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Abstract

Although chelator-based radiolabeling techniques have been used for decades, concerns about the
complexity of coordination chemistry, possible altering of pharmacokinetics of carriers, and
potential detachment of radioisotopes during imaging have driven the need for developing a
simple yet better technique for future radiolabeling. Here, the emerging concept of intrinsically
radiolabeled nanoparticles, which could be synthesized using methods such as hot-plus-cold
precursors, specific trapping, cation exchange, and proton beam activation, is introduced.
Representative examples of using these multifunctional nanoparticles for multimodality molecular
imaging are highlighted together with current challenges and future research directions. Although
still in the early stages, design and synthesis of intrinsically radiolabeled nanoparticles has shown
attractive potential to offer easier, faster, and more specific radiolabeling possibilities for the next
generation of molecular imaging.

1. Introduction

With the rapid growing interests in using radioisotopes for nanooncology, a broad spectrum
of radiotracers has been generated for positron emission tomography (PET) and single
photon emission computed tomography (SPECT) imaging in different diseases.[*2] So far,
different radioisotopes have been labeled to carriers, such as antibodies, peptides,
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nanoparticles, and so forth, for in vivo biomarker expression level imaging, early tumor
detection, drug biodistribution pattern studies, and so on.[3-3] The most widely used
radiolabeling strategy involves the use of exogenous chelators which could coordinate with
certain radioisotopes to form stable complexes.[6:7] Well-established 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) and diethylene triamine pentaacetic acid (DTPA), etc., have
been employed for radiolabeling of copper-64 (84Cu, ty, = 12.7 h), zirconium-89 (89Zr,
t1/o= 78.4 h) and indium-111 (111In, t;/,= 2.8 d) for imaging in preclinical studies.[8.]
Different isotopes vary significantly in their coordination chemistry, making selection of the
right chelator for a specific isotope vital; however, this could be tricky and even impossible
to achieve in some cases. For example, so far, it is still a major challenge to radiolabel
certain isotopes such as arsenic-72 (2As, ty» = 26 h) and germanium-69 (59Ge, ty, = 39.1
h). In addition, although most of the radiolabeling could be done under mild conditions, in
some cases successful radiolabeling might require very harsh conditions (e.g. high reaction
temperature with prolonged incubation time), causing the possible degradation of small
biomolecules or antibodies.

The other concerns of using traditional radiolabeling strategies include the possible altering
of pharmacokinetics of carriers and potential detachment of radioisotopes, which could lead
to problems such as off-targeting and false positives. Studies performed with radiolabeled
monoclonal antibodies demonstrated that the incorporation of the chelator may not always
be site specific, and could adversely affect the biological behaviour of radio-
immunoconjugates.[1911] Since the carrier itself is not labeled and PET (or SPECT) only
detects signals from the radioisotope, the integrity (or stability) of the radiolabeled system in
the complicated physiological environment should always be well-addressed before in vivo
imaging applications. Detachment of the radioisotopes from the carriers can also lead to
potential transchelation to proteins, causing erroneous interpretation of the results.[12:13]
Therefore, successful chelator-based radiolabeling requires in-depth knowledge of the
coordination chemistry and selection of the best chelator for every radioisotope.

To address these concerns, recent research has been focusing on developing more reliable
chelator-free radiolabeling techniques, which could fully take advantage of the unique
physical and chemical properties of well-selected inorganic or organic nanoparticles for
radiolabeling, and more importantly, offer an easier, faster, and more specific radiolabeling
possibility. Herein, we introduce the emerging concept of intrinsically radiolabeled
nanoparticles, which could be synthesized, so far, via four different methods without using
any chelators. Mechanisms behind each synthetic method will be discussed and compared,
with our focus on the simplicity as well as stability of the resulting nanoparticles.
Representative examples of using these multifunctional nanoparticles for multimodality
molecular imaging will also be highlighted. Finally, we will discuss the current challenges
and future research directions in this field.
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2. Synthetic Strategies and Multimodality Imaging

Although intrinsic radiolabeling of nanoparticles with PET/SPECT isotopes is a relatively
new area of research, the first report of this kind possibly dates back to 1979, when
cabon-14 (14C, t1;, = 5700 y) labeled poly(methyl-2-14C-methacrylate) nanoparticles were
synthesized and used for studying the in vivo distribution and elimination patterns in mice
and rats.l4] In the following sections, we will discuss the latest synthetic strategies for
various kinds of intrinsically radiolabeled nanoparticles, starting with the addition of
radioactive precursors during the reaction.

