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Abstract

Advances in nanotechnology and chemical engineering have led to the development of many
different drug delivery systems. These 1-100(0) nm-sized carrier materials aim to increase drug
concentrations at the pathological site, while avoiding their accumulation in healthy non-target
tissues, thereby improving the balance between the efficacy and the toxicity of systemic (chemo-)
therapeutic interventions. An important advantage of such nanocarrier materials is the ease of
incorporating both diagnostic and therapeutic entities within a single formulation, enabling them
to be used for theranostic purposes. We here describe the basic principles of using nanomaterials
for targeting therapeutic and diagnostic agents to pathological sites, and we discuss how
nanotheranostics and image-guided drug delivery can be used to personalize nanomedicine
treatments.
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1. Introduction

Cancer is a highly complex disease, characterized by more than ten severely deregulated
pathological hallmarks, including e.g. cellular proliferation, angiogenesis, inflammation,
infiltration and metastasis [1,2]. There are numerous different types of cancer, varying from
gender-specific malignancies, such as breast or prostate cancer, which actually are the most
common cancer types in the respective gender, to lung and colon cancer, which are common
in both sexes (www.cancer.gov). Every organ of the human biological system can be
affected by cancer. The cause of cancer is even more complex than the different types of
cancer. It ranges from genetic predisposition, e.g. mutation of the APC gene in colon cancer,
to mutations induced by environmental factors, such as cigarette smoke in lung cancer and
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UV-light in skin cancer, to chronic inflammation, e.g. inflammatory bowel disease in colon
cancer [3-5]. These insights show that there are many diverse mechanisms underlying the
many types of cancer. This heterogeneity in cancer localization, cause, initiation and
progression results in very distinct characteristics of tumors. Personalized medicine tries to
identify such characteristics, and to develop therapies which are tailored and optimized for
the treatment of individual patients and tumors.

In general, cancer therapy is primarily based on (combinations of) surgery, radiotherapy and
chemotherapy. Based on tumor type and tumor stage, specific monotherapies or combination
treatments are available. In numerous cases, these meticulously optimized therapy regimens
are reasonably effective, but in many other cases they almost completely fail. These failures
are most obvious in the case of metastatic disease, as radiotherapy and surgery are then no
longer able to provide realistic prospects for long-term curative treatment. In such cases,
chemotherapeutic drugs are needed to try to systemically treat the disease.

Systemic chemotherapy, however, is associated with serious drawbacks, such as inadequate
bioavailability of the drug within the tumorous tissue, heterogeneous drug distribution at
target site, high levels of off-target accumulation causing adverse effects, and the
development of multi-drug resistance [6-9]. These limitations exemplify that even though
tremendous efforts have been invested in developing novel, more effective and more
specific chemotherapeutic drugs, a major hurdle for efficient cancer therapy remains to be
the development of materials and methods to enable their site-specific delivery to tumors
and tumor cells. In this regard, one should keep in mind that current chemotherapeutic
cocktails are, in principle, very efficient in their mechanism of action, and if a sufficient
amount of the agents would homogenously accumulate within tumors, they would likely be
quite effective [10,11]. However, this ideal situation can often not be realized, as off-target
site accumulation and toxicity severely limit the dosing regimen of low-molecular-weight
(chemo-) therapeutic drugs.

To overcome these limitations, many different drug delivery systems have been designed
and evaluated over the years. Examples of such drug delivery systems, which are more and
more being used in the clinic, are liposomes, polymers, proteins, micelles and nanoparticles
[8,12,13]. Besides therapeutics, also imaging agents can be incorporated into such
nanocarrier materials, providing valuable diagnostic information. This enables them to be
used as theranostic agents, which can be employed to non-invasively monitor drug delivery,
drug release and drug efficacy, and which therefore hold significant potential for
personalizing nanomedicine treatments [14,15]. In the present manuscript, we briefly
describe the use of nanocarrier materials for drug delivery and imaging purposes, and we
discuss how combining diagnostic and therapeutic properties within a single nanomedicine
formulation can be used to individualize and improve (chemo-) therapeutic treatments.

