface (9–11). Several
excellent reviews on the recent progress of actively targeted
NDDS can be found elsewhere (12,13).

The most established molecular targets exploited in the
development of actively targeted NDDS for oncology include
the folate (14,15), HER-2 (9,16), and epidermal growth factor
(EGF) receptors (10,17,18). The popularity of these molecular
targets stems from their overexpression in a wide range of tumor
cells, as well as their well-characterized biological functions and
internalization pathways. Upon binding to their corresponding
receptors, internalization of the ligand-conjugated NDDS
occurs rapidly and, therefore, significantly enhances intracellu-
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lar transport. Numerous studies have examined the in vitro
uptake of targeted NDDS (T-NDDS) versus non-targeted
NDDS (NT-NDDS) (12,19,20). Many drug-loaded T-NDDS
have shown promise in vitro, where significant increases in
cellular uptake along with much improved cytotoxicity were
observed when compared to their NT counterparts (11,17,21).
Most in vivo studies have focused on examining the pharmaco-
kinetics, biodistribution profiles, and therapeutic efficacy, of T-
and NT-NDDS in tumor-bearing animals. However, few studies
have investigated the in vivo cellular uptake of T- and NT-
NDDS in order to determine if the promising results obtained
for cell uptake in vitro are reproducible in vivo. More
importantly, knowledge regarding the intratumoral distribution
and tumor penetration of NDDS following passive and/or active
targeting is limited. While a few reports on liposome-based
formulations (9,15) have begun to shed light on some questions
pertaining to the fate of T- and NT-NDDS in vivo, the tissue and
cellular transport of polymeric nanoparticles, such as block
copolymer micelles (BCMs), remain virtually unexplored.

The current study aims to elucidate the tumor accumu-
lation kinetics, intratumoral distribution, and in vivo cellular
uptake of BCMs. The BCMs were labeled with indium-111
(111In) for in vivo tracking, while T-BCM surfaces were also
functionalized with EGF as a targeting moiety, which is an
endogenous ligand for the EGF receptor (EGFR). EGFR is
overexpressed in a wide range of epithelial cancers, including
lung and breast (22,23). Our group has previously reported
that T-BCMs (EGF-conjugated BCMs) loaded with an anti-
cancer drug exhibit enhanced in vitro cellular uptake and
cytotoxicity in EGFR-overexpressing breast cancer cells,
compared to NT-BCMs (17,24). Therefore, we now report,
the pharmacokinetics and biodistribution of the NT- and T-
BCMs, as well as intratumoral distribution as determined by
SPECT/CT and autoradiographic imaging (Fig. 1). In
particular, the intratumoral distribution of NT- and T-BCM
were mapped with respect to microvessel distribution and
densities within the tumors. The tumors were also fractionated
for quantification of BCMs (NT and T) in the extracellular
matrix and intracellular compartment. This study demonstrates
the use of multifunctional BCMs in combination with
conventional and image-based methods to fully elucidate the
whole-body and intratumoral transport of these systems in vivo.

MATERIALS AND METHODS

Materials

Methoxy poly(ethylene glycol) (MePEG, Mn=5,000, Mw/
Mn=1.06) was purchased from Polymer Source Inc. (Mon-
treal, QC, Canada). Heterobifunctional α-hydroxy-ω-amino
poly(ethylene glycol) (HO-PEG-NH2, Mn=5,000, Mw/Mn=
1.08) and α-hydroxy-ω-carboxyl poly(ethylene glycol) (HO-
PEG-COOH, Mn=4,910, Mw/Mn=1.05) were purchased from
Jenkem Technology Inc. (Beijing, China). Dimethylsulfoxide
(DMSO), hydrochloric acid (HCl in ether, 1.0 M), triethyl-
amine, calcium hydride, human EGF, N-hydroxy succinimide,
N,N-dimethylformamide (DMF), N,N′-dicyclohexyl carbodii-
mide (DCC) were purchased from Sigma-Aldrich (Oakville, ON,
Canada). 111In-chloride was obtained from MDS Nordion
(Kanata, ON, Canada). 2-(4-isothiocyanatobenzyl)-
diethylenetriaminepentaacetic acid (p-SCN-Bn-DTPA) was

purchased from Macrocyclics Inc. (Dallas, TX). Toluene,
dichloromethane, and ε-caprolactone (ε-CL) were purchased
from Sigma-Aldrich (Oakville, ON, Canada), dried under
calcium hydride and distilled prior to use. All chemicals were
used as received unless otherwise specified.

Whole-Body Transport 

Intratumoral Distribution and Transport 

In Vivo Cellular Uptake 
Fig. 1. Scheme outlining the scope of the current studies. Tumor-
bearing mice were injected with 111In-NT-BCMs or 111In-T-BCMs.
The whole-body transport of BCMs was studied via traditional
pharmacokinetics and biodistribution studies. MicroSPECT/CT
imaging also provided a qualitative assessment of the whole-
body and intratumoral distribution of NT- and T-BCMs. The
intratumoral distribution of BCMs was examined at a higher
spatial resolution using autoradiographic imaging, which was
mapped with respect to the intratumoral microvessel densities.
Lastly, the in vivo cellular uptake of NT- and T-BCMs was
quantified by disaggregating the tumors into extracellular and
intracellular fractions.
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Synthesis, Purification, and Characterization
of Copolymers

