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Targeted nanoparticle-based technologies show increasing
prevalence in radiotracer design. As a consequence, quanti-
tative contribution of nonspecific accumulation in the target
tissue, mainly governed by the enhanced permeability and
retention (EPR) effect, becomes highly relevant for evaluating
the specificity of these new agents. This study investigated the
influence of different tumor phenotypes on the EPR effect,
hypothesizing that a baseline level of uptake must be
exceeded to visualize high and specific uptake of a targeted
macromolecular radiotracer. Methods: These preliminary
studies use 89Zr-labeled mouse serum albumin (89Zr-desfer-
rioxamine-mAlb) as a model radiotracer to assess uptake and
retention in 3 xenograft models of human prostate cancer
(CWR22rv1, DU-145, and PC-3). Experiments include PET
and contrast-enhanced ultrasound imaging to assess mor-
phology, vascularization, and radiotracer uptake; temporal
ex vivo biodistribution studies to quantify radiotracer uptake
over time; and histologic and autoradiographic studies to eval-
uate the intra- and intertumoral distribution of 89Zr-desferriox-
amine-mAlb. Results: Early uptake profiles show statistically
significant but overall small differences in radiotracer uptake
between different tumor phenotypes. By 20 h, nonspecific
radiotracer uptake was found to be independent of tumor size
and phenotype, reaching at least 5.0 percentage injected dose
per gram in all 3 tumor models. Conclusion: These studies
suggest that minimal differences in tumor uptake exist at early
time points, dependent on the tumor type. However, these
differences equalize over time, reaching around 5.0 percent-
age injected dose per gram at 20 h after injection. These data
provide strong support for the introduction of mandatory
experimental controls of future macromolecular or nanopar-
ticle-based drugs, particularly regarding the development of
targeted radiotracers.
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The enhanced permeability and retention (EPR) effect is
the mechanism by which high-molecular-weight nontargeted
drugs and prodrugs accumulate in tissues with increased
vascular permeability, such as in sites of inflammation or
cancer. Attributes of the EPR effect were first described in
1986 by Matsumura and Maeda (1). In their landmark study,
the increased tumor uptake and retention of the proteina-
ceous anticancer drug styrene-maleic acid polymer-function-
alized neocarzinostatin (molecular weight [MW], ;16 kDa)
was explained by the binding of styrene-maleic acid poly-
mer-functionalized neocarzinostatin to plasma albumin
(MW, ;67 kDa). Compared with the native small-molecule
neocarzinostatin, this albumin-bound macromolecular drug
(MW, ;83 kDa) displayed increased delivery to, and con-
centration in, the tumor, with prolonged duration of action
and increased therapeutic efficacy. The generality of the EPR
effect and its dependence on molecular size was demonstra-
ted further by the encapsulation of styrene-maleic acid poly-
mer-functionalized neocarzinostatin in Lipiodol (ethiodized
poppyseed oil) liposomes (2)—a result that fueled research
interest in liposomal formulations as drug delivery vehicles
for anticancer chemotherapeutics (3–8).
From a physiologic perspective, the EPR effect is specific in

that it occurs only in tissues that display abnormal vasculature
such as the microenvironment of tumors. Yet in terms of
biochemistry, the EPR effect depends only on global properties
including molecular size, shape, charge, and polarity and is
independent of any targeted or specific binding properties such
as ligand–receptor interactions.

It is important to note that the EPR effect is different
from the nontargeted, passive uptake of small molecules by
diffusion in diseased tissues (9). The principal difference
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between EPR and passive localization lies in the character-
istics of retention and tissue clearance rather than uptake.
Small molecules rapidly penetrate the interstitial space of
tumors, but in the absence of specific binding to cellular
proteins, cellular uptake, or metabolism, the drug is not
retained and may be free to diffuse out of the tissue back
into the blood pool or lymphatic system. In contrast, macro-
molecules have smaller diffusion constants that, on the one
hand, reduce the initial rate of tumor uptake but, on the
other, also tend to increase the half-life of blood-pool cir-
culation, enhance tissue retention, and greatly decrease the
rate of clearance. By way of example, the vascular perme-
ability dye Evans blue (which forms a noncovalent, macro-
molecular complex with albumin) was shown to have a
decreased rate of clearance from tumor tissue (.3–4 wk),
compared with healthy tissue (,1 wk) (1).
Despite advances over the last 25 years in our under-

