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Nanomedicine approaches can effectively modulate the biodistribution and bioavailability of therapeutic agents,
improving their therapeutic index. However, despite the ever-increasing amount of literature reporting on pre-
clinical nanomedicine, the number of nanotherapeutics receiving FDA approval remains relatively low. Several
barriers exist that hamper the effective preclinical evaluation and clinical translation of nanotherapeutics. Key
barriers include insufficient understanding of nanomedicines' in vivo behavior, inadequate translation frommu-
rinemodels to larger animals, and a lack of patient stratification strategies. Integrating quantitative non-invasive
imaging techniques in nanomedicine development offers attractive possibilities to address these issues. Among
the available imaging techniques, nuclear imaging by positron emission tomography (PET) and single-photon
emission computed tomography (SPECT) are highly attractive in this context owing to their quantitative nature
and uncontested sensitivity. In basic and translational research, nuclear imaging techniques can provide critical
quantitative information about pharmacokinetic parameters, biodistribution profiles or target site accumulation
of nanocarriers and their associated payload. During clinical evaluation, nuclear imaging can be used to select
patients amenable to nanomedicine treatment. Here, we review how nuclear imaging-based approaches are in-
creasingly being integrated into nanomedicine development and discuss future developments that will acceler-
ate their clinical translation.

© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nanomedicine offers attractive options to improve the treatment of
conditions such as cancer, atherosclerosis, autoimmune disorders and
infectious diseases [1,2]. Nanomedicines are generally designed to im-
prove a drug's bioavailability by altering its pharmacokinetics and
biodistribution. As a result, the therapeutic index of a drug can be im-
proved due to enhanced efficacy reduced toxicity, or both. For example,
Vyxeos® (liposomal daunorubicin plus cytarabine) was approved by
the US Food and Drug Administration (FDA) in 2017 for treating acute
myeloid leukemia after demonstrating improved overall survival com-
pared to standard of care [3,4]. More recently, nanocarrier technology
has also enabled the clinical translation of RNA therapeutics, which
need protection from nucleases in the circulation and generally require
intracellular delivery [5]. Onpattro®, the first ever small interfering RNA
(siRNA) therapeutic, was approved in 2018 for treating transthyretin-
related hereditary amyloidosis [6,7]. Excitingly, owing to the inherent
interactions between nanomaterials and immune cells, many efforts
are currently geared towards developing nanomedicine-based immu-
notherapies [8–12].

Despite these developments and the vast number of preclinical stud-
ies reporting on nanomedicine development, the number of nano-
therapeutics that reach the clinic is relatively low. Several factors
contribute to this discrepancy. First, nanomedicine development has tra-
ditionally focused on oncology and the vast majority of nanomedicines
approved by the FDA or under evaluation are intended for treatment of
solid tumors [13]. Following the report on the enhanced permeability
and retention (EPR) effect that describes how macromolecules accumu-
late in solid tumors [14,15], this phenomenon was quickly embraced as
an all-encompassing guiding principle for nanomedicine design. Al-
though this culminated in the approval of the first nanomedicine in
1995, called Doxil® (liposomal doxorubicin), for treatment of Kaposi's
sarcoma [16], it is clear now that there is a high inter- and intra-patient
variability of the EPR effect in humans. In addition, a large meta-
analysis of preclinical studies indicated limited uptake of cancer
nanomedicines in solid tumors [17], while a recent fundamental study
from the same group demonstrated that nanoparticle uptake in tumors
is mechanistically different than previously thought [18]. Second,
‘novel’ nanomedicine formulations reported in literature often have
low translational potential due to poor in vivo stability as well as issues
related to scalability and cost-effectiveness [19]. Finally, regardless of
the therapeutic indication, the most important translational hurdle is
the lack of understanding nanomedicines' in vivo behavior. As a result,
in preclinical nanomedicine an excessive reliance on mouse models
exists, while in a clinical setting, efficient patient stratification strategies
are nonexistent [20].

