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Abstract

Multifunctional imaging nanoprobes have proven to be of great value in the research of
pathological processes, as well as the assessment of the delivery, fate, and therapeutic potential of
encapsulated drugs. Moreover, such probes may potentially support therapy schemes by the
exploitation of their own physical properties, e.g., through thermal ablation. This review will
present four classes of nanoparticulate imaging probes used in this area: multifunctional probes (1)
that can be tracked with at least three different and complementary imaging techniques, (2) that
carry a drug and have bimodal imaging properties, (3) that are employed for nucleic acid delivery
and imaging, and (4) imaging probes with capabilities that can be used for thermal ablation. We
will highlight several examples where the suitable combination of different (bio)materials like
polymers, inorganic nanocrystals, fluorophores, proteins/peptides, and lipids can be tailored to
manufacture multifunctional probes to accomplish nanomaterials of each of the aforementioned
classes. Moreover, it will be demonstrated how multimodality imaging approaches improve our
understanding of in vivo nanoparticle behavior and efficacy at different levels, ranging from the
subcellular level to the whole body.

Intravenous administration of nanoparticles is increasingly being explored as a strategy to
deliver therapeutic and diagnostic agents, for nucleic acid delivery, and thermal ablation.> A
range of advantages makes this delivery strategy exceptionally valuable and has resulted in
explosive growth of the field that focuses on the development of novel nanoparticulate
formulations.2~* Nanoparticles are designed to have increased blood circulation half-lives,
can carry high and diverse payloads, allow for easy derivatization and functionlization, and
have the potential to reduce adverse systemic effects of their cargo.3 These qualities were
recognized to be of great significance for targeted therapy and resulted in the development
of liposomal formulations of cytostatic agents over 30 years ago.° Because that time both the
nature and the cargo of nanoparticles has been topic of investigation and has resulted in the
use of a wide variety of materials and structures. Besides the aforementioned liposomes,
these include other lipidic nanoparticles such as micelles,® microemulsions,’-8 and disks,? or
naturally occurring lipidic nanoparticles such as lipoproteins.19 Polymeric nanoparticles
have been investigated for the same purpose for an extended period of time,11 while the use
of inorganic nanocrystals has increasingly been explored,1213 mainly in the last decade. An
overview of all the possible nanoparticles and nanomaterials for intravenous administration
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is beyond the scope of this review, but we refer the reader to some good reviews that have
been published previously.1:3-5.14-16

Although therapy was the main initial application of nanoparticles, it was soon recognized
that nanomaterials can also have exciting features for diagnostic purposes. For example,
nanoparticles containing a high payload of paramagnetic ions or iodine can be employed for
magnetic resonance imaging (MRI) or computed tomography (CT), respectively.1”-18 Other
nanoparticles, such as microemulsions and microbubbles may have echogenic properties,
which makes them suitable as a contrast agent for ultrasound.® Quantum dots (QDs),
semiconductor nanocrystals, possess excellent fluorescence qualities and are being exploited
for optical imaging purposes.12

One of the most exciting features of nanoparticles for their use in biomedicine is the
possibility of including several payloads/features to enable their application of multiple
purposes, e.g., diagnostics and therapy, or multimodality imaging.2% Although the field is
young, the number of bifunctional nanoprobes available today is considerable. Nevertheless,
most of these materials are employed for a maximum of two applications, so-called dual-
modality nanoparticles. The number of reports about nanoparticles that exhibit features for
more than two applications, termed multimodality nanoparticles, is relatively limited. In the
current review we will focus on such state-of-the-art nanoparticle platforms that have been
exploited for at least two imaging techniques and targeted therapy or a third imaging
technique. We will refer to these nanoparticles as multifunctional imaging nanoprobes.