2. Drug delivery systems

The development of drug delivery systems essentially started in the 1960s, and this still
forms the basis for much of today’s research. The above-mentioned carrier materials, i.e.
liposomes, polymers, proteins, micelles and nanoparticles, are the preclinically most
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extensively used and clinically most advanced drug delivery systems [13,16,17]. Besides
assuring basic properties, such as high drug loading, stable drug retention and controlled
drug release, the chemical functionalization of these materials can be performed for many
different reasons, including e.g. active targeting, imaging and triggered release. As a result
of this, ever more drug delivery systems and nanomedicine formulations are being
developed. However, the design of ever more advanced formulations has several conceptual
drawbacks, which not infrequently result in poor in vivo performance. This is often due to a
lack of pharmacokinetic and/or (patho-) physiologic understanding of drug delivery
processes, and could be overcome by more interdisciplinary cooperations between
physicians and experts in chemistry, nanotechnology, material sciences, pharmacy, imaging
and drug delivery. Not only the concept, but also the cost and the ability to upscale the
synthesis procedure by pharmaceutical companies are important questions for clinical
translatability. Taking this into account, ‘keep it simple’ generally is a good dogma, both for
decent in vivo efficacy, and for clinical translation. The major advantage of nanomedicines
is their altered bioavailability and pharmacokinetic behavior compared to free (chemo-)
therapeutic drugs [14], thereby overcoming some of the problems and limitations of
conventional anticancer agents. ldeal drug delivery systems provide high drug-loading
densities, high tumor and minimal off-target localization, tipping the efficacy-to-toxicity
balance (i.e. the therapeutic index) towards a more favorable direction.

Historically, the development of drug delivery systems started with the invention of hollow
phospholipid bilayer materials by Bangham and colleagues in 1965, which were later termed
liposomes, and which turned out to be suitable carriers for loading and delivering drugs
[18-20]. From the late 1970s onwards, extensive research has led to optimized properties
with respect to pharmacokinetic behavior, drug loading and drug release from liposomes.
Today, about a dozen liposomal nanomedicines have been approved for clinical use or many
others are in clinical trials [13,21]. Changing the lipid composition or incorporating
cholesterol within the lipid bilayer can be used to optimize liposome stability, whereas
surface modification via PEGylation can be performed to influence the pharmacokinetic
behavior: functionalizing liposomes with small (2-5 kDa) and biocompatible PEG-based
polymers significantly prolongs their circulation time [22,23]. This process, i.e. PEGylation,
reduces protein adsorption (opsonisation) to liposomes, it reduces their clearance rates by
the mononuclear phagocyte system (MPS) and it thereby prolongs their plasma half-life
times. This beneficial pharmacokinetic behavior is of special interest for passive drug
targeting to tumors, which is based on the enhanced permeability and retention (EPR) effect.
The underlying rationale for using the EPR effect is based on the pathophysiological
phenomenon that solid tumors tend to possess leaky blood vessels, and lack functional
lymphatic drainage [24,25]. This results in a gradual accumulation of long circulating
nanocarrier materials at the pathological site, while preventing their accumulation in healthy
organs and tissues (as the latter generally present with an intact endothelial lining and with a
fully functional lymphatic system).

Doxil, i.e. ~100 nm-sized PEGylated liposomes containing doxorubicin, is likely the most
widely used nano-drug. [26]. Early studies convincingly showed that PEGylated liposomes
extend the circulation half-life time of doxorubicin quite extensively, leading to increased
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tumor accumulation via EPR [27,23]. Since 1995, Doxil is approved for treating Kaposi
sarcoma patients, and its approval was extended to ovarian and breast cancer in 1999 and
2003, respectively [13]. More sophisticated formulations, such thermosensitive liposomes,
with a slightly modified lipid composition, undergo a phase transition upon heating above a
defined temperature, resulting in controlled content release upon heating. ThermoDox® is a
prototypic example of such a temperature-sensitive liposomal formulation, and is currently
evaluated in different cancer types [28].

