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Abstract

Nanoparticles bearing unique properties have gained great interest in
biomedical applications. PET imaging can provide functional and molecular
information on the biological events, offering the abilities to improve disease
detection, therapeutic monitoring, and treatment efficacy. Nanoparticles labeled
with a positron emitter can be used for PET imaging to noninvasively monitor their
path and fate in living subjects. In the last few years, significant breakthrough has
been made toward the application of various radiolabeled nanoparticles for PET
imaging. This review briefly summarizes the recent development of radiolabeled
nanoparticles, including organic and inorganic nanopatrticles, for PET imaging
in cancer and cardiovascular diseases. The major challenges involved in the
translation of radiolabeled nanoparticles to the clinic PET are also discussed.
It is expected that novel radiolabeled nanoparticles with PET along with other
imaging modalities will afford accurate and precise assessment of biological
signatures in a real-time manner and thus improve disease management.
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Abbreviations

PET, Positron Emission Tomography; CT, Computed
Tomography; MRI, Magnetic Resonance Imaging; NIRF, Near
Infrared Fluorescence; NPs, Nanoparticles; EPR, Enhanced
Permeability and Retention; CNTs, Carbon Nanotubes; SWCNTs,
Single-Walled Carbon NanoTubes; MWCNTs, Multi-Walled
Carbon Nanotubes; GO, Graphene Oxide; PEG, Polyethylene
Glycol; GNPs, Gold Nanoparticles; QDs, Quantum Dots; 10, Iron
Oxide; SPIO, SuperParamagnetic Iron Oxide; USPIO, Ultra-Small
superParamagnetic Iron Oxide; RGD, Arg-Gly-Asp; pi, Postinjection;
PBS, Phosphate Buffered Saline; PDGFR, Platelet-Derived Growth
Factor Receptor; PDGFB, Platelet-Derived Growth factor B;GEMM,
Genetically Engineered Mouse Model; PEO, Polyethylene Oxide;
DOTA, 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7, 10-tetraacetic
acid; NOTA, 1,4,7-triazacyclononane-1,4,7-triacetic acid; DTPA,
Dianhydridediethylenetriaminepentaacetic acid; CLIO, Cross-linked
Iron Oxide; HSA, Human Serum Albumin; MPS, Mononuclear
Phagocytic System

Introduction

Nanoparticles (NPs)usually refer to particles of sizes smaller than
100 nm [1]. A number of materials, including carbon, lipids, metals,
metal oxides, polymers, silicates, and biomolecules can be prepared
as nanoparticles with different shapes, such as spheres, cylinders,
platelets, and tubes. Because of their unique physical properties, NPs
demonstrate marvelous interactions with biomolecules. For instance,
NPs with diameters ranging from 10 to 100 nm can extravasate
through the endothelial cell layers and interact with the cell structures
of various tissues due to the enhanced permeability and retention

(EPR) effect. In addition, the large surface area to volume ratio renders
NPs with the ability to be readily loaded with a variety of diagnostic
and/or therapeutic agents as theranostics for disease detection and
treatment.

Molecular imaging can be defined as in vivo visualization,
characterization and measurement of biological processes at the
molecular and cellular levels [2,3]. Up to date, various molecular
imaging modalities have been exploited for disease diagnosis,
stratification, and treatment assessment [4]. Molecular imaging
involves administration of imaging probes and detection of signals
produced from the probes [5]. Molecular imaging probes labeled
with the prominent positron-emitter offer the opportunity to non-
invasively monitor their path and fate in the living subject by the
scintigraphic technique, positron emission tomography (PET).
As an in vivo pharmacological imaging tool with the capability of
providing highly sensitive and quantitative information, PET will
play an increasingly important role in earlier disease detection and
improved therapeutic decision making [6]. Due to their unique
physical properties, NPs can be radiolabeled with positron emitting
isotopes for noninvasively deciphering the biological events, such as
tumor receptor levels and tumor enzyme activities [7]. Therefore,
PET imaging using radiolabeled NPs has been attracting great
interest in preclinical research and clinical setting [8,9]. However,
the construction of radiolabeled nanoparticles is not trivial. Several
key issues need to be taken into account, such as how to choose the
appropriate isotopes and nanoparticles, what chemical reactions
can be utilized to improve the labeling efficiency, and how to
functionalize the nanoparticles to achieve the best contrast for PET
imaging. Although several excellent reviews have been published
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recently [9-11], very few of them focused on the construction method
of radiolabeled nanoparticles and the key issues involved in the
translation of radiolabeled nanoparticles to the clinic PET.