2.1. Hot-plus-Cold Precursors

Adding trace levels of radioactive (or hot) precursors together with normal non-radioactive
(or cold) precursors during the synthesis of nanoparticles is a simple, straightforward, and

also the most widely used method to achieve intrinsically radioactive nanoparticles. Using

this method, selected radioisotopes could be well embedded into the crystal lattice of final

nanocrystals, resulting in intrinsically radioactive nanoparticles with high stability.

The %4Cu-labeled copper sulfide (CuS) nanoparticles are one such class of nanoparticles
which could be easily prepared within 1 hour by adding 84CuCl, (hot precursor) into the
mixture of CuCl, and NayS (cold precursors) in a 95 °C water bath (Figure 1 a).[1°]
Semiconductor CuS nanoparticles are a new class of photo-thermal coupling agents which
can absorb light in the near-infrared (NIR) region and convert it to thermal energy for
thermal ablation of tumor cells.[15:16] [64Cy]CuS nanoparticles synthesized in this study
showed not only the photo-thermal property from the CuS matrix, but also PET imaging
capability thanks to the doping of 84Cu into the CusS crystal structure. After PEGylation,
PEG-[54Cu]CuS nanoparticles allowed for clear visualization of U87MG glioblastoma
xenografts 24 h post injection (p.i.) through enhanced permeability and retention (EPR)
effect (Figure 1 a), showing great potential for synergetic cancer imaging and photo-thermal
therapy.

Besides CuS nanoparticles, 84Cu has also been integrated into other platforms such as iron
oxide (Fe304) and gold (Au) nanoparticles.[17:18] In one study, ¢4Cu was alloyed directly
into the lattice of the Au nanostructure by the extra addition of $4CuCl, into non-radioactive
gold chloride and copper (I1) acetylacetonate precursors prior to heating, resulting in 84Cu
alloyed Au nanoparticles (or [4CuJAu).[*8] The strategy afforded stable radiolabeling and
precise control of the specific activity by varying the initial activity of the 4CuCl,
precursor. As synthesized ~10 nm sized [64Cu] Au showed significantly improved in vivo
stability when compared with 84Cu-DOTA.

The same strategy could be used to create intrinsically radiolabeled Au nanoparticles with
well-controlled size and morphology by replacing $4Cu with SPECT isotopes, such as
gold-198 (198Au; t1/» = 3.14 d). One of the most interesting examples is the synthesis of
NIR-emitting ultrasmall (~3 nm) radioactive glutathione (GS)-coated luminescent [1%8Au]
Au nanoparticles (Figure 1 b) via a facile one step thermal reduction.[?] As synthesized GS-
[198Au]Au exhibited renal clearance capability and desirable in vivo pharmacokinetics,
which could be monitored both by using SPECT and NIR optical imaging (Figure 1 b). In
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another example, [1%8Au]Au nanoparticles with a cage-like morphology (Figure 1c) were
also prepared and used for studying the in vivo Cerenkov luminescence (500-550 nm).[20]
Cerenkov luminescence is an emerging concept in molecular imaging, referring to the
emission of light (in visible and near-infrared regions) during the decay of radionuclides
such as 18F, 1311 84Cy, and so forth.[2] Since no excitation light is required, the issues of
reduced penetration depth and autofluorescence from background are inherently resolved.
Moreover, the phenomenon bridges the gap between nuclear and optical imaging modalities
and combines the advantages of both.[20] [198Au]Au nanocages (edge length 33 nm)
showed impressive passive targeting effect and high imaging contrast in EMT-6 tumors
(Figure 1 ¢). In addition, mouse serum stability of [1%8Au]JAu nanocages showed no obvious
dissociated 198Au3* over a week, indicating the high stability of integrated 1%8Au in the
nanostructure. No in vivo SPECT imaging result was shown in this research.