In addition to liposomes, also polymers have been extensively used for drug delivery
purposes. In 1994, poly-(N-(2-hydroxypropyl)methacrylamide) (pHPMA) coupled to
doxorubicin was the first so-called polymer therapeutic entering clinical trials [12,29]. In the
years that followed, in addition to such linear macromolecular carrier materials, many other
polymeric drug delivery systems have been designed and evaluated, including e.g. polymer-
protein conjugates, dendrimers, polymeric micelles and polymeric nanoparticles [30,31]. A
promising recent example in this regard refers to docetaxel incorporated into PSMA-targeted
PLA nanoparticles: in very extensive preclinical and pioneering proof-of-principle clinical
studies, Hrkach and colleagues demonstrated that these polymeric nanoparticles showed
prolonged circulation times and improved anti-tumor activity compared to standard solvent-
based docetaxel [32].

As depicted schematically in Figure 1, apart from polymers and liposomes, many other
nanocarrier materials have been developed over the years. In addition, apart from standard
chemotherapeutic drugs, such as doxorubicin and docetaxel, numerous other therapeutic
agents have been incorporated. And furthermore, as addressed in more detail below (see
sections 4-6), besides therapeutics, also imaging agents have been incorporated into
nanocarrier materials, to enable functional and molecular imaging, image-guided drug
delivery and personalized nanomedicine treatments.

The implementation of imaging techniques for diagnostic purposes is one of the most
fundamental procedures in medicine. It enables the non-invasive assessment of anatomical,
functional and molecular information, which allows the diagnosis of (patho-) physiological
abnormalities. The imaging modalities most often used in the clinic are computed
tomography (CT), ultrasound (US), magnetic resonance imaging (MRI), positron emission
tomography (PET) and single-photon emission computed tomography (SPECT). These
modalities differ significantly with respect to underlying physical principles, and therefore
have distinct advantages and disadvantages with regard to resolution, sensitivity and contrast
[33]. Figure 2A provides a schematic overview of the different areas of medical imaging and
their applications.

Anatomical imaging forms the basis for identifying and localizing morphological
abnormalities. For that purpose, CT, US and MRI generally are the modalities of choice.
Whereas the contrast CT is generated by differences in absorbance of X-rays in different
tissues, US is based on sound echoes, where the difference of the acoustic impedance at a
boundary is the determining factor of how much ultrasound waves will be reflected. MRI on
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the other hand relies on the magnetization properties of hydrogen atoms in the body. Due to
their different (bio-) physical principles, these modalities differ significantly in their
applicability and tissue contrast properties. US, for instance, is highly suitable for real-time
imaging in prenatal care, as well as for the anatomical investigation of soft tissues, as it is a
quick, cheap and easy method, has high resolution and causes no radiation effects. CT, on
the other hand, does come with exposure to ionizing irradiation, but has the advantage of
producing low-cost and user-independent images with high spatial resolution, making this
technique highly suitable to detect e.g. skeletal defects (see Figure 2B). In contrast to CT,
MRI offers high soft-tissue contrast, and is probably the most advanced and most versatile
imaging technique. However, compared to the other modalities, it is relatively time- and
cost-intensive.

Functional imaging aims to visualize physiological processes, rather than morphological
structures. The same modalities as for anatomical imaging can be used for the acquisition of
functional parameters. Power Doppler imaging, for blood flow analysis using ultrasound, as
well as arterial spin labeling (ASL) and blood oxygenation level dependent (BOLD)
imaging, for perfusion and hypoxia measurements using MR, are techniques which do not
require contrast agents. In most cases, however, contrast agents are required for functional
imaging. For example, small gas-filled microbubbles can be used to generate vascular
contrast in US. Thereby, physiological parameters such relative blood volume and perfusion
can be visualized and quantified [34]. For CT, radiopaque contrast agents, mostly containing
iodine or barium, are used. In addition to information on relative blood volume and
perfusion, functional feedback on e.g. vascular permeability can be obtained using DCE-CT
[35]. Similarly, dynamic MRI measurements, i.e. DCE-MRI, can be used to obtain
functional information on e.g. (tumor) blood vessel perfusion and permeability [36]. Low-
molecular-weight gadolinium-containing contrast agents, for instance, can be used to detect
changes in the permeability constant kep and the amplitude A upon DC101-based anti-
angiogenic therapy (Figure 2C) [37]. A comprehensive overview of vascular parameters that
can be assessed using dynamic contrast-enhanced imaging techniques is provided in [38].

