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Abstract

Development of novel imaging probes for cancer diagnosis is critical for early disease detection
and management. The past two decades have witnessed a surge in the development and evolution
of radiolabeled nanoparticles as a new frontier in personalized cancer nanomedicine. The dynamic
synergism of positron emission tomography (PET) and nanotechnology combines the sensitivity
and quantitative nature of PET with the multifunctionality and tunability of nanomaterials, which
can help overcome certain key challenges in the field. In this review, we discuss the recent
advances in radionanomedicine, exemplifying the ability to tailor the physicochemical properties
of nanomaterials to achieve optimal /n vivo pharmacokinetics and targeted molecular imaging in
living subjects. Innovations in development of facile and robust radiolabeling strategies and
biomedical applications of such radionanoprobes in cancer theranostics are highlighted. Imminent
issues in clinical translation of radiolabeled nanomaterials are also discussed, with emphasis on
multidisciplinary efforts needed to quickly move these promising agents from bench to bedside.
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1. Positron Emission Tomography in Molecular Imaging

Rapid development in the fields of cancer biology, genomics, proteomics and clinical
oncology has revolutionized personalized cancer management through the integration of
molecular and physiological information with the anatomic readouts obtained via
conventional imaging modalities.[1] Defined as “non-invasive, real-time characterization
and measurement of biological processes at the cellular and molecular level within living
cells, tissues and intact subjects”, [2] molecular imaging promises enormous potential in the
areas of diagnostics, therapy monitoring, drug discovery and development, and
understanding nanoscale reactions such as protein-protein interactions and enzymatic
conversion.[3, 4] Molecular imaging encompasses different modalities including optical
bioluminescence, optical fluorescence (FL), targeted ultrasound, molecular magnetic
resonance imaging (MRI) and spectroscopy (MRS), single-photon-emission computed
tomography (SPECT), and positron emission tomography (PET).[1] The inherent strengths
and limitations of each modality have spurred active development of multimodal systems,
e.g. SPECT/CT, PET/CT, optical/CT and PET/MRI for synergistic imaging. Owing to their
high detection sensitivity (10711-10712 M), quantifiability, limitless depth of penetration, as
well as advances in radiotracer development, non-invasive nuclear imaging modalities,
SPECT and PET offer tremendous opportunities in early lesion detection, patient screening
and stratification, and individualized treatment monitoring and dose optimization.[4, 5]

Since its inception in 1970s,[6] PET has emerged as a clinical modality of choice for staging
and restaging of a variety of malignancies. PET requires internal administration of tracer
quantities (usually nanomolar) of a radiolabeled pharmaceutical, specific and selective for a
target of interest. The fate of the radiolabeled agent /n vivois tracked with a camera which
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detects two coincident high energy gamma-rays (511 keV) emitted ~180° apart resulting
from the annihilation of the emitted positron with a nearby electron.[7] While
[18F]fluorodeoxyglucose (FDG) remains the most widely used PET tracer (>95% of all
clinical PET scans), PET has adopted different positron emitting radionuclides including
Copper-61/64(81/%4Cu, t1/»: 3.3 h and 12.7 h), Gallium-66/68 (66/68Ga, t1/,: 9.5 and 1.1 h),
Zirconium-89 (89Zr, ty/o: 78.4 h), and lodine-124 (1241, ty/5: 100.2 h), among many others.
FDG is a glucose analog that is selectively taken up by rapidly metabolizing cells, a
hallmark of most malignancies, and has been clinically approved for staging of a number of
cancers including breast, colorectal, esophageal, head and neck cancers, melanomas and
lymphomas.[1] Since glucose metabolism is not specific only to cancer cells, imaging with
FDG can be counter-productive in certain cases. This has fueled intense research for
development of newer imaging agents such as antibodies and their fragments, small proteins
and peptides and other biologically relevant entities, specifically targeted for a molecular
event. Nanomaterials that combine different imaging modalities, targeting ligands and
therapeutic moieties all in a single vector, have recently emerged as a new frontier in
molecularly targeted probes.

2. Nanotechnology in Positron Emission Tomography: An Emerging

Paradigm

The introduction of nanotechnology in nuclear imaging (mainly PET and SPECT) has
generated much interest in the past decade.[8] Nanomaterials, typically smaller than a few
hundred nanometers have emerged as forerunners in nanooncology, for targeted drug
delivery, therapy and patient monitoring.[9] The biggest advantage that nanotechnology
brings is to bridge the gap between the macroscopic and microscopic worlds, where
nanomaterials prove to be the ideal medium for interfacing with the biological systems.
Nanoparticles possess novel properties that distinguish them from bulk material: large
functional surface area, easily controllable surface chemistry which facilitates binding to
small molecule drugs, imaging labels and targeting ligands like antibodies, peptides, nucleic
acids, efc. Moreover, their small size (~100- 10,000 times smaller than human cells) allows
unique intracellular and extracellular interactions, such as extravasation through endothelial
cells and enhanced permeability and retention (EPR) in tumor tissues.[4] Owing to the
immense and unique possibilities it offers, nanotechnology has attracted significant
investment from the National Institutes of Health (NIH)/National Cancer Institute (NCI) and
some nanoparticles have also progressed into clinical trials.[10] For example, gold
nanoparticles have found clinical applications towards head and neck cancer, as evidenced
by recent completion of two first-in-human phase I clinical trials (AuNP-conjugated tissue
necrosis factor (TNF) treatment in solid tumors [11] and AuNP-mediated hyperthermia for
therapy of refractory and/or recurrent tumors of the head and neck).[10, 12] In addition,
fluorescent silica nanoparticles (also known as C dots) are about to enter phase Il clinical
trials for lymph node mapping in head and neck melanoma, breast and cervical/uterine
cancer patients.[13] Although much work is still required in understanding the long-term
toxicities and optimal applications of nanomaterials in human subjects, these studies
demonstrate the paradigm-shifting revolution that nanotechnology can bring in advancement
of cancer prevention, diagnosis, treatment and management.
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The role of nanotechnology in molecular imaging is four-fold. Nanoparticles can act as
signal amplifiers, resulting in higher contrast indices and enhanced sensitivity. The large
surface area can be functionalized with different targeting moieties, creating a
multifunctional nanoplatform for targeted detection of different diseases. A big advantage of
using nanoprobes over the traditional biological moieties is the competence for
multimodality. Besides radiolabeling for PET, most nanoparticles possess intrinsic properties
that can be easily harnessed for other molecular imaging modalities. For example
radiolabeled iron oxide nanoparticles (IONPs) simultaneously signal for both MRI and PET;
the generated data can potentially overcome the limitations of individual modality. The final
advantage lies in the ability to combine both diagnostic and therapeutic capabilities onto the
same vector, giving rise to the concept of theranostics.

The union of PET and nanotechnology represents a symbiotic relationship, promising
mutual benefits for each. On one hand, the unique physicochemical properties and
multivalency of nanomaterials promise unprecedented applications in molecular PET;
noninvasive interpretation of biological events, synergistic multimodal imaging (such as
PET/CT, PET/MR, and PET/US) and theranostics. On the other hand, PET has emerged as a
formidable tool in the biomedical applications of nanomaterials for cancer theranostics. For
example, it is widely known that the physicochemical properties of nanoparticles such as
size, shape, surface charge and chemistry (PEGylation, ligand conjugation), and composition
affect their /n vivo biodistribution.[14, 15] Efforts are being undertaken to understand and
optimize the factors influencing the pharmacokinetics, intratumoral penetration, tumor
bioavailability, and cargo delivery mechanisms of nanoparticulate agents. In this regard, the
sensitivity, whole body imaging capability, non-invasive and quantitative nature of PET
makes it an excellent choice for accurately exploring the complex biological pathways and
in vivo ADME (Absorption, Distribution, Metabolism and Excretion) profiles of
nanoparticles, which have been the major roadblocks in clinical translation of nanomaterials.
Secondly, PET has been exploited in image-guided therapy and drug delivery applications of
nanomaterials, which allow real-time monitoring of the therapeutic outcomes.[16-18]
Moreover, nanoparticles radiolabeled with positron emitters can potentially be employed in
treatment prognosis and patient selection, aptly demonstrated in a recent study using 89Zr-
labeled nanoreporter for Doxil.[19] Co-injection of the nanoreporter with the clinically
approved anti-cancer nanodrug Doxil was able to predict the therapeutic outcomes based on
the tumor uptake in a murine breast cancer model. While still in preclinical settings, such
systems hold promise for clinically relevant cancer management in the future.

