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Abstract

Despite of promising preclinical results in the fields of in vivo theragnostics of nanomedicine, a majority of attempt for clinical translation
has been blocked by unsolved concerns about possible hazards to human body. Theragnosis of nanomedicine relies on the property of huge
surface area to volume ratio of nanomaterials, which can offer potential for multi-functionality. Radionanomedicine has a hybrid
characteristic of tracer technology and multi-functionality. Thus, key advantage of radionanomedicine is a possibility of using low amount of
nanomaterials for theragnosis. This review article focuses on the concept and advantages of radionanomedicine in theragnosis, formulation of
radionanomaterials (particularly encapsulation method), in vivo biodistribution and excretion of radionanomaterials, and immune responses
to radionanomaterials.

From the Clinical Editor: The expansion of nanomedicine has recently seen the development of a new branch - radionanomedicine. The
core concept of radionanomedicine relies on the labeling of radionuclides onto nanomaterials for use both in diagnosis and therapy. In this
article, the authors gave a comprehensive review on the current status of radionanomedicine. This should provide interesting reading for

practicing clinicians.
© 2015 Elsevier Inc. All rights reserved.
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Nanomedicine consists of the following four disciplines:
in vitro nanosensing and diagnostics, nanomolecular imaging,
nano-targeted delivery, and tissue nano-engineering. Among
them, in vivo theragnostics with or without imaging are related to
nanomolecular imaging and nano-targeted delivery. It is
predicted that in vitro diagnostics using nanotechnology will
be used in clinical applications in the near future. Incremental
values or comparative effectiveness of the new in vitro
nanodiagnostic tools will determine their use. In contrast, in
vivo theragnostics using nanotechnology meets objections or
concerns about the possible hazards to humans and the
environment.' ™ There is a need to develop methods and ways
to overcome the concerns about the toxic effects of the in vivo
use of nanomaterials.

The concept of radionanomedicine was recently presented as
an extension of “targeted radionuclide therapy” in international
symposia of the ICRT2012 (International Conference for
Radiopharmaceutical Therapy), ISRS2013 (International Sym-
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posium of Radiopharmaceutical Sciences), 2014 international
symposium of the NCC (National Cancer Center), and
WCNMB2014 (World Congress of Nuclear Medicine and
Biology). The core concept of radionanomedicine relies on
both the labeling of radionuclides onto the nanomaterials and the
use of trace amounts of radiolabeled nanomaterials for in vivo
theragnostics. First, the labeling of nanomaterials with radionu-
clides can be achieved in two ways: extrinsically, using chelators
bound to the surface of nanomaterials,® and intrinsically, inside
the nanoparticle®’ (Figure 1). Representative examples of
intrinsically and extrinsically labeled nanoparticles are summa-
rized in Table 1. Studies regarding intrinsically radiolabeled
nanoparticles are well summarized in a recent review article by
Goel et al.>® In 2010, Zhou et al developed intrinsically
%4Cu-labeled copper sulfide (CuS) and the nanoparticle showed
passive targeting in mouse tumor model.® In 2011, intrinsically
radioactive upconverting nanoparticle, [ISF]—NaYF4:Gd,Yb,Er,
was developed.”” In 2014, Zhao et al developed a gold
nanoparticle intrinsically labeled with ®*Cu and showed passive
targeting of the nanoparticle to breast cancer mouse model.'°
Extrinsically labeled nanoparticles using chelators according to
labeling methods and materials are well summarized in recent
review articles by Xing et al>® and Enrique et al>* Chelators used
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Figure 1. The core or the surface of the nanomaterials can be labeled with
radioisotopes. The surface of the nanomaterials is linked to chelators, followed
by labeling with radioisotopes. (Reprinted with permission from Ref.®).
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reactor-produced *°Y,® and generator-produced '¥*Re.®*% The

former three radioisotopes are used for diagnostic and the latter
three for therapeutic purposes. In 2007, Cai et al labeled quantum
dot (QD) with **Cu (**Cu-DOTA-QD-RGD) with conjugation
of DOTA and RGD peptides. **Cu-DOTA-QD-RGD showed
better integrin positive tumor targeting than **Cu-DOTA-QD.?!
In 2011, Zhang et al developed polyethylene glycol-coated, core
cross-linked polymeric micelles (CCPM) conjugated with
""p-labeled annexin A5 for dual-modality single photon
emission computed tomography/near-infrared fluorescence
(SPECT/NIRF) tumor imaging.*’ Interestingly, therapeutic
radioisotopes, '"'Lu and '®*Re can be used for diagnostic
imaging as well. They are inherently theragnostic radioisotopes
as they emit both beta and gamma rays. In 2004, Cao et al had
labeled '*®Re on their surface of silica-coated magnetite
nanoparticles immobilized with histidine with labeling yield of
91%.%¢ Liang et al in 2007 reported '®*Re labeled super-