Bridging the gap between benchtop and bedside nanomedicine re-
quires reliable solutions to better characterize nanotherapeutics' in vivo
behavior. Non-invasive imaging represents apowerful tool that allowsvi-
sualizingnanomaterials' fate in vivo, providingobjective readouts that en-
able efficient decision making, e.g., regarding patient stratification [21].
Most available imaging techniques, including magnetic resonance imag-
ing (MRI), optical imaging methods as well as nuclear imaging by posi-
tron emission tomography (PET) and single-photon emission computed
tomography (SPECT), have been used to study nanoparticles' in vivo be-
havior. However, not all imaging techniques are equally suited for the
quantitative assessment of a nanotherapeutic's performance in vivo.

In this review, we will discuss how non-invasive imaging using PET
and SPECT can be used to determine nanoparticles' pharmacokinetic
properties, biodistribution and therapeutic effects in a truly quantitative
manner [22–24]. To that end, we first provide an overview of the imag-
ing techniques that are commonly used to study nanomedicines in vivo,
focusing on their ability to yield quantitative information. Second, we
highlight the most promising nanomedicine radiolabeling methods.
We then discuss how quantitative nuclear imaging is used to preclini-
cally evaluate nanotherapeutics and to facilitate their clinical transla-
tion. Finally, we provide a perspective on future developments in the
field, including further advancement in hybrid imaging techniques,
high-throughput screening and data analyses using machine learning
and artificial intelligence.
2. Imaging techniques in nanomedicine research

Imaging allows studying nanomaterials' in vivo behavior in a
minimally- or non-invasive manner. As such, it has revolutionized pre-
clinical (nanomedicine) research and, combined with big data analysis,
it will facilitate imaging-guided personalizedmedicine [25,26]. MRI and
X-ray computed tomography (CT) excel at providing anatomical infor-
mation, but exhibit poor sensitivity for visualizing exogenously admin-
istered contrast agents. On the other hand, optical and nuclear imaging
techniques are hot-spot techniques that require the administration of
labeled species to generate the detected signal. Nanomaterials contain-
ing these contrast- or signal-generating agents can therefore be traced
in vivo by the corresponding imaging technique. Each technique avail-
able for imaging nanomedicines in vivo is characterized by differences
in cost, spatiotemporal resolution, and sensitivity. Although a detailed
description of all different imaging techniques used for nanomedicine
evaluation is beyond the scope of this review, we have summarized
their key features in Table 1. In this section, we briefly feature the
most widely used techniques in nanomedicine research and develop-
ment, focusing on their ability to generate quantitative imaging data.

CT and MRI are both very powerful anatomical imaging techniques,
albeit for different reasons. CT derives images from the interaction of
X-ray photons with matter. Although CT uses ionizing radiation to gen-
erate images, it is fast, relatively cheap and easy to operate. Quantitative
information can be directly derived fromCT images. However, its use for
imaging nanomedicines is hampered by its very low contrast sensitivity,
which requires the administration of large amounts of exogenous
agents. This is whyonly a small number of studies have used CT contrast
agents to track nanoparticles in vivo [27]. MRI, on the other hand, is an
ionizing radiation-free imaging technique that generates images based
on a certain nuclide's spin relaxation (most typically 1H) when sub-
jected to an external magnetic field. 1H-MRI generates anatomical
images that are characterized by excellent soft-tissue contrast. MR
imaging has been employed to track nanomaterials in vivo by
functionalizing them with paramagnetic (manganese, gadolinium) or
superparamagnetic (iron oxide) contrast agents. Contrast quantification
can be derived from images acquired pre- and post-administration of
the functionalized nanomaterial. However, this quantification is not
straightforward, as the generated contrast not only depends on the
agent's concentration but also is affected by other factors, such as
relaxivity, tissue properties and magnetic field inhomogeneities. In
addition, contrast quantification methods are sequence-dependent, re-
quire standardization and frequently suffer from non-linearity at either
end of the calibration curve. Moreover, the limited contrast sensitivity
(μM to mM) and toxicity concerns severely limit the clinical use of
some of these agents. For these reasons, contrast-based MR imaging
cannot provide truly quantitative insight on nanoparticle tissue



Table 1
Key features of imaging techniques commonly used for nanomedicine development including examples of imaging agents [40].