3. Development of Radiolabeled Nanoparticles

The radiostability of the isotope: nanoparticle complex is integral to the correct
interpretation of /n vivo biodistribution data, and thus, development of radiolabeled
nanoplatforms is a non-trivial issue and warrants careful thought. Successful design of a
radiolabeled nanoprobe involves rational selection of the isotope, the radiolabeling strategy
and the nanoplatform; carefully tuned to achieve the highest radiochemical yields and
stability, as well as optimal /n vivo biodistribution and imaging contrast. Selection of an
appropriate radioisotope depends on its imaging characteristics, decay half-life, chelation
chemistry and availability. Ideally, isotopes with low positron energy and high 8* branching
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ratio are favorable for PET imaging. Based on their half-lives, positron emitting isotopes can
be either short-lived (e.g. 11C: t1/» = 20 min, 150; ty/, = 2 min, 18F; ty, = 109.7min, 88Ga;
t1/2 = 67.7 min and so on) or longer-lived ("2As; ty> = 26 h, 89Zr; t;» = 3.2 d and 1241; typ =
4.2 d). Matching the decay half-life with the biological half-life of the tracer is another
important aspect, especially for nanomaterials with prolonged circulation /in vivo.

Complexation of the radionuclide and the nanoparticle is an important aspect in the
development of a successful radiotracer. Ideally, a radiolabeling method must be robust,
quick, safe, and highly efficient with minimal effect on the intrinsic pharmacokinetics of the
vector.[20] There are five major radiolabeling strategies, each with their advantages and
disadvantages; their selection determined by the isotope and nanoparticle chosen for the
imaging purpose (Figure 1). Traditional method involves tethering of the radiometals to the
nanoplatform v7a chelators such as 1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA),
1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA), p-isothiocyanatobenzyl-
desferrioxamine (Df-Bz-NCS), diethylene triamine pentaacetic acid (DTPA), efc. via
specific coordination chemistry. Since the nanoparticle itself is not radiolabeled, potential
detachment of the radiometal containing chelator or polymer coating from the nanoparticle
in the presence of high protein concentration, or transchelation of the radiometal from the
chelator-complex have raised concerns over erroneous interpretation of the imaging results.
Moreover, limitations such as specific coordination chemistries, harsh and prolonged
reaction conditions, complex purification procedures, and influence on the nanomaterial
surface properties and therapeutic loading capacity, have prompted development of
intrinsically radiolabeled nanoplatforms.[20]

To overcome the limitations of traditional radiolabeling methods, nanoparticles have been
uniquely employed for chelator-free or direct incorporation of the radionuclide into the
nanoparticle core. Intrinsic radiolabeling strategies can be classified as follows: () mixing
radioactive and cold precursors during the synthesis of the nanoparticle, (2) specific trapping
of certain nuclides into the nanoparticles via coordination bonding, (3) ion-exchange
mechanisms, and (4) ion bombardment.[20] Incorporation of trace amounts of radioactive
precursor during synthesis results in stable formulations, with high radiochemical yields.
However, longer labeling times, potential lattice mismatch between the radionuclide and
nanoparticle, prolonged exposure to the personnel and generation of excessive radioactive
waste; limit the applicability of the process. Post-synthesis radiolabeling has thus, gained
wider acceptance. Specific trapping is a more generalized approach, shown to be highly
successful for a number of isotopes (84Cu [21], 89zr [22, 23], 72As [24] and ®9Ge [25], efc.)
and nanoplatforms. lon exchange methods have also been variously applied to radiolabel
lanthanide-doped upconversion nanoparticles with 153Sm for SPECT [26], and 18F [27]
and %4Cu [28] for PET. Proton beam activation is another promising strategy, applied till
date on Al,O3 nanoparticles to produce [18F]-labeled Al,O3 [29, 30] The readers are
directed to our earlier review for comprehensive details about each technique. [20]

Lastly, selection of the right nanoplatform is of utmost importance. Factors that influence the
choice of the nanomaterial include chemical composition, intrinsic functionality, colloidal
stability, hydrodynamic size, surface characteristics, ease of surface modification, addition
of imaging and therapeutic moieties and ligands for target recognition, efc. A plethora of
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nanoplatforms have been designed for PET integrated Theranostics (Table 1). In the
following sections, we will discuss the state-of-the-art in nuclear nanomedicine, focusing on
the recent advances in the evolution of inorganic radiotracers.

4. Radiolabeled Nanomaterials for Cancer Theranostics

4.1. Radioactive Silica Nanoparticles

Silica, “Generally Recognized as Safe” (GRAS) by the Food and Drug Administration
(FDA) [31] is among the most biocompatible and well-tolerated inorganic nanomaterials,
being endogenous to humans and other animals. The widespread use of silica nanomaterials
in multimodal imaging is interesting because unlike other inorganic nanoparticles, these do
not possess intrinsic properties to directly serve as contrast or therapeutic agents. However,
the well-defined siloxane chemistry for easily tunable size, morphology and porosity, as well
as facile surface functionalization, give silica nanomaterials a distinct edge over their
counterparts.[32] Their inability to absorb wavelengths in the electromagnetic spectrum and
non-interference with the magnetic fields has been utilized in complexing with other
functional nanomaterials and drugs to design multifunctional agents (Table 2).[33-35]
Moreover, high surface area-to-volume ratio, rigid and stable skeletal network and well-
established, scalable synthetic procedures are added advantages, propelling their application
as contrast agents in cancer theranostics.

Silica-based ultrasmall (6—7 nm sized) core-shell hybrid nanoparticles (also known as C
dots, or Cornell Dots) were approved by the US FDA in 2010 as an investigational new drug
(IND), and were reported recently for imaging in patients with metastatic melanoma.[36, 37]
Cy5 dye-loaded C dots (<10 nm) were labeled with 1241 for PET imaging and conjugated
with PEG and cRGDY peptide for detection of integrin-expressing lesions. The tracers were
well tolerated, exhibiting good /n vivo stability, reproducible pharmacokinetic signatures
consistent with renal clearance, and preferential accumulation at the target site (Figure 2).
However, several synthetic challenges prompted the group to design a more biologically
competent, water-based approach for the preparation of <10 nm fluorescent, core-shell
nanoparticles (called C’ dots) with different core compositions and enhanced quantum yields
(~0.8; nearly approaching the theoretical brightness limit).[38]

Besides the ultrasmall C dots, 20-25 nm sized, dye-incorporated dual-modal silica
nanoparticles have also shown promising results for sentinel lymph node imaging and
clearance kinetics.[39, 40] Despite these encouraging results, the application of silica
nanoparticles in theranostics has remained elusive due to the challenges in encapsulating
drugs/therapeutics into the nanoparticles. With their tailored porous structure and high
surface area, mesoporous silica nanoparticles (MSNSs) show significant advantages over
traditional drug nanocarriers, resulting in an exponential rise in their biomedical applications
since the first report in 2001.[41, 42] Our group first demonstrated CD105-specific, /n vivo
PET imaging and image-guided doxorubicin delivery with antibody conjugated MSNSs in
4T1 breast cancer.[43] Uniform (~ 80 nm) MSNs (synthesized via a soft-template method)
were conjugated to TRC105 antibody via PEG linkers and subsequently functionalized with
NOTA for 84Cu chelation. Serial PET scanning demonstrated rapid and persistent
accumulation of the nanoconjugates at the tumor site (5.9 + 0.4 %ID/g at 5 h post-injection
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(p.i.)) which was attributed to both EPR effect and TRC105-mediated binding to CD105
(over expressed in tumor vasculature). Enhanced CD105-targeted delivery of doxorubicin
was also demonstrated simultaneously, clearly demonstrating the superiority of surface
functionalized MSNs in targeted theranostics. The strategy could be tailored to target
different biomarkers and tumor models [44], or to develop multimodal imaging agents.[45]
Moreover, the facile silica chemistry has been harnessed for radiolabeling with varied
isotopes ranging from very short lived 18F (t1/, = 109.8 min)[46] to longer lived 89Zr (ty, =
72.8 h) [47] viasimple one-step reactions with appropriate chelators.

Further improvement in the morphology of silica nanoparticles was achieved by designing
hollow MSNs (HMSNs) with a large interstitial cavity and a mesoporous shell.[48, 49]
HMSNs with low density and high specific area, showed extraordinarily high drug loading
capacity [50] and could integrate various functional nanocrystals for multimodality imaging
(MR/upconversion/ultrasound) and therapy.[51-54] We recently reported an HMSN based
dual modality PET/near-infrared fluorescence (NIRF) imaging agent by conjugating
zwitterionic dye, 800ZW and PET tracer 54Cu.[55] As-synthesized HMSNSs could load up to
1129.2 mg doxorubicin per gram of HMSN (3-15 times higher than reported MSNSs).
Enhanced CD105 specific tumor accumulation (~9.9 %ID/g) was observed after conjugation
with TRC105, making surface engineered HMSNSs a highly attractive drug delivery
nanoplatform for future cancer theranostics.