Some other noteworthy examples of intrinsically radiolabeled nanoparticles synthesized via
this route include cerium- 141 (241Ce, t1/, = 32.5 d) doped cerium oxide nanoparticles,[22]
cadmium-109 (109Cd, t1/, = 461.4 d) doped core—shell quantum dots,[231111|n- and ®4Cu-
doped Fe304,[17:24] and samarium-153 (1°3Sm, t;/, = 46.3 h) doped upconversion
nanoparticles (Table 1).[25.26] Although adding hot precursors during the synthesis of
nanoparticles is a generally applicable strategy, limitations of using the right radioactive
precursors, possible crystal mismatch when using foreign radioactive ions, as well as the
prolonged reaction time under harsh synthetic conditions (in some cases) still exist.
Developing a strategy for a faster and more specific synthesis of intrinsically radiolabeled
nanoparticles under milder conditions might become more attractive.

2.2. Specific Trapping

Specific trapping is an interesting synthetic method which takes advantage of the specific
absorption (or reaction) of certain radioisotopes with appropriate nanoparticles. Usually, the
labeling could be done in a fast and highly specific manner. Trapping fluorine-18 (18F, ty/, =
109.8 min) to rare-earth nanoparticles is one of the representative examples. Research
showed that 18F could be labeled to NaYF, nanoparticles through a facile inorganic reaction
between rare-earth cations (e.g., yttrium ions [Y3*]) and radioactive fluoride ions.[27:28] Due
to the ultra low solubility constant (8.62 x 10721) of yttrium trifluoride (YFs3), the 18F-
labeling to NaYF, could be done at room temperature within 5 min.[27] The same trapping
mechanism has recently been used for the synthesis of a triple modality imaging probe of
[18F]-NaYF4:Gd,Yb,Er and similar others,[27:29.30] showing attractive potential in using
these probes for cancer imaging and biodistribution studies (Figure 1 d). The high labeling
specificity of 18F to NaYF, as well as high in vivo stability of final [18F]-NaYF,:Gd,Yb,Er
were also demonstrated by low 18F-labeling yield in non-rare-earth nanoparticles (e.g.,
silica, zinc oxide nanoparticles) and low uptake of 18F in bones, respectively.[27]

Ferritin is another interesting nanoplatform which has an ~8 nm sized cavity for
sequestering a wide range of divalent metals with high affinity.[31] For example,
trapping 84Cu into ferritin nanocages could be achieved by simply adding 84Cu2* into a
mixture of heavy and light ferritin chains in acidic conditions, and then adjusting the pH
back to 7.4 to reform [64Cu]ferritin nanocages.[32] The chains could also be pre-
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functionalized with Arg-Gly-Asp (RGD) peptides for targeting integrin ay, 3. Stability tests
with [B4Cu]ferritin nanocages in fetal bovine serum (FBS) showed that less than 10% of the
radioactivity was released out of ferritin cages after 24 h incubation, indicating the high
stability of [4Cu] ferritin in vitro.[32]

Although the same mechanism could apply to other divalent radiometals, trapping non-metal
radioisotopes, such as 72As, inside ferritin nanocages might not be easily achieved. By
taking advantage of high affinity of As'! (or AsV) for superparamagnetic iron oxide
nanoparticles (SPION), we reported the first example of chelator-free labeling of 72As to
SPION, forming a novel PET/magnetic resonance imaging (MRI) dual-modal imaging agent
(Figure 1 e).133] The underlying mechanism of arsenic trapping by SPION involves the
formation of highly stable arsenic complexes, where As'''O3 trigonal pyramids or AsVO,
tetrahedra occupy vacant FeOy4 tetrahedral sites on the octahedrally terminated (111) surface
of the magnetite nanoparticles.[34 The labeling of *As (* = 71, 72, 74, 76) to SPION was
later demonstrated to be fast, iron-concentration-dependent, and highly specific. Although
the in vivo stability of *As-SPION still needs to be improved, the PEGylated *As-SPION
showed improved serum stability and less bladder uptake in vivo. PET/MRI dual modal
lymph node mapping using *As-SPION@PEG was also demonstrated in vivo (Figure 1 e).
Germanium-69, (59Ge, t1/; = 39.05 h) is another novel potential PET radioisotope, whose in
vivo applications are hampered by its complex coordination chemistry in aqueous medium.
Distribution of germanium species varies with concentration and pH under aqueous
condition; thus, traditional radiolabeling techniques prove futile. To circumvent this
challenge, we also exploited the high affinity of germanium for metal oxides to develop the
first chelator-free 89Ge labeled SPION based agent for PET/MRI imaging and lymph node
mapping.[3°]