NANOPARTICLE DESIGN AND APPLICATIONS IN THERAPY AND
DIAGNOSTICS

A generalized schematic of a multimodality nanoprobe is depicted in Figure 1. It has to be
stressed that different variations are possible and numerous examples of nanoparticles that
do not resemble this schematic have been developed. Nanoparticles may consist of a core
material, i.e., nanocrystalline materials or hydrophobic oils, or may consist of a shell whose
interior is hollow and can incorporate payloads. In the first case the core material itself may
have distinct features suitable for diagnostic or therapeutic purposes, while in the latter case
the interior may be used to carry diagnostic or therapeutic agents. The shell of a nanoparticle
may have distinctively different properties from the core and, therefore, may be used to
incorporate certain molecules that cannot be integrated in the nanoparticle lumen or core.
Notably, the surface of most nanoparticles can be readily modified, which is a valuable
feature that can be exploited to include diagnostic and therapeutic molecules, but also to
alter the surface to increase biocompatibility and bioapplicability. Such coatings include
hydrophilic polymers like PEG2! and polysaccharides like dextran.?2 To increase target-
specific uptake, ligands, such as antibodies, antibody fragments, sugars, peptides,
peptidomimetics, and small molecules may be conjugated directly to the surface or to the
surface coating of nanoparticles.®

This review paper will focus on a number of nanoparticle applications including diagnostics
and therapies. A full and detailed summary is beyond the scope of this review, but we will
briefly discuss the most prominent therapeutic applications and most relevant imaging
modalities. The first and foremost application of nanoparticles is in the field of drug
delivery. Numerous preclinical and clinical studies have shown significant benefits,
including decreased adverse effects, lower dosages, increased specificity, controlled release,
and the possibility to administer compounds that are not water-soluble.* Another important
application of nanoparticles lies in the field of nucleic acid delivery.23 This is because of the
following difficulties in applying nucleic acid-based drugs: they are nuclease sensitive, it is
difficult to direct them to the required site of action, and, once they reach the targeted site,

Wiley Interdiscip Rev Nanomed Nanobiotechnol. Author manuscript; available in PMC 2011 May 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Jarzyna et al.

Page 3

an adjuvant is frequently required for translocation to the cytoplasm or nucleus. Lastly,
nanoparticle facilitated thermal ablation using gold or iron oxide based agents is
increasingly being explored, particularly in oncology.242°

Nanoparticles can be radiolabeled to allow their visualization with nuclear imaging
techniques, including scintigraphic imaging, positron emission tomography (PET) and single
photon emission computed tomography (SPECT).26 These techniques exhibit high
sensitivity but suffer from a poor anatomical definition and spatial resolution. MRI is one of
the most versatile techniques in both clinical and research settings and gives excellent
images of soft tissue with high spatial resolution.2” Nanoparticle visualization with MRI can
be realized via a number of routes. First, nanoparticles can carry a payload of paramagnetic
chelates to induce bright contrast in so-called T1-weighted images.2” Another MRI
nanoparticle class consists of agents based primarily on superparamagnetic iron oxide that
cause dark areas in T2/T2*-weighted images and, therefore, are termed negative contrast
agents.2” More recent developments include the nanoparticulate formulations of chemical
exchange saturation transfer (CEST) agents and fluorine-based agents.28:29 Both types of
agents can be visualized in a ‘hot-spot” fashion, without the necessity to perform a prescan,
and also have the possibility for the simultaneous visualization of multiple species, i.e.,
multicolor imaging. Despite these advantages, the detection sensitivity of CEST and fluorine
probes is relatively poor.

Contrast agents for CT imaging are typically based on iodine, colloidal gold, or bismuth
nanoparticles.30 These materials can be integrated in or serve as the base of a nanoparticle
platform. CT excels in the visualization of hard tissue with high temporal and spatial
resolution, but high concentrations of exogenous administered agents are required for their
detection.

Optical imaging techniques exhibit superb spatial and temporal resolution, are very sensitive
and are capable of visualizing multiple fluorescent species simultaneously.3! A wide variety
of fluorophores are available ranging from dyes, to proteins and semiconductor nanocrystals
(QDs).12 In addition to confocal microscopy, multi-photon microscopy, intravital
microscopy, near-infrared imaging techniques are increasingly being used on both cells in
vitro and small laboratory animals in vivo. In contrast to the abovementioned techniques,
most of the optical techniques are invasive, can usually only be applied to dissected tissues
or are limited for application to tissues on or near the surface of small animals.