Though chelator-free radiolabeling has been demonstrated with several nanoparticles, most
reports suffer from the same specificity issues as traditional chelator-based methods. This
problem was recently overcome by the discovery of intrinsic radiolabeling ability of silica
nanomaterials. Amorphous dense silica nanoparticles have been shown to serve as general
substrates for chelator-free radiolabeling of 22Na [56] and six medically relevant radiometals
(%8Ga, 84Cu, 89Zr, 90Y, 111|n, and 177Lu), with the labeling characteristics depending on the
oxophilicity of the radioisotope.[22] Schaffer ef al. demonstrated that >99 % labeling yields
could be obtained for all isotopes at pH = 7.3, 70 °C and incubation times up to 1 h (when
specific activity ~100 Ci/umol), while stability of the binding correlated with hardness of the
radioisotope. However, long-term /n vivo radiostability tests performed by our group
demonstrated that while dense silica nanoparticles could chelate 89Zr, such binding was
weak with the isotope detached from the nanoparticles /7 vivo and accumulated in the bones
(89Zr is a well-known osteophile) within a day of intravenous administration. [23]
Systematic studies demonstrated that MSNs could serve as a more reliable platform for
radiolabeling oxophilic radiometals with >20-fold higher radiostability than the dense silica
nanoparticles, indicating a crucial role of mesochannels in stabilizing 89Zr inside MSNs
(Figure 3). This difference in /n vivo stability profile was rationalized by the presence of
mesochannels, which not only protect the guest 89Zr ions from transmetallation by intrinsic
protein chelators in the body, but also provide a higher number of surrounding deprotonated
silanol groups (Si-O™) for stronger coordination with the isotope. Although PET imaging is
highly sensitive and quantitative for /n vivo applications, its spatial resolution (mm level) is
significantly lower than that of MRI (typically <500 pm). Taking advantage of the easily
tailorable chemistry of silica, Burke et a/. synthesized 58Ga radiolabeled silica coated iron
oxide nanorods to combine the high sensitivity of PET with MR contrast.[35] As

with 89Zr, 68Ga is a hard Lewis acid that coordinates easily and stably with the Lewis base
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donor atoms like oxygen from the silanol groups. PEG modified nanoconjugates were
further used for high sensitivity liver imaging. This facile and robust radiolabeling technique
holds important implications for nanomedicine. Firstly, it can allow systematic and long-
term tracking of nanoparticle biodistribution, thereby providing accurate, real-time
information on their /n vivo fate, biodegradation rates and clearance pathways, potential
toxicity, drug delivery, and chemotherapeutic efficacy. Secondly, by simply incorporating
certain functional groups, MSNs can directly and stably chelate other radioisotopes, for
example, 54Cu and 72As, making them a versatile chelation platform. Lastly, labeling with
radiotherapeutic isotopes (like 111In, 177Lu, etc.) can open up new possibilities for
theranostics with simultaneous radiotherapy and drug delivery.

4.2. Radioactive Carbon Nanoallotropes

Carbon nanomaterials are lower dimensional carbon allotropes that have garnered great
attention in the past few decades, since the discovery of fullerenes in 1985,[57] compounded
further by the discoveries of carbon nanotubes (CNTSs) [58], graphene [59] carbon dots [60,
61] and nanodiamonds.[62] (Figure 4) The nanomaterials range typically between 1 nm-1
um, and have been employed as optical imaging and therapeutic agents as well as drug
nanocarriers in biomedical applications, owing to their unique electronic structure and
readily tunable shapes and sizes.[63] The strong absorption in NIR and far NIR (NIR 11)
windows (750-1000 nm and 1000-1700 nm, respectively), allows deep tissue imaging with
high resolution, enhanced contrast and minimized autofluorescence and photobleaching,
leading to widespread applications in optical and photoacoustic imaging, photothermal
imaging and therapy. [64—68] In addition, CNTSs, graphene and carbon dots exhibit strong
and unique G-band peaks in the Raman scattering spectrum, which have been harnessed for
multiplexed, multicolor Raman imaging, both /n vitroand in vivo.[65, 69, 70] Large surface
area and abundance of r electrons has further allowed loading of hydrophobic drugs via rc-r
interactions for efficient delivery in physiological conditions.[71] The unique properties of
carbon nanomaterials have been exploited to develop novel multiplexed, multifunctional
nanoprobes consisting of biologics, radionuclides, drugs and optical probes, etc.

In nuclear medicine, biological properties of CNTs have been explored in vivo viaPET or
SPECT, using radionuclides like 1251[72], 1111[73], 99MTc[74]. Both single-walled (SWNTSs)
and multi-walled (MWNTSs) nanotubes demonstrated small active molecule-like rapid
clearance from systemic blood circulation, effortless transportation through tissues and
organs, and rapid renal clearance, with no retention in the RES. However, other
biodistribution studies with 86Y-DOTA-SWNT and 111In-DOTA-SWNT reported by
McDevitt et a/[75] and [14C]-labeled MWNTs, reported by Georgin et al[76, 77]
demonstrated contradictory results with major accumulation in the RES and much slower
hepatobiliary clearance. Liu et a/. first demonstrated tumor-targeted PET imaging with 84Cu-
DOTA radiolabeled SWNTs, functionalized with phospholipid and PEG to impart longer
blood circulation, superior hydrophilicity and reduced RES uptake.[78] Conjugation with
cRGDyK peptide conferred integrin a. B3 specific uptake in U87MG glioblastoma
xenografts (~13 %ID/qg), attributed to the multivalency effect of SWNTSs, which was further
confirmed by the unique Raman signatures of the nanoprobes. Similarly, antibody [79, 80]
and hyaluronic acid [81] functionalized CNTs have been explored for multimodality cancer
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theranostics. Furthermore, chelator-free radiolabeling of SWNTSs has also been reported,
whereby metal halide Nal2®| was filled in the nanotubes by direct covalent conjugation and
capped off to prevent any leakage.[82] In further studies, alpha-emitters like 225Ac3* [83]
and beta-emitters like $4Cu?* [84] along with Gd3* ions were stably loaded into the bores of
the ultrashort nanotubes by simple sonication, and employed for radioimmunotherapy and
PET/MR imaging, respectively. The strategy potentially protects the encapsulated
radioisotopes from transmetallation, thereby preventing any leakage and consequent off-
target toxicity /n vivo. However, it is noteworthy that in both the studies, the radiolabeled
CNTs accumulated rapidly in the lungs, possibly due to aggregation, which may influence
the actual /n vivo radiostability since the nanoparticles are removed quickly from the
circulation. Further studies are warranted to establish the legibility and superiority of this
strategy, over traditional chelation methods and further evaluate its suitability for longer-
circulating biologically active nanotubes for /n vivo imaging.

Besides CNTs, graphene is the other nanocarbon allotrope that has gained widespread
acceptance in the biomedical community. Single-layered graphene shows ultra-high surface
area with every atom exposed on the surface, thereby providing immense opportunities for
bioconjugation, drug and gene delivery. The unique electronic and optical properties have
been harnessed for phototherapy [85], while the surface itself can be used for growth of
various inorganic materials for multimodality imaging and theranostics. [86, 87] While Yang
et al. [68] first studied the /n7 vivo biodistribution and tumor ablation ability of PEG-
modified, Cy7 dye labeled nanographene sheets in U87MG tumor-bearing mice, the inherent
limitations of optical imaging, mainly autofluorescence and tissue depth limitations,
prompted the need of radionuclide imaging for a more accurate assessment. Our lab first
reported PET imaging of 84Cu-NOTA conjugated, PEGylated graphene oxide (GO),
specifically directed to the tumor neovasculature, through targeting the CD105 receptor, as
evidenced by the rapid, persistent and CD105 specific uptake in 4T1 metastatic breast
tumors.[88] Graphene oxide nanosheets have been widely employed for developing
passively [89] and actively targeted agents [90-92], radiotracers for isotopes

like %6Ga[93], 1251[94] 111In[95], and theranostic agents [85, 92, 96, 97]. Of note, however,
while intrinsic radiolabeling techniques have been applied to CNTs, graphene is yet to
benefit from the merits of these novel methodologies.

Despite being around for decades, long-term toxicity concerns have severely impeded the
clinical translation of CNTs and graphene; prompting the introduction of other lower
dimensional nanocarbons into the biomedical arena. PET imaging with carbon dots [98],
nanodiamonds [99] and fullerenes [100] is an emerging field, with initial studies dedicated
solely to the assessment of their in vivo biodistribution. For example, 84Cu-DOTA
conjugated fluorescent carbon dots were recently synthesized and their /n vivo fate was
analyzed, following injection viathree different routes, /.e. intravenous (i.v.), intramuscular
(i.m.) and subcutaneous (s.c.). Although low RES uptake was observed (<1 %ID/g) within
24 h p.i. with renal clearance in all the groups, the rate of clearance from the blood followed
the order: i.v. > i.m. > s.c. [98] It is noteworthy that the other ultrasmall carbon
nanoallotropes also demonstrate greatly reduced RES accumulation and rapid clearance
predominantly through the renal pathway, potentially addressing the toxicity concerns posed
by the use of carbon nanomaterials. However, the rapid clearance compromises on the
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enhanced tumor contrast, characteristic of graphitic carbon tracers (Figure 4). Further
optimization of /n vivo pharmacokinetics and tumor homing patterns of these emerging
members of the nanocarbon family, as well as their application as multimodality and
multiplexing agents, is therefore warranted. Given that one of the major hurdles in the
clinical translation of traditional carbon nanomaterials is their substantial and prolonged
RES retention, carbon dots, nanodiamonds and fullerenes have much to offer.