Table 1
Representative examples of radiolabeled nanoparticles.
Radiolabeling Radioisotope (half-life) Nanoparticles Chelator Therapy Imaging method References
Intrinsic %Cu (12.7 hr) CuS N Y PET/CT 8
10 N N PET/MR ?
Gold N N PET/CT 10
Ferritin nanocage N N PET/CT 1"
Porphysomes N N PET/CT 12
198 Au(2.69 d) Gold N Y SPECT/MR 13-17
Gold nanocages N N CL 18
153Sm (46.3 hr) Ln doped NP N N SPECT/ULI 19.20
199¢d (461.4 d) QD N N NIRF 6
" (2.8 d) 10 N N SPECT/CT 21
18F (109.8 min) Ln doped NP N N PET/ULI 22,23
"2As (12.6 hr) 10 N N PET/MR 2
%Ge (39.05 hr) 10 N N PET/MR 2
Extrinsic 9MTe (6 hr) Gold Hynic N SPECT/CT 26-28
DTPA N SPECT/CT 2
10 DTPA N SPECT/MR 30
%Cu (12.7 hr) QD DOTA N PET/NIRF 31,32
10 DOTA N PET/MR 33-36
Carbon nanotube DOTA N PET/NIRF 37
Gold nanoshell DOTA Y PET/CT 3
Liposome DOTA N PET/CT 8
"n (2.8 d) Carbon nanotube DTPA N SPECT/CT 39-41
DOTA N SPECT/CT 42
Micelle DTPA N SPECT/CT 3
1241 (4.18 d) 10 Todo-bead N PET/MR/CL a4
Ln doped NP Todo-bead N PET/MR/ULI +
188Re (16.9 hr) 10 [M(CO)3(OH2)3]+ Y SPECT/MR 4647
Liposome BMEDA Y SPECT/CT 8
7L (6.73 d) Gold DOTA Y SPECT/CT 49
%8Ga (67.7 min) QD DOTA N PET/CT 30
7Ga (78.3 hr) Cobalt-ferrite NOTA N SPECT/MR st

QD = Quantum dot; IO = Iron oxide; Ln = lanthanide; CL = Cerenkov luminescence; ULI = Upconversion luminescence imaging; NIRF = Near-infrared
Fluorescence; BMEDA = N,N-bis(2-mercaptoethyl)-N’,N’-diethylethylenediamine; Y = yes; N = no.

for this purpose include DTPA (diethylene triamine pentaacetic
acid), DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-
tetraacetic acid), NOTA (1,4,7-triazacyclononane-1,4,7-triacetic
acid), and others>>*° (Figure 2). Commonly used radioisotopes
range from generator-produced °®Ga,” cyclotron-produced
84Cu®? or 37r,% reactor-produced '7"Lu,®!* generator or

paramagnetic iron oxide nanoparticles (SPIONs) with a greater
than 90% labeling efficiency and a good in vitro stability. The
NP demonstrated the dose dependent in vitro therapeutic ability
in hepatocellular carcinoma cells.*’

When a radionanomaterial has no therapeutic radiation-emitter
within but nanomaterial itself has photothermal effect, this
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Figure 2. Structures of the chelators frequently used for PET radioisotopes such as ®3Ga, ®*Cu, and *Zr. (A) The structures of EDTA, DTPA, DOTA, NOTA,
TETA and DFO. (B) **Cu is shown to be positioned with the chelator DOTA and ®*Ga with NOTA. (Reprinted with permission from Ref.>*). DTPA: diethylene
triamine pentaacetic acid, DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid, NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic acid, DFO:

deferroxamine or desferrioxamine B.

radionanomaterial also belongs to radionanomedicine. Radio-
isotope imaging using a radionanomaterial along with its
photothermal ablation (PTA) effect is an example. Zhou et al
developed a chelator-free [**Cu]CuS nanoparticles (NPs)
suitable both for PET imaging and as photothermal ablation
agents.® Xie et al in 2011, developed ®*Cu labeled gold
nanoshells, with integrin avp3 moiety to target tumor
neoangiogenesis, whose gold nanoshell was for PTA. This
was evaluated as a potential theragnostic approach for PET
imaging and PTA.* In 2013, Luna-Guierrez et al developed
'"77Lu labeled, gold nanoparticles conjugated to
cyclo-[RGDfK(C)] peptides ('7"Lu-AuNP-c[RGDfK(C)]) for
both targeted radiotherapy and photothermal therapy. They
showed in vitro therapeutic efficacy in breast cancer cell.*’
Nanomaterials with proper type of intrinsic radioactivity can
be used for both imaging and therapy. '*®Au/'*’Au is one prime
example of the strategy. The radioactive properties of '**Au
(beta ray = 0.96 MeV, gamma ray = 411 KeV) and '*’Au (beta
ray = 0.46 MeV, gamma ray = 158 KeV) make them ideal
candidates for use in theragnostic applications.'> Khan et al
reported therapeutic effect of '"®Au composite nanodevices in
mouse melanoma tumor model by intratumoral injection of the
nanomaterial.'* Chanda et al reported that gum arabic glyco-
protein (GA)-functionalized 198 Au showed therapeutic effect in
mouse prostate cancer model after intratumoral injection of the
nanoparticles. They also showed the biocompatibility of their
approach by showing no or minimal leakage of the nanoparticles
and no pathologic change in blood cells after the treatment. '’

In 2012, Shukla et al developed prostate tumor specific
epigallocatechin-gallate (EGCg) functionalized 8 Au ("8Au
NP-EGCg). In the study, %8 Au NP-EGCg was injected in
prostate cancer mouse model. Approximately 72% NP retention
was found in the tumor after 24 hours and 80% reduction of the
tumor volume was found after 28 days.'°

In addition, when these theragnostic radiolabeled nanomaterials
are used in trace amounts, toxic effects of nanomaterials might not
be worried about, though these nanomaterials are toxic by
themselves in the pharmacologic amounts they are used.
Compared with when the drugs were loaded within the
nanomaterials,®® if therapeutic radionuclides are bound to the
nanomaterials, it should be possible to decrease the amount of
nanomaterials to the minimum.

