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Abstract

Enhanced permeability and retention (EPR), and the (over-) expression of angiogenesis-related
surface receptors are key features of tumor blood vessels. As a consequence, EPR-mediated
passive and RGD- and NGR-based active tumor targeting have received considerable attention in
the last couple of years. Using several different in vivo and ex vivo optical imaging techniques, we
here visualized and quantified the benefit of RGD- and NGR-based vascular vs. EPR-mediated
passive tumor targeting. This was done using ~10 nm-sized polymeric nanocarriers, which were
either labeled with DY-676 (peptide-modified polymers) or with DY-750 (peptide-free polymers).
Upon co-injection into mice bearing both highly leaky CT26 and poorly leaky BxPC3 tumors, it
was found that vascular targeting did work, resulting in rapid and efficient early binding to tumor
blood vessels, but that over time, passive targeting was significantly more efficient, leading to
higher overall levels and to more efficient retention within tumors. Although this situation might
be different for larger carrier materials, these insights indicate that caution should be taken not to
over-estimate the potential of active over passive tumor targeting.
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Paralleled by the ever-increasing advances in nanotechnology and chemical engineering,
nanomedicine formulations have started to attract significant attention in the last couple of
years. Nanomedicines are 1-100(0) nm-sized carrier materials designed to improve the
biodistribution and target site accumulation of low-molecular-weight (chemo-) therapeutic
agents. By means of both passive and active targeting mechanisms, nanocarrier materials
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aim to more efficiently deliver drug molecules to pathological sites, while at the same time
preventing their accumulation in potentially endangered healthy tissues, thereby beneficially
affecting the balance between their efficacy and toxicity 1-4.

Passive drug targeting relies on the hyper-permeable tumor vasculature. Endothelial gaps
and improperly aligned vascular endothelium result in leaky blood vessels, which enable the
extravasation of carrier materials with sizes of up to several 100’s of nm into the tumor
interstitium. In addition to this, dysfunctional lymphatic drainage results in the retention of
extravasated nanomaterials within tumorous tissues. Together, these two pathophysiological
features give rise to the ‘Enhanced Permeability and Retention” (EPR) effect, which is
extensively used in the nanomedicine field °6. Several EPR-targeted nanomedicines, such as
Doxil (PEGylated liposomal doxorubicin), Myocet (non-PEGylated liposomal doxorubicin)
and DaunoXome (non-PEGylated liposomal daunorubicin) are routinely used in patients,
and many others are currently in (pre-) clinical trials /9.

It is important to keep in mind in this regard that EPR is a highly variable phenomenon,
characterized by large inter- and intra- individual differences >19-14, Not only do EPR-
determining parameters, such as vascular volume, perfusion, permeability, penetration and
retention, differ quite significantly between different types of tumors, they generally also
differ between different tumors within the same patient. And actually even within a single
tumor, certain vessels are more permeable and/or better perfused than others, together
resulting in very heterogeneous EPR. In general, both in animal models and in patients,
rapidly growing and highly vascularized tumors tend to be more permeable than slowly
growing and poorly vascularized tumors, thereby making them more prone to EPR-mediated
passive drug targeting. This can be exemplified by taking into account that Kaposi sarcoma
tumors, which are known to be highly vascularized and highly leaky, accumulate long-
circulating liposomes very efficiently 15, and respond very well to treatment with Doxil,
doubling response rates as compared to the triple chemotherapy combination Adriamycin
(Doxorubicin), Bleomycin and Vincristine 16. Vice versa, patients suffering from less-
permeable tumors, such as the vast majority of breast carcinomas 1°, did not really benefit
from Doxil vs. free doxorubicin treatment. Progression-free and overall survival times were
found to be similar for the liposomal and the free drug, but the toxicity profile was
beneficially affected, with less bone marrow depression, alopecia, nausea and vomiting, and
with a shift of the dose-limiting toxicity from cumulative cardiomyopathy for free
doxorubicin to hand-and-foot syndrome for Doxil 16-18,