4.3. Radioactive Fluorescent Nanomaterials

Fluorescence-based imaging methods have attracted great attention in the last two decades
because they are sensitive, selective, rich in contrast, convenient, versatile, non-destructive,
widely available and cheap.[101] Compared to the traditional organic dyes, which suffer
from short fluorescence lifetimes (1-10 ns), inorganic nanoparticles like quantum dots and
upconversion nanophosphors (UCNPs), with longer life-times (typically few hundred
nanoseconds), improved optical characteristics and multiplexing ability, are better candidates
for in vivo optical imaging. For a more comprehensive review of the current state-of-the-art
in fluorescence imaging with nanomaterials, readers are directed to these excellent articles.
[101, 102] Despite its advantages, optical imaging suffers from limited tissue penetration,
autofluorescence and qualitative nature. The combination of fluorescence- and radionuclide-
based imaging offers synergistic advantages over each individual modality. In the following
sections, we will discuss dual-modality optical/PET imaging with two of the most frequently
employed fluorescent agents; quantum dots and UCNPs.

4.3.1. Quantum Dots—Quantum dots (QDs) are inorganic fluorophores (<10 nm) with
excellent light-emitting properties that can overcome many limitations of traditional
fluorophores. Due to their small size (2-10 nm), QDs display unique properties unavailable
in either bulk material or individual atoms, such as size- and composition- tunable emission
in a narrow, symmetric energy band, large Stokes’ shift (>200 nm), superior brightness and
long fluorescence lifetimes, as well as large absorption coefficients across a wide spectrum,
stemming from the quantum confinement effects.[103, 104] In addition, resistance to
photobleaching and chemical degradation further simplifies the storage and handling
requirements.[105] Traditionally, QDs are nearly spherical inorganic semiconductor crystals
that consist of a core and shell comprising of elements from heavy metal-containing groups
-1V, IV-VI, or 111-V.[106] The core is typically made of cadmium selenide (CdSe) with a
ZnS shell. There are many types of QDs commercially available. Some other examples of
QD cores include CdTe, PbSe, GaAs, GaN, and InP [107], the quantum yields for which can
be drastically enhanced (~90%) by coating with a shell of high-energy bandgap material. For
more information about the various types of QDs and their applications, readers are directed
to these references.[107-110] As with other nanomaterials, QDs provide a multifunctional
nanoplatform for multimodality imaging and therapy, especially suitable for synergistic
optical/PET imaging which combines the sensitivity, quantification and limitless tissue
penetration of PET with high resolution and specificity of optical methods.[104]

Cai et al. reported dual-functional QD nanoprobes for quantitative assessment of /n vivo
pharmacokinetics and tumor-targeting efficacy of QDs using both PET and NIRF imaging.
[111] RGD peptide-bearing, 84Cu-labeled QD705 achieved greater tumor contrast in
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U87MG xenografts at a fraction of concentration than that needed for /n vivo NIRF imaging,
thereby significantly reducing potential toxicity. Several other studies since then, have
explored the use of directly/indirectly radiolabeled QDs for tumor-targeted imaging. [112—
117] However, poor long-term radiostability /n vivo has raised concerns. For example, in
several studies, while at earlier time-points the PET and NIRF imaging data were in good
agreement, substantial differences could be observed at later time-points, possibly attributed
to the detachment of the isotope.[111, 113] Therefore, incorporation of the radionuclide in
the QD core has been proposed to eliminate the concerns regarding /n7 vivo stability of the
radiolabel relative to the QDs, since it is well documented that QDs do not undergo
significant degradation unless subjected to very harsh conditions.[118]

Intrinsically radiolabeled QDs were first reported for SPECT/CT imaging where, 125MT¢
(t1> = 58 d) was incorporated into tumor-targeted Cd125MTe/ZnS QDs during the synthetic
process.[119, 120] Another study reported the incorporation of 109Cd (ty, = 464 d) into
zwitterionic radioactive-QDs for reliable biodistribution studies viagamma counting.[121]
While the studies reported high incorporation efficiencies and radiostability, sub-optimal
radionuclide characteristics such as long half-lives and low specific activities warrant the use
of clinically relevant PET and SPECT isotopes. Sun et a/. first synthesized 84Cu-doped
CdSe/ZnS QDs via a cation-exchange reaction, with nearly 100% radiolabeling yield and
high radiostability (in bovine serum and mouse blood over 48 h).[28] Incorporated 4Cu not
only accurately reflected the /7 vivo biodistribution, but also allowed for efficient Cerenkov
resonance energy transfer (CRET) imaging in U87MG glioblastomas. $4Cu-doped QDs
exhibited rapid and persistent uptake in the U87MG tumor; ~5% ID/g at 1 h time point,
which reached 12.7% ID/g at 17 h p.i. (Figure 5). Currently, CRET is a hot topic in the field
of molecular imaging as these imaging agents do not require external excitation sources;
thus, CRET overcomes a key limitation of fluorescence imaging. Several researchers have
successfully employed radiolabeled QDs for Cerenkov luminescence imaging.[122-125]

4.3.2. Rare-Earth Upconversion Nanophosphors—Rare-earth UCNPs have recently
emerged as promising candidates as a new generation of multifunctional and multimodality
nanoplatform for personalized theranostics. Upconversion luminescence (UCL) refers to a
unique non-linear process whereby multiple low energy photons (near-infrared) are
sequentially absorbed or undergo energy transfers to emit higher energy (visible to
ultraviolet) light. [126, 127] The basic structure of UCNPs consists of an inorganic host
matrix (fluorides, oxides, heavy halides etc.), a sensitizer (to enhance UCL efficiency; Yb3*)
and an emitter (Er3*, Tm3* and Ho3* dopant ions). Lanthanide doping into the host material
confers UCNPs with several advantages over conventional luminescence probes; namely
sharp emission bandwidths, large anti-Stokes shifts, excellent photostability, non-blinking,
minimal autofluorescence, and deeper tissue penetration.[126, 128] Structure, fabrication,
characteristics and optical imaging applications of UCNPs have recently been reviewed in
excellent articles.[126-131] Owing to the well-established synthetic procedures and facile
surface chemistries, UCNPs are increasingly being employed for diverse applications such
as cell tracking [132], small animal imaging [130], drug delivery [133], photothermal [134],
photodynamic [133] and combination therapies. [135, 136]
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Multiple functions embedded in a single nanoparticle can play a crucial role in precise
disease diagnosis and thus, the use of functionalized UCNPs as multimodal contrast agents
is under active exploration.[137] Simple variations in dopant atoms or lattice composition
can endow UCNPs with MR, PET, SPECT and CT imaging capabilities, in addition to their
intrinsic UCL property.[129] Interestingly, chelator-based PET imaging with UCNPs has
been rarely reported, with one study reporting DOTA chelated 58Ga labeled UCNPs for
integrin a.,P3 targeted PET imaging in M21 tumor models.[138] In a more recent study,
bimodal /n vivo imaging was employed to demonstrate hepatobiliary excretion of micelle-
encapsulated UCNPs via PET and upconversion luminescence imaging.[139] 84Cu-NOTA-
UCNPs displayed high radiochemical purity (~99%) and reasonable serum stability (100 %
upto 4 h and ~75% after 24 h). The multiplexing capabilities of UCNPs were very ably
demonstrated in a recent exciting study by Rieffel ez.a/who reported a hexamodal
porphyrin-phospholipid-coated UCNP (PoP-UCNP) system, where the exquisite affinity of
copper for porphyrins was used for post-labeling of UCNPs with 84Cu by simple incubation
(>80% labeling yield).[140] PEGylated PoP-UCNPs (~74 nm) were further employed for /n
vivo lymphatic mapping (Figure 6). With just two active imaging components, fluorescence,
NIR-to-NIR UCL, PET, CT, Cerenkov luminescence, and photoacoustic tomography (PAT)
could be performed, exemplifying the feasibility of simple yet higher order multimodality
imaging agents. In another noteworthy study, integrin a.,f3 targeted, Er3*/Yb3* co-doped
NaGdF, UCNPs were reported. UCNPs were radiolabeled with 124] (t;/, = 4.2 days) using a
tyrosine residue of (cCRGDyk), ligand, thereby creating a clinically relevant trimodal
(UCL/MR/PET) agents with synergistically acting imaging capabilities.[141]

Research on intrinsically radiolabeled UCNPs has also been on the rise. For example,
SPECT imaging has been achieved by introducing Samarium-153 (}33Sm:; t;/» = 46.3 h) ions
into the UCNP lattice, either by co-doping during hydrothermal synthesis [142-145] or via
cation-exchange based post-labeling method.[26] Notably, chelator-free radiolabeling if
UCNPs with PET isotopes has been seldom explored. Although, the incorporation of 18F
into the UCNP matrix via specific trapping or cation assisted ligand exchange reactions has
been well documented [27, 146-148], the relatively short half-life of 18F (t,: 109.7 min)
and limited applicability to selected radioisotope: host combinations, warrants development
of alternative labeling procedures to fully utilize the vast repertoire of more suitable
isotopes.