MePEG-b-PCL, NH2-PEG-b-PCL, and COOH-PEG-b-
PCL copolymers were synthesized via metal-free cationic ring-
opening polymerization of ε-CL using established methods
described in detail elsewhere (25,26). Characterization, includ-
ing 1H NMR assignments for MePEG-b-PCL and NH2-PEG-
b-PCL, were published in a previous report (25). 1H NMR
assignments for COOH-PEG-b-PCL copolymers are as
follows: δ=1.38 ppm (2H, CO-CH2-CH2-CH2-CH2-CH2-O),
1.61 ppm (4H, CO-CH2-CH2-CH2-CH2-CH2-O), 2.29 ppm
(2H, CO-CH2-CH2-CH2-CH2-CH2-O), 2.72 ppm (6H, -CH2-
S-CH2-CH2-COOH), 3.62 ppm (4H, -CH2-CH2-O), 4.04 ppm
(2H, CO-CH2-CH2-CH2-CH2-CH2-O) and 4.2 ppm (2H, O–
CH2–CH2–O–CO). EGF-conjugated copolymers were
prepared as previously reported by activating the COOH-
PEG-b-PCL copolymers with NHS in the presence of DCC,
with subsequent conjugation of EGF to the NHS terminus (17).
EGF conjugation efficiency was found to be 42% using the
Micro BCA Protein Assay (Pierce Inc.; Rockford, IL) with
a standard curve prepared from known concentrations of
EGF (26).

Radiolabeling of Copolymers

111In-PEG-b-PCL copolymers were prepared as previ-
ously reported (25). Briefly, p-SCN-Bn-DTPA (2×mol excess,
dissolved in DMSO) was conjugated to NH2-PEG-b-PCL in
0.1 M sodium bicarbonate buffer (pH=8.5) for 4 h at room
temperature. DTPA-PEG-b-PCL was purified using a size-
exclusion column (Bio-Gel P2; BioRad, CA). 111In was
chelated to the DTPA-PEG-b-PCL copolymers in 0.1 M
sodium acetate buffer (pH=6) for 30 min at 37°C
immediately before use; the radiochemical purity of the
copolymers was determined using instant thin-layer silica-gel
chromatography (ITLC-SG; Pall Corp.) with development in
0.1 M sodium citrate buffer (pH=6). 111In-PEG-b-PCL
copolymers with radiochemical purity of ≥94% were used
for all experiments.

Preparation and Characterization of 111In-labeled NT-BCMs
and T-BCMs

MePEG-b-PCL copolymers were dissolved in DMF and
dried under nitrogen to form a dry copolymer film. The film
was hydrated with phosphate-buffered saline (PBS) (pH=7.4,
0.01 M) at 60°C to form NT-BCMs (EGF-) at a concentration
of 50 mg/mL. 111In-PEG-b-PCL copolymers (<1 mol %) were
added to the NT-BCMs, stirred for 1 h at 60°C and overnight
at room temperature to allow for uniform distribution of the
111In-PEG-b-PCL copolymers in the preformed NT-BCMs.
For preparation of T-BCMs (EGF+), EGF-PEG-b-PCL
copolymers (0.2 mol %; equivalent to approximately 1 EGF/
micelle assuming an aggregation number of 500) were added
along with the 111In-PEG-b-PCL for copolymer transfer into
the preformed NT-BCMs. The dissociation of 111In from the
BCMs and the transchelation of 111In to transferrin under
physiological conditions was found to be minimal as published
in detail elsewhere (25).

The effective mean diameter and zeta potential of NT-
BCMs and T-BCMs were measured using the 90 Plus Particle
Size Analyzer (Brookhaven Instruments Corp., NY). The
BCMs were chelated with non-radioactive InCl3 (purity
>98%; Sigma-Aldrich, Oakville) and were diluted to a
concentration of 1 mg/mL prior to measurements.

Tumor Inoculation

Balb/C female athymic mice of 4–6 weeks of age (16–
20 g) were used for tumor inoculation. The mice were housed
5 per cage under standard conditions with access to food and
water ad libitum. Mice were inoculated in the right flank
subcutaneously with 1×107 MDA-MB-468 cells (106 EGFR/
cell, EGFR-overexpressing tumor) suspended in DMEM
(10% fetal bovine serum, 1% penicillin-streptomycin). For
MCF-7 tumor-bearing mice (104 EGFR/cell), the mice were
implanted intradermally with a 17-β-estradiol pellet
(Innovative Research of America; Sarasoto, Florida) at least
24 h prior to inoculation with 2×107 cells subcutaneously.
Animal studies were conducted under a protocol approved by
the Animal Care Committee at the University Health
Network (AUP 989.3) and following Canadian Council on
Animal Care guidelines.

In Vivo Pharmacokinetics and Biodistribution Studies

Tumors were allowed to grow until reaching a diameter
of 4–8 mm (2–3 weeks post-inoculation) for in vivo
pharmacokinetics and biodistribution studies. Mice were
injected intravenously via the tail vein with BCMs (250 mg
of copolymer/kg, 3-4 MBq/mouse). At 5 min, 15 min,
30 min, 1, 2, 4, 8, 12, 24, 48, and 72 h post-injection (h.p.
i.), blood samples were collected from the saphenous vein
using a heparinized capillary tube. For biodistribution
studies, the animals were anesthetized and sacrificed by
cardiac puncture. Tissue samples, including heart, lung, liver,
kidneys, spleen, and tumor, were collected at 4, 24, 48, and
72 h.p.i.. The amounts of radioactivity in the blood and
tissue samples were determined by γ-counting.