BEYOND DUAL MODALITY: MULTIFUNCTIONAL NANOPARTICLES

In this review we will discuss four classes of ‘imageable’ nanoparticle classes that have been
employed for multifunctional purposes. The first class consists of nanoparticles that are
employed for at least trimodal imaging studies. Nanoparticle platforms applied for both
multimodal imaging and targeted drug delivery comprise the second class of nanoparticles,
while the third class includes nanoparticles that are employed for multimodal imaging and
nucleic acid delivery. The last and fourth class that will be discussed consists of
nanoparticles that have both features for diagnostics and thermal therapy.

MULTIMODAL NANOPARTICLES EMPLOYED FOR AT LEAST THREE
IMAGING MODALITIES

Multimodal probes have been demonstrated to be useful when combined with labels for
different, preferably complementary imaging modalities. One of the first examples of a
bimodal probe was reported by Huber, Meade et al.32 They described bifunctional contrast-
enhancing agents for optical and MRI. The main advantage of this combination is that it
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integrates optical properties for high-resolution fluorescence microscopy and imaging and
magnetic properties for in vivo MRI visualization of intact and opaque organisms. Various
other fluorescently labeled MRI probes have also been explored, of which an overview can
be found in two excellent review papers.33:34 In addition to fluorescently labeled MRI
probes, many other types of dual imaging probes have also been developed. For example,
Cai et al. developed a QD probe that was additionally labeled with 84Cu to enable its
visualization by PET imaging.3®

More recently, nanoprobes that exhibit features for their visualization with more than two
imaging modalities have been investigated. Paramagnetic QD-micelles (Figure 2a) were
introduced by Mulder et al. in 2006.36 In this study it was shown that QDs encapsulated in a
monolayer of polyethylene glycol(PEG)ylated and paramagnetic lipids exhibit excellent
features for both optical techniques and MRI. Moreover, the PEGylated lipids were
functionalized with RGD-peptides to introduce specificity for the angiogenic marker avf3-
integrin. In a follow-up study targeted multimodality imaging of tumor angiogenesis was
performed on tumor-bearing mice that were intravenously injected with the avf3-specific
QD-micelles and were studied with three complementary in vivo imaging modalities.3”
Intravital fluorescence microscopy was used for the real-time monitoring of the fate of
injected QD-micelles. In Figure 2b, a brightfield and a fluorescence image of tumor blood
vessels are depicted 30 min after administration of the QD-micelles. Another optical
technique, whole body fluorescence imaging, enabled the visualization of particle
accumulation with high sensitivity and high temporal resolution in mice that had a tumor in
their kidney (Figure 2c). As a third imaging modality, high-resolution T1-weighted MRI
was performed before and 45 min following QD-micelle administration and revealed
significant signal enhancement that was mainly found at the tumor periphery (Figure 2d),
which corresponds with the regions of the tumor with highest angiogenic activity.