While inorganic optical imaging agents have been around for more than two decades, several
issues have hampered their prospects for clinical translation. Structural complexities, heavy
metal compositions, potential toxicity, prolonged /n vivo residence, suboptimal stability and
clearance kinetics as well as in effective tumor-targeting, have elicited concerns. For
instance, newer QDs have been designed from silicon and certain polymers, in an effort to
minimize potential toxicities and make them more biocompatible,[149-151] Similarly,
efforts are also being concentrated towards developing renal clearable [15] and
biodegradable quantum dots [152] and ultrasmall UCNPs [153]. Further challenges, in terms
of their synthesis, surface functionalization, stability, /n vivo pharmacokinetics and tumor-
targeted imaging remain to be conquered. In this regard, synthesizing sub-10 nm UCNPs
may not only improve their renal clearance profile and minimize toxicity, but may also aid in
enhanced tumor-cell targeting.[154].In addition, cancer theranostics, whereby therapeutic
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components are combined with the multimodal imaging capacity of QDs and UCNPs into a
single vector, also presents a relatively lesser explored, yet promising avenue for research.
Further multidisciplinary efforts are required to optimize these nanoplatforms to fully realize
their potential in cancer prevention, diagnosis, therapy, patient-stratification and
management.

4.4. Radioactive Gold Nanomaterials

Owing to their unique physicochemical properties, varied and tailorable shapes, sizes and
chemical compositions, gold nanostructures make excellent candidates for molecular
imaging and, potentially, therapy of various diseases, including cancer [155, 156],
cardiovascular disease [157-159], viral infections [160-162], and others.[163, 164] Gold
nanoparticles (AuNPs) display excellent biocompatibility as gold is relatively inert in
biological environments.[165] They also possess unique plasmonic properties that allow
researchers to track their biodistribution 7n vivo.[166] The unique surface plasmon resonance
peaks of gold nanostructures can be easily tuned between visible and NIR windows by
simply changing the shape and size of AuNPs, which has been variously harnessed for FL,
PA and Raman imaging, as well as for photothermal therapy (PTT).[167-171] Furthermore,
AUNPs can be easily functionalized with active or passive targeting entities through
interactions between gold and thiol-containing compounds.[172, 173] Lastly, many gold-
based nanoplatforms have been shown to effectively load large drug payloads with optimal
release kinetics for targeted delivery to diseased tissues. [174-177]

The biggest advantage of AuNPs in imaging lies in their multiplexing ability. The inherent
optical properties and high X-ray absorption coefficient allows their use as multimodal
contrast agents, with widespread applications in optical, MR, CT and radionuclide imaging.
[178] For example, sharply branched gold nanostars, with tip-enhanced plasmonic properties
have been used in multimodality imaging and phototherapy.[172, 179-182] Interestingly, the
shape of gold nanoparticles can significantly impact their biodistribution /n vivo, influencing
the rate of clearance by the RES organs [183, 184], rate of endocytosis [185, 186], and
transport of the nanoparticles through the blood.[187, 188] As such, SPECT and PET
imaging have emerged as an important tool for tracking the /n vivo pharmacokinetics of
AuNPs. AuNPs and nanorods, radiolabeled with 9°™Tc[189], 12°] and 111In[190, 191] have
been utilized for targeted SPECT imaging. Xie et al. first reported the biodistribution of Au
nanoshell-coated silica cores, radiolabeled with $4Cu via bifunctional chelating agent
DOTA, in head and neck squamous cell carcinoma (HNSCC) xenograft-bearing rats.[192] In
addition to nanoshells [193, 194], chelator-based PET studies have extensively been carried
out for other AUNP morphologies like hanospheres [195-198], hollow nanospheres[199,
200], nanostars[180], nanocages[201], nanorods[202], nanotripods[203], nanodumbells
[204], and ultrasmall nanoparticles [205, 206] (Figure 7a—f). In these studies, PET was
successfully used to assess the biodistribution and tumor accumulation of radiolabeled
nanoplatforms. For example, Cheng et a/. reported the synthesis of novel, anisotropic,
branched Au-tripods (size <20 nm), functionalized with cRGD peptide for targeting U87TMG
xenografts in mice v/a dual modal PAT and PET.[203] At 24 h post-injection, PET imaging
revealed ~7.9 %ID/g of RGD-Au-tripods in the U87MG tumors, about 3 times higher than
the blocking group. In addition, the authors noted that there were no signs of acute or
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systemic toxicity. However, toxicity normally does not occur until tissues have been exposed
to the gold nanoparticles for 7-30 days, warranting further long-term studies. [207]

In an effort to improve the radiostability, scientists have intrinsically radiolabeled AuNPs,
with the earlier studies incorporating Au-198 (Bmax=0.96 MeV; t1,=2.7 d) and Au-199
(Bmax=0.46 MeV; t1/,=3.14 d) for radiotherapy [208, 209], SPECT [210] and
radioluminescence imaging.[211, 212] In 2014, Zhao et a/. reported the use of 84Cu-alloyed
AuNPs, where radioactive $4CuCl, precursor was mixed with ‘cold” Au precursors during
the synthesis.[213, 214] Similarly, Sun et a/. demonstrated post-synthetic chelator-free 64Cu
radiolabeling of different Au morphologies by simple hydrazine-mediated reduction of

the $4CuCl, precursor on the surface of the PEGylated nanoparticles.[21] While effective as
contrast agents, AUNPs demonstrated high liver and spleen uptake, which is a common
limitation of most intravenously administered nanoparticles. To overcome these limitations,
Zhao et al. synthesized ultrasmall $4Cu-labeled gold nanoclusters for PET imaging of
prostate cancer in a mouse model.[215] The 5 nm sized nanoparticles were PEGylated with
5-kDa PEG and the biodistribution studies revealed significant renal and hepatobiliary
excretion, thus showing that some liver and spleen uptake can be avoided by modifying the
clearance mechanism of the nanoparticles. It is well known that nanoparticle size can
significantly impact its biodistribution /7 vivo. Smaller, renal clearable nanoparticles are
better suited for clinical translation as they are not restricted by toxicity concerns. The
kinetics of renal clearable nanoparticles were further analyzed by dynamic PET imaging of
~3 nm sized 84Cu-NOTA-Au-GSH.[206] When compared to previous studies[216], 84Cu-
NOTA-Au-GSH demonstrated rapid renal clearance (>75%ID at 24 h post-injection) and
drastically reduced hepatic uptake, with an elimination half-life (< 6 min, over 130-times
shorter than previously reported for similar nanoparticles), demonstrating potential as
imaging agents in models of acute renal failure and other renal diseases (Figure 7g—i). As
discussed in this section, radioactive gold nanoparticles make excellent theranostic agents
when they are effectively synthesized. Further in-depth pharmacokinetic studies are needed
for successful clinical translation in the future.

4.5. Radioactive Magnetic Nanoprobes

Non-invasive MRI is characterized by high spatial resolution (~sub-millimeter level) and
exquisite soft tissue contrast.[8] However, the inherent low sensitivity of MRI has spurred
rapid development of exogenous contrast agents.[217, 218] Integrated PET/MR imaging
forms a powerful modality, combining excellent soft tissue contrast and functional imaging
parameters provided by MR with high sensitivity and quantification of radiotracer
metabolism provided by PET.[219, 220] Interestingly, even though the idea of simultaneous
PET/MR imaging has been around since the 1990s, virtually no dual modality contrast
agents were reported until a few years back, for the lack of suitable equipment.[221] With
rapid strides in technology, prototype PET/MRI systems have been successfully conceived
for small-animal imaging, accelerating the research for novel bimodal magnetic radiotracers.
[222, 223] Synchronous PET/MR imaging has the potential to become the imaging modality
of choice for various clinical applications such as neurological studies, certain types of
cancer, stroke, and the emerging field of stem cell therapy, warranting the development of
hybrid PET/MR probes.[8] Depending on the constituents of the contrast agents, magnetic
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nanoparticles can be categorized into (i) superparamagnetic iron oxide nanoparticles
(SPIONSs) based T2 contrast agents, and (ii) paramagnetic gadolinium (Gd) or manganese
(Mn) based T1 contrast agents. Readers are directed to these excellent reviews for a more
comprehensive understanding of the fabrication, surface chemistry and biological
applications of magnetic nanoparticles.[224-227]