Technique Physical phenomenon Spatial resolution Imaging agent Sensitivity Penetration in tissue Cost Scan time

MRI [41] Nuclear spin relaxation <0.1 mm (P) Gd, Mn, μM-mM No limit $$ min/h
1–2 mm (C) iron oxide

Optical [42,43] Visible/IR photon emission 1–5 mm fluorophores nM mm-cm $ min
(in vivo)

CT [44] X-ray absorption/deflection <0.2 mm (P) Iodine, Au mM No limit $ min
0.5–1 mm (C)

PET [41,45] β+ annihilation-derived 1–2 mm (P) 18F, 64Cu, 68Ga, 89Zr fM No limit $$$ min
γ photon emission 6–10 mm (C)

SPECT [41,45] X-ray and γ photon emission 0.5–2 mm (P) 99mTc, 111In <pM No limit $$ min
7–15 mm (C) 123I, 125I

IR = infrared; (P) = preclinical; (C) = clinical.
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accumulation. Alternatively, MRI can be used in a “hot-spot” imaging
fashion to investigate nanomaterials' in vivo behavior. This approach re-
lies on the use of compounds containing MR-active nuclei of very low
natural abundance in the body, such as 19F [28]. Nanoparticles can be
loaded with these 19F-based compounds and tracked in vivo. While re-
cent studies have demonstrated the feasibility of this approach
[29,30], 19F-MRI has intrinsic sensitivity limitations that require the ad-
ministration of high doses of the 19F-based compounds, which imposes
high tracer load per nanoparticle and could be toxic in humans.

Similarly, optical molecular imaging techniques, such as near-
infrared fluorescence (NIRF) imaging or fluorescence molecular tomog-
raphy (FMT), can provide valuable information on a nanomaterial's
in vivo behavior, especially because it offers the possibility for multi-
plexing, i.e. the simultaneous acquisition of multiple signals. This can
be achieved by using multiple fluorophores, which are detected in dif-
ferent emission channels, and the obtained information is subsequently
de-multiplexed. Optical imaging also allows the evaluation of nanopar-
ticle dynamics by Förster's resonance energy transfer (FRET) [31],which
can be used to study nanoparticle formation [32] or in vivo stability [33].
Moreover, intravital microscopy enables visualization of nanoparticle
accumulation at the cellular level. The limitations associated with
these techniques result from the emitted light's limited tissue penetra-
tion, fluorophore bleaching and quenching, or tissue absorption,
which make them semi-quantitative at best. In 2D (planar) techniques,
such as fluorescence reflectance imaging, the signal is surface-weighted
so that fluorophores close to the surface appear brighter than those
deeper inside the tissue. Collectively, these issues make absolute quan-
tification challenging when using optical imaging methods.

Nuclear imaging techniques rely on the detection of gamma photons
emitted by exogenously administered radioactive substances, generally
called radiotracers. Specifically, PET scanners detect coincidence events,
i.e. the two 511 keV photons emitted in opposite directions after
positron-electron annihilation, whereas SPECT images derive from X-
ray and gamma photons associated with nuclear state transitions.
SPECT scanners use collimators to restrict photon incidence angle,
which results in a lower counting efficiency and sensitivity compared
to PET. Although both techniques have no practical tissue penetration
limit, certain attenuation of the signal occurs due to loss of photon de-
tection because of their absorption by the body or their scattering out
of the detector's field of view. Nevertheless, both PET and SPECT are ex-
tremely sensitive, as they allow the detection of sub-pM tracer concen-
trations. Given the low amounts of imaging agent needed, the biological
processes under study are therefore undisturbed. Similar to PET imag-
ing, the latest advances in detector technology and data post-
processing have made truly quantitative SPECT imaging possible [34].
On the downside, both techniques suffer from spatial resolution limita-
tions and a dearth of anatomical reference information. For this reason,
PET and SPECT scanners are typically combined with CT and lately also
MRI in hybrid imaging scanners. The co-registered CT information can
thus be used not only to provide anatomical reference, but also to gen-
erate attenuation correction maps that are critical for accurate quantifi-
cation purposes. These maps can also be generated from MRI-derived
anatomical information albeit through different transformation ap-
proaches since the MRI signal does not directly correlate to tissue den-
sity. For truly quantitative nuclear imaging by PET and SPECT, images
have to be corrected for several issues, most prominently the already
mentioned photon attenuation, but also scattering, dead time, radionu-
clide decay and branching ratio. Additionally, emitted photon energy
has to be considered for SPECT imaging, since too low energy photons
will not efficiently leave the body, whereas too high energy photons
will penetrate through the collimator resulting in signal contamination.