standing of the nature of the EPR effect, important
questions remain. What is the influence of tumor size and
phenotype on the EPR effect? To what extent does tissue
perfusion, vascularity, and necrosis influence drug uptake
by the EPR effect? For a given molecule, how does the EPR
effect contribute to accumulation of the drug in the target
tissue over time? Furthermore, with the growth of nano-
technology for potential use in biomedical applications,
there is an immediate requirement to ensure rigorous
evaluation of the efficacy of these new constructs. Any
given class of macromolecule with characteristic size,
shape, charge, polarity, and lipophilicity will show tumor
uptake to a certain extent via the EPR effect. In molecular
targeting, this lower limit has to be exceeded to visualize
specific binding of the radiotracer. Numerous multimodal-
ity nanoparticle-based agents such as functionalized carbon
nanotubes, liposomes, macromolecular proteins, nucleic
acid polymers, dendrimers, aptamers, iron-oxide particles,
and quantum dots have been reported to accumulate in
tumors. However, the question of whether this uptake is
specific for the intended target is not always addressed.
Answering all of the aforementioned questions is clearly

beyond the scope of a single research article. Rather, in this
work we examined whether the magnitude of the EPR
effect with reference to radiotracer uptake in tumors
correlates with different tumor sizes and phenotypes. We
investigated the in vivo distribution of 89Zr-labeled mouse
serum albumin (89Zr-mAlb) because albumin is, in general,
known to accumulate in inflamed tissues and tumors via the
EPR effect (10,11). Therefore, mAlb can serve as a macro-
molecular radiopharmaceutical displaying quantifiable
uptake in 3 well-established xenograft models of human
prostate cancer. Tumor models focus on 3 commonly used
human prostate cancer lines of different origins, CWR22rv1,
DU-145, and PC-3. Experiments include the use of PET, ex
vivo biodistribution, contrast-enhanced ultrasound (CEUS)
imaging, histology, and autoradiography to probe the influ-
ence of tumor size and phenotype on the magnitude of the
EPR effect.

MATERIALS AND METHODS

Full details of all methods and equipment used are presented in
the supplemental materials (available online only at http://jnm.
snmjournals.org).

Protein Modification and Radiolabeling
mAlb (Sigma-Aldrich) was functionalized with the chelate

desferrioxamine B (DFO; Calbiochem) using previously described
procedures (supplemental materials).

89Zr was produced via the 89Y(p,n)89Zr transmutation reaction
on a TR19/9 variable-beam energy cyclotron (Ebco Industries
Inc.) in accordance with previously reported methods (12,13).

89Zr-DFO-mAlb was prepared by the complexation of 89Zr-
oxalate with DFO-mAlb. Typical radiolabeling reactions were
conducted in accordance with previously reported methods used
for labeling monoclonal antibodies (mAbs) with 89Zr (supplemen-
tal materials) (14,15).

Stability Studies
The stability of 89Zr-DFO-mAlb with respect to change in

radiochemical purity or loss of radioactivity from the protein
was investigated in vitro by incubation in solutions of saline and
phosphate-buffered saline for 7 d at room temperature and 37�C.
Radiochemical purity was determined by radio–instant thin-layer
liquid chromatography, g-counting, and analytic size-exclusion
chromatography (supplemental materials).

Xenograft Models
All animal experiments were conducted in compliance with

Institutional Animal Care and Use Committee guidelines. Male
athymic nu/nu mice (NCRNU-M; weight, 20–22 g; age, 6–8 wk)
were obtained from Taconic Farms Inc. and were allowed to accli-
matize at the Memorial Sloan-Kettering Cancer Center vivarium for
1 wk before studies were commenced. In each mouse, respective
prostate cancer cells were injected subcutaneously, both on the left
and on the right flanks for tumor induction (Supplemental Figs. 1
and 2).