Molecular imaging arguably is the most advanced method for visualizing pathological
processes. It is based on the imaging of cellular and molecular processes, such as
metabolism, receptor expression and enzyme activity. In molecular imaging, contrast agents
which are able to bind to (or to be metabolized in) specific target cells or tissues are
employed. Considering contrast agent specificity, the imaging modalities used for molecular
imaging have to be very sensitive, in order to detect very low amounts of contrast agent, and
relatively subtle changes in receptor expression and/or enzyme activity. Due to its low
contrast agent sensitivity, CT is not very useful for molecular imaging purposes. Similarly,
also MRI suffers from relatively low contrast agent sensitivity and might therefore not be
highly suitable for molecular imaging applications. Nonetheless, several contrast agents,
such as antibody- or peptide-coated ultrasmall superparamagnetic iron oxide nanoparticles
(USPIO) have been developed for molecular MR imaging purposes [39,40]. Much more
suitable, at least for molecular imaging of vascular markers, is US. In particular in pre-
clinical studies, antibody- or peptide-modified microbubbles have been quite extensively
used to analyze tumor angiogenesis and/or the response to (anti-) vascular therapies [41,42].
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In Figure 2D, representative images of molecular US are shown. In this case, the Sensitive
Particle Acoustic Quantification (SPAQ) technique was used to assess anti-angiogenic
therapy effects in squamous cell carcinoma xenografts by non-invasive measurement of
VEGFR2 and a3 integrin expression [43]. It was shown that longitudinal molecular US
measurements can be used to assess vascular therapy effects in vivo. Clinical trials using
similar microbubble-based contrast agents have recently been initiated for prostate cancer
staging [44]. Apart from US, also nuclear medicine-based techniques, such as PET and
SPECT, are highly suitable for molecular imaging purposes, as the radionuclide labeling of
e.g. glucose and metabolic probes allows highly sensitive detection. A drawback of nuclear
imaging techniques, however, is their lack of anatomical information, which can be resolved
by turning to hybrid imaging techniques, such as PET-CT, PET-MRI and SPECT-CT.

4. Nanoparticles for imaging

Nanoparticles as contrast agents for (functional and molecular) imaging applications often
include some of the potential drug delivery systems mentioned above, but also comprise
additional nanoparticles, such as USPIO or gold nanoparticles, which can be used as contrast
agents for MRI and CT, respectively. However, not every (nano-) imaging agent showing in
vivo contrast is useful and suitable for clinical translation, in particular if the agent is given
intravenously. Depending on the pathology or process to be imaged, the use of contrast
agents, and in particular nanoparticulate contrast agents, often is not necessary [47]. This is
because many diagnostic procedures in clinical routine can be performed without the use of
contrast agents (e.g. angiography, using arterial spin labeling MRI), and also because 10-100
nm-sized diagnostics are inferior to both very small (<1 nm) or very large (>1 um) agents
when it comes to retrieving highly specific molecular imaging information [47]. Since
diagnostic agents should ideally present strong specificity for the diseased site, low-
molecular-weight (‘pico’) contrast agents, which are generally excreted very fast by renal
clearance and thus have no (or at least very low) background, tend to be optimal for
achieving high signal-to-noise ratios. The same holds true for very large (‘micro”) imaging
agents, which do not extravasate, and which circulate for very short periods of time. Both
very small and very large contrast agents furthermore tend to be devoid of pharmacological
and/or toxicological effects. Intermediately sized, long circulating and slowly excreted
(nano-) imaging agents, on the other hand, might cause both high background and long-term
toxicity effects, and therefore really have to show distinct advantages to substitute classical
small and large diagnostic probes in order to become really useful in the clinic. Therefore,
especially for such intermediately sized materials, the assessment of toxicity in cells,
animals and patients is highly important, and should be properly dealt with when intending
to develop novel diagnostic or therapeutic nanoformulations. Some of the major challenges
regarding toxicity in nanomedicine development are summarized in [48]. In contrast to the
considerable amount of papers published on the use of nanoparticles for functional and
molecular imaging, there are only a very few nanoparticle-based contrast agents and
applications which really seem relevant from a clinical point of view. These e.g. include
applications in which the long-circulating and/or poor renal clearance characteristics of such
formulations are advantageous, as in case of monitoring of the mononuclear phagocytic
system (MPS), in (stem) cell tracking and in implant imaging. For more details on such
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applications and on the use of nanoparticles for imaging purposes, the reader is referred to
[47].