As a result of the high sensitivity of nuclear imaging techniques only
a small amount of radionuclide is required, thereby minimizingmodifi-
cation of the nanotherapeutic platform. However, radiolabeled nano-
particle formulations may still behave differently compared to their
unmodified variants and thus need to be extensively characterized. An-
other exciting feature of SPECT is its ability to discriminate between dif-
ferent isotopes based on their emitted photon energy, which allows
quantitative tracking of multiple isotope-labeled nanomaterials [35].
This can be exploited to derive information on formulation stability
and dynamics [36,37] – by labeling the carrier and the payload with dif-
ferent isotopes– which can have a critical impact on in vivo perfor-
mance. Multi-isotope PET imaging is also feasible, even with standard
scanners that cannot distinguish between radionuclides based on coin-
cidence event detection. Discrimination in this case relies on differences
in half-lives and kinetic assumptions, which yield suboptimal results.
Recent developments, however, have prompted real multiple isotope
detection based on concomitant gammaphotons that accompany radio-
active decay by positron emission [38,39]. Taken together, these fea-
tures place nuclear imaging techniques at the forefront of quantitative
in vivo assessment of nanomedicines' performance and translational
development.

3. Strategies for radiolabeling nanomedicines

Employing nuclear imaging to investigate nanotherapeutics in vivo
requiresmatching radionuclides, nanocarriers, and radiolabeling strate-
gies. Naturally, the radionuclide also needs to be compatible with the
detection method used, with SPECT and PET requiring gamma- and
positron-emitting radionuclides, respectively. Furthermore, efficient
nuclear imaging requires radionuclides with high specific activity (i.e.
the number of decay events per second per quantity of material) and
branching ratio (i.e. the fraction of these events that proceed through
the decay mode required for imaging). Given these criteria, it is no sur-
prise that of the approximately 1800 radionuclides known only a lim-
ited number are routinely used to radiolabel nanotherapeutics and
nanotracers (Table 2). From this overview it also becomes apparent
that only radionuclides with short physical half-lives (roughly 1 h to 1
month) are routinely used. This selection window likely results from a
need to have sufficient time for radiolabeling and monitoring of the bi-
ological processes under scrutiny, while simultaneously minimizing the
patient's exposure to radioactivity.

Besides radionuclides' physical properties and their suitability for
nuclear imaging, the radioisotopes' compatibility with the desired



Table 2
Properties and applications of radionuclides commonly used for labeling nanotherapeutics and nanotracers.

Radionuclide
(half-life)

Decay mode
(branching ratio)

Imaging
modality

Commonly labeled nanocarrier materials Typical radiolabeling
strategies

18F (100 min) β+ (97%) PET Protein [53], carbon [54], metal [55], polymer [56,57], nanocrystal [58,59] Hot-plus-cold
Surface functionalization

64Cu (12.7 h) β+ (18%) PET Metal [60–62], lipid [63,64], DNA [65], polymer [66,67], glucan [68],
silica [69], peptide [70,71], nanocrystal [72,73]

Hot-plus-cold
Physical entrapment
Ion exchange
Surface functionalization
Chelation

68Ga (68 min) β+ (89%) PET Metal [74], nanocrystal [75,76], polymer [77] Hot-plus-cold
Surface functionalization
Chelation

69Ge (39.1 h) β+ (100%) PET SPION [78,79] Surface functionalization
89Zr (3.27 d) β+ (23%) PET Lipid [80–82], nanocrystal [83,84], glucan [85], silica [86,87], polymer [88],

carbon [89]
Surface functionalization
Chelation

99mTc (6.03 h) IT (100%) SPECT Carbon [90], lipid [91], glucan [92], DNA [93], protein [94], metal [91] Physical entrapment
Surface functionalization
Chelation

111In (67.3 h) EC (100%) SPECT lipid, polymer, peptide, metal [95–99], carbon [100] Hot-plus-cold
Surface functionalization
Chelation