Biodistribution Studies
CWR22rv1, DU-145, and PC-3 tumor–bearing mice were

randomized before the study and were warmed gently with a heat
lamp 5 min before 89Zr-DFO-mAlb (0.55–0.74 MBq [15–20 mCi],
3–4 mg of protein, in 200 mL of sterile saline for injection) was
administered via tail vein injection (t 5 0 h). Animals (n 5 3–5
per group) were euthanized by CO2 gas asphyxiation at 1, 4, and
20 h after injection, and 16 organs (including the 2 tumors) were
harvested, rinsed in water, dried in air for 5 min, weighed, and
counted on a g-counter for accumulation of 89Zr radioactivity
(supplemental materials).

Small-Animal PET
PET experiments were conducted on a microPET Focus 120

scanner (Concorde Microsystems). Mice were administered 89Zr-
DFO-mAlb formulations (3.40–3.52 MBq [92–95 mCi], 19.5–21.5
mg of protein, in 200 mL of sterile saline for injection) via tail vein
injection. Approximately 5 min before PET images were recorded,
mice were anesthetized by inhalation of 1%–2% isoflurane
(Baxter Healthcare)–oxygen gas mixture and placed on the scan-
ner bed. PET images were recorded at 1, 4, and 20 h after injec-
tion. Before euthanasia by CO2 gas asphyxiation, 100 mL of a 1%
Evans blue solution was administered via tail vein injection.
Tumors were resected and preserved fresh frozen for histologic
analysis (supplemental materials).
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Ultrasound
Ultrasound imaging was conducted on a Vevo 770 device

(VisualSonics Inc.) equipped with RMV-710B and RMV-708 scan
heads. Automated 3-dimensional stacks of the tumors were acquired
in B mode for morphologic analysis and tumor volumetry. CEUS
was performed after bolus injections of 100 mL of commercially
available microbubbles (Micromarker Kit 1; VisualSonics) via tail
vein catheters according to established protocols (16). Destruc-
tion–replenishment curves were recorded and analyzed. Addition-
ally, automated 3-dimensional stacks were obtained in power
Doppler mode after microbubble injection (supplemental materials).

Digital Autoradiography (DAR) and Histology
Serial 10-mm-thick sections were cut at 220�C in an HM 500

M cryostat (Microm) at different levels of each tumor and imme-
diately deposited onto a glass plate. DAR was performed with a
FujiFilm BAS-1800 II device (Fuji Photo Film) for 24 and 36 h.
Region-of-interest–based density analysis was performed with the
Multi Gauge software (Fujifilm Medical Systems). Intravital
Evans blue staining was visualized on nonfixed slices with a BX
60 microscope (Olympus America) equipped with a 10·/0.30
UPlanF objective, a ProScan II automated stage (Prior Scientific
Instruments), and a CC12 Soft Imaging Systems camera (Olympus
America). Microsuite Five software (Olympus America) was used
to align the individual image frames and render these into a single
montage of the entire tumor section. Subsequently, hematoxylin
and eosin staining (H&E) was performed to visualize tumor
morphology. Images of H&E-stained sections were acquired in
a similar manner.

Statistical Analysis
Data were plotted and analyzed with the nonparametric

Wilcoxon test using the JMP software (SAS Institute Inc.).
Differences at the 95% confidence level (P , 0.05) were consid-
ered to be statistically significant.