Radionanomedicine takes advantage of using nanomaterials
whose surface can be used for labeling ligands and chelators and
of the high sensitivity of radionuclides to be detected in the body.
In this sense, radionanomedicine will follow the success of
nuclear medicine. Nuclear medicine is a discipline of clinically
successful applications of physiologic studies. The clinical
physiology of the human body has been made visible by nuclear
medicine diagnostic procedures and therapeutic success has been
achieved by the target specificity of radionuclides and
radiochemicals. Best examples of target specificity are the
use of "*'T for thyroid cancer®” or **’Ra (Xofigo®, Bayer
HealthCare Pharmaceuticals, Germany) for metastatic bone
cancer.®® For diagnostic purposes, nuclear medicine physicians
successfully used small molecules and biomacromolecules in the
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clinic. And the best examples of diagnostic small molecules are
9mTc-labeled phosphonates for bone scan imaging and 'SF
fluorodeoxyglucose for positron emission tomography (PET) for
tumors, myocardium and brain, and the best example of
biomacromolecule is a monoclonal antibody such as
B_Tositumomab. The development of the methods enabling
surface labeling with ligands and chelators is the problem to
solve first; the development of the imaging methods to trace
the whereabouts of the in vivo-administered radiolabeled
nanomaterials is the next problem to solve. These two
improvements, if successfully achieved, will lead to the
successful translation of the use of radiolabeled nanomaterials
to clinical applications in the near future. In the present review,
we are going to deal with challenges and perspectives of
theragnosis of radionanomedicine.

Radionanomedicine

The success of in vivo nanomedicine was received skeptically
by the public and even by the experts. This was partly because of
the type of components used to make nanoparticles, such as
cadmium in quantum dots,®” but chiefly because of the fear
derived from the general ignorance of the in vivo characteristics
of these new materials, especially when these were to be
administered to the human body. Even though the noble metals
such as gold”° or inert silica’" were used to make nanomaterials
for systemic use while expecting the surface of these nanomo-
lecules inert without any surface reactivity, the in vivo toxicity of
the nanomaterials has been addressed in several reports.’>"?

Radionanomedicine exploits the traceability of the radiola-
beled nanomaterials and decreases the amount of the radiola-
beled nanomaterials to a miminum.’* Only the traceable or
deliverable amounts of radiolabeled nanomaterials are needed
for systemic use. Because of these advantages, it is highly likely
that radionanomedicine will create a breakthrough for the clinical
translation of this new discipline of nanomedicine. To prove the
feasibility of the easy use of radionanomaterials, the surface
modification or labeling of the nanomaterials is the mandatory
preliminary step. However, at least one additional step of the
labeling and separation of radiolabeled nanomaterials must be
taken than the usual modification/labeling steps. Irrespective of
the intended purpose, multiplexing the methods of conventional
labeling and purification will decrease the recovery of the final
product. The discovery of new methods not decreasing the yield
after multiple processing steps of labeling or other innovative
methods that allow for the simultaneous labeling of all of the
final surface-modifiers were highly expected.

The plausible toxicity of nanomedicine has been considered
to partly emanate from the constituents of nanomaterials and
partly from the surface characteristics of nanoparticles. Further-
more, the permanent residence of the nanoparticles in the
mononuclear phagocytic system (MPS) will lead to the
synergistic enhancement of the toxicity of the constituents
(such as cadmium) and derangement of the MPS cells or immune
cells that have phagocytosed the nanoparticles. However, if the
nanomaterials are excreted quickly and externally, the toxicity
will be minimal and the clinical adaptability to the nanoparticles

will be highly increased. To find out whether this is plausible, it
is crucial to have an excellent imaging capability, especially with
the capacity of quantification of the amount of distributed
nanomaterials in the animal or human body. PET or single
photon emission computed tomography (SPECT) with or
without CT or MRI forms a solution to this challenge. Repetitive
quantification of the biodistribution enables the determination of
the future applications of newly developed radio-nanomaterials.
In addition, a high in vivo stability of the radiolabeling is a
prerequisite for the quantification of the biodistribution of
nanoparticles using their radioactivity.

Surface modification and radiolabeling of nanomaterials

Nanomaterials have vast surfaces compared with those of
biomacromolecules or small molecules. However, the majority
of the nanomaterials has hydrophobic surfaces after the core
synthesis, necessitating the common use of polyethylene glycol
(PEG) or natural and synthetic polymers including dextran for
making the surface hydrophilic and retaining the material’s
stability in a biological environment. In addition, ligands and
chelators need to be added to the termini of PEGs or the surface
of dextran.”” Ligands should have been chosen from the
molecules already known to target the targets that include
small molecules or biomacromolecules. The well-known
biomacromolecules are either mouse (momab), chimeric
(ximab), humanized (zumab), or human (mumab) monoclonal
antibodies. Their recently introduced competitors are
affibodies,”® aptamers’’ — either peptide aptamers or nucleic
acid aptamers — and the even more recent aptides’® and
avibodies.””*° Radiolabeled antibodies have been used for
imaging and/or therapy. Both®'Y-labeled ibritumomab tiuxetan
(Zevalin®, Biogen Inc., Cambridge, MA, USA), an anti-CD20
monoclonal antibody, and 1311 labeled tositumomab, which is a
murine anti-CD20 monoclonal antibody (Bexxar, GlaxoSmithK-
line, UK), were approved by the FDA for the treatment of
non-Hodgkin lymphoma.®*** However, '*'I-tositumomab was
discontinued in February 2014 because of low sales. The effort to
develop clinically applicable radiolabeled antibodies continued
and in an example report, Hong et al reported a dual labeling
method of an anti-CD105 monoclonal antibody with ¥Zr and
NIRF (near-infrared) dye.*

Small moleculear ligands are recognized by their target
infrequently, while they sometimes are recognized as opsonins
by their target cells or tissues. In that they are recognized more
effectively if they are bound to the surface of the nanomaterials,
the aptamers or affibodies can be advantageous as ligands. The
advantage of these newly introduced aptamers and the likes is
derived from the fact that they are produced based on
combinatorics, which selects the most desirable macromolecules
with optimal affinity and avidity for the target from a large pool
of candidates.

