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The Enhanced Permeability and Retention (EPR) effect is extensively used in drug delivery research. Taking
into account that EPR is a highly variable phenomenon, we have here set out to evaluate if contrast-enhanced
functional ultrasound (ceUS) imaging can be employed to characterize EPR-mediated passive drug targeting to
tumors. Using standard fluorescence molecular tomography (FMT) and two different protocols for hybrid com-
puted tomography-fluorescence molecular tomography (CT-FMT), the tumor accumulation of a ~10 nm-sized
near-infrared-fluorophore-labeled polymeric drug carrier (pHPMA-Dy750) was evaluated in CT26 tumor-
bearing mice. In the same set of animals, two different ceUS techniques (2D MIOT and 3D B-mode imaging)
were employed to assess tumor vascularization. Subsequently, the degree of tumor vascularizationwas correlat-
ed with the degree of EPR-mediated drug targeting. Depending on the optical imaging protocol used, the tumor
accumulation of the polymeric drug carrier ranged from 5 to 12% of the injected dose. The degree of tumor vas-
cularization, determined using ceUS, varied from 4 to 11%. For both hybrid CT-FMT protocols, a good correlation
between the degree of tumor vascularization and the degree of tumor accumulation was observed, within the
case of reconstructed CT-FMT, correlation coefficients of ~0.8 and p-values of b0.02. These findings indicate
that ceUS can be used to characterize and predict EPR, and potentially also to pre-select patients likely to
respond to passively tumor-targeted nanomedicine treatments.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Upon i.v. administration, low-molecular-weight chemotherapeutic
drugs generally present with suboptimal pharmacokinetics and with
an inappropriate biodistribution. Due to their small size and/or their
high hydrophobicity, for instance, systemically administered anticancer
agents tend to have a short circulation half-life time and a large volume
of distribution, resulting in low levels of accumulation in tumors and
tumor cells, and in high concentrations in potentially endangered
healthy tissues.

To improve the balance between the tumor accumulation and the
off-target localization of chemotherapeutic drugs, and to thereby bene-
ficially affect the balance between their efficacy and their toxicity, a
large number of nanomedicine formulations have been designed and
evaluated over the years [1–5]. Examples of clinically used tumor-
tal Molecular Imaging, RWTH
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targeted nanomedicines are liposomes, polymers, micelles, nanoparti-
cles and antibodies. Several of these formulations have been approved
for clinical use, including e.g. Doxil for ovarian cancer, breast cancer,
multiple myeloma and Kaposi sarcoma, and Abraxane for breast cancer.
Numerous other nanomedicines are currently in clinical trials, and a
large number of additional formulations are under preclinical develop-
ment [5,6].

The biodistribution of nanomedicine formulations is very different
from that of low-molecular-weight drugs. As the size of nanocarrier
materials generally is above the kidney clearance threshold (~5 nm),
they tend to circulate for prolonged periods of time, and they are conse-
quently able to exploit the fact that tumor blood vessels are more leaky
than healthy blood vessels, resulting in passive, progressive and rela-
tively selective accumulation at the pathological site over time. This
phenomenon is known as the Enhanced Permeability and Retention
(EPR) effect [7,8], and it is extensively used in drug delivery research.
It is increasingly recognized, however, that EPR is a highly variably phe-
nomenon, presenting not only with large differences between different
animal models and patient tumors, but also with large inter- and
intraindividual differences between tumors of the same sub-type. And
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even within a single tumor, certain vessels are significantly more leaky
than others. Several recent reviews critically describe and comprehen-
sively discuss the validity and the variability of the EPR effect [9–14].
To better understand EPR, to predictwhich animalmodels or patient tu-
mors are likely to benefit from EPR-mediated passive drug targeting,
and to thereby individualize and improve nano-chemotherapeutic
treatments, it therefore seems highly important to identify imageable
parameters to characterize the EPR effect.