RESULTS

Choice of Radiotracer

Before rational experiments investigating quantitative and
phenotypic characteristics of the EPR effect could be con-
ducted from a radiochemistry perspective, we first needed to
develop a suitable radiotracer. Because the EPR effect is
defined by the nonspecific uptake and retention of a macro-
molecule, it was essential that the radiotracer be large (MW,
.40 kDa) and have no affinity for potential tumor receptors.
Therefore, in these preliminary studies, mAlb (MW,;67 kDa)
was selected because it is a large globular protein of sufficient
size, the protein is native and ubiquitous to the mouse mod-
els used and has a high concentration in blood plasma (;36
mg/mL) (17), it can be radiolabeled without deleterious
changes to its topological structure, it does not have a known
target receptor protein in human xenografts of prostate cancer,
and its high endogenous levels in serum means that in our
experimental design we are always working under the condi-
tion of extremely low specific activity, thereby negating any
possible effects of specific receptor binding and ensuring the
uptake observed is due to nonspecific EPR effects.
Although the precise biochemical pathways of Zr(IV)

ions in mammals remain uncertain, 89Zr was selected as the

radionuclide because our previous studies have demonstra-
ted excellent PET image contrast with high in vivo stability,
limited (if any) metabolism, high retention in target tissue, and
low background accumulation in normal tissues (12,14,15,18).
High in vivo stability is an essential property for these experi-
ments on EPR quantification because radiotracer metabolism
and potential recirculation of the radionuclide (as is common
with, for example, iodine-based radiotracers) would compli-
cate analysis.

Radiochemistry

mAlb was functionalized with the DFO chelate using
methods developed from studies on 89Zr labeling of mAbs
(12,14,15). As expected, radiolabeling of DFO-mAlb with
89Zr-oxalate was found to be facile at room temperature in
aqueous solutions at pH 7.7–8.3. Crude 89Zr-DFO-mAlb was
purified from small-molecule impurities using spin-column
centrifugation. In a typical reaction, the final radiochemical
yield of purified 89Zr-DFO-mAlb was more than 80%, and
the product was formulated in sterile saline with a radio-
chemical purity of more than 99% (n 5 4) and a specific
activity of 160.2 6 4.6 MBq/mg (4.33 6 0.12 mCi/mg).
Isotopic dilution assays revealed an average of 2.1 6 0.3
accessible chelates per protein molecule (14,15,19). In vitro
stability studies were consistent with previous reports on the
stability of 89Zr-mAbs (18). 89Zr-DFO-mAlb was found to
be stable with respect to loss of the radionuclide from the
protein for up to 7 d at room temperature and 37�C in both
saline and phosphate-buffered saline and was deemed suit-
able for further evaluation in vivo.

PET with 89Zr-DFO-mAlb

Initial PET experiments were conducted to verify that
89Zr-DFO-mAlb localized and accumulated in CWR22rv1,
DU-145, and PC-3 human prostate xenografts ( ½Fig: 1�Fig. 1).
These tumor lines were selected because they were derived
from prostate tumor tissue of different origins (CWR22rv1,
primary tumor; DU-145, brain metastasis; and PC-3, bone
metastasis) and represent well-established models of pros-
tate cancer with known growth rates and reproducible inoc-
ulation take rates. They display a suitable range of genotypic
and phenotypic differences including androgen dependency
and surface-marker expression (20–23). The temporal PET
images demonstrate that CWR22rv1 tumors can be visual-
ized above background within 1 h after intravenous admin-
istration of 89Zr-DFO-mAlb. Radiotracer uptake and retention
in the tumors show a characteristic increase from 1 to 4 h and
a continued increase for up to more than 20 h. The PET
images indicate a heterogeneous intratumoral uptake of
89Zr-DFO-mAlb in all 3 xenograft models. Furthermore, this
heterogeneous uptake changes over time (CWR22rv1 PET
images at 1, 4, and 20 h) and appears to be different for each
of the tumor phenotypes studied. Overall, the PET experi-
ments confirm that the EPR effect is operational for 89Zr-
DFO-mAlb localization and accumulation in CWR22rv1,
DU-145, and PC-3 tumors.