Iron oxide nanoparticles have shown great utility in the field of target-specific molecular
MRI. Some pioneering studies were performed by Weissleder and colleagues who
demonstrated the application of dextran coated iron oxide nanoparticles conjugated to
human holo-transferrin to image transgene expression in tumor-bearing mice.38 In the field
of cardiovascular disease a number of processes have been studied using iron oxide
facilitated MR molecular imaging, including apoptosis after myocardial infarction3® and the
upregulation of cell adhesion molecules in mouse models of atherosclerosis.*? In the
aforementioned studies these iron oxide probes were additionally labeled with a fluorescent
dye to allow colocalization with immunofluorescent techniques and perform near-infrared
fluorescence (NIRF) imaging of live animals and excised organs, such as the heart and aorta.
Most recently, Nahrendorf, Weissleder, and colleagues have shown two approaches to
additionally label these magnetofluorescent probes with a radiolabel to allow their
visualization with PET.#142 |n one approach the fluorescent and magnetic nanoprobes were
conjugated with 18F-based radiotracer via so-called “click’ chemistry,*! while in another
approach the chelator diethylenetriaminepentaacetic acid (DTPA) was conjugated to the
nanoparticle dextran coating to allow complexation with the radiotracer 4Cu (Figure 3a).42
The latter nanoparticle platform was employed to quantitatively study macrophage
inflammation in the aorta of atherosclerotic apolipoprotein E knockout (apoE-KO) mice. In
Figure 3b and ¢ a CT and combined PET/CT image reveal enhancement of the posterior
aortic root, an area of the aorta that is known to have a high plaque burden in this mouse
model. MRI scans of the aortic root prior to (Figure 3d) and postadministration (Figure 3¢)
of the triply labeled nanoprobe revealed a decrease of T2, which is indicative of iron oxide
accumulation. Moreover, NIRF imaging of excised and intact aortas revealed the
distribution of the nanoprobe in the atherosclerotic aorta and confirmed a prominent
accumulation in the aortic root (Figure 3f).
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Silica nanoparticles can be synthesized in a wide range of desired sizes (50—-1000 nm) and in
the past decade, silica-based nanoparticles have increasingly been exploited for biomedical
applications, including drug and gene delivery as well as a carrier vehicle for different
contrast-generating materials. Despite the intrinsic utility of silica for biomedical
applications, a serious drawback of these inorganic nanoparticles is their inherently low
biocompatibility. To address this issue Koole et al. have recently developed a novel method
to obtain hydrophobic silica nanoparticles coated with a physically adsorbed monolayer of
PEGylated phospholipids (Figure 4, top).43 This highly flexible coating method allows, next
to the inclusion of PEGylated lipids, the incorporation of many other lipid species, e.g.,
paramagnetic lipids for MRI and bio-functional lipids to achieve target specificity. In a
recent study this nanoparticle platform was functionalized with av3-specifc RGD-peptides
and it was shown with fluorescence microscopy, MRI, and fluorescence imaging that these
particles were preferentially taken up by proliferating endothelial cells (HUVEC, human
umbilical vein endothelial cells) in vitro. The cytotoxicity and pharmacokinetics of
paramagnetic and PEG-lipid coated QD containing silica nanoparticles was studied by van
Schooneveld et al. using a variety of imaging techniques.** Lipid-coated silica exhibited a
prolonged circulation half-life as determined by quantitative fluorescence imaging of blood
samples and in vivo MRI (Figure 4a). Confocal microscopy (Figure 4b) and transmission
electron microscopy (TEM) (Figure 4c) of tissue sections of mice sacrificed 24 h after the
administration of lipid-coated silica nanoparticles revealed the particles to accumulate in the
liver and spleen. Interestingly, the bare silica particles were also found to accumulate in the
lungs of the animals, indicating the value of the lipid coating.

A number of studies have focused on nanoparticulate MRI probes that were also labeled for
optical detection. Interestingly, the nature of the majority of such particles allows their
visualization with TEM, rendering them trimodal. Excellent examples based on silica

nanoparticles were independently published by Kim et al., %> Rieter et al.,*6 and Zhang et
al. 4’

The combination of using different imaging techniques, as demonstrated in the
abovementioned studies, has shown to be very valuable for a variety of reasons. PET/CT
imaging allows quantification of nanoparticle accumulation, be it with a relatively poor
spatial resolution, while MRI methods can generate images of opaque tissue with a very
good spatial resolution, superb tissue contrast, albeit with limited sensitivity to detect
contrast-generating materials. Optical techniques have the advantage of a high sensitivity
and the capability to detect multiple species simultaneously, but the penetration depth of
light is limited which restricts the application of these techniques to the surface or small
species. Microscopic techniques allow the investigation of the (sub)cellular distribution of
nanoparticulate materials, while electron microscopy techniques can visualize cellular
organelles and can also identify individual particles within these organelles. Therefore, these
combinatory studies allow investigators to study particle distribution, kinetics, and fate at
different levels, ranging from the entire organism down to cellular and particle level.