In recent years, tremendous progress has been made in developing
(ever more) nanomedicine formulations. Only a few studies, however,
have been undertaken to better understand the EPR effect, to identify
the underlying pathophysiological parameters dictating EPR, and to
develop imaging protocols to visualize and predict EPR. Even though it
seems highly likely, for instance, that the degree of tumor vasculariza-
tion (i.e. the relative vascular volume of tumors) correlates with the de-
gree of EPR-mediated passive drug targeting, no experimental evidence
for this has thus far been provided. Here, we therefore set out to visual-
ize and quantify the tumor accumulation of near-infrared-fluorophore
(NIRF) labeled polymeric drug carriers based on N-(2-hydroxypro-
pyl)-methacrylamide (HPMA), and we correlated their EPR-mediated
tumor accumulation with the degree of tumor vascularization, assessed
using two different contrast-enhanced ultrasound (ceUS) imaging
techniques.

HPMA copolymers are prototypic and routinely used macromolecu-
lar drug carriers, which have been extensively employed for EPR-
mediated passive drug targeting [15–17]. As for other long-circulating
nanocarriers, however, such as for liposomes, the tumor accumulation
of HPMA copolymers varies quite considerably, both in animal models
and in patients, from barely detectable, to up to 5% of the injected
dose [18–21]. In spite of this conceptual shortcoming, HPMA copoly-
mers have been extensively used over the years, to improve the
tumor-directed delivery of many different low-molecular-weight
drugs, including e.g. anthracyclines, antimetabolites, taxanes and
platinates [15,16,22,23], and their biodistribution and target site accu-
mulation have been detailedly documented upon labeling them with
radionuclides, magnetic resonance contrast agents and fluorophores
[24–28].

Preclinically, drug delivery systems generally work very well, with
significant improvements in both target site accumulation and thera-
peutic efficacy. Clinically, however, due to the abovementioned large
inter- and intraindividual variability in EPR, the efficacy of passively
tumor-targeted nanomedicines is compromised, with often significant
improvements in tolerability, but hardly any increases in efficacy [9,
10,14]. Consequently, there seems to be a clear need to develop
methods to visualize and characterize the EPR effect, in order to prese-
lect patients presenting with sufficiently high levels of EPR, to thereby
(pre-) stratify responders and non-responders, and to thereby individu-
alize and improve nano-chemotherapeutic treatments.

We here used ~70 kDa-sized near-infrared fluorophore (NIRF) -
labeled HPMA copolymers (which are known to efficiently accumulate
in subcutaneous CT26 tumors in mice via EPR [29]), hybrid computed
tomography-fluorescence molecular tomography (CT-FMT; [30–32])
and microbubble (MB) -based contrast-enhanced functional ultrasound
(ceUS) imaging [33,34], to demonstrate that the degree of tumor
vascularization correlates with the degree of EPR-mediated passive drug
targeting. These findings indicate that relatively easily imageable vascular
parameters, such as tumor blood volume and tumor blood flow, can be
used to characterize EPR, and to on the basis of this preselect patients like-
ly to respond to passively tumor-targeted nanomedicine therapies.

2. Materials and methods

2.1. Materials

1-Aminopropan-2-ol, methacryloyl chloride, dichloromethane
(DCM), sodium carbonate, glycylglycine (GG), 4,5-dihydrothiazole-2-
thiol (TT), 2,2’-azobis(isobutyronitrile) (AIBN), 6-aminohexanoic acid
(AH), N,N-dimethylformamide (DMF), N,N′-dicyclohexylcarbodiimide
(DCC), dimethylsulfoxide (DMSO), N,N-diisopropylethylamide (DIPEA),
Triton X-100, diethylether and methanol were purchased from Sigma-
Aldrich, USA. N-Butylcyanoacrylate was purchased from Special Polymer
Ltd., Bulgaria. The near-infrared fluorescent dyes Dy676 and Dy750
were purchased from Dyomics GmbH, Germany.