PHENOTYPIC INFLUENCE ON THE EPR EFFECT • Heneweer et al. 627

jnm083998-pm n 3/17/11



Biodistribution Studies

After confirming that 89Zr-DFO-mAlb accumulates in
CWR22rv1, DU-145, and PC-3 xenografts, we conducted
full ex vivo biodistribution studies at 1, 4, and 20 h after
intravenous administration (n 5 3 or 4 per group for each
time point) to gain accurate quantitative data on radiotracer
uptake in tumors (number of tumors 5 2n/group). Impor-
tantly, each group of animals contained a range of tumor
sizes so that the dependence of radiotracer uptake on tumor
size could be evaluated. Selected biodistribution data are
presented in½Table 1� Table 1, and radiotracer accumulation in the
blood pool and tumors and time–activity curves of tumor-
to-blood ratios are plotted in½Fig: 2� Figure 2.
The change in blood-pool 89Zr-activity was consistent across

each of the 3 tumor models throughout the course of the
experiment (Table 1). The data demonstrate higher uptake in
CWR22rv1 tumors than in DU-145 and PC-3 xenografts after
1 h (2.7 6 0.5, 2.0 6 0.3, and 1.5 6 0.5 percentage injected
dose per gram [%ID/g], respectively). Although absolute
uptake was low, the differences observed among tumor pheno-
types were found to be statistically significant (P , 0.001, for
all comparisons). At later time points, despite extraction from
the blood pool and some renal excretion or kidney uptake,
89Zr-DFO-mAlb uptake in CWR22rv1, DU-145, and PC-3
xenografts continued to increase, reaching 4.4 6 0.8, 3.6 6
0.6, and 3.76 0.8 %ID/g at 4 h, and 5.26 1.2, 4.26 0.7, and
5.26 0.8 %ID/g at 20 h after administration, respectively, with
no significant differences among the 3 tumor models. This
increased tumor uptake and retention of 89Zr-DFO-mAlb at
late time points is consistent with the EPR mechanism,
whereby extravasation of the radiotracer from the blood pool
into the interstitial tissue occurs.

Sonographic Morphology

Ultrasound imaging showed oval lesions with well-
defined borders and heterogeneous echo patterns (½Fig: 3� Figs. 3;
Supplemental Figs. 1 and 2). Hypoechoic areas compatible
with necrosis were most pronounced in CWR22rv1 tumors
and least apparent in PC-3 tumors. Some tumors showed
central, echoless areas consistent with necrotic cores.

To account for differences in tumor biology in differently
sized lesions, the aim of this study was to investigate a large
range of tumor volumes. Tumor sizes in vivo were confirmed
by tumor volumetry (CWR22rv1, 63–903 mm3; DU-145,
33–438 mm3; and PC-3, 32–163 mm3). Statistical analysis
of the ultrasound data revealed significant differences among
all 3 tumor types, with mean tumor volumes of CWR22rv1
. DU-145 . PC-3.

Tumor Perfusion

Two different techniques have been used to characterize the
vascular bed of the different xenografts: power Doppler imag-
ing and destruction–replenishment curve analysis using CEUS.

Power Doppler imaging visualizes the blood flow in
vessels with diameters larger than 100 mm. Three-dimen-
sional power Doppler analysis of the ultrasound data
revealed no differences among the 3 xenograft types.

Destruction–replenishment curves are used for visualiza-
tion of the microvascular bed. In brief, microbubbles are
injected, staying strictly intravascular and increasing the
ultrasound signal by enhanced backscattering. Once a pla-
teau is reached, the microbubbles are destroyed within the
field of view by a strong ultrasound pulse. The replenishment
of the microbubbles is recorded, and the data are fitted with
an exponential curve, VI 5 a 12e2btð Þ, where a is an esti-
mation of the microvascular cross-sectional area, and b
reflects microbubble velocity (16).

The microvascular cross-sectional area was found to be
the highest for DU-145 tumors and lowest for PC-3
xenografts, with statistically significant differences among
all 3 tumor types ( ½Table 2�Table 2). No differences were found for
microbubble velocity among the different cell lines.