124I (4.18 d) β+ (23%) PET Metal [101], polymer [102], lipid [103], silica [104] Physical entrapment
Surface functionalization

125I (59.4 d) EC (100%) SPECT Nanocrystal [105], metal [106,107] Physical entrapment
Surface functionalization
Chelation

131I (8.02 d) β− (100%) SPECT Protein [108], polymers [109,110], carbon [111], metal [112] Hot-plus-cold
Ion exchange
Surface functionalization

153Sm (46.3 h) β− (100%) SPECT Nanocrystal [113–115] Hot-plus-cold
177Lu (6.73 d) β− (100%) SPECT Metal [116–118], polymer [119] Surface functionalization

Chelation
186Re (3.72 d) β− (93.1%) SPECT Liposomes [120–122] Physical entrapment
188Re (17.0 h) β− (100%) SPECT Liposomes [123–125] Physical entrapment
198Au (27.0 d) β− (100%) SPECT Metal [35,126–128] Hot-plus-cold

Particle beam transmutation
225Ac (10.0 d) α (100%) SPECT Lipid [129,130], polymers [131,132], carbon [89], nanocrystal [133] Hot-plus-cold

Physical entrapment
Chelation

IT = isomeric transition, EC = electron capture, SPION= superparamagnetic iron oxide nanoparticle. The references mentioned serve as examples and are by no means exhaustive.
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nanocarrier and radiolabeling strategy is also important; with cost, scal-
ability, radiochemical yield and purity, and the reaction's duration key
factors to consider. Generally, procedures where the radionuclides are
introduced post nanoparticle formulation are desirable, since alterna-
tive methods (e.g., hot-plus-cold precursors or physical entrapment,
see below) potentially expose the worker to radiation throughout the
entire formulation process. Lastly, nanocarriers' retention of recoiling
daughter radionuclides is desirable and especially relevant to the rela-
tively heavy α-emitters used for radionanotherapy (e.g., 213Bi consecu-
tively decays into radioactive 213Po and 209Pb which are not necessarily
all retained to the same degree) [46]. The many variations on nanopar-
ticle radiolabeling strategies have been extensively reviewed elsewhere
[24,47–52]. Rather, wewill here provide an overview of the sixmain ap-
proaches used and discuss their scope and limitations based on repre-
sentative examples (Fig. 1).
3.1. Hot-plus-cold precursors

In this approach a radioactive analogue of one or more of the
nanotherapeutic's constituents (e.g., the drug) is created, for example
by chelating the radionuclide [134,135] or by functionalizing it with ra-
dioactive 18F [56,136]. Subsequently, these building blocks are used to
formulate a radioactive version of the nanocarrier. A very similar proce-
dure relies on doping metal-based nanocarriers by mixing the bulk
metal with a small amount of the radionuclide [137,138]. Creating
nanocarriers using radioactive precursors minimizes altering the
nanoparticles' properties and generally leads to stable formulations.
However, it requires the precursors to withstand the sometimes harsh
conditions associatedwith nanocarrier formulation and can pose health
risks by exposing the worker to radiation during the entire formulation
process. Related, it is often necessary to start with high amounts of ra-
dioactivity, which is needed to compensate for decay during both the
functionalization and formulation process.
3.2. Physical entrapment

Rather than functionalizing the nanocarriers' constituents, it is also
possible to physically entrap radionuclides. An example is the surface la-
beling of liposomes in which the radionuclide is trapped inside the lipid
bilayer without the use of dedicated chelators [24,139]. Such formula-
tions are often unstable in vivo as lipid-radionuclide interactions are
generally weak and the bilayer too fluid to prevent release. In a related
and often superior approach, the radionuclide is incorporated inside
hollow nanocarriers, such as the interior of liposomes or carbon nano-
tubes. This can be achieved by encapsulating the radioisotopes during
formulation, through passive diffusion from the nanocarriers' exte-
rior to their interior, or with the help of ionophores [24,140]. Phys-
ical entrapment of radionuclides is generally a simple methodology
that minimizes the risk of altering the nanocarriers' properties.
However, it is only applicable to a few nanocarrier types and some
variations can be unstable in vivo. Furthermore, in cases where the
encapsulation process is lengthy (e.g., when the radionuclide is