MicroSPECT/CT Imaging

MicroSPECT/CT imaging was used as a non-invasive
tool to image the tissue deposition of 111In-BCMs in the
MDA-MB-468 tumor-bearing mice (25). Each mouse was
injected with 37 MBq of 111In-BCMs (250 mg/kg) via tail-vein
injection. MicroSPECT/CT images were acquired at 48 h
post-injection using a NanoSPECT/CT small animal
tomograph (Bioscan, Washington, DC). Cone-beam CT
scans were performed prior to helical SPECT image
acquisition (minimum of 100,000 counts per projection).
InvivoScope image processing software (Bioscan, version
1.34) was used for reconstruction and coregistration of the
SPECT/CT images.

Intratumoral Distribution of 111In-NT-BCMs and 111In-T-
BCMs

Immediately following γ-counting, excised tumors (col-
lected at 48 h.p.i.) were placed into a cryomold containing
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Tissue-Tek® O.C.T. compound (Electron Microscopy Scien-
ces; Hatfield, PA). The tumors were frozen in an isopentane
bath in liquid nitrogen for 10 s. The tumor samples were then
cut into 8 μm thick sections. Histology staining including anti-
CD-31 antibody (for visualization of blood vessels), as well as
hematoxylin and eosin (H&E), was performed (Pathology
Research Program, University Health Network) on consec-
utive tissue sections immediately next to the tumor section
used for autoradiography.

One week following tumor excision, the unstained tumor
sections were exposed to aMultiSensitive Screen (PerkinElmer
Inc., MA) in an autoradiography cassette for 72 h. The
autoradiographic image was recorded using the Cyclone® Plus
Storage Phosphor System (PerkinElmer Inc., MA). The intra-
tumoral distribution of 111In-BCM was analyzed by quantifying
the amount of radioactivity within the tumor sections using the
OptiQuant™ Image Analysis Software (PerkinElmer Inc.,
MA). The autoradiographic image was overlaid with the CD-
31-stained section using Adobe® Photoshop (version 10.0.1).
A grid of regions of interest (ROI) with equal areas of 0.5 by
0.5 mm was arbitrarily assigned to each autoradiographic
image and the corresponding overlaid CD-31-stained image.
The amounts of radioactivity on the autoradiographic image
were presented as digital light units (DLU). The total blood
vessel area (expressed in pixels) in each of the 0.5×0.5 mm
grids was measured using a customized image analysis program
written in MATLAB® (version 7.5.0.342, R2007b). Pearson
correlation and linear regression analyses were used to
evaluate the correlation between DLU and the total blood
vessel area within the corresponding regions within each tumor
section.

In Vivo Cellular Uptake of 111In-BCMs in Tumors

The in vivo cellular uptake of 111In-BCMs was determined
following an optimized protocol that was previously published
by our group with slight modifications (27,28). Briefly, tumor
samples collected from biodistribution studies at 4, 24, 48, and
72 h.p.i. were thoroughly minced with a scalpel and were
transferred to a 5 mL polypropylene tube containing 0.3 mL of
a 0.2 M sodium acetate buffer (pH=2.5). The tissue samples
were disaggregated using a Sonic Dismembrator-Model 100
(Fisher Scientific, Pittsburg, PA). A 2.2 mL aliquot of the
acetate buffer was added to each of the homogenized samples,
followed by a 10 min incubation on ice. Extracellular and
membrane-bound radioactivity (supernatant) were separated
from the cells after centrifugation at 6,311×g for 10 min,
followed by two PBS rinses. The radioactivity in the final cell
pellet (intracellular fraction) and the extracellular/membrane
bound fraction were measured by γ-counting. This method was
validated previously and was shown to result in highly pure
cytoplasmic fractions (27,28). Homogenization of the tissue
samples likely leads to a certain degree of cell rupture;
therefore, the amount of 111In-BCMs measured in the
intracellular fractions may be an underestimate. However, it
should be noted that all tumors harvested from each treatment
group (both xenografts injected with NT-BCMs or T-BCMs)
were disaggregated in the same manner. In this way, the data
afforded a relative comparison between treatment groups with
no preferential bias towards mice treated with either NT-BCMs
or T-BCMs.

Statistical Analyses

All results were obtained from groups of n≥3 and are
expressed as mean ± standard deviation (SD). Statistical
analyses were performed using SPSS (Statistical Package for
the Social Sciences, version 14.0). Two-sample t-test was used
to measure statistical significance between pairs of results, and
p<0.05 was considered to be significant. For statistical analyses
among three or more groups, one-way analysis of variance
(ANOVA) was used, and subsequent multiple comparisons
with Bonferroni correction were performed if the ANOVA F-
test detected any statistical significance. Pearson correlation
and linear regression analyses were used for analyzing data
from the autoradiography studies.

RESULTS

Characterization of In-NT-BCMs and In-T-BCMs

NT- and T-BCMs prepared mainly from PEG5000-b-
PCL5000 copolymers were found to have effective mean
diameters of 57±8 nm and 61±1 nm, respectively. Previous
studies demonstrated that the NT-BCMs were stable and
maintained their size for at least 6 days in the presence of
physiological concentrations of the protein albumin (45 g/L)
(25). The zeta potentials of the NT- and T-BCMs were
−6.4 mV and −7.3 mV, respectively. Overall, the conjugation
of EGF as a targeting moiety on T-BCMs has a negligible
effect on the physico-chemical properties of the BCMs.