In this review, we address advantages and challenges in developing
PET imaging probes by using different types of nanoparticles, and
summarize the recent advances in the applications of radiolabeled
nanoparticles for PET imaging of cancer and cardiovascular diseases.

Construction of PET radionuclide labeled nanoparticles

In order to obtain optimal imaging outcome, appropriate PET
isotope and radiolabeling strategy must be carefully taken into
consideration. The positron emitting isotopes can be generally
classified into two classes according to their decay time. Short-lived
positron emitters include "'C (t,, = 20 min), O (t,, = 2 min), "F
(t,, = 109.7min), ®*Ga (t,, = 67.7 min), #Cu (t,, = 12.7 hr), and "Br
(t,, = 16.2 hr) with half-lives from several minutes to hours. Typical
long-lived positron emitters include *Zr and I with half-lives of 3.2
days and 4.2 days, respectively [12]. Among these radionuclides, **Cu
(t,,=12.7 h; B655 keV, 17.8%) has attracted considerable interest in
the construction of radiolabeled NPs because of its favorable decay
half-life, low B* energy, and commercial availability [13,14]. The PET
radioisotope can be attached to the payload encapsulated inside the
nanoparticle [15]. The radionuclide can also be conjugated directly on
the surface of nanoparticle core through various labeling approaches,
including direct labeling (nucleophilic or electrophilic reaction),
indirect labeling (through prosthetic group), and coordination
chemistry [7]. Among these approaches, complexation reactions of
radiometal ions with chelates through coordination chemistry have
been widely used. As compared to radio-halogenation, this approach
hassimpler chemistryand the productionKkitsare usually commercially
available. For example, 1, 4, 7, 10-tetraazacyclododecane-1, 4, 7,
10-tetraacetic acid (DOTA) is one of commonly used chelates for
the construction of radiometal-labeled PET nanoparticles [16]. The
typical radionuclides for PET imaging and the common radiolabeling
methods [17-20] are summarized in Table 1.

PET radionuclide labeled nanoparticles
Carbon-based nanoparticles
The most popular carbon-based nanoparticles for biomedical

Table 1: Representative radioisotopes and radiolabeling methods for the
construction of radiolabeled nanoparticles for PET imaging.

PET Half Emission Energy  Radiolabeling Ref
Radioisotopes life (KeV) Methods ’
Direct
(Nucleophilic
e 109.8 B 634 or Electrqph|l|c) [17]
min or Indirect
(Prosthetic)
Labeling
12.7 579 Coordination
64 - + i
Cu h BB 653 Chemistry (18]
67.7 770 Coordination
68, + 1
Ga min B 1890 Cheemistry [19]
4.18 820, NLII-IC:I?D::IC
12¢) ; B,y 1543, 9 [20]
days Exchange
2146 )
Chemistry

applications include carbon nanotubes, graphene oxide nanoparticles,
fullerenes and perfluorocarbon nanoemulsions. Carbon nanotubes
(CNTs) are well-ordered hollow nanomaterials with lengths from
several hundred nanometers to several micrometers. CNTs include
single-walled carbon nanotubes (SWCNTs) with diameters of 0.4 to 2
nm and multi-walled carbon nanotubes (MWCNTSs) with diameters
of 2 to 100 nm. As one-dimensional nanomaterials, CNTs have
attracted tremendous attentions in the field of biomedicine due to
their unique physical and chemical properties. Positron emitting
radionuclides can be conjugated or even inserted into CNTs for
PET imaging. For example, McDevitt et al. synthesized *Y-CNTs
from amine-functionalized and water-soluble CNTs by covalently
attaching multiple copies of DOTA chelates and then radiolabeling
with the positron-emitting metal-ion, yttrium-86 [21]. The whole-
body PET images indicated that *Y-CNTs cleared from the blood
within 3 h and predominantly distributed to the kidneys, liver, spleen,
and bone in mice. Although CNTs are promising nanomaterials for
diagnostic applications, CNTs are still considered with scepticism
due to their perceived non-biodegradability. Different approaches
have been thus developed to render this material biocompatible and
to modulate any ensuing toxic effects [22].