In recent years, SPIONs have emerged as one of the most promising contrast agents in MRI
for disease diagnosis and treatment monitoring. Phenomenal advances have been made in
engineering iron oxide based magnetic contrast agents in terms of composition, structure,
biocompatibility, relaxivity and contrast effects [217, 228, 229] and several SPION
formulations have been approved in the clinic, such as Ferridex 1.V.® for liver and spleen
imaging, Ferumoxytol® for iron replacement therapy, and Combidex® for imaging lymph
node metastases.[230]

SPIONs have been labeled with multiple radioisotopes for both SPECT (%°MTc¢ [231,

232], 1251 [233], 111] [234, 235], 125] [236] and 1311 [237, 238]) and PET.[239] Traditional
approach involving chelating agents such as DOTA [240-243], NOTA [204, 244, 245],
DTPA [246] and bis(dithiocarbamatebisphosphonate) (DTCPB) [247, 248] for 84Cu

and %8Ga, and DFO for 89Zr [249] has been reported in an array of differently designed and
surface-functionalized SPIONSs. For example, Thorek and coworkers reported a simple 89Zr-
labeled version of clinically relevant ferumoxytol with excellent toxicity and clearance
profile, for high resolution investigation of lymphatic drainage in murine cancer models.
[249] The nanoformulation not only allowed for clear preoperative mapping for nodal
resection, but also provided non-invasive intra-operative guidance for tumor staging and
therapy planning. Besides radiometals, traditional radioisotopes like 18F[250], 11C[251]
and 1241[252] have also been variously used for dual PET/MR imaging in vivo.

Development of new radioisotopes for PET imaging and lack of chelators thereof has
prompted active research in the development of intrinsically radiolabeled SPIONs. Owing to
their versatile chemistry, SPIONs have served as perfect hosts for some isotopes, which were
difficult to label v/atraditional chelator-based routes.[253] For example, our group recently
demonstrated intrinsic labeling of radioarsenic (*As'!! and *AsV, *=71, 72, 74, 76) and
germanium-69 (%9Ge; ty, = 39.05 h, 21% B, Emax = 1205 keV) at the surface of SPIONS.
[24, 25] (Figure 8) Rapid and specific labeling with high yields could be achieved simply by
mixing water soluble poly(acrylic acid) (PAA)-modified SPIONs with these isotopes.
PEGylated radiolabeled SPIONs were further used for /n vivo PET/MR imaging and sentinel
lymph node mapping. In addition, conventional radiometals, such as 64Cu[254] and 58Ga
[255], have also been incorporated into SPIONSs to develop novel multimodal tracers For
example, heat induced 89Zr binding on ultrasmall magnetite cores (120 °C, pH 8) resulted in
a radiochemical yield of ~93% and high stability as determined by /n vivo PET/CT and
biodistribution studies.[256] 84Cu and 111In radiometals could be similarly labeled
indicating that tight metal ion binding to the magnetite crystal surface could likely be due to
interaction between the positively charged metal ions and the anionic oxide surface layer.
[256] The strategy was also applied to feraheme nanoparticles for monocyte tracking. [253]
Furthermore, the technique can potentially be extended to other metal/metal oxide-based
nanoparticles to develop novel, clinically translatable, multimodality PET/MR radiotracers.
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One of the most frequently used contrast agents in clinics (Gd3* chelates) comprises of
paramagnetic complexes (usually Gd3* and Mn?*) that shorten the longitudinal (T1)
relaxation time of water, thus increasing the signal intensity of T1 weighted MR images.
[257, 258] To develop more efficient agents with larger number of magnetic centers, Gd/Mn
based nanomaterials are being steadily developed.[225, 259] However, the progress of dual
modal paramagnetic radiotracers is still slow paced.[260-262] Huang et a/. first reported the
synthesis of water soluble human serum albumin (HSA)-coated MnO nanoparticles
(MONPs), which were subsequently used for dual modality PET/MR imaging in U87TMG
murine xenografts after ¥4Cu-DOTA coupling.[260] R relaxivity of HSA-MONPs was
evaluated to be 1.97 mM~1s~1 which is close but inferior to the clinical standard, Magnevist
(5 mM~1s71). In another noteworthy study, radioactive fluorimagnetic GdVO,:Eu3*
tetragonal ultrathin nanosheets were developed and evaluated for PET, fluorescence and T1-
weighted MR imaging in PC-3 prostate tumor bearing mice.[262] The nanoconjugates were
labeled with $4Cu via DOTA chelation and integrin a.,B; targeting was achieved via Asp-
Gly-Ala (DGEA) peptide conjugation. The R; value was estimated to be 33.25 mM~1s71,
approximately 7 times higher than the commercial T1-enhanced MRI agents.

Recent efforts to integrate multiple modalities have led to nanosystems with not only
augmented diagnostic capabilities, but also simultaneous drug delivery and therapeutic
functionalities. Important capabilities of magnetic nanoparticles for therapy are the external
control of magnetic heat generation and magnetic attractive forces for enhanced
transportation and targeted movement of nanoparticle-conjugated therapeutic moieties.[263]
While theranostic applications of parmagnetic nanomaterials are yet to be explored, reports
using SPIONs span over a wide range and include drug delivery [227, 264, 265], gene
therapy [266], immunotherapy [267], hyperthermia [268-271] and photodynamic therapy
(upon complexation with photosensitizers) [272].

4.6. Other Radioactive Nanomaterials

Search for novel and effective agents with improved imaging and therapeutic outcomes is
the primary fuel for innovations in molecular theranostics. In addition to the already
established arsenal of nanoradiotracers, numerous other nanomaterials have been engineered
and explored for use in cancer theranostics in the past few years. For instance,
chalcogenides, especially copper sulfide nanoparticles (CuS NPs) have gained significant
attention from the research community as photothermal contrast agents and have been
employed for several biomedical applications including PAT [273-275], PTT [276-278], and
drug delivery [279]. Similar to many other nanoplatforms discussed in this article, CuS
nanoparticles may be synthesized in different shapes and sizes; nanospheres, nanocages,
nanoflowers, nanoplates, nanotubes, nanorods, and nanowires[280]. Zhou et a/. first
developed radiolabeled CuS nanoparticles, where 84Cu was integrated into the CuS matrix,
for combined PET imaging and photothermal ablation of tumors.[281] The strategy was
extended to develop CuS NPs for tumor-targeted PET imaging-guided photothermal therapy
[17], combined radio- and photothermal therapies [282, 283], and ultrasmall CuS nanodots.
[284] While addition of radioactive precursor during synthesis ensures high incorporation
efficiency, the cumbersome chemistry and handling procedures impede clinical translation.
[20] Riedinger et al. recently proposed a post-synthetic mechanism for incorporation
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of 84Cu(l) radionuclides in covellite nanocrystals (CuS NCs) by reduction with ascorbic
acid. High radiochemical yield (~50 %) and radiochemical purity (~99 %) could be obtained
by simply mixing the NCs with $4CuCl, and vitamin C at room temperature.[285] In another
report, the affinity of 84Cu for dichalcogenides was exploited by Liu er a/. to develop a
tetramodal (PET/MR/PAT/PTT) theranostic agent based on self-assembled MoS, nanosheet
and iron oxide nanocomposites.[286] Strong PAT signals and obvious darkening effects in
T, weighted MR images indicated prominent, time dependent passive tumor retention of
double-PEGylated nanoconstructs, further corroborated by quantitative PET data (~6%ID/g
accumulation in tumors). Complete tumor resection was seen within 14 days upon
irradiation with 808 nm laser (0.78 W cm=2, 5 min) 8 h after i.v. injection of M0S,-10-
(d)PEG. Similarly, FeSe,-decorated Bi>Ses nanosheets were developed by the same group
for tetramodal imaging (PET/CT/PAT/MR) and integrated photothermal-radiation therapy.
[287] Though preliminary, these studies highlight the promising potential of transitional
metal dichalcogenides for multimodal image-guided cancer therapy. In addition, other
nanomaterials; copper nanoparticles and nanoclusters [288, 289], oxides of titanium [290],
zinc [291], aluminum [29, 30], cerium [292], layered double hydroxides [293], and
oxysulfides [294] have also shown promising results as multifunctional theranostic
radiotracers (Figure 9a—f).