Pharmacokinetics of 111In-NT-BCMs and 111In-T-BCMs

Fig. 2 presents the pharmacokinetics profiles of NT-BCMs
(EGF-) and T-BCMs (EGF+) evaluated in two tumor-models,
MDA-MB-468 (106 EGFR/cell, EGFR-overexpressing) and
MCF-7 (104 EGFR/cell, low level of EGFR expression). Both
NT- and T-BCMs were found to exhibit biphasic pharmaco-
kinetics profiles, with no significant difference observed between
the treatment groups. The data were fit using a two-compartment
model with the assumption of elimination from the central
compartment (25,29). Table I presents the pharmacokinetics
parameters obtained by fitting the data using mathematical
modeling software (Scientist version 2.01, Micromath®; Saint
Louis, Missouri). The pharmacokinetics parameters obtained in
the two xenograft models were comparable with the exception of
the area under the curve (AUCplasma) and volume of distribution
(Vdss). TheAUCplasma andVdss of NT-BCMs in theMCF-7 tumor-
bearing mice were 25% lower (p<0.001) and 65% higher (p=
0.038) than in the MDA-MB-468 tumor-bearing mice, respec-
tively. Importantly, the total clearance (CLtotal) of T-BCMs was
statistically similar to that of the NT-BCMs in both tumor models
(p=0.227). Overall, the conjugation of EGF to BCMs (T-BCMs)
did not alter their in vivo distribution and elimination kinetics.

Biodistribution and Tumor Accumulation Kinetics
of 111In-NT-BCMs and 111In-T-BCMs

The tissue uptake kinetics of BCMs (NT-BCMs and T-
BCMs) in MDA-MB-468 and MCF-7 tumor-bearing mice are
presented in Tables II and III. In the case of MDA-MB-468
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tumor-bearing mice, most of the tissue uptake of BCMs was
highest at 4 h.p.i. Beyond 24 h.p.i., minimal uptake of BCMs
(<5% i.d./g) was found in organs such as heart, lung, and
kidneys, for both tumor models. As expected, BCM accumu-
lation was highest in the liver and spleen (9–30% i.d./g). No
significant difference was detected between the accumulation
of NT-BCMs and T-BCMs in tissues when comparison was
made within the same tumor model (p>0.1).

Fig. 3 represents the total accumulation kinetics of NT-
and T-BCMs in MDA-MB-468 and MCF-7 tumors. There was
no significant difference detected between the tumor deposi-
tion of NT-BCMs and T-BCMs in the MCF-7 tumors at all
time points (p>0.223), suggesting that the T-BCMs do not
preferentially accumulate in tissues expressing low levels of
EGFR (104 EGFR/cell). For the EGFR-overexpressing
MDA-MB-468 tumor model (106 EGFR/cell), the T-BCMs
led to a marginal but statistically significant increase in tumor
accumulation (p=0.021 for 4 h.p.i.; p=0.05 for 24 h.p.i.; p=
0.022 for 48 h.p.i.; p=0.006 for 72 h.p.i.).

MicroSPECT/CT Imaging in Mice Bearing MDA-MB-468
Tumors

MicroSPECT/CT imaging was performed at 48 h.p.i. to
provide a qualitative assessment of the tissue deposition of

NT-BCMs and T-BCMs in the MDA-MB-468 tumor-bearing
mice (Fig. 4). In agreement with the biodistribution data
(Tables II & III), the liver and spleen were found to contain a
substantial amount of both NT-BCMs and T-BCMs in the
maximum intensity projection images. The intratumoral
distribution of NT-BCMs and T-BCMs was examined via the
transversal view at the tumor region (4 mm/image). In
general, the intratumoral distribution of BCMs was found to
be heterogeneous, with regions of high radioactivity seen
mostly at the tumor periphery. This is in agreement with
previously published observations by our group (25).

Intratumoral Distribution of 111In-NT-BCMs
and 111In-T-BCMs

Fig. 5a and b include representative autoradiographic
images outlining the distribution of NT-BCMs and T-BCMs,
respectively, within the MDA-MB-468 tumors. In general, the
distribution of both NT-BCMs and T-BCMs were very
heterogeneous, with some regions within the tumors showing
only background radioactivity. However, it can be seen that
areas with high amounts of radioactivity are mostly associated
with intense CD-31-staining (endothelial cells stained in
brown) as illustrated in Fig. 5. Similar intratumoral distribu-

Table I. Summary of Pharmacokinetic Parameters

MDA-MB-468 xenograft MCF-7 xenograft

Parameters NT-BCMs T-BCMs NT-BCMs T-BCMs

t1=2;aðhÞ 0.4±0.2 0.4±0.2 0.7±0.4 0.7±0.4
t1=2;bðhÞ 29±4 30±3 31±3 33±5
V1 (mL) 1.3±0.3 1.4±0.2 1.6±0.2 * 1.8±0.1
Vdss (mL) 2.0±0.1 2.08±0.09 * 3.1±0.4 * 3.1±0.6
CLtotal (mL/h) 0.06±0.02 0.05±0.01 0.07±0.01 0.065±0.005
AUCtotal (%i.d.•h/L) 2,000±400 1,900±200 1,500±200 * 1,500±100

Mathematical modeling was performed using the Scientist software (Micromath®). Data were fit using a two-compartment model with an i.v.
bolus injection, assuming clearance from the central compartment.
*p<0.05 when compared to MDA-MB-468 xenograft. No statistical significant difference was detected between treatment groups.

Fig. 2. Pharmacokinetic profiles of the NT- and T-BCMs labeled with 111In, in MDA-MB-
468 and MCF-7 tumor-bearing mice. The mice were injected intravenously at a dose of
250 mg/kg of PEG-b-PCL copolymer. Blood concentrations of BCMs were expressed as
percentage of injected dose/mL of blood (% i.d./mL of blood) and were corrected for decay.
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tions of NT- and T-BCMs were also observed in MCF-7
tumor-bearing mice (data not shown).