Fig. 1. Schematic overview of the predominant nanocarrier radiolabeling strategies used in nanomedicine and biomedical imaging. A) hot-plus-cold precursors, B) physical entrapment,
C) cation exchange, D) surface functionalization, E) post-formulation chelation, F) particle beam transmutation.
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incorporated during nanoparticle formulation), this procedure can
expose the worker to relatively large amounts of radiation.
3.3. Cation exchange

One way to increase the stability of entrapped radionuclides is by
forming ionic bonds. During cation exchange-mediated radiolabeling,
part of the cations in a nanocrystal's lattice is substituted with a posi-
tively charged radionuclide. Using this approach, Sun et al. replaced
Zn in CdSe/ZnS quantum dots with 64Cu and demonstrated these
nanocarriers' use as PET and self-illuminating Cerenkov imaging agents
[72]. Similarly, NaLuF4:Yb,Gd,Tm nanoparticles have been radiolabeled
with 153Sm in quantitative yields, producing SPECT imaging tracers
displaying upconversion luminescence [73]. To the best of our knowl-
edge these are the only two examples of this approach reported,
which is somewhat surprising as cation exchange using “cold” ions is
widely used [141,142]. Explanations for this discrepancy might lie in
the availability [143] and physicochemical properties of the required
radioisotopes, as well as the relatively limited use of inorganic
nanocrystals in nanomedicine. However, the high in vivo stabilities
and interesting optical properties of nanocrystalsmake them highly rel-
evant for dual-modality imaging applications, warranting further inves-
tigation of this approach [144–147].
3.4. Surface functionalization

Radionuclides can also be bound to a nanoparticle's surface (or po-
rous interior). In its simplest form this is achieved through chemisorp-
tion, in which a covalent bond is formed directly between the
radionuclide and the unfunctionalized nanoparticle's exterior, for ex-
ample by coupling 125I to silver nanoparticles [148]. In a slightly more
complex approach, nanocarriers' surface can be made reactive towards
the bare radionuclide. In thismanner, 123I was coupled to gold nanopar-
ticles' functionalized with tannic acid [101]. Alternatively, the radioiso-
tope can be functionalized to allow its coupling to the nanocarrier. Using
this methodology, 18F-labeled and thiol-containing compounds have
been linked to gold nanoparticles [149], and dextran nanoparticles
radiolabeled using azide-alkyne “click” chemistry [150]. Formulations
made through these procedures are generally highly stable as the radio-
nuclides are covalently bound. In a less-robust butmorewidely applica-
ble variation, the radionuclide is bound to a chelator which is
subsequently coupled to the nanocarriers' surface; representing a mod-
ified version of chelation-based radiolabeling vide infra [116,118,151].
3.5. Post-formulation chelation

Nanocarriers' exterior can also be functionalized with chelators to
bind radionuclides post-formulation. Due to the relatively large size of
most chelators - and their location on the nanocarriers' exterior - this
method is relatively prone to altering a nanocarriers' properties and
leaves the radionuclide vulnerable to interactions with other com-
pounds [64]. However, the many types of chelators, their ability to che-
late a large variety of radionuclides, and the ease with which chelators
can be coupled to virtually all types of nanocarriers make this
radiolabeling approach one of the most widely used (Table 1). The
wide use of chelator-based radiolabeling warrants a more detailed de-
scription, which we will provide based on our own experience in
radiolabeling lipid nanocarriers with 89Zr, used for PET imaging
(Fig. 2). In this procedure, a phospholipid's headgroup is functionalized
with a chelator (deferoxamine, DFO) andmixedwith bulk lipid at a con-
centration of 0.5–1.0 wt%. This mixture is subsequently formulated into
the desired nanocarrier (e.g., liposomes [80], lipid decorated quantum
dots [152] or reconstituted high-density lipoprotein [81,153]). In paral-
lel, 89Y is bombarded with protons to yield 89Zr, which is dissolved in
aqueous oxalic acid and later neutralized with Na2CO3 to a pH between
6.8 and 7.5. Subsequently, the aqueous nanocarrier suspension is mixed
with the 89Zr solution and incubated at 37 °C for approximately 1 h. Af-
terwards, unbound 89Zr is removed using a desalting column or centrif-
ugal filtration to yield radiolabeled nanocarriers. Before administration,
radio-TLC or radio-size-exclusion chromatography is used to determine
radiochemical purity, which is typically above >95%. Radiochemical
yields are usually well above 90%.