2.2. Polymer synthesis

The synthesis and characterization of pHPMA-Dy750were performed
as described in [32]. Briefly, the monomer N-(2-hydroxypropyl)
methacrylamide (HPMA) was synthesized by the reaction of
methacryloyl chloride with 1-aminopropan-2-ol in DCM using sodium
carbonate. N-Methacyloyl glycylglycine was prepared by Schotten–
Baumann acylation of glycylglycine with methacryloyl chloride in aque-
ous alkaline medium. 3-(N-methacryloyl glycylglycyl)thiazolidine-2-
thione (Ma-GG-TT) was prepared by the reaction of Ma-GG-OH with
4,5-dihydrothiazole-2-thiol in DMF in the presence of DCC. The multiva-
lent random copolymer precursor poly(HPMA-co-Ma-GG-TT) was pre-
pared by solution radical copolymerization of HPMA (85 mol %) and
Ma-GG-TT (15 mol %) in DMSO at 50 °C for 6 h. The concentration of
monomers in the copolymerization mixture was 12.5% w/w, and that of
the initiator AIBNwas 1.5%w/w. Themolecularweight of polymer precur-
sor was 65 kDa, and its polydispersity index (MW/MN) was 1.7. The poly-
mer precursor poly(HPMA-coMa-GG-TT) (0.39 mg, 0.78 mmol TT group
per gram of polymer) was dissolved in methanol (0.6 ml). Dy750-NH2

(1 mg; 1.26 μmol) and DIPEA (0.43 μL, 2.52 μmol) were added. After a
0.5 h reaction with the near-infrared fluorescent dye, the polymer was
aminolyzed with 1-aminopropan-2-ol (5 μL). Fifteen minutes later, the
aminolyzed copolymer was isolated by precipitation with diethylether,
followed by centrifugation. The precipitate was dried under vacuum.
Then, the dry copolymer was dissolved in water, purified by gel filtration
on SephadexG-25 inwater (PD 10 column; Pharmacia), and freeze-dried,
yielding 31 mg (80%) of poly(HPMA-co-Ma-GG-Dy750-co-Ma-GG-AP)
(pHPMA-Dy750). The content of fluorescent dyewas 2.5wt%. Themolec-
ular weight and the polydispersity index of pHPMA-Dy750 were 67 kDa
and 1.7, respectively.

2.3. Microbubble synthesis

Poly(butyl cyanoacrylate) (PBCA) -based microbubbles (MB) were
synthesised as described in [35]. In brief, 3 ml of themonomer butyl cy-
anoacrylate were added drop-wise to an aqueous solution containing
1% (w/v) triton x-100 at pH 2.5. Themixture was subsequently agitated
using an Ultra-turrax (IKA-Werke, Germany) at 10,000 rpm for 60 min,
to obtain PBCAMB. The resulting MB suspension was subsequently pu-
rified by differential centrifugation, to obtain MBwith a mean diameter
of 2.2 ± 0.8 μm.

2.4. Animal experiments

All animal experimentswere conducted according to the regulations
of local and national committees for animal welfare. CD-1 nude mice
(Charles River, Netherlands) were fed with chlorophyll-free food
(tominimize the autofluorescence), kept in pathogen-free cages having
their own ventilation, and placed in rooms with controlled 12 h light/
dark cycles. Murine CT26 colon carcinoma cells were cultured in
Dulbecco's modified Eagle's medium (DMEM; Gibco, Invitrogen,
Germany), supplementedwith 10% fetal bovine serum (FBS; Invitrogen,
Germany) and 1% penicillin/streptomycin (10,000 U/ml penicillin;
10 mg/ml streptomycin, Invitrogen, Germany), at 37 °C and 5% CO2

in a humid atmosphere. Tumor inoculation was performed by injecting
1× 106 cells in 100 μl medium into the rightflank. Tumorswere allowed
to grow for 10–12 days, until they reached a size of 6–8 mm in
diameter.
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2.5. Contrast-enhanced ultrasound (ceUS) imaging