In order to quantify the correlation between localization
of BCMs and tumor blood vessels, Pearson correlation
analyses of the amounts of radioactivity and the blood vessel
densities within regions of interest (ROI) were performed.
Examples of the correlation analyses are presented in Fig. 5a
and b. Multiple tumors (n≥4) in each treatment group were
used, and these data are presented in Table IV. The
intratumoral distribution of both NT- and T-BCMs were
positively correlated with the blood vessel densities (p<0.001)
with r values ranging from 0.68±0.04 to 0.70±0.07. These
results quantitatively support the previous observation made
from Fig. 5: regions within the tumor with higher blood vessel
densities are likely to accumulate more BCMs. In addition, it
was found that the attachment of EGF as a targeting moiety
did not influence the intratumoral distribution of BCMs, since
no significant difference in the correlation coefficients was
observed (p>0.96).

In Vivo Cellular Uptake of 111In-NT-BCMs
and 111In-T-BCMs

Fig. 6a and b show the amounts of radioactivity in the
intracellular and extracellular compartments, respectively, in
the MDA-MB-468 and MCF-7 tumors at multiple time points.

For the MCF-7 tumor-bearing mice, the amounts of intra-
cellular NT-BCMs and T-BCMs increased from approximately
2,200 pmol/g to 5,000 pmol/g from 4 to 72 h.p.i.. The
intracellular NT-BCMs and T-BCMs detected in the MCF-7
tumors were statistically similar (p>0.425), indicating that
receptor-ligand endocytosis does not significantly increase
in vivo cellular uptake in tumors expressing a low level of
EGFR.

For the MDA-MB-468 tumors, the amount of cell-
internalized radioactivity was found to decrease over time in
groups of mice injected with NT-BCMs or T-BCMs (p<0.05).
The ratios of intracellular T-BCMs to NT-BCMs were 1.9 (p=
0.028), 2.2 (p<0.01), 1.9 (p=0.037), 2.3 (p=0.007) at 4, 24, 48,
72 h.p.i., respectively. The intracellular BCM content mea-
sured may also include uptake by the tumor-associated
macrophages (TAM). Since TAM do not express EGFR on
their cell surface (30), it is believed that TAM uptake did not
play a role in the enhanced cell uptake of T-BCM in the
MDA-MB-468 tumors. Up to 90% and 70% of the total
radioactivity accumulating in the tumor was detected in the
extracellular tumor interstitium for the MDA-MB-468 and
MCF-7 tumors, respectively. A portion of the measured
extracellular radioactivity may be attributed to the cell
membrane-bound copolymer since an acidic solvent (sodium
acetate buffer, pH=2.5) and mechanical force (homogeniza-
tion) were used while disaggregating the tumors. The higher

Table III. Tissue Uptake of 111In-NT-BCMs and 111In-T-BCMs in Athymic Mice Bearing Subcutaneous Breast Cancer Xenografts Expressing
Low Levels of EGFR (MCF-7 Tumors, 104 EGFR/Cell)

Percentage of injected dose / gram of organ (mean ± SD)

Treatment Time (h.p.i.) Heart Kidneys Lung Liver Spleen

NT-BCMs 4 § 0.3±0.1 § 2.5±0.2 § 1.2±0.6 § 32.0±2.3 17.7±9.7
24 0.4±0.4 2.1±0.6 0.9±0.5 § 30.3±4.3 14.4±7.2
48 0.2±0.1 1.7±0.5 0.4±0.0 14.9±6.1 13.4±4.2
72 0.4±0.3 1.2±0.6 0.3±0.2 11.8±5.5 7.4±3.9

T-BCMs 4 § 0.2±0.1 § 2.3±0.7 § 0.9±0.5 § 32.1±3.6 14.3±5.6
24 § 0.2±0.0 2.1±0.3 0.7±0.6 19.9±8.9 13.4±7.6
48 § 0.2±0.1 1.4±0.2 § 0.4±0.1 14.2±5.6 12.5±3.5
72 0.7±0.4 1.5±0.3 0.6±0.5 9.6±2.2 10.1±5.4

§ p<0.05 when compared to MDA-MB-468 xenograft. No statistical significant difference was detected between treatment groups.

Table II. Tissue Uptake of 111In-NT-BCMs and 111In-T-BCMs in Athymic Mice Bearing Subcutaneous Breast Cancer Xenografts
Overexpressing EGFR (MDA-MB-468 Tumors, 106 EGFR/Cell)

Percentage of injected dose / gram of organ (mean ± SD)

Treatment Time (h.p.i.) Heart Kidneys Lung Liver Spleen

NT-BCMs 4 1.6±0.4 4.1±0.2 3.6±0.5 8.0±1.0 21.9±0.7
24 0.7±0.2 2.3±0.3 1.2±0.4 12.1±1.7 23.9±0.3
48 0.4±0.1 1.9±0.8 0.7±0.3 11.2±3.6 10.8±1.0
72 0.7±0.2 1.9±0.7 0.6±0.2 10.6±2.9 9.4±3.5

T-BCMs 4 1.4±0.4 4.7±0.4 3.0±1.1 9.5±0.7 27.0±8.8
24 0.9±0.2 2.7±0.5 1.5±0.4 * 9.2±1.0 25.2±5.3
48 * 0.7±0.2 2.1±0.5 * 1.1±0.3 9.6±2.0 11.2±3.1
72 0.6±0.4 2.0±0.6 0.7±0.2 8.9±1.2 10.6±5.3

*p<0.05 when compared between treatment groups for the MDA-MB-468 xenografts.
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extracellular accumulation of T-BCMs in the MDA-MB-468
tumors is likely a result of their enhanced affinity towards the
overexpressed EGFR on the MDA-MB-468 tumor cells. The
same observation was obtained in vitro where T-BCMs
increased the fraction of cell membrane-bound micelles in
the MDA-MB-468 cells (p=0.0002), but not in the MCF-7
cells (p=0.253) (data not shown).