Surface modification of nanomaterials with monoclonal
antibodies needs the correct combination of the best antibody
with the correct direction of labeling. If the binding motif itself is
bound to the surface and hidden from the open space, the
modified nanomaterials will not bind their target. The most
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Figure 3. Encapsulation method of nanomaterials using micelles. (A) Quantum dots were encapsulated using one-tailed or two-tailed lipids (Reprinted with
permission from Ref.’*). (B) Gold, quantum dots, and iron oxide were encapsulated using polyethlyene-glycol (PEG) sorbitan fatty acid esters. (Reprinted with
permission from Ref.”). (C) Iron oxide particles were mixed with multifunctional amphiphiles, vortexed, and separated using size exclusion chromatography.

%8Ga was used as radiolabel.

commonly used conjugation method is the coupling of the
primary amino-group present on the Fab fragment of the active
site of the antibody molecule with the carbodiimide or N-
hydroxysuccinimide derivatives of the acid-group on the
surface of the nanoparticles. Using this method, the antibody-
nanoparticle conjugate has a limited number of active groups for
efficient targeting.®>®® To overcome this limitation, site
directional conjugation methods have been developed to target
the Fc fragment of the antibody through its hydroxyl or
disulfide-groups.*>%

Some investigators have even attempted to label protein A,
which has high affinity for the Fc region of IgG, onto the entire
surface of the nanomaterials. Then they further labeled the
epitope of protein A with monoclonal antibodies.*®! This
approach was successful for in vitro diagnostics but was not
employed for in vivo use because of the increased size of the
nanoparticles and the fact that the two-step modification process
makes the production procedure cumbersome and delivers a low
final yield. Hence, a breakthrough in this particular field
is necessary.

Hydrophilization of nanomaterials using the micelle encap-
sulation method was first proposed by Dubertret and
colleagues.’” This method evolved from the use of a two-tailed
phospholipid to the use of a one-tailed C-12 alkanethiol.”® Fan
and colleagues introduced microencapsulation and the solvent
evaporation method, which was optimized to a quick and simple
method’* (Figure 3, 4). The Dubertret’s group, again using a
two-tailed phospholipid, successfully introduced recently func-
tional biomolecules.’® Wu and colleagues produced micelles by
adopting PEG sorbitan fatty acid esters”® (Figure 3, B). Recently,
Jeong’s group integrated these developments to make a quick
and straightforward method of mixing, vortexing, and size
exclusion chromatography for producing functionally active
multi-specific nanoparticles® (Figure 3, C). This should be the
ultimate solution to the challenge posed in radiolabeling of
functional nanomaterials. Jeong ingeniously proposed this
one-step method under mild conditions to preserve ligand
integrity, which is now called the micelle-encapsulation
method.>” This method was originally used for hydrophilization
of quantum dots”*°° but silica, gold, quantum dots, iron oxide,
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Figure 5. Dimension of an example of a nanomaterial and its surface
modifiers such as an antibody, the antibody’s Fab fragment, microRNA, or
any analogous aptamer or PEG of shorter (12mer) or longer length.

or other hydrophobic nanoparticles were also found to be the
appropriate core for encapsulation.”>”> Jeong’s contribution
relies on the use of combined multiple amphiphiles with different
functional groups simultaneously to achieve surface multi-
functionality and hydrophilicity of nanoparticles (Figure 4). In
the micelle-encapsulation method, the ligands and the chelator as
well as the PEGs are specifically prepared to form a micelle. The
micelle in the aqueous phase is then mixed with the
nanomaterials in the lipid phase and vortexed to yield the
encapsulated nanomaterials. The final multiplexed nanoma-
terials were purified by size exclusion chromatography. If the
small molecules such as mannose, lactose, or cRGD (cyclic
Arginine-Glycine-Aspartate) were to be used as ligands, these
ligands were covalently bound to the tip of an alkyl chain of
optimal length. Using this method, Lee et al labeled QD544T
with ®®*Ga and added functional group of RGD and showed
targeted imaging of °®Ga-NOTA-QD655T-RGD in glioma
tumor mouse model.’° Figure 5 depicts the dimension of the
modifier ligands and the surface of the nanomaterials if
antibodies, aptamer ligands, PEG-chelators, and PEGs were
used. Micelle-encapsulation method was employed for iron
oxide particles with a diameter of 5 nm,”””® upconverting
nanoparticles (UCNPs) with a diameter of 50 nm, and other
compounds.”® Surface-enhanced Raman scattering (SERS)
dots'**'%" or quantum-dot-embedded silica nanoparticles '
are other examples of successful encapsulation. If a specific
antibody or related peptide/nucleic acid affinity tool is chosen
as ligand, chelators and ligands can be used in parallel to
surface-label nanomaterials.