Recently, Cormode et al. modified high density lipoprotein (HDL) particles to create
endogenous nanoparticle-inorganic material composites.*8 A method was developed to
modify both the hydrophobic core and the phospholipid coating to provide contrast for
medical imaging. A variety of nanocrystals, i.e., gold nanoparticles, iron oxide
nanoparticles, and QDs, were included in the HDL core to produce a broad range of novel
contrast agents for multimodality imaging. The gold core HDL was additionally labeled with
fluorescent and paramagnetic lipids to create a trimodal particle that has properties for
detection with CT, fluorescence, and MRI (Figure 5a). Characterization of the particles
revealed these nanoparticles to be very similar to native HDL.
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In vitro experiments revealed that these particles were preferentially taken up by
macrophages, as evidenced by confocal laser scanning microscopy, cell pellet MR imaging,
CT imaging, and TEM. In vivo experiments using the gold core HDL nanoparticles were
performed with the apoE-KO mouse model of atherosclerosis. The abdominal aorta of mice
injected with Au-HDL appeared brighter on T1-weighted MR images at 24 h (Figure 5b and
¢, respectively), while ex vivo confocal microscopy of aortic sections that were stained for
macrophages (green) and for nuclei (blue) revealed the Au-HDL particles (red) to be
associated with macrophages (Figure 5d). CT images of intact aorta specimen from Au-
HDL-injected and control animals revealed specific uptake of Au-HDL (Figure 5e).
Importantly, these CT data were corroborated with fluorescence imaging of the same
specimen (Figure 5f).

NANOPARTICLES EMPLOYED FOR DUAL-MODALITY IMAGING AND DRUG

DELIVERY

Nanoparticle platforms for simultaneous drug delivery and diagnostic purposes offer a
number of unique advantages that add to our understanding of the efficacy, mode of action
and specificity of the therapy, especially in a preclinical setting. This field of diagnostic
therapy is popularly referred to as ‘theranostics’ and has the ultimate goal to improve and
personalize nanotherapeutic approaches. Lanza, Wickline, and colleagues have published a
number of theranostic studies in which perfluorocarbon microemulsions were used for
simultaneous drug delivery and imaging.4® For example, Winter et al. have shown the
application of fumagillin loaded nanoemulsions to inhibit angiogenesis in rabbit models of
atherosclerosis and cancer, while using MRI as a readout for therapeutic efficacy.50

A study where the abovementioned perfluorocarbon microemulsion platform was labeled for
both MRI and fluorescence, and also carried a payload of fumagillin, has been applied to
tumor model recently.>! In this study, the nanoparticles were functionalized with different
angiogenesis specific targeting ligands and their neovascularization-reducing efficacy was
extensively studied. It was shown that in a xenograft mouse model with sparse angiogenesis
dual targeted nanoparticles to a541-and avf3-intergin specifically bound to tumor blood
vessels in the tumor periphery (Figure 6a and b) as determined with immunofluorescent
techniques. Three dimensional MR mapping of the angiogenic response revealed a
significant reduction of the percentage of the enhanced tumor volume for the dual
a541(avf33)-integrin targeted particles, while avf3-integrin targeted did not significantly
reduce tumor angiogenesis.

A polymeric platform based on poly(D, L-lactic-co glycolic acid) and the surfactant F127,
with iron oxide and QD nanocrystals as well as doxorubicin incorporated was developed by
Kim and colleagues.52 Using an oil-in-water and subsequent evaporation method spherical
nanoparticles in a size range of 100-200 nm were produced and tested on KB cancer cells. It
was shown that the particles were taken up by the cells as evidenced by microscopic
techniques and MRI. Via a cell viability assay it was demonstrated that the nanoparticles
without doxorubicin exhibited a high degree of biocompatibility, while the doxorubicin
loaded particles reduced the cell viability significantly.

Prior to the aforementioned study a polymeric micellar particle containing iron oxide
nanocrystals, an amphiphilic polymer, doxorubicin and a fluorophore was reported by
Nasongkla et al.>3 Conjugation of av/33-specific RGD-peptides resulted in their preferential
uptake by tumor SLK endothelial cells and the subsequent inhibition of their growth.