DISCUSSION

Physico-chemical Properties of BCMs and their Whole-Body
Transport

The physico-chemical properties of NDDS play a significant
role in their whole-body transport. It is well accepted that an

MDA-MB-468 Tumor 
Transversal Slices 
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Projection 

MDA-MB-468 Tumor 
Transversal Slices 

Maximum Intensity 
Projection 

NT-BCM T-BCM 

tumor 

liver 

spleen 

tumor

liver

spleen

Fig. 4. MicroSPECT/CT images illustrating the whole-body transport of the NT- and T-BCMs labeled with
111In, in MDA-MB-468 tumor-bearing mice that were injected intravenously at a dose of 250 mg/kg of
PEG-b-PCL copolymer. The maximum intensity projection and the tumor transverse slice images were
acquired at 48 h.p.i.. The tumor transverse slices shown represent consecutive sections of the tumor at an
approximate thickness of 4 mm/section.

*

* *

**

**
**
**

Fig. 3. Tumor accumulation kinetics of the NT- and T-BCMs labeled with 111In, in MDA-
MB-468 and MCF-7 tumor-bearing mice that were injected intravenously at a dose of
250 mg/kg of PEG-b-PCL copolymer. The amounts of BCM accumulated in the tumors
were expressed as percentage of injected dose per gram of organ and were corrected for
decay. * p<0.05 for comparison between T-BCMs and NT-BCMs for the MDA-MB-468
xenografts. ** p<0.05 for data obtained at 4 and 72 h.p.i. within the same treatment group.
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extended circulation half-life is key to achieving therapeutically
relevant levels of NDDS tumor deposition via the EPR effect
(6,31). The extended circulation half-lives (t1=2;b > 29� 4h ) of
the BCMs reported here are attributed to their hydrophilic
PEG-shell, as well as their favorable thermodynamic and
kinetic stability (29). The high level of BCM uptake detected

in organs such as liver (8–32.1% i.d./g) and spleen (7.4–27% i.
d./g) is attributed to the role of these organs in the clearance
of foreign particulates as components of the mononuclear
phagocytic system (32). These values were found to be
comparable to other long-circulating BCM systems reported
elsewhere (5,25,29).

 

r = 0.785

 
Anti-CD-31 Staining 

Anti-CD-31 Staining 

r = 0.688

Fig. 5. Intratumoral distribution of (a) 111In-NT-BCMs and (b) 111In-T-BCMs obtained in MDA-MB-468 tumor-bearing mice at 48 h post-
injection. Tumors were cut into 8 μm thick sections for autoradiographic imaging. Consecutive tumor sections were stained with anti-CD-31
antibody for visualization of tumor blood vessels (in brown). An overlay of the autoradiography and the anti-CD-31 antibody stained images is
presented on the left. The amount of radioactivity on the autoradiography image is represented by the coloured scale bar and is quantified as
digital light units (DLU). Pearson correlation analyses of DLU and blood vessel density (CD-31 positive) are presented on the right.
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It has been reported that functionalizing the NDDS
surface with certain targeting moieties can accelerate plasma
clearance and increase tissue uptake (5,15). For instance, Bae
et al. found that a 10-fold increase in folate content on the

surface of BCMs resulted in more than a 2-fold increase in
liver uptake, which is attributed to the recognition of the folate
ligand by liver cells and/or opsonization by plasma folate
binding proteins (5). In the current study, the pharmacoki-
netics (Fig. 2 & Table I) and the tissue uptake (Tables II & III)
of NT-BCMs and T-BCMs were proven to be similar. The lack
of increased T-BCM uptake in the liver or kidneys (p>0.1)
indicates that the conjugation of EGF to the BCMs did not
increase their affinity towards organs expressing intermediate
levels of EGFR (105 EGFR/cell in liver and kidneys) (33,34).
A previous study by our group demonstrated that T-BCMs
(EGF+) exhibit lower binding affinity towards EGFR than
the endogenous EGF molecules (35), which could contribute
to the observation that EGF conjugation had negligible
effects on the pharmacokinetics and tissue uptake of these
particles.

Table IV. Pearson Correlation Coefficients for Radioactivity (Digital
Light Unit) and Blood Vessel Density (CD-31 Positive) in Tumors
Sampled from MDA-MB-468 and MCF-7 Tumor-Bearing Mice 48 h
Post-injection with 111In-NT-BCMs or 111In-T-BCMs

Correlation coefficients (radioactivity vs. blood vessel density)

Tumor model NT-BCMs T-BCMs

MDA-MB-468 0.70±0.07 0.69±0.05
MCF-7 0.70±0.1 0.68±0.04

Fig. 6. Amount of PEG5000-b-PCL5000 copolymer measured in the (a) intracellular and (b)
extracellular compartments in the MDA-MB-468 and MCF-7 tumors following tissue
fractionation. The amount of uptake is presented as pmol of copolymer/g of tumor. * p<0.05
for comparison between T-BCMs and NT-BCMs for the MDA-MB-468 xenografts. ** p<
0.05 for data obtained at 4 and 72 h.p.i. within the same treatment group.
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Impact of Tumor Physiology on Passive Targeting
and Intratumoral Distribution of BCMs