During the whole measurement procedure, mice were inhalation-
anaesthetized using 2% (v/v) isoflurane (which does not affect the
cardiovascular system [36]). For functional US image acquisition, the
Vevo2100 imaging system (VisualSonics, Canada) was used, in combi-
nation with an MS-250 US transducer, mounted on a motor stage to
allow 3D measurements. The recording took place at a frequency of
21MHz and 4% power. BeforeMB injection, a volumetric image acquisi-
tion with a step size of 0.1 mm (covering the whole tumor) was per-
formed, to determine the background signal. Subsequently, 1 × 107

microbubbles were i.v. injected via a tail vein catheter. The injection
phasewas recorded in a central tumor slice allowingmaximum intensi-
ty over time (MIOT) analysis. Immediately afterwards, a second 3D
measurement was performed at the same settings, to determine the
degree of tumor vascularization. Image analysis was performed as
described below.

2.6. Hybrid computed tomography-fluorescence molecular tomography
(CT-FMT)

The CT and FMT measurements were performed as in [32]. Mice i.v.
injected with pHPMA-Dy750 or Dy676 (as a low-molecular-weight
model drug) were positioned into a CT- and FMT-compatible mouse
bed. They were then first scanned using dual energy Micro-CT
(TomoScope 30s Duo, CT-Imaging, Germany), acquiring 720 projections
containing 1032 × 1012 pixels in 1.1 full rotations within 90 s, upon
which the volumetric data sets were reconstructed at an isotropic
voxel size of 35 μm using a Feldkamp type algorithm and a smooth
kernel. Subsequently, the mouse bed was transferred to the FMT
(FMT 2500 LX, PerkinElmer, MA, USA), and FMT scans were performed
at 680 and 750 nm using 115–120 grid points, arranged in a 3 × 3 mm
grid.

2.7. Image analysis

Three different image analysis methods were employed. The first
one, i.e. ‘FMT only’, is solely based on the 3D FMT data and a 2D reflec-
tance image as it comes from the manufacturer (see Fig. 1). Using the
TrueQuant software (PerkinElmer, MA, USA), an ellipsoid ROI was ad-
justed in the top view in two dimensions, and the depth was estimated
by the user based on the visual signal. The other two analyses are both
based on hybrid CT-FMT imaging protocols developed at our institute
[32]. The ‘CT-FMT fusion’ protocol is based on the fusion of CT and
FMT data sets by computing a rigid transformation using markers inte-
grated into themouse bed which are visible in both modalities [37]. For
Fig. 1. Schematic overview of the FMT- and hybrid CT-FMT-based imaging protocols used.
Mice were placed in a mouse bed compatible with the CT and the FMT imaging systems,
and analyzed using both imaging techniques. FMT was employed to evaluate EPR-
mediated drug targeting to tumors, and CT was used to provide anatomical information
on tumor and mouse location and volume. Three different image analysis methods were
applied to assess the tumor accumulation of pHPMA-Dy750, and to subsequently correlate
this with the degree of tumor vascularization (as determined using two different US pro-
tocols; see Fig. 3).
the ‘CT-FMT recon & fusion’ protocol the FMT raw data were recon-
structed with an improved FMT reconstruction algorithm before fusing
them with the CT data. The reconstructed CT images and FMT data, as
well as the raw US data obtained using the Vevo2100 Imaging System,
were analyzed using the Imalytics Preclinical software (Philips Re-
search, Aachen, Germany). In case of the latter two analytical protocols,
tumors were manually pre-segmented, by delineating the tumor
margins in all three axes in the CT images. After this segmentation, the
corresponding FMT data set was loaded as an image overlay, and the
software computed the volume and fluorescence concentration for
each segmented region. This information was used to determine the %
of the injected dose (%ID) accumulating in tumors. Valueswere normal-
ized to a tumor volume of 250 mm3, as this was the average volume at
the time point of analysis. Also for the determination of tumor vascular-
ization two different protocols were applied. MIOT-based US analysis
was performed as described in [38]. 3D B-mode data sets were analyzed
in a manner similar to that employed in the CT-FMT analysis. Non-
specific contrast noise was excluded. The difference in mean intensity of
segmented tumors before and after MB injection was determined and
assumed to be proportional to the degree of vascularization [39,40].
Furthermore the score was multiplied with a fixed and predetermined
calibration factor, to yield reasonable and representative values in per-
centage. The correlation analysis is invariant to this calibration factor.