As opposed to passive drug targeting, which essentially only relies on the
pathophysiological properties of target tissue and on the prolonged circulation time of
nanocarriers, active targeting is based on the incorporation of specific recognition motifs
within nanomedicine formulations. Examples of routinely used targeting ligands are
antibodies, peptides, nanobodies, sugar molecules and aptamers. These entities aim to
specifically bind to cell surface or matrix molecules present in high amount at the target site,
which in case of tumors generally refers to receptors highly (over-) expressed either by the
cancer cells themselves (e.g. EGFR or PSMA), or by tumor endothelial cells (e.g. VEGFR2
or integrins) 11.19-23,

In the last decade, a significant number of drug targeting studies have focused on the
synthesis and evaluation of actively targeted nanomedicines, primarily aiming to deliver
higher payloads of drugs to tumors over time. Strikingly, however, in spite of often highly
promising in vitro findings, showing e.g. enhanced binding, uptake, intracellular processing
and efficacy, only a relatively small number of studies have managed to demonstrate that
active targeting of nanocarriers really helps to improve their in vivo tumor
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accumulation 2431, Consequently, scrutiny has risen in recent years with regard to the
potential of active over passive tumor targeting.

In light of this, it has become apparent that in particular in case of active targeting to cancer
cells, extravasation from the vascular compartment into tumor interstitium is the rate-
limiting step for efficient site-specific drug delivery. This, together with the fact that I) the
intratumoral penetration of nanomaterials with sizes exceeding ~10 nm tends to be

poor 3234 and that 11) the presence of targeting ligands on the surface of nanocarriers
generally has deleterious pharmacokinetic consequences (reducing their circulation half-life
times and their passive EPR-mediated accumulation in tumors 11:27.29) calls for a
systematic analysis of the benefit of active versus passive tumor targeting. Surely, under
certain circumstances, e.g. in case of DNA or siRNA delivery, where cellular internalization
by a specific target cell population within a solid tumor is absolutely necessary, active
targeting is imperative 3°-37, Similarly, also in situations in which the targeting ligand
contributes to the overall pharmacological activity of the developed nanomedicine
formulation, e.g. in case of Erbitux-modified Doxil, Acupa-modified docetaxel nanoparticles
and anti-EGFR-nanobody-modified polymeric micelles carrying doxorubicin, ‘active
targeting’ has been shown to be beneficial, significantly improving therapeutic outcome as
compared to passively targeted controls lacking such potentially therapeutic targeting
ligands 38-41, This improved efficacy, however, most likely does not result from improved
tumor accumulation upon “active targeting’, but from additive or even synergistic
interactions at the cellular and molecular level.

Given the fact that hardly any systematic comparisons are available addressing the potential
of active vs. passive tumor targeting, we here longitudinally visualized and quantified the
tumor accumulation of RGD- and NGR-based polymeric nanocarriers, and compared it to
that of DRG- and peptide-free control copolymers. RGD- and NGR-containing
oligopeptides bind to integrin (a,f3) and aminopeptidase N (CD13) receptors, and are
routinely used ligands for active targeting to tumor blood vessels [42,43]. As depicted
schematically in Figure 1, we prepared prototypic ~10 nm-sized polymeric drug carriers
based on poly(N-(2-hydroxypropyl)methacrylamide) (i.e. pHPMA,; which has been
extensively evaluated both in animal models and in patients 17:22:44-47) ‘and we labeled the
peptide-containing and the peptide-free polymers with two different near-infrared
fluorophores (i.e. DY-676 and DY-750, respectively). The two probes were then co-injected
into tumor-bearing mice, in order to reduce animal-to-animal and tumor-to-tumor
variability. Biodistribution and tumor accumulation were longitudinally monitored for up to
72 h, using 2D fluorescence reflectance imaging (FRI) and 3D computed tomography-
fluorescence molecular tomography (CT-FMT) 4849 Two different mouse models were
employed, i.e. rapidly growing and highly leaky CT26 mouse colorectal carcinoma tumors,
and slowly growing and much less leaky BXPC3 human pancreatic carcinoma tumors. As
exemplified by Figure 1C, we predicted that the added value of active vascular targeting
over EPR-mediated passive targeting would depend on the baseline level of vascular
leakiness. In case of poorly leaky tumors, there are good reasons to believe that vascular
targeting might work (at least for a certain period of time), whereas in cases of highly leaky
tumors, passive targeting likely dominates. This is because actively targeted nanocarriers,
such as antibody-modified liposomes or peptide-modified polymers, generally circulate
shorter than their passively targeted counterparts. As a result of this, they tend to be
somewhat less suitable for EPR-mediated passive drug targeting. Largely in line with this
reasoning, the findings described below demonstrate that in case of ~10 nm-sized polymeric
carrier materials, RGD- and NGR-based vascular targeting does work, leading to rapid and
relatively efficient early binding to tumor blood vessels, but does not increase the long-term
levels of model drug molecules accumulating in tumors over time. Although this situation
might be different for other (in particular larger) drug delivery systems, these findings
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indicate that the potential of active over passive tumor targeting should not be over-
estimated.