The size, the surface charge, and the shape affect the
biodistribution of nanomaterials and their combination greatly
increases the table of the nanomaterials’ in vivo characteristics
(‘periodic table’).'**'%* Using the same starting nanomaterials,
one can make different surface charges, sizes, and sometimes
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Figure 6. Comparison of the conventional method of surface labeling of multiple functional residues and the one-step micelle-encapsulation method. (A) To
label the chelator, bioactive molecules (such as targeting ligands) and amphiphiles for hydrophilization (such as PEG), using step-by-step labeling will make the
procedure cumbersome with labeling and separation necessary for each step and a low final yield. (B) The one-step micelle-encapsulation method allows
multispecific micelles (if properly compounded beforehand) to effectively encapsulate any hydrophobic nanomaterials. For both methods, subsequent labeling

of the nanomaterials with radioisotopes is needed.

shapes. A different size and surface charge and their combination
will lead to different in vivo behavior of the nanomaterials. To
understand the influence of the differences of these parameters,
one needs to prepare nanomaterials of the same size with
different surface charges or of the same surface charge with
different sizes and examine the biodistribution after systemic
delivery. Using conventional labeling and purification methods,
the optimization of the synthesis of the specific nanomaterials is
difficult or almost impractical. If the one-step method is working
while decreasing the burden of the purification step, the
investigation time and labor of labeling will decrease considerably
and the validity of the periodic table of in vivo characteristics will
become plausible (Figure 6).

Radionanomedicine might have more barriers to overcome
than nanomedicine. If a chelator is added separately, the
additional labeling and purification step will result in a decreased
recovery and further labeling with a radionuclide will add
another step to the process and the radiation-related concerns in
processing. One-step labeling of all ligands, the chelator, and
PEGs followed by radiolabeling and purification will be an
indispensable solution to this problem.

Tracing the in vivo distribution of radionanomaterials

Study of the in vivo biodistribution of nanomaterials has been
performed by exploiting the intrinsic fluorescence or lumines-
cence of nanomaterials or that of nanomaterial surface-labeling
dyes and radioisotopes.'®* Fluorescence detection is optimal for
the ex vivo confirmation of the biodistribution, and for in vivo
study fluorescence and luminescence detection is suitable for
surface imaging. However, the quantification or depth imaging
proved difficult with planar optical imaging. Near infrared (NIR)
fluorescence molecular tomography (FMT), enabled depth
imaging and quantification of the biodistribution.'®> However,
light scattering and tissue absorption resulted in low sensitivity,
necessitating the use of an increased amount of fluorescent

material (ug) for in vivo optical imaging compared with that of
radioactive material (ng).”* The injection of a high dose of an
imaging agent can cause a pharmacologic response and might
alter the biodistribution.'®® Radiolabeled nanomaterial is the
most suitable for imaging and quantification in small animals.
Even an application in humans might be, in the long term,
possible. Radiolabeled nanomaterials are facile to trace and
mimic almost completely the cold (non-radiolabeled) nanoma-
terials. The chelator, if mixed and merged within the densely
packed PEGs on the surface of the nanomaterials, would not
make the radiolabeled nanomaterials different from their cold
counterparts in terms of the physiological characteristics.
Radionanomaterials can be traced effectively in rodents using
small animal SPECT or PET. NOTA can be used as a chelator
that can successfully chelate ®’Ga and **Ga, which has a half-life
of 3 d and 68 min, respectively.'”” ’Ga can be imaged with
small animal SPECT/CT and ®®Ga with small animal PET/CT.
NOTA could also chelate *Cu with a resulting half-life of
12.7 h, which was appropriate for the long-term follow-up of the
biodistribution of the radiolabeled nanomaterials.'*® For exam-
ple, chelator-labeled or chelator- free ®*Cu-labeled gold
nanocages were used to quantify the biodistribution using
small animal PET'**!°° (Figure 7, 4 and B). In another report,
the most commonly used *™Tc was used to label quantum dots
and advantage was taken of the radioisotope’s half-life of 6 h to
quantify renal excretion.''' Furthermore, other gamma-ray
emitting radioisotopes were used for SPECT imaging’ (Figure 7,
C and D). Systemically injected radionanomaterial need to avoid
phagocytosis by the MPS and immune surveillance to reach the
target. Once they reach the tumor target, radionanaomaterials are
trapped in the tumor tissue by the enhanced permeability and
retention (EPR) effect.''>'" Further targeting can be achieved
by binding the helping ligands to the surface of the nanomaterials
for active targeting.''*''> In a pioneering report by UCLA/
Caltech, the biodistribution of a transferrin-liganded nanoparticle
labeled with *®Ga was investigated using small animal PET."'® It
was proved that the radiolabeled nanoparticles are first retained
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Figure 7. PET/CT and SPECT/CT evaluation of the in vivo distribution of radiolabeled nanomaterials. (A) Gold nanocage (30 nm in edge length, 60 nm in
diameter) was labeled with DOTA that was subsequently chelated with **C. As observed by PET/CT, after the initial renal excretion, gold particles remained in
the liver and spleen. According to the biodistribution data of Ref.,'”® MPS sequestration was the same for small (30 nm) and large (60 nm) nanocages.
(Reprinted with permission from Ref.'%®). (B) Gold nanomaterials (80 nm) were integrated with ®*C. As shown by PET/CT, gold nanoparticles cumulated in the
liver and spleen and remained there. (Reprinted with permission from Ref.'®?). (C) '*!Ce-labeled (145 KeV gamma, T1/2 = 32.5 days) cerium oxide
nanoparticles (6 nm) were used for SPECT/CT to reveal the distribution to the liver and spleen. Splenic uptake remained but liver activity faded without showing
any intestinal activity, which emphasizes the difference between Kupffer cell and splenic disposal. (Reprinted with permission from Ref.”). (D) '**Sm-labeled
hydroxyapatite nanoparticles (9 nm x 29 nm) were traced for their biodistribution using SPECT/CT, which was enabled by the simultaneous emission of beta
and gamma rays by '>>Sm. After the initial liver and spleen uptake, only the splenic uptake remained active at 72 h after injection. (Reprinted with permission

from Ref.!!?).