Porphysomes are liposome-like nanovesicles, which are composed of macrocyclic
porphyrins, and possess the inherent propensity to chelate metal ions.[38] Incorporation of
the radiometals into porphysomes could result in intrinsically radiolabeled porphysomes
without compromising their inherent photo-thermal properties.[37] Using this strategy,
researchers have developed [64Cu]-porphysomes, a novel and robust tumor imaging agent
which could be easily synthesized through a fast (30 min), one-pot, high yielding (>95%)
procedure (Figure 1 f).[3¢] It is also worthy to note that the snug fit of %4Cu into the cavity
ensures that the in vivo pharmacokinetics and biodstribution of [84Cu]-porphysomes remain
unaltered. As-synthesized [64Cu]-porphysomes were found to be highly stable with only less
than 2% of 84Cu detachment after 48 h incubation in FBS. [$4Cu]-porphysomes were then
used for prostate cancer imaging and showed selective accumulation in orthotopic prostate
tumors (up to 6.83 + 1.08%ID/g at 24 h p.i.) with low nonspecific accumulation in
surrounding healthy prostate (Figure 1 f). Considering the inherent photo-thermal properties
and their high biocompatibility, [4Cu]-porphysomes could become a very attractive
theranostic nanoplatform for future clinical translation.[37]

2.3. Cation Exchange

The third strategy for making intrinsically radiolabeled nanoparticles is called cation
exchange, which is also a fast and specific, yet not fully explored method in this field.
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Cation exchange reactions have been utilized in a large number of ionic and semiconductor
nanocrystals for complete and reversible exchange of cations for decades.[38] The process
allows fast creation of novel nanosystems which could not possibly be synthesized using
normal techniques at a relatively moderate temperature.[3%] Although well-established in the
field of chemistry, using cation exchange for developing intrinsically radiolabeled
nanoparticles is still in early stages. So far, only 2 intrinsically radiolabeled nanoparticles of
this kind have been reported.[4041]

Inspired by the cation exchange among lanthanide ions in upconversion nanoparticles,[42] in
one study, upconversion NaLuF4:Yb,Gd,Tm nanoparticles have been effectively post-
labeled with 153 Sm for upconversion luminescence and SPECT dual-modality imaging.[41]
Results showed that fast and highly efficient labeling of 193Sm to NaLuF4:Yb,Gd, Tm (<1
min, ~299% labeling yield) could be achieved through exchanging 153Sm with lanthanide
ions (e.g., Lud*, Y3+ etc.) in the original host lattice. Both in vitro and in vivo stability
investigations confirmed the high stability of [153Sm]-NaLuF4:Yb,Gd,Tm. In vivo real-time
biodistribution of water soluble [1°3Sm]-NaLuF,:Yb,Gd, Tm was later investigated by
SPECT imaging, highlighting the potential of these probes as multimodal molecular imaging
agents in the future.

In another study, 54Cu and commercially available quantum dots (CdSe/ZnS, QD-580) were
selected as a new combination for the synthesis of [4Cu]-QD580 via cation exchange
between 84Cu and the original cations.[0] Results showed that 84Cu could replace Zn, and
even diffuse inside the core to replace Cd under appropriate reaction conditions.[40]
PEGylated [64Cu]-QD580 were then used for whole body PET imaging in U87 glioblastoma
models, which showed as high as 12.5%ID/g tumor uptake at 17 h p.i. (Figure 1 g). Using
Cerenkov luminescence as the internal light source, [84Cu]-QD580 also exhibited an
interesting self-illuminating property due to the Cerenkov resonance energy transfer
(CRET), which converts the blue Cerenkov luminescence to longer QDs emission
wavelengths for in vivo optical imaging. The synergistic advantages of PET and QD-CRET
make [64Cu]-QD580 a promising agent for future multimodal cancer imaging.