The passively and actively targeted polymeric nanocarriers P-CON, P-DRG, P-RGD and P-
NGR were synthesized using previously established procedures (see supplementary
materials and methods section for details). As shown in Figure 2A, P-CON did not contain a
peptide fragment, and was labeled with the near-infrared fluorophore (NIRF) DY-750. P-
RGD, P-NGR and P-DRG were labeled with the NIRF DY-676, and were coupled to the
cyclic pentapeptides cyclo(RGDfK), cyclo(CNGRC) and cyclo(DRfGK), via a short PEG-
based spacer (Figure 2A). The average molecular weight of the polymeric nanocarriers was
~70 kD, their polydispersity index was ~1.6, their dye content was 2.3% wi/w, and their
peptide-content was 8-9% wi/w (Figure 2B). The optical properties of purified constructs
were assessed spectrophotometrically and using fluorescence molecular tomography (FMT;
Figure 2C). The relative signal intensities in the phantoms were used to calibrate the FMT
device for the in vivo experiments.

Two-dimensional fluorescence reflectance imaging (2D FRI) was employed to evaluate the
early binding kinetics of the peptide-targeted polymers to tumor blood vessels, as well as
their long-term retention within tumors. To minimize the impact of inter-individual
variability, the DY-750-labeled control copolymer P-CON was co-injected together with the
peptide-modified DY-676-labeled copolymers P-RGD, P-NGR and P-DRG into the same
CT26 and BxPC3 tumor-bearing mice. As exemplified by Figure 3, non-invasive 2D FRI at
early (0.25, 0.5, 1 and 4 h) and late (24, 48 and 72 h) time points after i.v. injection clearly
demonstrated that both P-RGD and P-NGR rapidly and efficiently bound to integrin (a,f3)
and aminopeptidase N (CD13) receptors on activated tumor endothelium. In case of the
passively targeted probes P-DRG and P-CON, there were no signs of early binding and rapid
tumor localization. Instead, there was a progressive EPR-mediated tumor accumulation,
which started to become apparent from 24 h onwards in the 2D FRI images (Figure 3). As
expected, the EPR-mediated accumulation of the probes was found to be much stronger in
rapidly growing CT26 tumors (~8 mm in ~2 weeks) than in slowly growing BxPC3 tumors
(~8 mm in ~6 months). Interestingly, however, in spite of these very different growth
kinetics and differences in EPR-mediated tumor localization, vascular targeting appeared to
be equally efficient in both models, with very prominent early binding already detectable
from 15 min onwards, and with no obvious overall difference in the degree of vascular
tumor targeting. However, it has to be kept in mind in this regard that 2D FRI has light
depth- and penetration-dependent limitations in quantitatively assessing nanomedicine-based
tumor targeting and biodistribution 48. Consequently, these results should at best be
considered as semi-quantitative, providing valuable feedback on the kinetics of tumor
targeting, but not its on overall efficiency (in particular since a direct quantitative
comparison of the fluorescence intensity at 680 and 750 nm is impossible).