Analysis of maximum-intensity-projection images of the
contrast cine loops revealed that contrast enhancement could
be detected in about 70% of the area of DU-145 and PC-3
xenografts and in about 50% of the area of CWR22rv1 tumors.
The areas without contrast enhancement were consistent with
the hypoechogenic regions found in B mode imaging and
consequently correspond to nonperfused necrotic zones.

FIGURE 1. Representative coronal and

transverse PET images showing 89Zr-DFO-

mAlb radiotracer uptake in mice bearing

contralateral CWR22rv1, DU-145, or PC-3
human prostate xenografts on lower left and

right flanks. For mouse bearing CWR22rv1

tumors, temporal PET images recorded at 1,

4, and 20 h after intravenous administration of
radiotracer are presented to demonstrate

change in radiotracer biodistribution and

image contrast over time. White lines indicate
approximate level of coronal or transverse

slice. H 5 heart; Ki 5 kidney; L 5 Liver;

T 5 tumor; Trans. 5 transverse.
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Histology and Autoradiography

Histologic staining, DAR, and microscopy were performed
to gauge the potential dependence of 89Zr-DFO-mAlb uptake
on tumor perfusion, vascularization, and necrosis and the
influence of phenotypic differences among the CWR22rv1,
DU-145, and PC-3 xenograft models on radiotracer uptake
by the EPR effect.½Fig: 4� Figure 4 shows representative microscopy
images for H&E staining (purple), DAR (green), and albumin-
bound Evans blue fluorescence emission (red) from adjacent
slices of CWR22rv1, DU-145, and PC-3 tumors. Tumors were
harvested 20 h after radiotracer administration and 10–15 min
after intravenous Evans blue administration. Evans blue dye is
known to form a noncovalent macromolecular complex with
serum albumin, which is stable in vivo for an extended time
(.4 wk) (1).
H&E staining demonstrated marked differences among

all 3 tumor models. CWR22rv1 xenografts showed large
regions of necrosis partially with cystic areas surrounded
by streaks of tumor cells, whereas PC-3 tumors showed a
more homogeneous pattern, with thinned-out tumor tissue
in some regions indicating the start of necrosis develop-
ment. DU-145 xenografts displayed necrotic areas with
cystic transformation but also large parts of regularly devel-
oped tumor tissue. Therefore, H&E staining suggests that
the degree of necrosis increases in the order CWR22rv1 .
DU-145. PC-3. These results are consistent with the ultra-
sound morphology.
DAR at 20 h after radiotracer administration showed

distinct localization of the 89Zr radioactivity in necrotic

regions of each tumor type, with little activity in the histo-
logically undisturbed parts of the tumor. Region-of-interest–
based density analysis showed no difference among the
tumor models (data not shown)—a finding consistent with
the results of the biodistribution. DAR data at 20 h are
broadly assigned to nonspecific extravasation of 89Zr-DFO-
mAlb and tumor uptake by EPR.

In contrast to the 89Zr-DFO-mAlb DAR data, the distribu-
tion of the Evans blue staining in the same tumors is corre-
lated to perfusion and vascularization of the tissue and not
uptake by the EPR effect because the dye was allowed to
circulate for only 10–15 min before sacrifice. These images
(Fig. 4) showed extensive fluorescence in DU-145 xeno-
grafts, indicating high vascular densities in these tumors.
CWR22rv1 xenografts showed high staining intensities in
the nonnecrotic parts of the tumors, whereas PC-3 xenografts
displayed only weak staining concentrated on the tumor
margins. These data indicate vascular cross-sectional areas
of DU-145 . CWR22rv1 . PC-3 xenografts, as is consis-
tent with the CEUS data. Early-time-point Evans blue stain-
ing shows no uptake in the necrotic regions in any of the 3
tumor phenotypes.

RGB

FIGURE 2. (A) Bar chart showing change in 89Zr-DFO-mAlb
uptake in blood pool (representative data for CWR22rv1 models

shown) and 3 tumor models over time (h). (B) Tumor-to-blood

time–activity contrast curves.