in the tumor tissue by EPR, with transferrin further retaining
those particles in situ. Tracer kinetic modeling enabled
this discovery. In this experiment, siRNA was used as
a therapeutic.''¢

Because of their relatively long half-life, only ®’Ga, **Cu, or
897r enable the localization, excretion, and behavior of the
radiolabeled nanomaterials days after their administration. If the
excretion of the radiolabeled nanomaterial will prove to be
complete after several days, concerns about the possible in vivo
toxicity might be diminished. In particular, the use of high
pharmacological amounts of nanomaterials or phobia of the
persistent residence of nanomaterials in various organs could be
avoided. The radiolabeled nanomaterials will help decrease the
total amount of nanomaterials to be injected.

""Lu was used as the therapeutic radionuclide®' in the
octreotide used as the ligand for neuro-endocrine tumors, which
was chelated by DOTA bound covalently to the octreotide.
Fortunately, the DOTA-octreotide complex acted like the
unlabeled octreotide as was the case with '"’Lu-labeled
DOTA-octreotide. In this case, '”"Lu emits 208 KeV gamma
rays with 11% of the entire emission. SPECT/CT could visualize
whether '""Lu was taken up within the metastatic tumors and
even quantify the remaining tumors. '"’Lu also emits
0.498 MeV beta rays, which are suitable for the destruction of
the targeted tumors. A major limitation of the treatment using

'77Lu-labeled DOTA-octreotide is the nephrotoxicity due to high
renal uptake. To reduce nephrotoxicity, '”’Lu-DOTA-octreotide
could be conjugated to nanoparticles. Arora et al reported that
nanoparticle-conjugated '”’Lu-DOTA-octreotide showed lower
renal uptake than '"’Lu-DOTA-octreotide.''” When octreotide
is bound onto the surface of the nanomaterials, care has to be
taken to maintain the binding affinity of the octreotide-bound
nanomaterials to the octreotide receptors. Surface plasmon
response (SPR) analysis could be used to measure the binding
affinity of octreotide-bound nanomaterials. A difference can
exist between naive octreotide and octreotide-bound nanomaterials.
However, this difference has to be limited for octreotide-bound
nanomaterials to be used for targeted delivery and imaging.
Instead of octreotide, an affibody, aptamer, or aptide can be used
to modify the nanomaterial surface. An affibody or aptamer can
have a binding motif, which should be still be available for
binding to the target after concomitant surface modification of
the nanoparticles.

For ¥7r, desferrioxamine (DFO) is used for chelation of this
radionuclide.®® ®Zr chemistry is still in its infancy, but the
chelator can label the surface of micro-encapsulated nanomaterials.
For therapeutic purposes, *°Y can be used as the beta-ray emitter.
%Y is produced both in a nuclear reactor or generator. *°Y emits
only beta rays of 2.28 MeV. The absence of the gamma ray
emission makes the theragnostic application of *°Y difficult. The
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same chelators such as DOTA or NOTA can be used for labeling
%Y to nanomaterials.

Degradation and excretion of radionanomaterials evaluated
by molecular imaging

Nanomaterials, either cold or radiolabeled, will form a cluster
of the larger particles covered by corona proteins once
administered into the intravascular compartments.''®''” Corona
proteins are classified into soft and hard proteins, of which the
soft ones could be easily detached from the corona-nanoparticle
complexes, whereas the hard corona proteins were fixed firmly
to the nanoparticle.'*® Whether the radionuclides of the
radiolabeled nanomaterials are stable in the blood should be
examined in detail using radio-thin layer chromatography
(radioTLC) or imaging studies. However, chelation of the
radioactive metals by DTPA, DOTA, or NOTA has been
determined to be quite stable in the case of small molecules and
biomacromolecules.>*~>°

The surface ligands of the nanomaterials should remain stably
attached, at least until the radiolabeled nanomaterials have
reached their targets. Degradation of the radiolabeled ligands
will make the biodsitribution by the nuclear imaging not exactly
represent the materials’ distribution. '°” The pitfalls of the ‘tracer
technology’ become apparent compared with when the original
material is examined. When radiolabeled nanomaterials are used
to investigate degradation and excretion of large nanomaterials,
if the radiolabel is detached rapidly, the examining tracer’s
whereabouts does not represent those of the authentic nanoma-
terials. Nanomaterials can lose their surface modifiers, especially
the large ligands such as monoclonal antibodies, targeting
peptides, and aptamers, and other small ligands such as cRGD*°
or mannose.®"'?! Recently, a strategy of intrinsic radiolabeling
of nanoparticle core has emerged, which facilitated labeling
quantum dots with '"'In'*? or gold dots with '*SAu.'*"1%
When one uses surface-radiolabeling, the stability of the
chelating radioisotopes or the comparison of the radioisotope-
chelator complex and radioisotope-chelator-nanomaterial com-
plex should have been performed.”*'%¢

The excretion of the radiolabeled nanomaterials could be
tested effectively with small animal PET (Figure §). UCNPs with
a radiolabeled surface could be traced for their excretion.'®
Using upconversion luminance imaging and small animal PET
the excretion through the hepatobiliary route could be precisely
shown and even the fecal excretion could be confirmed by
imaging the excreta. Electron microscopy could visualize the
excretion of the nanoparticles through sinusoid, hepatocyte, and
bile canaliculi to the intestines. Small animal PET could visualize
the collection of excreted radioactivity in the gall bladder and the
ejection into the intestines (Figure 9).