2.8. Statistical analysis

The data was statistically analyzed using GraphPad Prism (Version
5.0). For correlation analysis, the coefficient of determination (r2) was
calculated. P b 0.05 was considered to represent statistical significance.

3. Results and discussion

To analyze EPR-mediated drug targeting to tumors, we used a
~10 nm-sized Dy750-labeled HPMA copolymer, and assessed its accu-
mulation in subcutaneous CT26 tumors at 48 h post i.v. injection. The
passive tumor accumulation of theNIRF-labeled polymerwas visualized
and quantified using three different optical imaging techniques, which
we termed ‘FMT-only’, ‘CT-FMT fusion’ and ‘CT-FMT recon & fusion’
(Fig. 1). We furthermore used poly(butyl cyanoacrylate) (PBCA)
-based microbubbles (MB) and contrast-enhanced US imaging to
visualize and quantify the vascularization of tumors, and to correlate
the degree of EPR-mediated drug targeting with the degree of tumor
vascularization.

3.1. Optical imaging of EPR-mediated passive drug targeting

The use of optical imaging techniques tomonitor the biodistribution
and target site accumulation of nanomedicine formulations has in-
creased exponentially in recent years [41–43]. It is therefore highly im-
portant to be aware of some of the limitations associated with these
techniques, including e.g. the poor penetration depth of light (which
particularly affects 2D FRI), and the lack of anatomical information
(which affects both 2D FRI and 3D FMT). To resolve these issues, we
have recently established a hybrid CT-FMT protocol, in which the ana-
tomical information that can be obtained at very high resolution using
micro-CT is fused with the functional/molecular information that can
be obtained with very high sensitivity using FMT [32]. Furthermore,
we developed a novel FMT reconstruction algorithm which resolves
some of the drawbacks regarding anatomical information and light
absorption by blood (i.e. by hemoglobin) in highly perfused organs
and tissues.

In the present study, six different CT26 tumor-bearing mice were
injected with pHPMA-Dy750, and imaged using standard FMT and
hybrid CT-FMT. In addition, four mice were injected with the low-
molecular weightmodel drug Dy676, to exemplify that EPR only occurs
in case of nanomedicine formulations (see Fig. S1). Image analysis was
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performedeitherwith the TrueQuant software (in case of ‘FMT only’), or
with the Imalytics Preclinical software (in case of ‘CT-FMT fusion’ and
‘CT-FMT recon & fusion’). As explained in the Materials and methods
section, analyzing standard 3D FMT data sets suffers from several limi-
tations, including the fact that the anatomical information that is con-
veyed in these analyses is solely based on a 2D reflectance image. As
illustrated by the top right image in Fig. 1, the reconstructed 3D fluores-
cence signal (corresponding to probe accumulation in the tumor) is
volume-rendered above a 2D reflectance image of the whole mouse,
and one has to manually identify and select the tumor region-of-
interest (ROI). This ROI can only be adjusted in two dimensions, i.e.
length andwidth. Depth cannot be determined, and has to be estimated
on the basis of the FMT signal. This approach consequently results in
a relatively subjective interpretation of the data, and may give rise
to biased, inaccurate and/or incorrect outcomes (depending on the
observer's experience, expertise and expectations).