Grapheneoxide (GO) is a class of two-dimensional sp*-bonded
carbon sheet which has attracted great attention in biomedicine
because of its excellent electronic, thermal, mechanical, and optical
properties. The functionalized GO nanoparticles with ultra-high
surface area have been used as a nano-carrier for loading and delivery
of various drugs and genes. The toxicity of GO is closely related
to its surface chemistry. For example, PEG (polyethylene glycol)
functionalized GO nanoparticles have shown minimal toxicity
while administrated in mice [23]. Hong et al. developed *Ga-labeled
nanographene for tumor vasculature imaging. GO nanoparticles with
covalently linked, amino group-terminated six-arm branched PEG
(10 kDa) chains were conjugated to NOTA (1,4,7-triazacyclononane-
1,4,7-triacetic acid, for “Ga-labeling) and TRC105 (antibody
binding to CD105, a biomarker for tumor angiogenesis) (Figure
1A). MicroPET imaging of 4T1 tumor-bearing mice showed that
“Ga-NOTA-GO-TRC105 accumulated quickly in the 4T1 tumors
and tumor uptake remained stable over time. Blocking studies with
unconjugated TRC105 confirmed CD105 specificity of “Ga-NOTA-
GO-TRC105, which was consistent with biodistribution and histology
results (Figure 1B) [24]. Although the “Ga-labeled nanographene
showed the tumor specificity, significant radioactivity was found in
liver, which could be problematic for clinic translation.

Liposomes

Liposomes are spherical lipid bilayer nanoparticles enclosing
an aqueous compartment that can accommodate lipophilic or
hydrophilic drug molecules [25]. Due to the hydrophobic lipid
bilayer surrounding aqueous core volume, liposomes are capable of
encapsulating hydrophobic agents in thelipid shell, hydrophilic agents
in the aqueous core, and amphiphilic agents distributed through the
hydrophobic/hydrophilic domains. These unique properties make
liposomes an excellent platform for the specific delivery of imaging
moieties. Petersen et al. reported a rapid and feasible method to load
radionuclide *Cu on PEGylated liposomes with high loading efficiency
(95.5 £ 1.6%). A new ionophore, 2-hydroxyquinoline, was utilized to
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Figure 1: (A) Schematic representation of four nano-graphene conjugates.
The NOTA chelator can be radiolabeled with %Ga. (B) Serial coronal PET
images of 4T1 tumor-bearing mice at different time pointspostinjection of
%Ga-NOTA-GO-TRC105, *Ga-NOTA-GO, or ®*Ga-NOTA-GO-TRC105 at 2 h
after a blocking dose of TRC105. Tumors are indicated by arrows. Reprinted
with the permission of the Biomaterials, Hong et al., 2012.

carry *Cu across the membrane of preformed liposomes and deliver
it to an encapsulated copper-chelator [26,27]. MicroPET/CT images
visualized an implanted colon adenocarcinoma in a mouse model at
24 h postinjection (pi). Biodistribution studies showed high tumor
uptake (5.0%ID/g) at 24 h pi, which is consistent with the PET data.
In another study, Emmetiere et al. reported a new approach by using
bioorthogonal conjugation, the rapid reaction between tetrazines and
trans-cyclooctenes. By coating '*F radiolabeled liposomes with trans-
cyclooctene and pretargeting with a tetrazine coupled to a targeted
peptide, the retention of liposomes in tumor tissue was significantly
enhanced. The reaction between tetrazines and trans-cyclooctenes
was rapid. For in vivo PET imaging, '*F radiolabeled liposomes
exhibited fast clearance, low nonspecific binding, high signal-to-
background activity ratios, and reduced toxicity to kidneys and bone
marrow [27].

Gold nanoparticles

Gold nanoparticles (GNPs) are attractive for the construction
of imaging agents due to their appealing properties, such as size
controllability, good biocompatibility, and easy surface modification.
Up to date, GNPs have shown great potential for application in
PET, computed tomography (CT), Raman spectroscopy, and