Radiolabeled nanomaterials with a size of less than 8 nm
were expected to be excreted via the kidneys.'®*!'!"!3!
However, the size-dependence of nanomaterial excretion is
somewhat ambiguous mainly because the hepatobiliary excre-
tion of larger nanomaterials is not well characterized'??
(Figure 8). The renal excretion is much faster than the
hepatobiliary route. The charge and shape as well as the size

were reported to be important factors to determine the renal
excretion. '%*!2313 The hydrophilicity seems to affect the
aggregation of nanomaterials injected into the systemic route,
resulting in distribution to the lungs by blocking the
capillaries. 2124126134 Once the nanomaterials have passed
the pulmonary capillaries, if they were taken up by the liver, they
have long been considered to be taken up in the MPS of the liver
and spleen and, finally, in the bone marrow''%'#>13% (Figure 7).
However, the surface characteristics seem to determine the
excretability of nanomaterials through the hepatobiliary system,
which is not well understood yet.'>>'?” If nanomaterials are
encapsulated and their excretion will be traced, as the
radiolabeled nanoparticles using micelle-encapsulation methods
mimic micelles, the excretion pattern should be compared with
that of micelles or liposomes. '**~'3-13

Both renal and hepatobiliary pathways form the main
excretion route for clearing of the nanomaterials from the
body. Radiolabeled nanomaterials can be considered safe for
in vivo use if these nanomaterials are excreted completely within
a sufficient time. After 18-24 h, about one-half of the
radiolabeled nanomaterials are excreted, necessitating a third
and fourth day of imaging. *Zr with a half-life of 78.4 h might
be more suitable than “*Cu. Liu et al reported a rapid hepatic
excretion of hydroxyapatite nanorods within 72 h. However, the
excretion pathway was not clear because a negligible amount of
nanoparticle was present in the urine and the intestines both in
the in vivo imaging and ex vivo biodistribution study''® (Figure 7,
D). Xiao et al reported a higher tumor targeting using micelles
while showing hepatobiliary excretion'*® (Figure 8, B). Rangger
et al also reported a rapid hepatic excretion of multifunctional
liposomal nanoparticles'*° (Figure 8, C). In tumor-bearing nude
mice, small animal SPECT/CT revealed the rapid excretion of
""n-labeled liposomal nanoparticles from the liver to the
intestines. Currently, the chemistry of chelating and modifying
the surface of the nanomaterials with **Zr and desferrioxamine
or others is under investigation.

Predicting the immune responses to radiolabeled
nanomaterials beyond physiological monitoring

Either nanomaterials or radiolabeled nanomaterials evoke
bodily immune responses upon administration. Pharmacologic
amounts of nanomaterials produce pharmacological effects and
the constituents of the nanomaterials either in the core or on the
surface will be the determinants of these effects. However, the
bodily responses to the systemically administered nanomaterials
or radiolabeled nanomaterials are also processed from an
immunological perspective. Complement activation-related
pseudoallergy is the most famous immunological response to
nanomaterials such as liposomes. '*® This reaction arises even at
the first encounter, unlike the IgE-mediated anaphylaxis
reaction. Complement activation precedes mediator releases
such as anaphylatoxin, perforin, or opsonin and their following
lipid mediators.

The innate immunity was long suspected to defend the
intrusion of silica or other hydrophobic materials.'*'-'** The
immune surveillance system detects the patterns mimicking
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Figure 8. The degradation and excretion of radiolabeled nanomaterial evaluated by PET/CT or SPECT/CT. (A) Iron oxide nanoparticles (15 nm) were
surface-modified using human serum albumin (29 nm after labeling) and labeled with DOTA and **C. Once injected in vivo, beside tumor uptake, the hepatic
excretion was ascertained by PET. (Reprinted with permission from Ref.'?”). (B) Micelles (65 nm) encapsulating H40 (a hyperbranched aliphatic polyester)
were labeled with NOTA and''°C. Encapsulated H40 nanoparticles were excreted via the hepatobiliary pathway. (Reprinted with permission from Ref.'*®).
(C) Targeted or non-targeted liposomes (110-131 nm) labeled with '''In were injected and examined for their degradation and excretion. The hepatic and
intestinal excretion was observed. (Reprinted with permission from Ref.'>?). (D) Silica nanoparticles (50-100 nm) labeled with indocyanin green were traced for

their excretion and showed a rapid hepatobiliary excretion. (Reprinted with permission from Ref.'*").
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Figure 9. Upconversion nanoparticle (UCNP) encapsulated with micelles containing PEG (Tween-60)/chelator and ®*Cu. Using PET/CT, the uptake of
radiolabeled UCNPs by the hepatocytes and the excretion via the biliary routes to the intestines with expulsion as feces was imaged. The arrow points to

the gallbladder.