To overcome the abovementioned shortcoming with regard to quantitatively comparing the
tumor accumulation of the different NIRF-labeled nanocarriers 4850, and to at the same time
allow for non-invasive whole-body biodistribution analyses (which are impossible using
FRI, given the poor penetration depth of light), we recently established a hybrid imaging
technique based on the combination of microcomputed tomography (CT) and fluorescence
molecular tomography (FMT). In CT-FMT, the quantitative 3D fluorescence information
obtained using FMT is merged with the respective pCT images of the whole mouse, and the
fluorescent clouds corresponding to probe accumulation can be allocated to both superficial
(tumor) lesions and to deeper-seated healthy organs and tissues. This hybrid imaging
technique is therefore considered to be highly valuable for nanomedicine research,
combining the high sensitivity of optical imaging, which has a detection limit in the order of
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nano- to picomoles, with the very high spatial resolution of nCT imaging, which in small
animals can narrow down to several tens of micrometers 48:50.51,

To extend the results obtained using 2D FRI, we therefore also employed 3D CT-FMT to
compare vascular vs. passive targeting in mice bearing CT26 and BxPC3 tumors, enabling
not only the direct visualization of the target site accumulation of P-RGD, P-NGR, P-DRG
and P-CON, but also their quantification. Exemplary images of mice at early (1 h) and late
(48 h) time points after i.v. injection clearly show that in line with the data obtained using
2D-FRI, rapid tumor localization was observed for P-RGD and P-NGR in both CT26 and
BxPC3 tumors (Figure 4A). In contrast, P-DRG and P-CON were barely detectable within
tumors at this early time point. At later stages (48 h), however, this situation was found to be
reversed, with hardly any probe accumulation detectable for P-RGD and P-NGR, but with
very prominent EPR-mediated passive tumor targeting for P-DRG and P-CON (Figure 4A).
3D CT-FMT-based quantifications confirmed these observations, showing a peak in P-RGD
and P-NGR tumor accumulation at 1 h, which leveled off at ~50% of the initial peak
concentration at later time points (Figure 4B). Both untargeted probes, i.e. P-DRG and P-
CON, did not display signs of early binding, but gradually accumulated in tumors over time,
in line with the basic principles of EPR. Interestingly, but not unexpectedly, the
incorporation of the scrambled DRG peptide resulted in less efficient EPR (~50% lower
overall tumor AUC as compared to P-CON), likely due to the slightly less stealthy character
of the peptide-modified polymer, leading to a somewhat more rapid elimination via the
reticuloendothelial system (RES; nowadays generally referred to as MPS, i.e. mononuclear
phagocytic system) 92,

Equally interestingly, no large differences between P-RGD and P-NGR were observed in
leaky vs. non-leaky tumors: in both cases, a peak concentration of 2-3% of the injected dose
(%ID) was found to accumulate at the target site at 1 h post i.v. injection. When comparing
the levels of the two passively targeted polymer conjugates P-DRG and P-CON in both
tumor models, a clear impact of tumor growth kinetics and vascular leakiness on the overall
extent of tumor accumulation was detectable, with almost twice as high concentrations of
the carrier materials accumulating in CT26 tumors (Figure 4B). For P-CON, for instance, a
plateau concentration of more than 6 %ID was achieved between 24 and 72 h p.i. in CT26
tumors, whereas in BXPC3 tumors, long-term levels plateaued at ~3 %ID. Together, these
findings indicate that independent of the tumor model used, EPR-mediated passive drug
targeting outperforms RGD- and NGR-based active targeting to tumor blood vessels, at least
in case of ~10 nm-sized macromolecular carrier materials.