FIGURE 3. B mode (left) and CEUS maximum-intensity-projection

images (right) of representative CWR22rv1, DU-145, and PC-3

tumors. B mode images show heterogeneous echo patterns with

hypoechogenic and echo-free areas consistent with necrotic zones.
CEUS maximum-intensity-projection data depict differences in vas-

cularization among the 3 tumor types; signal increase due to micro-

bubble presence is coded as green. MIP 5 maximum intensity
projection.
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DISCUSSION

The EPR mechanism of accumulation and retention in
tissues with disrupted vasculature is a well-established
phenomenon and is an important strategy for delivering
macromolecular drugs to sites of disease (9). With the
increased scope and prevalence in the use of targeted nano-
particle materials and large proteins in medical research, it
is imperative to understand the quantitative contribution of
the EPR effect in drug accumulation to ensure both accu-
rate assessment of a potential drug’s selectivity, specificity,
and efficacy and the correct measurement and prediction of
dosing limits.
Of particular importance to the field of radiochemistry is

the answer to the following question: for a given class of
molecules, what is the minimum level of uptake required
before a targeted radiotracer can be declared to be specific?
For common studies on, for example, radiolabeled mAbs or
targeted proteins, the in vivo reactivity and specificity for
the target epitope or receptor is usually demonstrated by the
following: competitive inhibition (blocking) experiments
using low-specific-activity formulations or an exogenous
inhibitor, comparison of the specific uptake of a radiotracer
(e.g., an IgG1) with that observed using a nonspecific iso-
type control (e.g., an equivalent, nonspecific IgG2), direct
comparison of the difference in target-tissue uptake
observed between a specific radiotracer and an equivalent
radiotracer with a scrambled binding sequence (e.g., tar-
geted peptides vs. a scrambled peptide sequence), or the
use of knockout–knockdown models in which target protein
expression is modulated at the cellular level. However,
these experiments are not always performed in reported
work, leading to difficulty in drawing conclusions about
the specificity and selectivity of any new radiotracer or drug
molecule.
Our studies demonstrate that CWR22rv1, DU-145, and

PC-3 prostate tumor models can be visualized by radio-
tracer accumulation by the EPR effect alone. Quantitative
PET and ex vivo biodistribution studies are self-consistent
and suggest that, despite the high degree of intra- and
intertumoral heterogeneity found in tumor vascularity and
necrosis for the xenograft models investigated, nonreceptor
specific localization and retention of 89Zr-DFO-mAlb

reaches 5.0 %ID/g at 20 h after administration in all mod-
els. However, at early time points, that is, 1 h after injec-
tion, statistically significant differences were found among
the 3 tumor types, showing 89Zr-DFO-mAlb tumor uptake
in the order CWR22rv1 . DU-145 . PC-3. These differ-
ences correlate with the areas of necrosis as determined
sonomorphologically and via H&E staining. Because the
differences described in 89Zr-DFO-mAlb uptake are equal-
ized as early as 4 h after injection, it is tempting to spec-
ulate that the diffusion of the radiotracer out of the
vasculature into the tumors occurs more quickly in highly
necrotic tumors than in less necrotic tumors.

It has been described that tumor cells take up albumin as
a source for energy and amino acids, and albumin conju-
gated to cytotoxic drugs has even proven useful for chemo-
therapeutic purposes (24,25). However, in our study the
concentration of 89Zr-DFO-mAlb activity was highest in
necrotic regions and less in viable tumor areas at later time
points (.20 h; Fig. 4), indicating that uptake of 89Zr-DFO-

TABLE 2
Analysis of CEUS Destruction–Replenishment Curves and 3-Dimensional Power Doppler Imaging

a (signal intensity)* b (1/s)† Percentage of vascularity (%)

Tumor Median Confidence interval Median Confidence interval Median Confidence interval

CWR22rv1 8.9 2.8 0.3 0.2 0.72 1.05

DU-145 39.0 12.6 0.2 0.1 1.87 1.59
PC-3 6.1 1.1 0.4 0.1 0.85 0.66

*a reflects microvascular cross-sectional area.
†b reflects microbubble velocity.