Three examples showing situations in which nanoparticles might be useful for (molecular)
imaging applications are depicted in Figure 3. Polymer-coated SP1O nanoparticles, for
instance, are known to be taken up quite efficiently by the MPS upon i.v. injection, causing
a significant drop in the T2 signal in the liver [49,50]. This enables the detection of hepatic
lesions, such as tumors, in which significantly less Kupffer cells are present as compared to
healthy liver tissue (Figure 3A-B). Similar nanoparticles have been used to label cells for
cell tracking purposes [51]. This ex vivo labeling method enables in vivo MRI-based
monitoring of cell migration, e.g. into inflamed areas or into lymph nodes. Figures 3C-D
exemplarily show MR images of rat brains, after the injection of SPIO labeled VLA-4-
expressing human glial precursor (hGP) cells into the common carotid artery [52]. As
VLA-4 is known to bind to VCAM-1 in inflamed brain endothelium, this study shows the
potential of targeted cellular therapeutics to image brain abnormalities by real-time MRI
guidance. Such concepts are highly useful to better understand the in vivo potential, function
and migration of e.g. cancer cells, stem cells and immune cells [53]. These two studies are
prototypic examples of functional imaging using nanoparticulate contrast agents.

When using nanoparticles for molecular imaging purposes, because of their prolonged
circulation times and poor tissue penetration properties, choosing target receptors on blood
vessels seems to be more beneficial than targeting receptors expressed by e.g. cancer cells.
In this case, the long circulating properties of the nanoparticles are advantageous, as they
increases the likelihood of vascular target binding, while avoiding the necessity for deep
tumor and/or tissue penetration (which is severely hampered by nano-size; and completely
blocked by micro-size). In this regard, many efforts have focused on the use of the small
oligopeptide RGD, which is known to bind to a3 integrins, which are highly expressed on
activated (tumor) endothelium, and which can be used to assess angiogenesis. Mulder and
colleagues have for instance developed bimodal gadolinium- and fluorophore-containing
liposomes coated either with RGD (a.,f3 targeting) or RAD (control) peptides [54]. They
imaged the in vivo accumulation and distribution of liposomes by MRI, and validated target-
specific vascular binding of RGD- vs. RAD-targeted nanodiagnostics using ex vivo
fluorescence microscopy (Figure 3G-H). In both cases, however, relatively high levels of
liposome accumulation were observed in tumors. Fluorescence microscopy showed that the
RGD-modified liposomes were primarily associated with tumor-associated blood vessels
(Figure 3G), and MRI indicated that this happened mostly in the periphery of the tumors
(Figure 3E). Interestingly, RAD-modified control liposomes accumulated in tumors at least
equally efficiently, likely by means on non-target-receptor-specific EPR, but they appeared
to be more homogenously distributed in the MR images (Figure 3F). This was confirmed
using fluorescence microscopy, showing a much more widespread distribution throughout
the tumor, and less colocalization with angiogenic blood vessels (Figure 3H). These insights
show that targeted molecular imaging using nanoparticles is in principle possible, in
particular in case of vascular targets, but that might not be as broadly applicable as generally
assumed, because of the relatively high ‘non-specific’ accumulation of nanoparticles at
pathological sites because of EPR.
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5. Image-guided drug delivery

When combining diagnostic and therapeutic properties within a single nanoparticle
formulation, the purpose of the incorporated imaging agent changes quite a bit. In this case,
it is not being used anymore to obtain specific molecular imaging information on e.g. target
receptor expression, but rather to trace the drug delivery system and/or the incorporated drug
upon systemic administration. At the preclinical level, this can be done to assess the
pharmacokinetics, the biodistribution and the target site accumulation of newly developed
nanomedicine formulations, as well as to monitor (triggered) drug release. Such image-
guided insights provide important non-invasive imaging information on the performance of
drug delivery systems, and are considered to be highly useful for facilitating their in vivo
performance and clinical translation.