Another polymeric micellar nanoparticle platform with a core composed of iron oxide, QDs
and doxorubicin is shown in Figure 7.54 A simple evaporation and hydration method (Figure
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7a) was used to create the particles that have a hydrodynamic size of 60—70 nm. MDA-
MB-435 human cancer cells were incubated with peptide functionalized nanoparticles and
were shown to be preferentially taken up as compared to nonfunctionalized nanoparticles as
was shown by near-infrared imaging and MRI (Figure 7b). Moreover, because doxorubicin
has fluorescent properties it was demonstrated that this nanoparticle vehicle caused
intracellular delivery of the drug, within endosomes (Figure 7c).

In addition to lipidic and polymeric nanoparticles, solid inorganic nanoparticles have also
been explored as a multimodal imaging drug delivery vehicle. For example, Liong et al.
have developed magnetic and fluorescent silica particles for the delivery of paclitaxel,>®
while Lai et al. developed iron oxide core silica nanoparticles carrying iridium complexes
for simultaneous MRI, luminescent imaging and photodynamic therapy.>6

NANOPARTICLES EMPLOYED FOR DUAL-MODALITY IMAGING AND
NUCLEIC ACID DELIVERY

A variety of difficulties have limited the application of gene-specific interventions as a
therapeutic strategy. Among those are degradation of the nucleic acids, poor bioavailability,
and biodistribution upon intravenous administration, as well as problems that are associated
with diminished acitivity in the cells of interest because of compartmentalization.23
Nanoparticulate formulations may have significant advantages to deal with the
aforementioned limitations and, therefore, have been applied extensively in this field of
research. More recently studies have appeared where the nucleic acid delivery vehicle was
additionally labeled for visualization with diagnostic imaging techniques. For example,
nucleic acid delivery platforms based on diagnostically active nanocrystals such as iron
oxide,” QD®8 or gold™? nanoparticles have been topic of investigation, which allows their
visualization with MRI, optical techniques, and CT. In this section we will highlight some
topnotch studies where nanoparticles with bimodal imaging properties and nucleic acid
delivery potential were studied.

Medarova et al. reported a study where they developed and employed a dextran coated iron
oxide nanoparticle that had a near-infrared fluorescent dye, a translocation peptide and small
interfering RNA, specific for green fluorescent protein (GFP) mRNA, covalently conjugated
(Figure 8a).°” This design allows the nanoparticle to be visualized with MRI and near-
infrared fluorescent imaging, to be efficiently taken up by cells and to subsequently silence
GFP expression. The authors showed, with MRI (Figure 8b) and NIRF imaging, that upon
intravenous administration this nanoparticle accumulated in the tumors of mice that had two
tumor types inoculated on the flank, of which one tumor expressed red fluorescent protein
(RFP) and one tumor expressed GFP. Using in vivo optical imaging it was shown that GFP
expression was selectively silenced 48 h after probe administration, while RFP expression
remained unaffected (Figure 8c). Moreover, the authors demonstrate silencing of the Birc5
gene using this nanoparticle platform. A siRNA was chosen that reduces Survivin
expression in the tumor and thereby induces apoptosis in this tissue (Figure 8d). This study
convincingly demonstrated how the combination of nanotechnology, imaging, and genetics
allows investigators to visualize nanoparticle delivery and subsequent silencing in live
animals.