At 72 h p.i., the animals were sacrificed, tumors were harvested and findings were validated
ex vivo. As shown in Figure 5A-B, in line with results obtained using in vivo CT-FMT,
EPR-mediated passive targeting using P-CON resulted in much higher levels of tumor
accumulation than did active (vascular) targeting using P-RGD and P-NGR. In line with the
concept put forward in Figure 1, these differences appeared to be somewhat larger in CT26
than in BxPC3, but one has to keep in mind in this regard that these 2D FRI results are at
best semi-quantitative. As exemplified by Figure 5C, we also analyzed the ex vivo
biodistribution of the four probes, showing that the modification of the polymeric carrier
materials with peptides increases their off-target accumulation in healthy organs. This notion
is in line with previously published reports, in which radionuclide-based imaging techniques
were employed to demonstrate that upon conjugating peptides to polymers, their long-
circulating properties decrease, and their levels accumulating in healthy non-target tissues,
in particular in kidney, liver and spleen, are increased 2049:52.53_|n addition to the fact that
the beneficial impact of active targeting to tumor blood vessels is relatively short-lived
(Figure 4A-B), these deleterious biodistributional consequences of modifying polymers with
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peptides (Figure 5C) explain why RGD- and NGR-targeted nanocarriers do not accumulate
as efficiently in tumors as do their unmodified counterparts.

Excised tumors were subsequently evaluated using immunohistochemistry (IHC). As shown
in Figure 6, the degree of co-localization between the polymeric probes and tumor blood
vessels was assessed. To this end, sections were stained using antibodies against the blood
vessel marker CD31, and images were fused with those obtained for the DY-676-labeled
polymers. In good agreement with the observed early accumulation of P-RGD and P-NGR
in CT26 and BxPC3 tumors (Figures 3 and 4), which is indicative of efficient binding to
tumor blood vessels, significantly higher levels of overlap were observed between P-RGD
and P-NGR and CD31, as compared to P-DRG and CD31 (Figure 6B). Interestingly, in
BxPC3, the degree of P-RGD and P-NGR co-localization was approximately twice as high
as in CT26 tumors, which might explain why the difference between active and passive
targeting appeared to be somewhat smaller in BXxPC3, in particular in direct comparison to
P-DRG (cf. Figures 4B and 5B). In line with the in vivo results and with the

literature 26-28:30.54.55 these microscopy findings verify that RGD and NGR can be used to
target specific surface receptors (over-) expressed by tumor blood vessels, but also that in
case of ~10 nm-sized macromolecular carrier materials, this does not lead to improved and/
or prolonged tumor accumulation. Vascular targeting does clearly alter the kinetics of tumor
targeting, with prominent early binding (Figures 3, 4) and with significantly more co-
localization at the microscopy level (Figure 6), but when it comes to achieving optimal drug
delivery efficiency, i.e. high concentrations for prolonged periods of time, passive drug
targeting appears to be the method of choice for such relatively small polymeric drug
carriers.

Finally, to verify that differences in vascular permeability are primarily responsible for the
observed differences in tumor accumulation in CT26 vs. BxPC3 tumors, we visualized and
quantified vascular leakiness in these two models. As shown in Figure 7, this was done
using the Evans Blue Dye (EBD) extravasation assay, as well as high-resolution
transmission (TEM) and scanning electron microscopy (SEM). EBD is a well-known
vascular permeability marker 56:57_ It strongly binds to serum albumin and can therefore be
used to qualitatively and quantitatively assess albumin extravasation 1357, In agreement with
their much more rapid in vivo growth kinetics, with the passive targeting results presented in
Figures 3-5, and with the a-SMA expression levels presented in Figure S1, it was observed
that CT26 tumors displayed much higher levels of vascular leakiness than did BxPC3
tumors (Figure 7A). Extraction of EBD and spectrophotometric quantification confirmed
this notion, showing a 2-3-fold higher level of albumin extravasation in CT26 (Figure 7B),
which is in line with the 2-3-fold higher accumulation of P-CON and P-DRG in CT26
(Figure 4B). These insights were extended using TEM and SEM, illustrating that CT26
tumors presented with more disorganized and more defective blood vessel morphologies,
such as larger perforations and larger variations in pericyte coverage (Figure 7C).
Endothelial misalignment and lack of proper endothelial coverage were relatively frequently
observed in CT26, and were less common in BXPC3 tumors. For healthy control tissue
(kidney), a well-organized and highly uniform endothelial lining was observed. High-
resolution SEM imaging revealed several clearly discernible pores in the capillaries in CT26
tumors, with sizes of up to 150 nm, which were not observed in BXPC3 tumors (Figure 7D-
F). These observations are in line the EBD extravasation studies and confirm the notion that
EPR-mediated passive drug targeting is significantly more efficient in CT26 than in BXPC3
tumors.