Traditionally, the study of BCM biodistribution in murine
tumor models involves harvesting the organs of interest and
subsequently quantifying the BCM-encapsulated drugs and/
or the radiolabeled polymers within the organs. This tech-
nique allows only for assessment of drugs and/or BCM
accumulation in the entire organ, but provides no information
on their distribution within the tissue. Advances in imaging
methods have afforded effective ways to study the transport
and microdistribution of BCMs with improved spatial reso-
lution. In the current study, we observed a highly heteroge-
neous distribution and incomplete penetration of NT- and
T-BCMs in the tumors using microSPECT/CT and autoradio-
graphic imaging. Histological and autoradiographic analyses
confirmed that the presence of more and/or larger blood
vessels facilitated the transvascular transport of BCMs into the
tumor interstitium. These results imply that BCM formulations
may be more efficacious in tumors with a high degree of
vascularization and less effective in treating hypovascular
tumors due to their inability to fully exploit the EPR effect.

It should be noted that the extent of tumor vascularization
is not the only physiological factor affecting passive targeting
and the intratumoral distribution of BCMs. Other physiolog-
ical factors such as vascular permeability, interstitial fluid
pressure (IFP), and extracellular matrix components also play
significant roles in the transport of BCMs in the tumor
interstitium (3,31,36). Vascular permeability in hyperpermeable
blood vessels can vary greatly within a tumor and/or in different
tumor models, with endothelial fenestrations ranging from
200 nm to 4.7 μm (3,36,37). In our previous study, it was found
that the peak tumor accumulation of NT-BCMs at 48 h. In
MDA-MB-231 breast cancer xenografts, p.i. was 9±2% i.d./g
(25). This value is approximately 2-fold higher than the total
tumor accumulation of NT-BCMs obtained in the current study
(Fig. 3). The MDA-MB-231 tumors may possess a more
permeable vascular network than the MDA-MB-468 and
MCF-7 tumors, resulting in an increased transvascular transport
of BCMs. Similarly, McLarty et al. also reported a 3.2-fold
increase in the tumor accumulation of the non-specific control
111In-DTPA-mIgG (i.e. accumulation via EPR) in the MDA-
MB-231 xenografts compared to the MCF-7 xenografts (38).

A consequence of hyperpermeable tumor vasculature devel-
opment is an elevated IFP in the tumor interior compared to the
tumor periphery. The periphery of a tumor is usually more
hypervascular, while the center of the tumor tends to be less
vascularized and sometimes necrotic (39). Elevated IFP in the
tumor is attributed to increased fluid and plasma protein transport
into the tumor interstitial space, coupled with poor lymphatic
drainage (36,40). As a result, extravasated BCMs are likely to be
directed towards the tumor periphery via convective flow. The
intratumoral distribution of BCMs observed in the MDA-MB-
231,MDA-MB-468, andMCF-7 tumors are in agreementwith this
theory, and as such, more “hot spots” ofBCMs can be found in the
periphery of the tumors (Fig. 4) (25,36). Indeed, this elevated IFP
severely limits BCM penetration from the vascular surface into
other regions within the tumor. Limited tumor penetration may
reduce the exposure of T-BCMs to their target cells, impeding
specific cell uptake of T-BCMs, which in turn becomes a possible
barrier for active targeting.

In Vivo Cellular Uptake of BCMs and Active Targeting

The goal of pursuing active targeting in drug delivery is
to achieve an enhanced intracellular content of the drug-
loaded T-NDDS in order to increase the bioavailability of the
drug at the tumor site. Therefore, successful active targeting
does not necessarily require an enhancement in tumor
deposition of the T-NDDS. For instance, Kirpotin et al.
observed a 6-fold increase in the tumor cell uptake of anti-
HER2-liposomes, yet the total tumor accumulation of the T-
and NT-liposomes were equivalent (9). Nevertheless, others
have shown that active targeting of NDDS can result in an
enhancement in total tumor accumulation, without demon-
strating if the T-NDDS leads to increased in vivo cellular
uptake (11,41).

In the current study, a marginal increase in the tumor
accumulation of T-BCMs was detected, along with enhanced
in vivo intracellular and extracellular (cell binding + inter-
stitial) uptake (Fig. 6). After the BCMs extravasated into the
tumor interstitial space, nearby tumor cells can internalize the
NT- and T-BCMs via non-specific and/or specific uptake. Due
to limited tumor penetration, only a small portion of tumor
cells located immediately next to the hyperpermeable vessels
were capable of interacting with the BCMs. In this way, the
cell uptake of BCMs in the tumors is quickly saturated,
leaving the majority of BCMs in the interstitial space
remaining non-cell-associated (<30% detected as intracellu-
lar). Elevated IFP in the tumors can lead to clearance of the
non-cell-associated BCMs back to the circulation. In addition,
TAM that engulf the nearby BCMs can eliminate these
foreign particles. Therefore, it is plausible that the increased
in vivo specific cellular uptake (p<0.05) and cell membrane
binding (p<0.043) observed for the T-BCMs enhances their
retention within the MDA-MB-468 tumors. Such receptor-
ligand interactions between the EGFR on tumor cells and T-
BCMs can delay their clearance from the tumors, elevating
the tumor accumulation of T-BCMs in comparison to NT-
BCMs. This hypothesized receptor-ligand interaction is
supported by the fact that no significant difference was
detected between the fractions of intracellular and extrac-
ellular NT- and T-BCMs at all time points in the MCF-7
tumors (p>0.239).