Figure 4 summarizes exemplary studies on image-guided drug delivery that have been
performed over the years. Copolymers based on pHPMA, for instance, are known to have
long circulation times and can therefore passively accumulate in tumors by means of EPR.
This is representatively shown in Figure 4A-C using optical imaging and gamma-
scintigraphy. Figure 4A and 4B e.g. show the EPR-mediated passive tumor accumulation of
a near-infrared fluorophore-labeled polymer in subcutaneous CT26 tumors at 72 h post i.v.
injection using 2D fluorescence reflectance imaging (FRI) and 3D fluorescence molecular
tomography (FMT), respectively [55]. The left panel in Figure 4C, obtained at an early time
point after i.v. injection of radiolabeled PK1 (i.e. pHPMA-GFLG-doxorubicin) in a human
patient suffering from colorectal cancer, at which no EPR-mediated tumor accumulation has
taken place yet, confirms the long circulation time of the polymer (strong signal in heart), as
well as its partial renal excretion (strong signal in kidney and bladder). The right panel in
Figure 4C depicts the biodistribution of a similar polymer conjugate targeted to the liver,
using galactosamine as a hepatocyte-specific targeting moiety [56].

Figures 4D-F refer to radiolabeled liposomes. As mentioned before, PEGylated liposomes
circulate for prolonged periods of time, and therefore in principle are highly suitable for
passive drug targeting to tumors. However, as elegantly demonstrated by Harrington and
colleagues using indium-111-labeled PEGylated liposomes, not all tumors are equally
amenable to EPR-mediated drug targeting [57]. Using non-invasive radionuclide imaging,
they convincingly showed that the degree of tumor accumulation differed significantly in
between different types of tumors. The lowest levels were found in breast carcinoma
patients (53 %ID/kg), moderate uptake was observed in lung tumors (18+6 %ID/kg), and
the highest levels of accumulation were found in head and neck carcinomas (3316 %ID/kg)
(Figure 4D-F). This indicates that the targeting and therapeutic efficacy of liposomal
nanomedicines differs depending on tumor type.

However, not only the biodistribution and the target site accumulation of nanomedicines is
of interest, but also drug release. This is because the drug must become bioavailable within
the target tissue, in order to induce a therapeutic effect. Hence, more advanced liposomal
formulations have been developed, in particular for temperature-triggered drug release. Such
heat-sensitive liposomes disintegrate upon mild hyperthermia and then rapidly release their
contents. ThermoDox® is an example of such an advanced liposomal formulation. Upon
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local hyperthermia, the lipids in the bilayer re-arrange to form drug-permeable pores, and
the incorporated chemotherapeutic agent can then be released. Several preclinical studies, in
which MR contrast agents have been co-incorporated with doxorubicin, have shown that
temperature triggering leads to efficient heat-induced drug release, and a number clinical
trials are currently ongoing to assess the potential of ThermoDox®, e.g. in case of metastatic
liver cancer and recurrent chest wall breast cancer [28,58,59].

6. Theranostic concepts for personalized nanomedicine

Personalized medicine can be understood as a strategy to diagnose, treat and monitor
diseases and disease treatments in ways that achieve individualized and improved health-
care decisions. Based on this notion, and taking the large intra- and intertumoral
heterogeneity into account, treatment plans need to be as versatile and adaptive as the
tumors themselves. This requires the development of materials and methods to assess tumor
and therapy characteristics in sufficient detail, and not only encompasses image-guided
decision making with regard to classical vs. nanomedicine-based treatments, but also with
regard to which of the available (standard and/or targeted combination) therapies would be
of optimal benefit to the individual patient.

Whereas for classical therapeutics, the mechanism of action, dose and route of
administration are the only parameters which can be adjusted, nanomedicines have
additional properties which can be fine-tuned. Due to the availability of ever more advanced
drug delivery systems, and the possibility of incorporating besides drugs also imaging
moieties, allowing for the non-invasive monitoring of biodistribution, target site
accumulation, off-target localization and drug release, theranostic nanomedicines hold great
potential for personalizing therapies. Image-guided insights into drug delivery, drug release
and drug efficacy are highly useful for patient prescreening, in order to identify which
tumors are amenable to nanomedicine treatment (e.g. via EPR-mediated passive drug
targeting) and which are not, and to thereby predict which patients are likely to respond to a
given long-circulating nanomedicine formulation and which are not (Figure 5).
Consequently, such image-guided and individualized treatments seem to be highly useful to
personalize tumor-targeted nanomedicine treatments [60].