lipopolysaccharides, viral capsids, or bacterial exosomes. Silica
and other hydrophobic nanoparticles stimulate toll-like receptors
(TLRs)'*'"'*® and NOD-like receptors on the cellular membranes
and on the inside of the cells, which leads to the activation of the
inflammasome.'**"'*° Nanoparticle hydrophobicity'>' and
shape’>'"? were the major determinants in the immune and
inflammatory responses to gold nanoparticles and carbon
nanotubes, respectively. Mizrahy et al reported that hyaluronan-
coated nanoparticle does not induce an immune response
in vitro.'>* Surface modification can change the immune response
to the administered nanomaterials and should be the focus of
further study. The adaptive immunity consisting of humoral and
cellular responses can be induced but this is not entirely
clear yet.'>*

The prediction of immune responses to nanomaterials either
by themselves or when radiolabeled is difficult,'>® however,
radiolabeling would not elicit an additional immune reaction to
the original nanoparticles. Rather, PEGylation and the concom-
itant modification of the surface of the nanomaterials can change
the response of the immune system and can result in the silencing
of the immune response.'>® This was first called the “stealth
effect”. However, several reports have demonstrated that the
PEG itself elicited an IgM response 157, nevertheless, this is open
to opposing interpretations. '

Elucidation of the in vivo systemic immune responses to the
nanomaterials needs concomitant understanding of the physiolog-
ical outcomes of the disposal of systemically injected nanomater-
ials, and, likewise, of the immune responses. 155 The MPS of the
liver, spleen, and bone marrow are considered to be the main
disposal sites of the nanomaterials, although the difference
between these sites, especially between the liver and the spleen,
needs further attention. Investigating how the spleen filters foreign
nanomaterials, Discher’s group inhibited the splenic macrophage
capture, while surface-bound self-peptides could confer the
nanoparticles to escape from the foreign substance recognition
mechanism.'>*'>® The hepatic uptake of nanomaterials is more
complex in that both Kupffer cells and hepatocytes clear the

nanomaterials from the circulation. Sometimes, the hepatic uptake
disappears but splenic uptake continues, and the disappearance of
the initial hepatic uptake should be considered to be due to
hepatobiliary excretion,'®%'¢! Bergen et al already attempted to
label nanomaterials with galactose to enhance their hepatocyte
uptake and biliary excretion.'®*

From the viewpoint of targeted delivery, MPS clearance of
nanomaterials administered in vivo is considered as nonspecific
uptake and surface coating was carried out to decrease this
uptake.'®* From the viewpoint of immunotoxicicity, nanomaterials
elicit immune responses of various types such as complement
activation, innate and adaptive immune responses, and possibly
tolerance or immune enhancement, all of which are associated with
systemic hemodynamic responses or localized inflammation.
Among them, the immunomodulatory properties of nanomaterials
were exploited to potentiate the immune response and
immunotherapy.'®* In terms of toxicity, the acute or long-term
localization of administered nanomaterials in vivo was questioned
and the biodistribution was scrutinized. Nonetheless, it is still
not clear whether the nanomaterials themselves, or the dosing
effect, surface-bound small or macromolecules, immune/
inflammatory response to these surface-bound ligands, hydrophobic/
hydrophilic surface characteristics, or electric charges, are the
critical determinants of the biomedical hazard to the recipient. '
Surface modification of nanomaterials should not be considered
equal even though all were known to be PEGylated. Surface
hydrophilicity or corona modification varies from one nanoma-
terial to another; this is reminiscent of the decade-long pursuit of
understanding the exact nature of PEGylated liposome
clearance'®”'® and the recent micelle distribution and
clearance. Radiolabeled nanomaterials will enable us, with
their imaging capability, to differentiate between the individual
determinants of the bodily responses and of the in vivo fate of
newly developed nanomaterials.

By injection of radionanomaterial to the human body, toxicity
can be caused by not only nanomaterial itself but also radiation
exposure. However, we could not find any study to evaluate
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thoroughly the dosimetry after theragnostic use of radio-
nanomaterials. If we are going to apply a new radionanomaterial
for possible human use, we also need do the dosimetry studies in
the same way as we did when we had developed therapeutic
small-molecular radiotracers.'**'"°

Molecular theragnosis and radionanomedicine

Molecular targets are mainly expressed on the cell surface. In
tumors, they reside on the cellular membranes; hence, the EPR
effects of nanomaterials were expected to result in tumor targeting.
Passive targeting was the primary cause of nanomaterials to reach
their target. Active targeting can further help the targeted delivery
by enhancing selective retention. However, before the develop-
ment of a strategy for active targeting, we need to understand first
the in vivo distribution and localization of nanomaterials after
systemic administration. Radiolabeling will make tracing radiola-
beled nanomaterials in vivo straightforward as well as the excretory
pattern from the body and the ratio of the MPS uptake per total
injected amount of radio-labeled nanomaterial. ”!

Another advantage of using radiolabeled nanomaterials for
in vivo theragnosis is that the amount of nanomaterials for use
in vivo can be decreased as low as possible, eliminating the
concerns about the possible hazards of pharmacologic amount of
nanomaterials administered to animals and humans. This is the
trace technology behind radionanomedicine and will sure help
the progress of the translation of nanomedicine to the clinics.
Once the gross physiology and the immune responses are well
understood in small animals using small animal SPECT/CT or
small animal PET/CT devices, we might be able to understand
the intracellular location of nanomaterials after endocytosis. In
addition to the surface molecules, if the intracellular molecules
are chosen as targets, the perspectives or premises of the
molecular theragnostics will likely be expanded.
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