photoacoustic imaging. For example, Xie et al. reported a radiolabeled
gold nanoshell for in vivo PET imaging in rats with tumor xenografts
[28]. GNPs were coated with PEG2k-DOTA for *Cu chelation. The
average radiolabeling efficiency was 81.3%, and “Cu-DOTA-GNPs
were stable for 3 h in both phosphate buffered saline (PBS) and
serum. PET scans at different times showed higher accumulation
of “Cu-DOTA-GNPs in the tumor site, especially at 20 and 44 h pi
as compared to *Cu-DOTA and *Cu-DOTA-PEG2k. In another
study, ¥Zr-labeled antibody-targeted GNPs were proven a promising
probe for cancer imaging and therapy [29]. Cetuximab, a chimeric
human mouse anti-epidermal growth factor receptor monoclonal
antibody, was functionalized with the desferal moiety and labeled
with #Zr (¥Zr-Df-Bz-NCS-cetuximab) followed by a conjugation
with GNPs using carbodiimide chemistry to afford AuNPs-PPAA-
cetuximab-*Zr. Radiolabeled cetuximab was conjugated to GNPs
with a coupling reaction yield greater than 75%. In vivo PET imaging
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Figure 2: (A) A431-bearing nude mice, injected with ®Zr—Df-Bz—-NCS—
cetuximab (Left), orAuNPs—PPAA—cetuximab—*Zr (Middle) (two tumors
per mouse), or AUNPs—PPAA—cetuximab—®Zr 2 h after a blocking dose of
unlabeled cetuximabouse (Right) (one tumor per mouse). Coronal (upper)
and transaxial (lower) PET images were obtained 48 h after injection. Liver
was shown as red arrows and tumors(bilateral) were indicated as green
arrows. The bladder is indicated with ‘B’ and the spleen with ‘'S’. (B) Tumor
uptake and tumor-to-background ratio of %°Zr—Df-Bz—NCS—cetuximab or
AuNPs—-PPAA—cetuximab—®°Zr in A431-bearing nude mice at 6, 24, 48, 72,
96 and 168 h after injection. Reprinted with the permission of the Contrast
Media &Molecular Imaging, Karmani et al., 2013.
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was performed on A431 tumor-bearing mice at different time points
to determine the probe uptake in tumor and liver. The results revealed
no significant difference in tumor uptake for cetuximab conjugated to
nanoparticles up to 72 h after injection as compared to unconjugated
cetuximab. Immuno-PET studies showed that AuNPs-PPAA-
cetuximab-*Zr provided high tumor-to-background ratio (Figure
2). Although the liver uptake of AuNPs-PPAA-cetuximab-%Zr
was higher, compared with ¥Zr-Df-Bz-NCS-cetuximab, this study
showed that the conjugation of GNPs to cetuximab did not affect
its tumor accumulation. The %Zr-labeled cetuximab-targeted GNPs
could be a valuable tool for theranostic purposes.

Metal oxide nanoparticles

Metal oxide nanoparticles have been widely applied in the
construction of PET imaging probes. For instance, Perez-Campana
and co-workers reported the activation of *O-enriched aluminum
oxide (Al,O,) NPs by irradiation with protons to yield **F-labeled NPs
via the "O(p,n)"*F nuclear reaction [30]. Biodistribution studies were
performed in male rats using PET. The "*F-labeled NPs allowed the
determination of the biodistribution pattern in rodents up to 8 h after
ivinjection. A plateau was reached in the uptake of NPs in most of the
organs within 1 h after administration. In addition, another strategy
was recently presented from the same group to activate aluminum
oxide (ALO,) NPs by direct irradiation with protons via the

1%O(p,a)N nuclear reaction [31]. PET-CT imaging was utilized for
biodistribution assay in male rats after iv administration of the probe.
The accumulation of N labeled NPs with different size in different
organs was measured during the first 68 min after administration.
The results showed that the uptake of NPs in the brain was very
low irrespective of particle size. Relatively low accumulation of NPs
(<2%) was observed in the lung for smaller NPs as compared to NPs
with larger sizes. A high proportion of the NPs accumulated rapidly
in the liver. More small NPs were trapped in the kidneys compared
with larger NPs.