Subsequent to the aforementioned study Bartlett et al. reported a study where PET and
bioluminscence imaging was applied to study the biodistribution and efficacy of sSiRNA
complexed and transferring targeted nanoparticles.6 Most recently, Lee et al. reported a
PEGylated iron oxide based particle that was functionalized with avp3-integrin specifc
RGD-peptides, a fluorescent dye and siRNA to enable the visualization of target-specific
delivery with MRI and microscopic techniques.51
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NANOPARTICLES EMPLOYED FOR DUAL-MODALITY IMAGING AND
THERMAL ABLATION

The last category that will be discussed are nanoparticles that can be employed for dual-
modality imaging and thermal ablation. Thermal ablation of nanoparticles has been explored
for some time and thus far two strategies have shown effective. In the first approach iron
oxide nanoparticles are heated by applying a fluctuating magnetic field and because iron
oxide also functions as an MRI contrast agent the combination of magnetothermal ablation
and MR is trivial. Second, gold nanoparticles may be heated through photothermal ablation
using laser illumination, preferably in the near-infrared region to allow deep tissue
photothermal ablation.

Composite materials that consist of both gold and iron oxide were developed by Lim et al.62
Larson et al.,%3 and, most recently, by Wang et al.54 In the first two studies the materials
consisted of an iron oxide core that was subsequently covered by a gold shell, while in the
study by Wang et al. the composite material consisted of iron oxide nanoparticles that were
adsorbed on the surface of gold nanorods. It was shown in these studies that the materials
can be functionalized with targeting moieties, can be employed for both MRI and optical
imaging, as well as photothermal ablation. An alternative approach, where the MRI
properties were introduced by the conjugation of Gd-DTPA to the surface of gold
nanoparticles via an Anti-HER2 antibody, was published by Kim and colleagues.®> As for
the aforementioned composite materials this material can be employed for target-specific
photothermal ablation, MRI, and optical imaging.

CONCLUSION

In this review paper we have shown topnotch examples of the development and application
of nanomaterials that can be employed for at least dual-modality imaging and a third
application, i.e., a third or fourth imaging modality, drug delivery, nucleic acid delivery, or
thermal ablation. Multimodality imaging has been demonstrated to be especially useful in a
pre-clinical setting where it may serve to validate the findings obtained by a clinical imaging
modality such as MRI, CT, PET, or SPECT with a preclinical imaging modality such as
near-infrared fluorescence imaging, intravital microscopy, or ex vivo techniques such as
confocal microscopy and electron microscopy. Moreover, this multimodality approach
allows investigators to better understand the accumulation and targeting kinetics of the new
materials, as well as the mechanism of particle interaction with tissues and cells and particle
secretion pathways. Composite materials that allow both multimodality imaging and a
therapeutic intervention are of particular interest, because these approaches may better
clarify the mode of action of a given therapy and, therefore, improve the decision making
and timing of therapy. Although this type of personalized medicine will benefit patients, the
extra costs and technical complications that are involved will likely limit a widespread
implementation. On the other hand, in a preclinical setting, multimodality imaging of
nanotherapies is highly valuable and will enhance the developmental process and allows
more rapid and precise screening in vivo. Advances in the field of nanochemistry will
contribute to expand the field of multifunctional imaging nanoprobes and will allow more
exotic nanocomposites to be developed. A major issue will remain the biocompatibility of
the material and the benefits the eventual application will have. Those aspects will drive the
translation of the technologies from a preclinical setting to the clinic. Irrespective if the
ultimate application in humans will eventually occur the establishment of the field has
already had a major impact in the areas of nanotechnology and nanochemistry and has
shown great benefits in preclinical biomedical research.
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A generalized schematic of the ways in which a nanoparticle may be targeted, made
biocompatible, and carry payloads such as drugs or contrast inducing materials.
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FIGURE 2.

Paramagnetic QD-micelles for multimodality imaging. (a) Schematic depiction of avf3-
specific and paramagnetic QD-micelles. (b) Intravital microscopy brightfield (left) and
fluorescence (right) images of microvessels in tumor-bearing mice after intravenous
injection of RGD-pQDs. (c) Fluorescence image of a tumor-bearing mouse following
intravenous administration of the nanoparticle agent. (d) T1-weighted MR images before
and 45 min after the injection of the av3-specific and paramagnetic QD-micelles.
Reproduced with permission from the publisher.36:37
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FIGURE 3.