Among the organic nanomaterials, lipid-based nanoparticles, micelles, dendrimers, and
polymers are the traditional choices and have been best characterized as PET imaging
probes.[295] Porphysomes are a new class of organic, biodegradable nanovesicles,
composed of porphyrin and lipid bilayers. The porphyrin component allows direct loading
of %4Cu into the tetrapyrrole ring without compromising their intrinsic photothermal
properties and /7 vivo pharmacokinetics.[296, 297] [84Cu]porphysomes demonstrated good
in vivo radiostability and selective uptake in orthotopic prostate tumor models. Other
porphyrin-based systems have since been utilized for development of multifunctional
nanoprobes for a variety of applications.[140, 298-301] Recently, there is an upward trend
of employing nanoparticles with intrinsic biological functionalities for theranostic
applications.[302, 303] The biomimetic nanoparticles are biocompatible, biodegradable and
most importantly, overcome the precursor toxicity issues that plague the clinical translation
of current organic and inorganic nanomaterials. One very interesting example is melanin
nanoparticles (MNPs) with intrinsic photoacoustic property and natural affinity for metals
(84Cu?* and Fe3*), that could be harnessed for multiple imaging modalities like PET, MR,
PAT, photothermal imaging and therapy viaPTT, all combined into one nanoplatform.[304,
305] Another notable example of biomimicry applied for cancer theranostics is self-
assembled ferritin nanocages with inherent propensity to bind metal ions for PET/MR
imaging and load photosensitizers, optical dyes and other therapeutic molecules to develop a
multifunctional nanoplatform.[306—308] In a recent study, ferritin nanocages were also
utilized as templates for controlled synthesis of ultrasmall [8*Cu]CuS nanoparticles for PA/
PET-directed photothermal therapy.[309] Engineering of biomimetic nanomaterials is an
emerging field that holds immense potential for combating several issues presented by the
use of synthetic nanomaterials. While bioinspired systems have shown promising outcomes
for a variety of biomedical applications, such approaches remain untapped in the field of
nuclear nanomedicine. Systems like membrane-coated nanomaterials, tumor cell and
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macrophage mimetics, viral vectors and others, have the potential to revolutionize the
current state of cancer theranostics, if utilized properly. On the flip side, contemporary
biomimetic nanotechnologies lack the exquisite precision and controllability in terms of
synthesis, functionalization and characterization that is afforded by inorganic nanoparticles,
and which must be addressed before any clinical applications can be envisaged.

5. Conclusion and Future Perspectives

Radiation oncology has emerged as a frontrunner in precision medicine and personalized
treatment planning. Integration of nanotechnology into the former promises to bring a
paradigm shift in the traditional cancer imaging and therapy regimes. Compared to the
currently used biological radiotracers, nanomaterials represent an exciting class of novel
molecular probes which can be equipped with various imaging labels, targeting ligands and
therapeutic moieties, all on the same vehicle. In this review we presented studies
exemplifying our current prowess in developing radiolabeled nanoprobes, and tailoring their
structural, physicochemical and surface properties to achieve desired /n vivo
pharmacokinetics and improved imaging and therapeutic outcomes. However, despite its
immense initial promise and enormous investment (of capital and resources) over the last
decade, nanomedicine has been conspicuous by its absence in the clinic.

With the growing importance of personalized medicine and need for translational research,
there is an urgent need to evaluate nanoparticle-induced long-term toxicities as well as
effects on reproductive and fetal health. The quantitative nature, limitless tissue penetration
and sensitivity of PET can afford excellent means for long-term tracking of radiolabeled
nanoparticles in living subjects. For instance, using $4Cu-DOTA labeled MWNTS, Huang et
al. demonstrated that CNTs might induce genetic background-dependent toxic effects on the
normal development of the embryo.[310] Larger-sized MWNTSs could move across the
blood-placenta barrier, restricted fetal development, and induced brain deformity, while
SWNTSs and smaller MWNTSs showed reduced fetotoxicity. This is an excellent example of
the importance of robust risk-assessment of potential toxic responses, particularly long-term
toxic effects, and individual-dependent toxic responses, for all nanoplatforms before they
can be tested in human subjects to image and treat diseases.

Besides toxicity, three key issues require immediate attention; development of targeted
nanoparticles with enhanced selectivity to achieve optimal efficacy, improved /in vivo
pharmacokinetics with minimal accumulation in the RES organs like liver and spleen, and
most importantly, complete clearance from the body within a reasonable time. More efforts
are required to improve nanoparticle delivery both to and within the tumor. Development of
actively targeted nanoparticles, especially for quantification of low expression biomarkers
could assist in early disease detection and prevention. Careful selection of the target as well
as the targeting ligands (e.g. antibody, peptide, small protein) is necessary for achieving
optimal specific binding, and must be determined based on the nanoparticle shape, size,
charge, surface properties efc. Detailed studies must be carried out to understand long-term
interactions of the nanoparticles with the tumor and especially the major organs of
accumulation such as the liver and spleen. Evasion of the mononuclear phagocyte system
(MPS) can be achieved by designing ultrasmall globular renally clearable nanoparticles, as
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discussed before. While such nanoparticles promise better imaging characteristics, the short
circulation time, rapid clearance and attenuated tumor accumulation might hinder their
therapeutic potential. Biodegradable nanoparticles with chemically unstable structures may
prove more useful in this regard. We recently reported a biodegradable silica platform, tuned
to carry large payloads of both small and large molecular drugs, circulate longer in the
blood, actively target the tumor vasculature for maximum therapeutic effect, and degrade
and clear from the body after serving its purpose.[311] However, such results are
preliminary; complete and in-depth evaluation of the nanoparticle properties, dosages
required to achieve the desired effects, systemic accumulation, tissue and organ
distributions, excretion profiles, and long-term effects of nanoparticle administration, is
urgently needed for nanomedicine to make any appreciable mark in the field. In addition,
considering the important role that PET can play in profiling the biological fate of
nanomaterials, development of facile, robust, stable and personnel-friendly radiochemistry is
a prerequisite.

Despite the lackluster performance of nanomaterials in clinical translation, nanomedicine
continues to be a fascinating area of research with distinct advantages to healthcare, if
properly harnessed. Efforts must be made to tailor the medical applications to nanoparticle
properties. For example, nanoparticles exhibiting enhanced RES sequestration can be
harnessed for immunotherapy and vaccine development. Phototherapeutic nanomaterials can
be used to treat solid tumors, where the resulting hyperthermia can enable deeper
nanoparticle/drug extravasation into the tumor recesses. Similarly, magnetic nanoparticles
can be employed for magnetic field-guided targeted delivery to disease site, to achieve
superior control over nanoparticle transport /77 vivo and enhanced therapeutic indices.
Deeper and more rigorous examination of physicochemical and biological properties of the
existing repertoire of nanomaterials needs to replace or at least progress in tandem with the
current trend of “proof-of-concept” studies. The possibilities are endless, if the scientific
community is willing to overhaul the current approach to nanomedicine with a single focus
on translation. Concerted multidisciplinary efforts, from scientists, clinicians, funding and
regulatory authorities, manufacturing agencies efc. may help realize the true potential of
nanotheranostics in early-stage disease detection, treatment efficacy, monitoring of disease
progression, regression and recurrence in the future.
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Figure 1.

Schematics depicting five major strategies for radiolabeling nanomaterials. (a) Chelator-
mediated complexation, (b) Specific trapping (b1) and ion-exchange (b2). (¢) Hot-plus-cold

precursor synthesis, (d) Proton beam activation. NP: nanoparticle.
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~ bladder
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(a) Schematic of the IND-approved hybrid (PET-optical) imaging nanoparticles (C dots).
The core-contains Cy5 dye and the surface was attached with poly(ethylene glycol) (PEG)
chains, integring a,B3-binding cRGDY peptide ligands and 1241 radiolabel. (b) Maximum
intensity PET projections, 3 and 72 h after intravenous injection of 124|-cRGDY-PEG-C
dots. (c) Coronal PET image 4 h p.i., demarcating the peripheral aspect of the tumor
(arrowhead) and other major organs of nanoparticle uptake (bladder, gastro-intestina tract,
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gall bladder and heart). Adapted with permission from [36]. Copyright by American
Association for the Advancement of Science.
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Figure 3.