Radio labeled iron oxide is another major class of nanoparticle
for PET imaging. The iron oxide NPs (IONPs) are typically classified
by their sizes as standard superparamagnetic iron oxide (SSPIO) at
60-150 nm, ultra-small super paramagnetic iron oxide (USPIO) of
approximately 5-40 nm, and mono crystalline iron oxide (MION)
- a subset of USPIO ranging from 10 to 30 nm [7,32]. Among these
IONPs, the SPIONPs have unique properties such as biocompatibility
and intrinsic ability to facilitate surface modification, making them
attractive as multifunctional imaging agents. Recent applications
of radiolabeled iron oxide nanoparticles for PET imaging and
multimodality imaging have been previously summarized in
comprehensive reviews [33,34].
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Micelles are self-assembled colloidal nanoparticles with a
hydrophobic core and hydrophilic shell [35]. They can passively
accumulate in the areas with leaky vasculature such as tumors,
inflammation, and infarction. Recently, polymer micelles are gaining
an increasing attention for PET imaging due to their high stability
and good biocompatibility. A special group of polymeric micelles
can be synthesized by the conjugation of water-soluble copolymers
with lipids (such as polyethylene glycol-phosphatidyl ethanolamine,
PEG-PE). For example, Xiao et al. reported a multifunctional micelle
made up with a hyperbranched amphiphilic block copolymer [36].
The unimolecular micelles were conjugated with cRGD peptide (for
integrin a B, target), NOTA (a macrocyclicchelator for “Cu-labeling),
and doxorubicin (DOX; for cancer therapy). In vitro study showed a
much higher cellular uptake of cRGD-conjugated micelles in U7MG
human glioblastoma cells due to integrin a 3,-mediated endocytosis
than non-targeted micelles, thereby leading to a significantly higher
cytotoxicity. In vivo PET imaging demonstrated a higher tumor
accumulation of *Cu-micelle-DOX-cRGD than non-targeted control
(**Cu-micelle-DOX). Injection with a blocking dose of cRGD peptide
along with ®Cu-micelle-DOX-cRGD significantly reduced tumor
uptake, indicating integrin o f3,-specific binding of *“Cu-micelle-
DOX-cRGD.

Dendrimers

Dendrimers are a novel class of artificial macromolecules with
a well-defined topological structure [37]. Dendrimers are usually
constructed by three major components from the interior to the
surface: a central core with two or more reactive groups; repeated
units covalently attached to the central core and organized in a series
of radially homocentric layers as called “generations”; peripheral
functional groups on the surface which predominantly determine the
physicochemical properties of a dendrimer. Based on the molecular
“hooks” attached to the surface, dendrimers can be actively targeted
to cancer cells, tumor tissues, and abnormal vessels. Additionally
the nanosized dendrimers can passively accumulate in tumor tissues
via the EPR effect [38]. Dendrimers can be constructed in various
sizes, molecular weights, and chemical compositions. Due to the
high loading capacity and the flexibility of controlling the polymer
structure, dendrimers are favorable scaffolds or vehicles for the
construction of imaging probes [39-45]. However, few studies
about positron emitting radionuclides labeled dendrimers have
been reported to date [46,47]. Recently, the Shi group has reported
gadolium-loaded dendrimer-entrapped GNPs (Gd-Au DENPs)
for dual mode computed tomography (CT)/magnetic resonance
(MR) imaging applications. They successfully modified amine-
terminated generation five poly(amidoamine) dendrimers(G5.
NH,) with gadolinium (Gd) chelator and polyethylene glycol (PEG)
monomethyl ether. The multifunctional Gd-Au DENPs were formed
by sequential chelation of Gd(III) and acetylation of the remaining
dendrimer terminal amine groups [48]. Because the DOTA chelatorin
the dendrimers can be readily labeled by positron emitting nuclides,
such as #Cu, the newly developed dendrimers could afford a potential
platform for PET application.

Radiolabeled nanoparticles for tumor imaging

Cancer imaging is one of major applications of radiolabeled
nanoparticles in medical research. As described in the above

sections, various radiolabled nanoparticles have been extensively
studied for tumor imaging. Rather than focusing on the various
types of nanoparticles, this section concentrates on the utilization of
radiolabeled nanoparticles for imaging specific tumor biology, such
as tumor angiogenesis.

In general, there are two major strategies for accumulating
radiolabeled NPs in the tumor tissue. The first one is known as “passive
targeting” (or spontaneous accumulation) based on the EPR effect.
The second approach is called as “active targeting”, meaning that NPs
could target specific cancer cells or tissues by attaching with target-
specific molecules. Over the past decade, numerous PET probes have
been extensively explored for targeting specific biological processes
in cancer biology [6]. For example, angiogenesis is a major biological
process in tumor growth and metastatic spread. The characterization
of angiogenesis is the formation of new capillaries by cellular
outgrowth from existing microvessels [49]. Integrin a §,, upregulated
at the sites of angiogenesis, has been proven to be a vital biomarker
for cancer imaging. Linear as well as cyclic RGD peptides have been
identified as integrina B,-specifice ligands with high binding affinity
and selectivity. Liu’s group labeled RGD peptide-conjugated SWNTs
with #Cu via a DOTA chelator [50]. In vivo PET imaging of U87MG
tumor xenografts showed the specific binding of **Cu-DOTA-PEG-
RGD-SWNTs to integrin o, 3, overexpressed U87MG tumors.