(a) Schematic of the trimodality reporter 4Cu-TNP. The chelator DTPA allows attachment
of radiotracer 64Cu, the iron oxide core provides contrast in MRI and the fluorophore for
fluorescence techniques. (b), (c) $*Cu-TNP accumulates in atherosclerotic lesions; PET-CT
shows enhancement of the posterior aortic root (arrow). (d) Preinjection and (e)
postinjection MRIs of the aortic root (inset). The dotted line in the long-axis views
demonstrates slice orientation for shortaxis root imaging. Signal intensity (pseudocolored
with identical scaling for preinjection and postinjection image) decreased significantly after
injection of 84Cu-TNP. (f) Near-infrared fluorescence reflectance imaging (NIRF) of
excised aortas shows accumulation of the probe in plaques residing in the root, thoracic
aorta, and carotid bifurcation. Reproduced with permission from the publisher.42
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Top: Schematic depiction of quantum dot containing silica particle with a lipid coating. (a)
Determination of blood circulation half-life values by fluorescence imaging (left) and
magnetic resonance angiography (right). (b) Confocal microscopy of sections from different
organs collected from mice at 24 h after injection and stained for endothelial cells to
visualize blood vessels (green) and nuclei (blue), shows particle accumulation in red. (c)
TEM was used to show particle uptake by cells in the liver, spleen, and lung. Reproduced
with permission from the publisher.44
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(a) Schematic depiction of gold core high density lipoprotein (Au-HDL). The particle corona
consists of ordinary phospolipids, paramagnetic lipids, fluorescent lipids and apolipoprotein
A-1. T1-weighted MR images of the aorta of an apoE-KO mouse (b) before and (c) 24 h
postinjection with Au-HDL. (d) Confocal microscopy image of an aortic section revealed

colocalization of nanocrystal HDL (red) with macrophages (green) as indicated by

arrowheads. The nuclei are depicted in blue. (e) Ex vivo sagittal CT image of an aorta of a
mouse injected with Au-HDL. (f) Corresponding fluorescence image of the aorta depicted in
(e). Reproduced with permission from the publisher.48
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FIGURE 6.

Histological examination of a541-integrin expression and nanoparticle localization. (a)
Fluorescent microscopy images (x200) of conventional immunohistochemistry of 8 um
sections of tumor border stained for a541-integrin (green) and endothelium (red), with
nuclei counterstained blue. There is prevalent expression of a541-integrin throughout the
tissue section, both within and outside of the vasculature. (b) The merged images confirm
that the nanoparticles colocalized with the angiogenic vasculature, and did not reach the
a5p1-integrin expressed by tumor and other cells in the extravascular matrix. Reproduced
with permission from the publisher.5
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FIGURE 7.

(a) Synthetic procedure used to prepare micellar hybrid nanoparticles that encapsulate
magnetic nanoparticles and quantum dots within a single PEG-modified phopholipid
micelle. (b) Multimodal images (NIR fluorescence in the Cy5.5 channel and MRI) of PBS
and MDA-MB-435 human carcinoma cells that were left untreated, were treated with
untargeted nanoparticles and with targeted nanoparticles. (c) Targeted drug delivery of
nanoparticles containing DOX into MDAMB-435 human carcinoma cells. The DOX-loaded
nanoparticles were incubated with the cells for 2 h. Arrowheads indicate colocalization of
DOX and nanoparticles. The inset shows the colocalization of some DOX (red) and the
endosome marker (green) 30 min after incubation with DOX-loaded nanoparticles. The
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nuclei were stained with 4-6-diamidino-2-phenylindole. Reproduced with permission from
the publisher.>*
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FIGURE 8.

(a) Schematic depiction of an iron oxide based MR contrast agent that can deliver sSiRNA.
(b) MR image of a mouse pre- and 24 h postadministration of the agent. Change in pixel
color in the tumor (arrow) from reddish yellow to blue indicates accumulation of the agent.
(c) Fluorescence image of the mouse with emission seen from the tumor, also indicating
agent accumulation. (d) Silencing of the Birc5 gene by the siRNA reduces Survivin
expression in the tumor and leads to apoptosis in this tissue. Reproduced with permission
from the publisher.%’
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