(a) Scheme for intrinsic radiolabeling of silica nanoparticles; incubation of the nanoparticles
with free isotope at 70°C for 15-60 min, followed by purification by centrifugation. Adapted
with permission from [22] (b) Maximum intensity projection PET image, schematic and
Transmission electron microscopy (TEM) images of 89Zr-labeled mesoporous silica (39Zr-
MSN) (left) and 89Zr-labeled dense silica (89Zr-dSiO5) (right). Absence of radioacitivity
from the bones in the case of 89Zr-MSN demonstrates the high in vivo radiostability of these
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intrinsically radiolabeled nanoparticles when compared with that of 89Zr-dSiO,. Reproduced
with permission from [23]. Copyright by American Chemical Society.
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Figure 4.
TEM images of different (radiolabeled) carbon nanomaterials. (a) 14C-labeled multiwalled

carbon nanotubes. Adapted with permission from [77]. Copyright by American Chemical
Society. (b) Graphene oxide nanosheets. Adapted with permission from [95]. Copyright of
the Royal Society of Chemistry. (¢) Amine-modified nanodiamonds. Adapted with
permission from [62]. (d) 800ZW-conjugated carbon nanodots. Adapted with permission
from [98]. (e) /nn vivo PET/CT image of %4Cu-labeled GO conjugates in 4T1 murine breast
tumor-bearing mice. Adapted with permission from [88]. (f) Coronal PET image 1 h p.i. of
renal clearable 84Cu-labeled carbon nanodots; bladder indicated by white arrow (left), and
NIR fluorescence image of SSC-7 tumor-bearing mice, 2 h p.i. of 800ZW-carbon nanodots;
white arrow indicates the tumor and red arrow kidney (right). Adapted with permission from
[98]. Copyright by American Chemical Society.
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Figure 5.
(a) Schematic of self-illuminating 84Cu-doped quantum dots. Representative whole-body (b)

coronal PET images, and (c) luminescence images, of U87MG tumor-bearing mice at 1, 17,
and 42 h after intravenous injection of 84Cu-doped QD580. White arrow:tumor area; black
arrow:liver area. Adapted with permission from [28]. Copyright by American Chemical
Society.
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a)

PET/CT

Figure 6.
(a) Schematic diagram of the PoP-UCNP structure. Core-shell UCNPs were transferred to

the aqueous phase by lipid coating with PEG-lipid and porphyrin-phospholipid (PoP)
followed by seamless intrinsic radiolabeling with 64Cu. (b) TEM image of PoP-UCNP, with
the inset showing the crystalline and core-shell nanostructure of UCNP. (c) Hexamodal /n
vivo lymphatic imaging using PoP-UCNPs in mice via fluorescence imaging (FL),
upconversion luminescence (UCL) imaging, PET, PET/CT, Cerenkov luminescence (CL)
imaging, and photoaccoustic (PA) imaging. Reproduced with permission from [140].
Copyright by John Wiley and Sons.
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Figure 7.
(a) TEM images of various morphologies of gold nanoparticles. From left to right:

Alloyed 84Cu-Au nanoparticles. Adapted with permission from [213]; Copyright by John
Wiley and Sons. Au nanorods. Adapted with permission from [212]. Au nanocages. Adapted
with permission from [1[201]. Au multipods; upper panel, tripod; lower panel, tetrapod.
Adapted with permission from [203]. Copyright by American Chemical Society. Au
nanostars. Adapted with permission from [180]. Copyright of Multidisciplinary Digital
Publishing Institute. (b) TEM image of 2-3 nm sized renal clearable ultrasmall gold
nanoparticles. (c) Representative PET/CT image of mouse injected with $4Cu-NOTA-Au-
GSH, 2 h p.i. Kidneys are marked by the red arrow. (d) Selected frame (55 min p.i.) from
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dynamic PET scanning of $4Cu-NOTA-Au-GSH. Adapted with permission from [206].
Copyright by John Wiley and Sons.
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Figure 8.
(a) Schematic illustration of chelator-free synthesis of *As (Or 6°Ge)-SPION. (b) TEM

image of oleic acid capped SPIONs (SPIONOA); inset shows the ferrofluidic behavior of
SPIONOA. (c) TEM image of poly(acrylic acid)-modified SPIONs (SPIONPAA);inset
depicts transfer of the SPIONs from oil phase to water phase. (d) In vivo lymph node PET
imaging 2.5 h after subcutaneous injection of *As-SPIONPEG. (e) In vivo MR lymph node
mapping 15 h post injection of SPIONPAA into the left footpad of the mouse. Adapted with
permission from [24]. Copyright by John Wiley and Sons.
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Figure 9.
Representative examples of other inorganic (a—f) and organic (g—j) nanomaterials employed

for PET-guided cancer theranostics. Left panel: TEM images, right panel: in vivo PET
images. (a) Copper sulfide nanodots; PET/CT image depicts 4T1 tumor uptake (yellow
arrow) and dominant renal clearance (blue arrow; bladder) after i.v. injection of 5.6 nm sized
[64Cu]CusS nanodots. Reproduced with permission from [284]. (b) Biomimetic CuS-Ferritin
nanocages. TEM image depicts a dark CusS core inside a ferritin cage and PET image shows
U87MG tumors (yellow circle), 8 h after i.v. injection of 4CuS-Ferritin nanocages.
Reproduced with permission from [309]. (c) Iron oxide decorated MoS, nanosheets. TEM
image shows double-PEGylated MoS,-10 and PET image shows enhanced EPR-mediated
uptake of intrinsically $4Cu-labeled MoS,-10 in 4T1 tumor-bearing mice (blue circle), 24 h
p.i. Reproduced with permission from [286]. (d) High resolution TEM image of ultrasmall
BSA-coated Cu nanoclusters (CUNCBSA). PET image depicts LHRH peptide-aided uptake
of [64Cu]CuNCBSA-LHRH in orthotopic A549 lung tumor bearing mice (white arrow).
Reproduced with permission from [288]. Copyright of American Chemical Society. (e)
Layered double hydroxide (LDH) nanoparticles. Coronal PET image 16 h p.i. of 84Cu-LDH-
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BSA shows enhanced 4T1 tumor uptake. Reproduced with permission from [293].
Copyright of Nature Publishing Group. (f) TEM image shows Gd,0O,S:Eu nanoparticles
before PEGylation. PET-based lymph node mapping shows rapid delineation of sentinel
lymph nodes 0.5 h after injection of [892r]Gd,0,S:EUPEG nanoparticles. Reproduced with
permission from [294]. Copyright of John Wiley and Sons. (g) TEM image of ~20 nm
frozen naphthalocyanine micelles (nanonaps) and PET image of $4Cu-labeled-nanonaps, 3 h
after oral gavage. Reproduced with permission from [300]. Copyright of Nature Publishing
Group. (h) TEM image of hybrid ferritin nanocages, conjugated to RGD targeting moiety
and Cy5.5 dye. PET images of cRGDyK targeting of U87MG tumors, 24 h after the
administration of ferritin nanoprobes. Reproduced with permission from [306]. (i) TEM
image of multimodal PEGylated melanin nanoparticles (MNP; 10.7 nm) and PET images
of %4Cu-RGD-PEG-MNP in U87MG tumor-bearing mice, 24 h p.i. Reproduced with
permission from [305] (j) TEM shows a core-shell spherical structure of porphylipoprotein
(PLP). PET/CT image of mouse with ovarian cancer metastasis after 24 h intravenous
injection of 84Cu-PLP (red arrow: tumor). Reproduced with permission from [299].
Copyright of American Chemical Society.
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Table 1

Representative Radiolabeled Theranostic Nanoparticles

Class Nanoparticle Isotope Therapeutic Arm Reference
Silica MSN 64Cy Drug Delivery [43-45]
1359 Chemotherapy, RT [312]
HMSN 64Cu Drug Delivery [55, 313]
Biodegradable MSN 89z Drug Delivery [311]
Carbon SWNT Nal?5| RIT [82]
22550 RIT [83]
897r225Ac  RIT [80]
Graphene Oxide 64Cu PDT [85]
Gold Nanostars 131) PTT [181]
Nanorod Vesicles 64Cy PTT [314]
Nanorods 84cy PTT [21]
Drug Delivery [202]
125 PTT [191]
Nanoshells 18 PTT [315]
Magnetic SPION 64Cy Drug Delivery [244]
131y Gene Therapy [237]
11 Chemotherapy [234]
Copper Sulfide  Nanospheres 64Cy PTT [17, 281]
RT,PTT [282, 283]
Nanodots 64cy PTT [284]
Porphyrin Porphylipoprotein 64Cu PDT, Drug Delivery  [299]
Nanoporphyrin 64Cu PDT, PTT, Drug [301]

Delivery

RT = Radiotherapy, RIT = Radioimmunotherapy, PDT = Photodynamic Therapy, PTT = Photothermal Therapy,
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Table 2

Selected Multi-component Radiolabeled Nanoparticle Systems

Component1l Component 2 Imaging Modality Therapeutic References
Modality
Silica Gold Nanoshell PET -I- [192, 193]
PET PTT [194]
Gold Nanosphere PET Chemotherapy, PTT  [316]
SPION Silica PET/MR -/- [34, 35]
SPECT/MR -I- [238]
SPECT/MR/FL Stem Cell Therapy [236]
Gold PET/MR/FL -/- [204]
AIl(OH);3 PET/MR -I- [248]
Crosslinked Dextran PET/CT -I- [250]
Melanin PET/MR/PAT/PTI PTT [304]
QDs Phospholipid Micelles  PET/FL -/- [112]
UCNP Porphyrin PET/PA/FL/UCLICT/ -I- [140]
phospholipid Cerenkov
Micelle PET/UCL -/- [139]
Graphene Gold Nanorod Vesicle  PET/PAT PT, Drug Delivery [96]
SPION PET/MR/PAT -I- [89]
CusS Silica PET PTT [33]
Ferritin PET/PAT PTT [309]
MoS, SPION PET/PAT/MR PTT [286]
Bi,Ses FeSe, PET/CT/MR/PAT PTT, RT [287]

PTI = Photothermal Imaging, PAT = Photoacoustic Tomography
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