Platelet-derived growth factor receptor (PDGFR) and nonreceptor
membrane-associated tyrosine kinases [i.e., Src family kinases (SFKs)]
have been identified as attractive candidates for targeted tumor
imaging and therapeutic intervention. It is known that Dasatinib
is a new generation of ATP-competitive inhibitor for PDGFR and
SFKs. Benezra and co-workers reported a novel fluorinated dasatinib
derivative (F-SKI249380) conjugated with nanocarriers for microPET
imaging in a platelet-derived growth factor B (PDGFB)-driven
genetically engineered mouse model (GEMM) [51]. PDGER receptor
status and tumor-specific targeting were non-invasively evaluated
using '*F-SKI249380, and '*F-SKI249380-containing micellar and
liposomal nanoformulations. As shown in Figure 3, the tumor uptake
of ""F-SK1249380-containing micelle formulations was significantly
higher than that of '*F-SKI1249380.

The development of radio labeled NPs for dual-modality or
multimodality tumor imaging, such as PET/fluorescence, PET/MRI,
PET/MRI/optical imaging has gained increasing interest in recent
years. Each imaging modality has its own advantages and limitations
[7]. For instance, radionuclide-based imaging techniques, such as
PET, are highly sensitive and quantitative but they have relatively
poor spatial resolution; MRI provides high spatial resolution images
with exquisite soft tissue contrast yet it suffers from low sensitivity;
optical imaging can sensitively and sequentially interrogate cellular
and molecular functions in living subjects, however, the energies
in the visible to near-infrared region of the spectrum are limited to
penetrate the depth of mammalian tissues. Therefore, combinations
of imaging techniques, as so-called “multimodality imaging”, are
being designed to take advantage the strengths of modalities while
minimizing its limitations, which as a result may simultaneously
provide comprehensive biological information. In one study, integrin
a B, targeted IO NPs were developed for dual PET and MR tumor
imaging [52]. RGD peptides were conjugated on the surface of IO NPs
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where the DOTA chelators were incorporated for *Cu labeling. PET/
MR imaging was carried out by using **Cu-DOTA-IO-c(RGDyK)
NPs to monitor integrin o 3, expression levels in U87MG tumor
bearing mice. Tumor uptakes of **Cu-DOTA-IO-c(RGDyK) NPs at
1 h, 4 h, and 21 h pi were much higher than those of *Cu-DOTA-
IO NPs without the conjugation of RGD peptide. Pre-injection of a
RGD peptide - [c(RGDyK)] significantly reduced the radioactivity
uptake in tumors, suggesting the targeting specificity of “Cu-DOTA-
I0-c(RGDyK) NPs. The T2-weighted MRI also showed integrin
specific delivery of DOTA-IO-c(RGDyK) NPs, which was consistent
with PET data. In another example, Cai et al. developed a quantum
dot (QD)-based probe for dual-function near infrared fluorescence
(NIRF) and PET imaging [53]. The QDs with an amine surface were
modified with RGD peptides for integrin o f, targeting, and DOTA

chelator for ®Cu labeling. In cell-based binding assay, the DOTA-
RGD-QDs exhibited a B, integrin specific binding in U87MG human
glioblastoma cells. For in vivo study, the U87MG tumor uptake of
¢'Cu-labeled DOTA-RGD-QDs was significantly higher than that of
®Cu-labeled DOTA-QD. Excellent linear correlation was obtained
between the results measured by PET imaging and those measured by
NIRF imaging as shown in Figure 4. Histological examination further
confirmed that the majority of DOTA-RGD-QDs target the tumor
vasculature through an RGD-a f3, integrin interaction.