In addition to the ongoing developments in designing (ever more and ever more advanced)
nanotheranostics, it might also be essential to implement ‘indirect’ image-guided
prescreening protocols to pre-identify patients which are likely to respond to EPR-targeted
nanotherapies. Since the target site accumulation of nanomedicines likely depends on
image-able parameters, such as relative blood volume, perfusion and permeability, and since
it might also correlate with angiogenic vascular marker expression, such as VEGFR2 or
integrins, imaging such general functional and molecular hallmarks of the tumor
vasculature, and correlating such parameters with EPR-mediated tumor accumulation, might
also be highly useful for non-invasively assessing the amenability of tumors for passive drug
targeting.

From a clinical point of view, however, directly monitoring EPR-mediated tumor targeting
might be more practical. An example for this is based on the abovementioned study by
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Harrington and colleagues, who in their comparative target site accumulation study showed
that different tumor types accumulate nanomedicine formulations with different efficiencies
[57]. They e.g. provided pioneering proof-of-principle evidence showing that breast
carcinomas might not be the best tumors to be treated with long circulating and passively
tumor-targeted liposomes, which is in line with the relatively poor response rates that are
observed in the clinic upon therapy with free vs. liposome-encapsulated doxorubicin
(progression-free and overall survival times were similar in both cases [61]). Conversely,
tumors which are known to accumulate liposomes relatively well, such as head-and-neck
carcinomas, and in particular Kaposi sarcomas, are known to respond relatively well to such
treatments [62,63]. Consequently, more intensively combining drug targeting and imaging,
and using theranostic nanomedicine formulations to predict which patients might respond to
nanomedicine treatments, seems to hold significant potential for personalizing and
improving anticancer therapy
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Figure 1.

Schematic representation of carrier materials, therapeutic agents and imaging probes
routinely used to prepare theranostic nanomedicine formulations.
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Figure 3.

Ngnoparticles as imaging agents. To-weighted images of liver tumors before (A) and after
(B) the i.v. injection of SP1O nanoparticles (tumor indicated by T, spleen by S). Strong
negative contrast delineates the exact margins of the tumor. T,-weighted images of LPS-
stimulated (C) or native (D) rat brains after the intra-arterial injection of SP1O-labeled
VLA-4 expressing human glial precursor cells. Only in the stimulated rat (C), a negative
contrast, corresponding to cell retention, is observed. MR images obtained 35 min after the
i.v. injection of RGD-conjugated (E) vs. RAD-modified control liposomes (F) into tumor-
bearing mice. The respective fluorescence images of the tumor are shown in (G) and (H).
Figures adapted from [50,52,54].
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Figure4.

In?age-guided drug delivery. 2D fluorescence reflectance image (FRI; A) and 3D
fluorescence molecular tomography (FMT; B) of a near-infrared fluorophore-labeled HPMA
copolymer in mice bearing subcutaneous CT26 tumors. Gamma-scintigraphy of patients 24
h after the i.v. injection of radiolabeled PK1 (pHPMA-doxorubicin; left) and PK2
(galactosamine-targeted pHPMA-doxorubicin; right) (C). Gamma-camera images obtained
at 72 h after the i.v. injection of indium-labeled PEGylated liposomes in breast cancer (D),
lung cancer (E), and head-and-neck cancer (F). Images demonstrate accumulation in tumor
(T), lymph node (LN), liver (L), spleen (S) and cardiac blood pool (CP). Figures adaped
from [55,57,56].
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Nanotheranostics for personalized nanomedicine. Patients to be treated with nanomedicines
are to be prescreened prior to therapy with a (radio-) labeled version of the formulation (first
patient selection step), in order to identify individuals showing sufficiently high levels of
(EPR-mediated) tumor accumulation, and which therefore are more likely to respond to
treatment with the targeted nanomedicine formulation in question. During a second patient
selection step, individuals showing reasonable target site accumulation but insufficient
therapeutic response could be allocated to treatment with alternative therapies, to assure
individualized and improved interventions. Figure adapted from [60].
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