FIGURE 4. Microscopy images of adjacent histologic CWR22rv1,

DU-145, and PC-3 tumor tissue slices stained with H&E (purple),
albumin-bound Evans blue (fluorescence image; red), and DAR

(green) showing intratumoral distribution of 89Zr-DFO-mAlb. Tumors

were harvested and fresh frozen at 20 h after intravenous adminis-
tration of radiotracer. Evans blue dye was administered intrave-

nously 10–15 min before sacrifice. Scale bar 5 2 mm.
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mAlb into the tumor cells may indeed contribute to the
overall amount of uptake, but it is not the major mechanism
for radiotracer accumulation in our model systems. Rather,
we speculate that accumulation in the necrotic areas may be
due to clearance by the lymphatic system in the perfused
tumor regions, but further studies are required to provide
experimental evidence for this mechanism. Interestingly,
despite dependence of radiotracer uptake on tumor pheno-
type at early time points, by the time the EPR effect begins
to dominate the distribution, and a balance between blood-
pool and tumor tissue activity is reached, phenotypic differ-
ences are found to play a less important role in the overall
radiotracer retention.
Tumor size was found to have limited influence on

radiotracer uptake at all time points. This is to be expected
because it is known that tumors as small as 100 mm in
diameter can have well-developed microvessel networks,
regions of necrosis, and high expression of proangiogenic
factors (26–28). Hence, for most practical studies, these
experiments indicate that tumor size is not expected to influ-
ence the magnitude of the EPR effect on measured radio-
tracer uptake. However, it is noted that excessively large
tumors with dead or necrotic cores will affect the specific
uptake of targeted radiotracers, and this heterogeneity is
especially important if tumor tissue is divided for separate
studies (e.g., half for biodistribution and half for histology).
On the basis of the mechanism of EPR and our preliminary

studies reported here, we propose that the specificity of any
targeted macromolecular radiotracer or drug molecule must
be demonstrated by experiment before the compound is
evaluated for therapeutic or diagnostic efficacy. We submit
that the target-tissue accumulation by EPR effect should be
determined as a minimum threshold value, with a scrambled
or nontargeted analog of the targeted radiotracer in addition
to competition studies to describe the uptake of a targeted
macromolecular or nanoparticle-based radiotracer as high or
specific. This threshold will almost certainly depend on
molecular size, shape, charge and polarity, lipophilicity, and
radiotracer stability with respect to metabolism or loss of the
radionuclide and should be identified for each new class of
targeted radiotracer. 89Zr-DFO-mAlb, a globular protein
around 67 kDa in size, reached a minimum threshold value
of around 5.0 %ID/g at approximately 20 h and may provide
a point of reference applicable to most medium-sized protein-
based agents. Additionally, the methods used in this work can
be easily translated to studies involving different mouse mod-
els, tumor phenotypes, or molecular entities.

CONCLUSION

The EPR effect plays an important role in tumor uptake
of macromolecules at late investigational time points. At
early time points (,1 h after administration), radiotracer
and other drug uptake is dominated by vascularization and
the degree of necrosis of solid tumors and is therefore
dependent on tumor phenotype. By 20 h, histologic studies
showed that intratumoral distribution of nonspecific radio-

tracers or drugs is likely to be focused on regions of
necrosis as opposed to vascularized areas. Furthermore, at
late time points differences in tumor phenotype are found to
have a minimal role in defining peak radiotracer accumu-
lation. Biodistribution studies demonstrated that at 20 h,
nonspecific tumor uptake of 89Zr-DFO-mAlb by the EPR
effect in CWR22rv1, DU-145, and PC-3 xenograft models
reached the same magnitude of around 5.0 %ID/g. We sug-
gest that the minimum level of accumulation via EPR effect
be determined for any new targeted macromolecular and
nanoparticle-based radiotracer before the observed experi-
mental uptake is described as high, specific, or selective.
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