In a recent study, Xie and colleagues applied triple functional iron
oxide nanoparticles for in vivo PET/NIRF/MRI study [54]. Human
serum albumin (HSA)-coated iron oxide nanoparticles (HSA-
IONPs) were dually labeled with “Cu-DOTA and Cy5.5, and tested
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Figure 4: (A) Schematic illustration of dual-function PET/NIRF probe DOTA-QD-RGD. PEG = polyethylene glycol. (B) Whole-body coronal PET images of mice at
1, 5, 18, and 25 h after injection of 7-14 MBq of ®*Cu-labeled DOTA-QD or DOTA-QD-RGD. Arrowheads indicate tumors. Images shown are for slices that were 1
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in a subcutaneous U87MG xenograft mouse model. PET/NIRF/MR
tri-modality imaging, ex vivo study, and histological examinations
demonstrated that the constructed nanosystem was suitable for dual
encapsulation of IONPs and drug molecules. The HSA-IONPs labeled
with “Cu and Cy5.5 manifested a prolonged circulation half-life
and massive accumulation in lesions (Figure 5). With a high spatial
resolution, MRI offers a better description of the particle distribution
pattern than either PET or NIRF. In another hand, PET provides a
better signal-to-noise ratio while NIRF can be visualized both in vivo
by an IVIS system and ex vivo by fluorescence microscopy, playing a
unique role of bridging the in vivo and histological observations. By
combining the information gathered from all the aspects, it is clear
that the HSA-IONPs have not only a high retention rate, but also
a good extravasation rate and a low macrophage uptake rate at the

tumor area.
Radiolabeled nanoparticles for cardiovascular imaging

include, but are not limited to,
arteriosclerosis (general hardening of arteries); atherosclerosis
(plaque-associated arterial hardening); thrombotic blockage stenosis
and ischemia in coronary, carotid, renal and other peripheral arteries;
aneurysms; venous blood clots and varicose veins; dysregulation of
hemostasis (e.g., platelets and von Wille brand factor) [55]. Among
these diseases, atherosclerosis is one of the most prevalent vascular
disease models in which nanomedicine approaches have been studied.

Cardiovascular diseases

Atherosclerosis, a chronic inflammatory disease of the arterial
wall, is the major cause of morbidity and mortality from cardiovascular
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Figure 5: (A) Schematic illustration of the multi-functional HSA-IONPs. (B) Representative in vivo NIRF images of mouse injected with HSA-IONPs. Images were
acquired 1 h, 4 h and 18 h post injection. (C) In vivo PET imaging results of mouse injected with HSA-IONPs. Images were acquired at 1 h, 4 h, and 18 h post
injection. (D) MRI images acquired before the injection and at 18 h post injection. Reprinted with the permission of the Biomaterials, Xie et al., 2010.
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disease. Macrophages play a central role in the atherogenic process
as modulators of lipid metabolism and immune responses [56,57].
Macrophages can enter initial atherosclerotic lesions, ingest modified
lipoprotein particles, and convert to foam cells at the early stage of
atheroma. The accumulation of foam cells results in the formation
of fatty streaks and the deposition of fibrous tissues, indicating the
progression of atheroma into an intermediate stage [58]. Nahrendorf
et al. developed a dextranated 20-nm nanoparticle labeled with *Cu
to yield a PET, MR, and optically detectable imaging agent [59]. The
radioactivity peak from PET at 24 hr after iv injection into mice
deficient in apolipoprotein E with experimental atherosclerosis
mapped to areas of high plaque load identified by CT, such as the
aortic root and arch, and correlated with MR and optical imaging.
The uptake of #Cu-labeled NPs was further confirmed by the ex vivo
fluorescence reflectance imaging and autoradiography conducted on
excised aortas.

Angiogenesis, new blood vessel formation, is a characteristic event
in ischemic lesions. The overexpression of integrin a (8, on endothelial
cells has been proven in the ischemic tissue. Almutairiet al. reported

the efficacy of biodegradable dendritic structures whose surface was
modified with a cyclic arginine-glycine-aspartic acid (cyclic RGD)
peptide and encapsulating radioactive Bromine ("Br) for PET imaging
of hindlimb ischemia in a mouse model [47]. Eight tyrosine residues
near the center of the macromolecular structure were functionalized
for labeling with 7°Br. The hetero bifunctional polyethylene oxide
(PEO) chains provided extended blood circulation, and cyclic RGD
motifs installed at the terminal ends of the PEO chains enhanced the
direct binding to o f, integrin receptors. The targeted nanoprobes
(IC,, = 0.18 nM) exhibited a 50-fold enhancement binding affinity
to integrin o B, over the monovalent RGD peptide alone (IC,, =
10.40 nM). The cell-based assay using integrin o fB,-positive cells
showed a 6-fold increase in a (3, receptor-mediated endocytosis for
the '*I-labeled dendritic nanoprobes as compared to the nontargeted
nanoprobe. As shown in Figure 6, in vivo studies of 7*Br-labeled
dendritic nanoprobes in a murine hindlimb ischemia model revealed
highly specific accumulation of the nanoprobesin integrin o3,
overexpressed ischemic muscles.