To address the shortcomings associatedwith standard FMT, we (and
others) have developed protocols for the co-registration of CT and FMT
data sets [30–32]. The advantage of such co-registered images is the ad-
dition of anatomical information, allowing for a much more precise 3D
segmentation of tumors (and other organs of interest) on the basis of
the CT images, yielding a highly reproduciblemethod for biodistribution
analyses [32]. In principle, upon co-registration, only signals which real-
ly arewithin the tumor volumeare included in the quantitative analysis.
As exemplified by the middle panels in Figs. 1 and 2, however, also the
‘standard’ CT-FMT fusion protocol has some drawbacks, as not all of the
FMT-based optical signal coming from tumor and corresponding to the
total tumor accumulation of pHPMA-Dy750 is covered by the (pre-)
segmented CT tumor volume. In the middle right panel in Fig. 1, for
instance, the red demarcation highlighting the CT-based tumor seg-
mentation misses a significant portion of FMT-based nanocarrier signal
coming from an area very close to the tumor. In the 2D and 3D analyses,
this signal even appears to be coming from a region outside of
the mouse (Fig. 2B), indicating that the standard FMT reconstruction
algorithm leads to a significant misalignment of the signal. This either
has the consequence of missing a relevant portion of the FMT signal,
or requires amanual and highly subjective post-modification of the seg-
mented area, fitting it to the signalmost likely coming from the tumor. A
recently developed algorithm takes the shape of the mouse into consid-
eration, as well as the impact of light absorption by highly vascularized
and/or highly perfused tissues, and thereby overcomes – at least in
part – the abovementioned issues [30].

These insights are substantiated by Fig. 2, showing that in case of
‘standard’ CT-FMT fusion, a significant portion of the EPR-mediated
nanocarrier accumulation in tumors is missed (~25% in this example;
upon 3D analysis of the whole tumor). In Fig. 2A, a transversal slice of
the CT image of the tumor region is depicted,with the tumor segmented
Fig. 2. CT-FMT imaging of EPR-mediated drug targeting to tumors. Panel A shows an ana-
tomical CT images of a CT26 tumor-bearingmouse, imaged in 2D at the flank region, with
the presegmented tumor depicted in green. 3D segmentations of the tumors are shown in
the insets. In B and C, the CT signal is fused with the FMT signal, reporting on the EPR-
mediated tumor accumulation of pHPMA-Dy750. In B, it can be seen that the CT-
segmented tumor volume does not properly correspond with nanocarrier accumulation,
with a significant portion of fluorescence generated by pHPMA-Dy750 present outside
of the tumor (andoutside of thewholemouse). In C, upon applying a CT-based FMT recon-
struction protocol, which takes the shape of the mouse and its optical absorption proper-
ties into account, the nanocarrier signal properly colocalized with the tumor.
in green. When subsequently fusing this image with the obtained FMT
data, a large amount of the NIRF-labeled polymer passively accumulat-
ing in the tumor is found to be localized outside of the tumor ROI, and
even outside of thewholemouse (Fig. 2B).When employing the recent-
ly developed CT-based FMT reconstruction, the optical signal is
restrained to the volume (shape) of the mouse, and consequently ap-
pears completely within the tumor. As will be detailed below, both pro-
tocols for hybrid CT-FMT imaging, as well as standard FMT (i.e. ‘FMT
only’), were used to assess whether the degree of tumor vascularization
correlates with the degree of EPR-mediated passive drug targeting.

3.2. Contrast-enhanced ultrasound imaging of tumor vascularization

Using all three optical imaging protocols for quantitatively assessing
the passive tumor accumulation of theNIRF-labeledpolymeric drug car-
rier, we subsequently set out to determine the impact of tumor vascu-
larization on the degree of EPR-mediated passive drug targeting. This
is because it seems obvious that the more extensively vascularized tu-
mors are, the more efficiently they can accumulate long-circulating
nanomedicine formulations. Thus far, however, no experimental
evidence has been provided for this seemingly logical assumption, and
for this theranostic approach to preselect patients. To provide proof-
of-principle for a correlation between the degree of tumor vasculariza-
tion and the degree of EPR-mediated passive drug targeting, we corre-
lated the tumor accumulation of pHPMA-Dy750 with the levels of
tumor vascularization, determined using two different functional ceUS
imagingprotocols. Thefirst ceUS imaging approach is based onmaximal
intensity over time (MIOT) analysis, acquiring information on tumor
vascularization in 2D [38]. Both for preclinical and for clinical applica-
tion, it would be convenient to assess tumor vascularization in 2D, as
nomotor stage or other comparable equipment is needed for temporal-
ly and spatially controlled image acquisition. However, as 2D measure-
ments might not account for the large inter- and intra-individual
variability typical of tumors, also 3D B-mode-based analyses were per-
formed. The MIOT images in Fig. 3A depict the gradual contrast agent
Fig. 3.Quantification of tumor vascularization using 2DMIOT and 3D B-mode US imaging.
2Dmaximal intensity over time (MIOT) images are depicted in A, and 3D B-mode images
before and after microbubble administration are shown in B. Panel C exemplifies the cu-
mulative 2D MIOT-based quantification of tumor vascularization, and panel D the assess-
ment of tumor vascularization on the basis of subtracting post minus pre B-mode signal
intensities. Panel E shows the correlation between 2D MIOT and 3D B-mode imaging.