2.4. Proton Beam Activation

The last strategy to produce intrinsically radioactive nanoparticles involves direct irradiation
of certain nanoparticles with protons.[4344] In one study, oxygen-18 (180) enriched
aluminium oxide (Al,O3) nanoparticles were activated by 16 MeV proton bombardment in a
cyclotron to produce nanoparticles containing 18F, via the 180(p,n) 18F nuclear reaction
without producing significant changes in the size or crystal structure.[43! Excellent activation
yield up to 2.25 + 0.16 MBg/mg of [18F]-Al,03 could be obtained within a short time period
(=6 min). In vivo biodistribution studies in rodents showed fast accumulation of [18F]-
Al,O3 in liver and other organs (Figure 1 h). TEM and X-Ray diffraction (XRD) confirmed
no significant change in nanoparticle size, structure or composition after irradiation. In order
to generalize the procedure to other synthetic or commercially available metal oxide
nanoparticles, the same group adopted direct irradiation of Al,O3 nanoparticles with protons
via the 180(p,a) 13N nuclear reaction in a follow-up study.[#4] So far only short-lived
radioisotopes (e.g., 18F, t1;» = 109.8 min; 13N, t/» = 9.97 min) have been embedded inside
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Al,0O3 nanoparticles using this method. Also considering the difficulty in accessing the
proton beams, compared with the other three strategies, chances to make this strategy widely
used will be significantly lower. Direct irradiation may harm biological moieties on the
surface of the nanoparticles, thus discouraging from the development of actively targeted
nanoplatforms for future in vivo imaging purposes.

2.5. Challenges and Future Directions

Design, synthesis and biological applications of intrinsically radiolabeled nanoparticles have
recently become growing interests in molecular imaging and cancer therapy. Challenges still
exist for efficient synthesis of stable and multifunctional intrinsically radiolabeled
nanoparticles. Firstly, although replacing cold elements from original nanoparticle with hot
ones sounds like a generally applicable strategy, the size, morphology and crystal structure
of final nanoparticle might change if wrong formulations of hot precursors are used. So far,
most of the precursors used are radiometal chlorides. Caution needs to be taken when trying
to dope nanoparticles with foreign radioactive ions to avoid undesired crystal mismatch and
overcome the self-purification tendency of the nanoparticles.[%] Also, the half-life of the
radioisotopes used must be considered since some of the reactions and post surface
modifications might take longer time than one half-life of the radioisotopes. Equally
important, radioactive wastes should be well-treated under strict safety protocols to avoid
any unnecessary radio-exposure especially when certain long-lived isotopes (e.g., 109Cd, ty»
= 461.4 d) are involved.

Secondly, for fast and specific synthesis of intrinsically radiolabeled nanoparticles, specific
trapping and cation exchange are two of the best choices. So far, only limited combinations
("2As/SPION,[33169Ge/SPION, [35118F/NaY F,, [27184Cu/porphysome, [36] etc.) of
radioisotopes and nanoparticles have been successfully investigated, and more new
combinations are expected to be realized in the coming future. Considering the already well-
established mechanisms of cation exchange, we also believe this method will embrace a
faster growth in the next few years.

Thirdly, long-term potential toxicity is still one of the major roadblocks impeding the
progress of intrinsically radioactive inorganic nanoparticles. Several studies have reported
elaborate surface engineering of nanoparticles with various biocompatible macromolecules
such as dextran, DT10, and so on, and subsequent cell viability assays to reduce any
potential cytotoxicity.[22:25] No significant toxicity was observed which further encourages
their in vivo applications. However, more intensive in vivo tests such as histology,
hematology and serum biochemistry assays are warranted to determine their long-term
influence on organ function, tissue damage and inflammation.[2%] It is vital to thoroughly
assess all aspects of nanoparticle toxicity beyond the perfunctory in vitro analysis for their
successful translation to clinical settings.

Lastly, although most of the intrinsically radiolabeled nanoparticles discussed above showed
high in vitro and in vivo stabilities with only limited percentages of radioisotope
detachment, stability studies should always be well-investigated before any in vivo imaging
applications to avoid any possible off-targeting and false positives.
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3. Conclusion

In conclusion, an emerging concept of using intrinsically radiolabeled nanoparticles for
multimodality molecular imaging was discussed in this concise article. Four major chelator-
free radiolabeling methods, including hot-plus-cold precursors, specific trapping, cation
exchange and proton beam activation, were summarized (Table 1) with our focus also on the
nanoparticle stability. Representative examples of using these multifunctional nanoparticles
for multimodality molecular imaging were also highlighted. Although still in the early
stages, design and synthesis of intrinsically radiolabeled nanoparticles have shown an
attractive potential in offering an easier, faster, more stable, and more specific radiolabeling
technique for the next generation of molecular imaging.
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PEG-[®*Cu]CuS GS-['*®Au]Au ['°8Au]Au Nanocages [*4Cu]-QD580