In another study, Ueno et al. utilized macrophages-avid

R: Ischemic
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Sagittal slice

Coronal slice

R:.Isch—efnic
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Figure 6: (A) Schematic illustration of "Br-arginine-glycine-aspartic dendritic nanoprobes for targeting integrin o 8,. (B) Uptake of the *Br-labeled integrin a B.-
targeted dendritic nanoprobes was higher in ischemic hindlimb (left side of image) than control hindlimb (right side of image).Reprinted with the permission of the
Proceedings of the National Academy of Sciences of the United States of America, Almutairi et al., 2009.
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nanoparticles for PET imaging to detect the rejection of heart
allografts in mice [60]. The dianhydridediethylenetriaminepentaacetic
acid (DTPA) conjugated cross-linked iron oxide (CLIO) NPs were
coupled with Vivotag 680 and then labeled with *Cu to form the
#Cu-CLIO-VT680. PET imaging was performed at 7 days after heart
transplantation. C57BL/6 recipients of BALB/c allografts displayed
robust PET signals. Angiotensin converting enzyme inhibitor
(enalapril) significantly decreased PET signals, suggesting the probe
specificity. These results demonstrated that macrophages-targeted
NPs with PET imaging offered a quantitative and noninvasive method
to detect both myeloid cells in allografts and their diminution after
therapeutic intervention.

Conclusion and Perspectives

As a highly sensitive imaging tool, PET can assist in the
translational application of nanomaterials for early stage disease
detection, and monitoring of disease progression, regression, and
recurrence. The good examples presented in this review demonstrated
that the nanoplatforms with PET imaging could be very useful for
diagnosis and treatment in cancer and cardiovascular diseases.
Despite the fact that PET is highly sensitive and quantitative, it has
relatively poor spatial resolution, which can be compensated by other
imaging modalities, such as MRI. The beauty of nanoparticles over
other materials is that they can be readily functionalized. The design
of multifunctional nanoparticles could significantly improve already
existing nanoparticle characteristics. Whereas monofunctional
nanoparticles provide a single function, multifunctional nanoparticles
can combine different functionalities in a single stable construct,
which is well suitable for multimodality imaging.

Although radiolabeled NPs have shown great promise in PET
imaging of diseases, several challenges need to be addressed to
translate the radiolabeled NPs to clinical applications. One of the
major challenges is to develop truly tissue-selective targeting NPs
without the significant uptake in the mononuclear phagocytic system
(MPS). To resolve this issue, the NPs can be designed with optimal
surface modifications. In general, NPs coated with a hydrophilic
polymer, such as PEG unit, can reduce the nanoparticle uptake in
the MPS and increase circulation time as compared to the uncoated
counterparts. In addition, the targeted nanocarriers functionalized
with antibodies, peptides or other targeting ligands that recognize
specific receptors or antigens have the potential to increase the target-
to-background ratio. Considering the toxicity and immunogenicity,
the biodegradable nanomaterials would be a better choice. In this
regard, the organic nanomaterials are usually better than the inorganic
nanoparticles. Furthermore, in vivo biodistribution of nanopariticles
is largely dependent on the characteristics of nanoparticles, such as
shape, charge, size, surface coating, and dosing [61]. Based on these
factors, design considerations can be manipulated to prolong blood
circulation, reduce the nonspecific distribution, and enhance imaging
contrast. Moreover, in order to achieve optimal target-to-background
contrast in PET, good in vivo stability of radiolabeled NPs is also
required [8].

In conclusion, radiolabeled NPs have shown great promise in
PET imaging. With the development of hybrid imaging technology,
we expect that novel radiolabeled NPs with PET along with other
imaging modalities will afford accurate and precise assessment of

biological signatures in a real-time manner and thus improve disease
management.
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