image of Fig.�2
image of Fig.�3


Table 1
Analysis of the correlation between EPR-mediated tumor targeting and tumor vasculariza-
tion.

Vascularization Image analysis P-value r2

2D MIOT FMT only 0.23 0.33
2D MIOT CT/FMT fusion 0.074 0.59
2D MIOT CT/FMT recon & fusion 0.013 0.82
3D B-mode FMT only 0.41 0.33
3D B-mode CT/FMT fusion 0.069 0.6
3D B-mode CT/FMT recon & fusion 0.019 0.78

Fig. 4. Imaging EPR-mediated tumor targeting and tumor vascularization. The tumor accu-
mulation of pHPMA-Dy750 was evaluated at 48 h post i.v. injection (A–H), and correlated
with tumor vascularization (I–P). Standard (A–B) and reconstructed (C–H) CT-FMT im-
ages are shown for animals accumulating pHPMA-Dy750 to a relatively low (left panels;
A, C) or high (right panels; B, D) extent. Tumor vascularization was assessed using 2D
MIOT (I–L) and 3D B-mode US (M–P). The images clearly show that tumors which are
well vascularized (right panels) accumulated the nanocarriers more efficiently than tu-
mors which are less well-vascularized (left panels).
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inflow over time. The difference in signal intensity between the onset of
contrast agent inflow and the signal plateau is proportional to the de-
gree of vascularization (Fig. 3C). Similarly, Fig. 3B shows 3D B-mode im-
ages of the tumor at different spatial locations, before and after contrast
agent injection. The average of the mean signal intensity before and
Fig. 5.Quantitative correlation of EPR-mediated passive drug targeting with tumor vascu-
larization. The tumor accumulation of pHPMA-Dy750 was determined in six different
CT26 tumor-bearing mice, and the values obtained were quantitatively correlated with
the levels of tumor vascularization. EPR-mediated passive tumor targeting was evaluated
using FMT (A, D), CT-FMT fusion (B, E) and CT-FMT recon & fusion (C, F). Tumor vascular-
ization was assessed using 2D MIOT (A–C) and 3D B-mode (D–F) US imaging. The corre-
sponding Pearson correlation coefficients and p-values are presented in Table 1.
after contrast agent injection is also proportional to the degree of vascu-
larization (Fig. 3D). Fig. 3E exemplifies that 2D MIOT and 3D B-mode
analyses correspond relatively well.
3.3. Correlating EPR-mediated drug targeting with tumor vascularization

Subsequently, the degree of EPR-mediated tumor targeting, as
assessed using FMT and CT-FMT, was correlated with the degree of
tumor vascularization, as assessed using 2D MIOT and 3D B-mode US
imaging. As shown in Fig. 4, as hypothesized, passive tumor targeting
correlated very well with tumor vascularization. It should be noted in
this regard that the fact that the absolute values for the percentage
tumor vascularization (4–11%) and the percentage of the injected
dose accumulating in tumors (5–12%) corresponded very closely
seems to be a coincidence (not in the last place as this strongly depends
on how the values for %ID accumulating in tumors are expressed; here
per 250 mm3 tumor).