Although the ratios of intracellular T-BCM/NT-BCM
remain constant in the MDA-MB-468 tumors, the intracellular
content of both populations of BCMs was found to decrease
significantly over time (p<0.05). This particular BCM efflux
from cells is tumor-model specific and is independent of the
mode of internalization (i.e. specific vs. non-specific). In vitro, it
has been shown that exocytosis of BCMs can occur through the
recycling of the endosomal compartments, following removal of
the BCM-containing extracellular medium (42,43). However, in
vivo exocytosis is different from in vitro, as the extracellular
space in the tumors is saturated with BCMs following passive
targeting. It is postulated that tumor-released exosomes may
play a role in the efflux of BCMs in the MDA-MB-468 tumors.
Tumor-released exosomes are known as sub-micron vesicles
that originate from endosomes and can release intracellular
content as a form of intercellular communication (44). The
internalized BCMs may cross paths with the biogenesis of the
endosomal-derived exosomes, as BCMs are known to accumu-
late in the endosomes following non-specific and specific
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internalization (43,45). These internalized BCMs are then
released to the extracellular space via transport in exosomes.
Although internalization is a continuing process, a net efflux of
BCMs can be observed if the rate of exocytosis exceeds that of
the internalization kinetics. Panyam et al. suggested that BCMs
accumulating in recycling endosomes are likely to have a fast
turnover rate (43) and can result in rapid recycling of the
internalized BCMs to the extracellular space. Although it is
expected that T-BCMs experience more efficient internalization
kinetics via receptor-ligand endocytosis, it seems that the rate at
which these exosomes are released still overpowers the influx of
T-BCMs. Interestingly, this unexpected efflux of BCMs was not
observed in the MCF-7 tumors. However, the two different cell
types may process BCMs in very distinct manners (46). For
instance, tumor-released exosomes have been shown to play a
role in stromal remodeling and promote the epigenetic transfer
of metastatic activity in vivo (47). It has been established that
breast cancers overexpressing EGFR (>104 EGFR/cell) are
associated with more aggressive metastatic disease in cancer
patients, although theMDA-MB-468 cell line is not known to be
metastatic in athymic mice (48). It is likely that the ratio of
exosome release/internalization kinetics in the MDA-MB-468
tumors (106 EGFR/cell) in vivo exceeds that in the MCF-7
tumors (104 EGFR/cell). As a result of the distinct kinetic rates
of exocytosis/internalization, a net BCM efflux and influx is
observed in theMDA-MB-468 andMCF-7 tumors, respectively.

The significant variability in BCM behaviour in the two
breast cancer xenograft models illustrates that tumor physiology
plays a significant role in their transvascular and intratumoral
transport. Tumor physiology is known to be modulated accord-
ing to the host environment, such as stromal-epithelial cell
interactions, as well as presence of endogeneous and paracrine
signaling factors in the extracellular matrix (49,50). Therefore,
one must not attempt to generalize and extrapolate observa-
tions obtained from one murine tumor model to another and/or
to humans, as tumor physiology can be extremely heterogenous
across different species. However, the tumor microenvironment
and disease progression in orthotopic tumor models are
considered to be more representative of human disease than
subcutaneous xenograft models in animals and are likely to
produce more clinically relevant results. It should also be noted
that understanding BCM transport in vivo does not necessarily
represent the true fate of the drug content, as drug release rates
vary extensively for each formulation and can therefore vastly
alter the intratumoral localization of the drug. However, the
information obtained in this study should provide useful insight
for BCM systems with good drug retention. As discussed
previously, at least 70% of the BCMs were located in the
extracellular compartment following extravasation into the
tumor interstitium. In order to fully exploit the therapeutic
potential of BCMs localized in the extravascular space, the
systems may be designed to release their drug content by means
of thermal activation or ultrasonication at the tumor site (51,52).
Triggering drug release in the extracellular space not only
increases drug exposure to the tumor cells, but also promotes
drug penetration within solid tumors. High molecular weight
NDDS, such as liposomes and BCMs, have limited tumor
penetration due to their low diffusion coefficient in the tumor
interstitium; however, low molecular weight drug molecules can
diffuse much more rapidly and penetrate deeper into tumor
tissues (53). Furthermore, the tumor deposition and penetration

of NDDS, especially those of T-BCMs and T-liposomes, can be
improved by modifying the tumor physiology to further
facilitate the EPR effect and their intratumoral transport. Some
examples include co-delivery of extracellular matrix-degrading
enzymes to promote tumor penetration, or vascular endothelial
growth factor to enhance vascular permeability and reduce IFP
(53,54). Indeed, the size of BCMs can also be reduced, by
altering the properties of the copolymer, which may allow for
improved mobility within tumor tissues and facilitate tumor
penetration. Studies examining the impact of BCM particle size
on their intratumoral transport are currently underway in our
laboratory.

CONCLUSIONS

A firm understanding of the behavior and interactions of
BCMs within their physiological environment is essential to
effectively improving their performance as NDDS. Although
we have demonstrated that active targeting can lead to a
marginal increase in the total tumor accumulation of T-BCMs
compared to NT-BCMs, we also learned that such an effect is
heavily dependent on many other factors, such as passive
targeting, tumor vascularization, tumor IFP, tumor penetra-
tion, in vivo cellular uptake and cell binding. As illustrated in
the current study, problems such as limited tumor penetra-
tion, low levels of cell uptake, and continuous exocytosis of
internalized BCMs pose significant barriers to achieving a
therapeutically relevant active targeting effect in vivo. There-
fore, more effort should be directed towards gaining an
improved understanding of the physiological barriers that
NDDS may encounter in vivo, in order to fully exploit their
therapeutic potential.
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