In summary, in two different tumor models with varying degrees of vascular leakiness. we
systematically compared EPR-mediated passive vs. RGD- and NGR-based active tumor
targeting for ~10 nm-sized polymeric drug carriers (Figures 1, 2 and 7). We show that RGD-
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and NGR-based active targeting does work, resulting in rapid and relatively specific binding
to tumor blood vessels, but also that peptide-targeting is inferior to standard EPR-mediated
passive drug targeting when it comes to delivering high amounts of model drugs to tumors
over time (Figures 3-6). In line with the literature, polymeric drug carriers with a size of ~10
nm presented with prominent EPR-mediated passive tumor targeting. Arguably, carrier
materials with a size of ~10 nm are optimal for achieving proper tumor accumulation and
tumor penetration, as they are sufficiently large to prevent rapid renal excretion, and at the
same time also sufficiently small to extravasate from tumor blood vessels and penetrate into
the highly dense tumor interstitium. Consequently, even in poorly leaky BxPC3 tumors, a
significant amount of P-CON accumulated over time via EPR, and since peptide-
modification negatively affected the biodistribution of the polymers (Figure 5), EPR-
mediated passive targeting prevailed over RGD- and NGR-mediated active targeting in both
CT26 and BxPC3 tumors (Figures 3-5).

This situation might be different for different types of tumors and different nanocarrier
formulations. Regarding the former, as exemplified by Figure 1C, the benefit of active
vascular targeting likely increases with decreasing vascular leakiness. As a result of this, it is
expected that in tumors growing even slower than BxPC3 xenografts, as well as in the
majority of human tumors (which tend to be much less leaky than mouse tumors), RGD- and
NGR-modified nanocarriers might perform better than in the two tumor models used here.
Regarding the latter, two parameters are expected to play a key role, i.e. nanocarrier size and
the impact of the targeting ligand on the pharmacokinetics and the biodistribution of the
carrier material. The nature of the carrier material, on the other hand, does not necessarily
play a role, as long as the physicochemical and ‘immunological’ properties of the employed
drug delivery system enable it to circulate for prolonged periods of time, and to passively
accumulate in tumors via EPR.

Nanocarrier size is directly related to the pore cutoff-size of tumor blood vessels. It therefore
seems logical that the larger the carrier material is, the more likely it is to benefit from
vascular targeting. There might for instance be tumors (with the majority of endothelial
pores larger than 10 nm and smaller than 100 nm) in which ~10 nm-sized RGD- and NGR-
targeted polymers fail to improve tumor accumulation as compared to passively targeted
polymers, but in which ~100 nm-sized RGD- or NGR-targeted liposomes do show a clear
benefit. This notion can be exemplified by taking into account that microbubbles (i.e. 1-5
pum-sized gas- or air-filled vesicles routinely used as contrast agents for ultrasound imaging)
do not accumulate at all within tumors via EPR, as they are far too large to extravasate from
the tumor vasculature. Upon vascular targeting, however, i.e. upon modifying the polymer-
or lipid-based microbubble surface with antibodies or peptides recognizing receptors
overexpressed by tumor blood vessels (e.g. VEGFR2 or integrins), significant numbers of
microbubbles are retained within tumors, rendering them useful for molecular imaging and
tumor-targeted drug delivery purposes 58-60,