Fig. 4A–H shows CT-FMT fusion images of mice presenting with low
(left panels) and high (right panels) levels of passive tumor targeting. In
line with this, Fig. 4I–P provide non-invasive imaging information on
the degree of tumor vascularization in these two mice, exemplifying
that relatively poorly vascularized tumors (rBV = 7.0% in 3D-US;
Fig. 4I, J, M and N) presented with less EPR (tumor accumulation =
6.9% ID in reconstructed CT-FMT; Fig. 4A, C, E and F) than did well-
vascularized tumors (rBV = 10.0% in 3D-US; Fig. 4K, L, O and P),
which presented with more prominent levels of EPR (tumor accumula-
tion = 9.7% ID in reconstructed CT-FMT; Fig. 4B, D, G and H).

When finally quantitatively comparing the levels of EPR-mediated
passive drug targeting with the levels of tumor vascularization, a very
good correlation was observed. As shown in Fig. 5, this was not found
to be the case for ‘FMT only’, for which the overall levels of EPR-
mediated drug targeting varied quite substantially (from 5 to 18% ID;
Fig. 5A). For both hybrid CT-FMT protocols, on the other hand, the accu-
mulation of pHPMA-Dy750 correlated very well with tumor vasculari-
zation. For ‘standard’ CT-FMT fusion, decent Pearson correlation
coefficients and p-values close to statistical significance were observed.
For the reconstructed CT-FMT fusion protocol, the correlation coeffi-
cients were ~0.8, and the p-values were b0.02 (see Table 1).

Consequently, our findings indicate that the degree of tumor vascu-
larization might be a suitable parameter for predicting EPR. These in-
sights are considered to be highly important for better understanding
EPR, for identifying image-able (patho-) physiological parameters de-
termining EPR, and potentially also for personalizing EPR-based nano-
chemotherapeutic treatments. It should be kept in mind in this regard
that not only genomic and proteomic information on the expression of
tumor-specific genes and proteins can be employed to individualize an-
ticancer therapies [44,45], but that also the visualization, quantification
and prediction of the target site accumulation of tumor-targeted
nanomedicines might hold significant potential for personalizing anti-
tumor treatments [46–49]. Therefore, such nanotheranostic concepts,
in which drug targeting and imaging are combined, are considered to
be highly useful for improving the balance between the efficacy and
the toxicity of systemic anticancer therapy.

image of Fig.�5
image of Fig.�4
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4. Conclusion

Reasoning that EPR is a highly variable phenomenon, and that some
patients might really benefit from treatment with passively tumor-
targeted nanomedicine formulations (via improved efficacy), while
others might only profit from a reduction of drug accumulation in
healthy tissues (via reduced toxicity), we have here set out to evaluate
if imageable pathophysiological parameters, such as tumor vasculariza-
tion, can be used to predict EPR-mediated passive drug targeting. As hy-
pothesized, the degree of tumor vascularization correlated very well
with the degree of EPR-mediated tumor accumulation (at least for
~10 nm-sized polymeric drug carriers administered to mice bearing
subcutaneous CT26 tumors). To generalize this hypothesis, however,
and to make these results more relevant for the clinical situation, our
findings need to be confirmed in other tumor models and using other
nanomedicine formulations. In addition, analogous to tumor vasculari-
zation, also other imageable parameters, such as tumor perfusion,
tumor permeability and tumor cellularity, might be useful for predicting
EPR-mediated passive drug targeting, and should be evaluated as
potential imaging biomarkers in future studies. Nonetheless, based on
the insights and evidence provided here, it seems to be justified to
conclude that simple and straightforward imaging tools, such as the
contrast-enhanced US-based assessment of tumor vascularization, can
potentially be used to predict the efficiency of passive tumor targeting.
Consequently, such theranostic concepts, in which drug targeting
and imaging are intimately combined, appear to be highly useful for in-
dividualizing and improving nanomedicine-based chemotherapeutic
interventions.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jconrel.2014.03.007.
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