['8F]-NaYF,:Gd,Yb,Er [*As]-SPION@PEG [#Cu]-porphysomes [8F]-Al,0,

Figure 1.
Representative transmission electron microscopy (TEM) (left panel) and in vivo PET/

SPECT (right panel) images of different intrinsically radiolabeled nanoparticles prepared
through four different methods. Route 1: Hot-plus-cold precursors. a) TEM image of PEG-
[64Cu]CusS nanoparticles and PET/CT image of US7MG xenograft mouse at 24 h p.i. Tumor
and bladder were marked with yellow and orange arrows, respectively. Reproduced with
permission.[15] Copyright 2010, American Chemical Society. b) TEM image of GS-
[198Au]Au nanoparticles and SPECT/CT image of mouse acquired 10 minutes after
injection. Reproduced with permission.[2%] Copyright 2012, WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim. ¢) TEM image of [1%Au]Au nanocages and 198Au induced
Cerenkov luminescence image in EMT-6 tumor bearing mice at 24 h p.i. Reproduced with
permission.[29] Copyright 2013, American Chemical Society. Route 2: Specific trapping. d)
TEM image of [18F]-NaYF4:Gd3*/Yb3*/Er3* and whole-body micro-PET image taken 15
minutes p.i. The arrows point at liver (L) and spleen (S). Reproduced with permission.[30]
Copyright 2011, Elsevier. €) TEM image of water soluble SPIONs and lymph node PET
imaging with *As-SPION@PEG (* = 71, 72, 74, 76) at 2.5 h p.i. Green and red arrows point
to lymph node and paw, respectively. Reproduced with permission.[33] Copyright 2013,
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. f) TEM image of porphysomes and
micro PET/CT image in orthotopic PC3 tumor using [64Cu]-porphysomes at 24 h p.i. White
arrow points to prostate tumor. Reproduced with permission.[38] Copyright 2012, WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. Route 3: Cation exchange. g) TEM image of
[64Cu]-QD580 and coronal PET image of [64Cu]-QD580 in U87MG bearing mouse at 17 h
p.i. Reproduced with permission.[40] Copyright 2014, American Chemical Society. Route 4:
Proton beam activation. h) TEM image of [18 F]-Al,O3 nanoparticles and PET/CT fused
image at 60-80 min p.i. Reproduced with permission.[44] Copyright 2012, American
Chemical Society.
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Table 1

Representative examples of intrinsically radiolabeled nanoparticles synthesized via four major routes.
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1duasnuen Joyiny

Strategies Radioisotopes (half-life) Nanoparticles Multimodality Imaging In Vivo  Refs.
Hot-plus-Cold Precursors 64Cu (12.6 h) PEG-CuS PET [15]
Dextran-Fe,03 PET/MRI 17
PEG-Au PET/CT [18]
198AY (2.69 d) Au SPECT/NIR [19]
Au Nanocages cL® [20]
1535m (46.3 h) NaLuF,:Yb, Tm SPECT/UCLD) [25]

NaLuF4:Yb, Tm@NaGdF,

SPECT/CT/MRI/UCL

[26]

141Ce (32,5 d) CeO, N/AC) [22]

105Cd (461.4 d) Core-Shell QDs NIRED 23]

Hln (2.8 d) Fe304 N/A [24]

Specific Trapping 18F (109.8 min) NaYF, PET/UCL [27]
NaYF4:Yb,Er PET/UCL [28]

NaYF4:Gd,Yb,Er PET/MRI/UCL [29]

64Cu (12.6 h) Ferritin Nanocages PET [321

Porphysomes PET [36]

2As (26 h) SPION PET/MRI [33]

69Ge (39.05 h) SPION PET/MRI [35]

Cation Exchange 64Cu (12.6 h) CdSe/znS PET/CL [40]
1535m (46.3 h) NaLuF4:Yb,Gd, Tm SPECT/UCL [41]

Proton Beam Activation 18F (109.8 min) Al,04 N/A 3]
13N (9.97 min) Al,04 N/A [44]

a .
)Cerenkov Luminescence;

b)

Upconversion Luminescence;

C)Not Applicable;

d)

Near-infrared Fluorescence.
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