The second key issue determining the potential added value of active vascular targeting over
EPR-mediated passive targeting is the impact of the targeting ligand on the circulation
kinetics of the carrier material. Theoretically, if the presence of targeting ligands would not
lead to a shorter circulation half-life time and/or to an increase in off-target localization,
actively targeted nanocarriers would profit as efficiently from EPR as would passively
targeted formulations. Consequently, they would achieve at least similar (and likely even
higher; because of enhanced early binding) overall levels of tumor accumulation. In the vast
majority of cases, however, conjugating targeting ligands to long-circulating nanocarriers
has a profound effect on their pharmacokinetics and their biodistribution, and it often
significantly lowers their ability to exploit EPR. This is particularly relevant for cancer cell-
targeted nanomedicines, which have to accumulate in tumors first via enhanced

Nano Lett. Author manuscript; available in PMC 2014 March 04.



syduiosnuel Joyiny sispun4 JINd adoin3 ¢

syduosnuelA Joyiny sispun4 DA @doing ¢

Kunjachan et al.

Page 8

permeability, before they can be more efficiently retained there via active targeting (e.g. via
enhanced cellular uptake). This situation is different for endothelial cell-targeted
nanocarriers, for which overall levels of tumor accumulation depend on the sum of relatively
rapid endothelial binding plus relatively slow EPR-mediated extravasation. The latter notion
implies that also in the case of active targeting to tumor blood vessels, it is important to
ensure that the presence of targeting ligands does not negatively affect the pharmacokinetics
and the biodistribution of long-circulating nanomedicines (at least not too much).

Taken together, the above insights and efforts demonstrate that modifying ~10 nm-sized
polymeric drug carriers with RGD- and NGR-based oligopeptides enables active targeting to
tumor blood vessels, as exemplified by efficient in vivo target site accumulation in the first
few hours after i.v. administration, and by prominent ex vivo colocalization with angiogenic
endothelial cells. The long-term levels of RGD-and NGR-modified carrier materials,
however, were found to be lower than those of unmodified control copolymers. These
findings indicate that in case of long-circulating nanomedicine formulations, the potential of
active over passive tumor targeting should not be over-estimated.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Monitoring EPR-mediated passive vs. RGD- and NGR-mediated active (vascular)
tumor targeting

A. Schematic experimental setup, illustrating the co-injection of RGD- or NGR-modified
polymeric nanocarriers (labeled with DY-676) together with unmodified control copolymers
(labeled with DY-750). The carriers were co-injected into mice bearing either highly leaky
CT26 tumors or poorly leaky BxPC3 tumors, and their tumor accumulation was visualized
using 2D Fluorescence Reflectance Imaging (FRI) and hybrid 3D computed tomography-
fluorescence molecular tomography (CT-FMT). B. Representative depiction of hybrid CT-
FMT imaging, in which the anatomical information obtained using CT is used to properly
allocate (and quantify) the tumor accumulation of the fluorophore-labeled nanocarriers. C.
Schematic depiction of the potential benefit of active (vascular) targeting over EPR-
mediated passive targeting in case of ~10 nm-sized polymeric drug carriers, exemplifying
that in particular in case of non-leaky tumors, active vascular targeting might be beneficial.
Note that actively targeted nanomedicines generally circulate somewhat shorter than
passively targeted nanomedicines, and that this reduced plasma residence time results in
somewhat lower amounts accumulating in tumors via EPR.
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Figure 2. Chemical structure and characterization of the polymeric nanocarriers

A. Structure of the pHPMA-based polymeric drug carriers (P) coupled to vascular targeting
ligands (where X = NGR, RGD or DRG (control)) and to a near-infrared fluorophore
(DY-676). The peptide-free control copolymer P-CON was coupled to the near-infrared
fluorophore DY-750. B. Physicochemical properties and peptide content of the four
polymeric nanocarriers used in this study. C. Spectrophotometric analysis and FMT
visualization of P-RGD (left) and P-CON (right).
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Figure 3. Fluorescence reflectance imaging (FRI) of passive vs. active (vascular) tumor targeting
Semi-quantitative 2D FRI analysis of the tumor accumulation of P-RGD, P-NGR, P-DRG
and P-CON in CT26 and BxPC3 tumor-bearing mice. Early binding of the actively targeted
probes P-RGD and P-NGR to tumor blood vessels could be observed in both CT26 and
BXxPC3 tumors, whereas the passively targeted probes P-DRG and P-CON presented with
progressive EPR-mediated tumor accumulation.
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Figure4. Hybrid computed tomography-fluor escence molecular tomography (CT-FMT) imaging
of passive vs. active (vascular) tumor targeting

A. Representative 3D CT-FMT images of the biodistribution and the tumor accumulation of
P-RGD, P-NGR, P-DRG and P-CON at early (1 h) and late (48 h) time points post i.v.
injection in highly leaky CT26 and poorly leaky BxPC3 tumor-bearing mice. Tumors were
pre-segmented using CT and are depicted in green. The images clearly demonstrate that
active targeting to tumor blood vessels using RGD and NGR results in efficient early
binding and rapid tumor accumulation, but is inferior to EPR-mediated passive targeting at
later time points. B. Quantification of active (vascular) vs. passive tumor targeting using 3D
CT-FMT, illustrating reasonably high tumor accumulation for P-RGD and P-NGR at early
time points p.i., but significantly lower long-term levels in tumors as compared to P-DRG
and P-CON. Values represent average = SD.
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Figure 5. Ex vivo 2D FRI of tumor accumulation and biodistribution

A. Tumors were excised at 72 h p.i. and scanned using FRI, confirming the superiority of
EPR-mediated passive over RGD- and NGR-based vascular tumor targeting. B.
Quantification of P-RGD, P-NGR, P-DRG and P-CON accumulation in CT26 and BxPC3
tumors at 72 h p.i.. Fluorescence intensity was measured in counts/energy/area and is
presented as average + SD. * indicates P<0.05. C. Ex vivo biodistribution of the four
polymeric nanocarriers, assessed using 2D FRI, exemplifying that peptide targeting leads to
higher levels of off-target accumulation, in particular in liver and kidney.
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Figure 6. Ex vivo analysis of probe-vessel co-localization

A. Representative fluorescence microscopy images obtained at 72 h p.i., showing a higher
degree of tumor blood vessel association for P-RGD and P-NGR than for P-DRG and P-
CON, in both CT26 and BxPC3 tumors. Tumor endothelium was stained using antibodies
against CD31. B. Quantification of the degree of probe-vessel co-localization. In total, 36
images were analyzed per condition. Values represent average + SD. * P<0.05, ***
P<0.005.
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Figure 7. Assessment of vascular permeability

A. Qualitative images of Evans Blue Dye (EBD) extravasation in CT26 and BXPC3 tumors
at 48 h after the i.v. injection of PBS or EBD (10 mg/kg). Bar: 20 pm. B. Tumor tissue
extracts of EBD and their quantification, exemplifying a ~2.5-fold higher vascular leakiness
in CT26 tumors. Values represent average + SD. *** denotes P<0.005. C. High-resolution
transmission electron microscopy (TEM) analysis of blood vessels in CT26 (1-3), BxPC3
(4-6) and kidney (7-9), demonstrating that capillaries in CT26 tumors presented with higher
levels of endothelial misalignments (cf. panels 2 and 5: red arrowheads) and inter-
endothelial gaps (cf. panels 3 and 6; green arrowheads) than capillaries in BXPC3 tumors.
Blood vessels in kidney were intact and presented with a uniformly thick endothelium (blue
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arrowheads). Scale bar: 2 um. D-E. Scanning electron microscopy (SEM) analysis enabled

the identification of defective endothelium in CT26 tumors, as exemplified by a distinct pore
of ~150 nm in the capillary bed. Scale bar: 1 pm.
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