3.6. Particle beam transmutation

Yet anotherway to radiolabel nanoparticles is through particle beam
transmutation [154–158]. In this relatively new but promising ap-
proach, nanocarriers are formulated containing stable precursors of
the desired radionuclide and subsequently irradiated with neutrons or
protons to transmutate these isotopes, e.g., by converting stable 165Ho
into radioactive 166Ηο [154]. This approach minimizes the presence of
unbound radionuclides and thereby eliminates the need for post-
radiolabeling purification steps, which could be particularly useful
when using short-lived radionuclides [156]. However, most organic
compounds are unstable under the required conditions, thereby
restricting this method's applicability to inorganic nanocarriers. Fur-
thermore, widespread clinical use of this radiolabeling approach will
likely be hindered by the limited availability of particle beams.



Fig. 2. Schematic of a typical lipid nanoparticle radiolabeling procedure relying on post-formulation chelation of radionuclides. A chelator-functionalized lipid is formulated in the
nanocarrier and subsequently mixed with the radionuclide at an optimal pH. After incubation, unbound radionuclide is removed, typically by dialysis, column chromatography, or
filtration, and the radiochemical purity of the product assessed using radio-thin-layer chromatography or radio-size-exclusion chromatography.
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4. Nuclear imaging in basic nanomedicine research

Preclinically, nuclear imaging techniques can aid in elucidating
nanomedicines' in vivo behavior in small and large animal models by
providing quantitative data on pharmacokinetic parameters, biodistri-
bution, targeting and drug delivery [159] (Fig. 3A). Importantly, these
techniques offer the possibility to do this longitudinally in the same sub-
ject. The circulation time and tissue accumulation of nanomedicines
are, in general, directly related to their therapeutic effect. Therefore,
the ability to quantitatively determinenanomedicines' pharmacokinetic
parameters and biodistribution is key for efficient development and
translation. In this section, we discuss relevant literature on the use of
nuclear imaging for early nanomedicine development and optimization.
Whilemost studies generalize the labeled nanocarrier's signal to its pay-
load,we also focus on studies that evaluate the cargo's behavior through
radiolabeling of the payload itself.

4.1. Biodistribution and pharmacokinetics

The ability to non-invasively derive truly quantitative information
using nuclear imaging techniques has been extensively exploited to as-
sess critical nanomedicine in vivo performance parameters such as
biodistribution and pharmacokinetics. Due to theirmodularity, stability,
ease of production and in vivo performance, liposomes are the most
widely used nanocarrier platform for drug delivery purposes. Indeed,
almost 50% of clinically approved nanomedicines are liposomal formu-
lations [13]. This is also reflected in the number of preclinical studies
that report the use of PET and SPECT to characterize or study the behav-
ior of liposomes in vivo [24]. We and others have developed liposome
radiolabeling strategies that enable in vivo visualization of these nano-
particles by PET and SPECT. Using a surface chelation approach with a
chelator-modified phospholipid (Fig. 2), we developed a high-yielding
89Zr radiolabeling method for liposomes [160]. This modular approach
was used to longitudinally monitor the liposomes' biodistribution and
tumor accumulation over a period of 5 days in tumor-bearing mice. Li-
posomes have also been efficiently labeledwith iodine-124 (124I) by re-
mote loading [103] (Fig. 3B). The biodistribution of such radiolabeled
liposomes, as assessed by PET imaging, differed significantly from that
typically observed for similar long-circulating liposomes, which likely
reflects the non-residualizing properties of 124I.

Nanotherapeutic modulation of the immune system, i.e. nano-
immunotherapy, has becomeapromisingfieldwithin nanomedicine re-
search. Some nanoparticle platforms, such as high-density lipoprotein
(HDL), can selectively interact with certain immune cell populations to
trigger a specific response [161]. In the last decade, we have pioneered
the use of HDL nanobiologics to treat atherosclerosis in several animal
models through macrophage-targeted drug delivery [153,162,163].
More recently, we have expanded their use to other disease contexts
like organ transplantation [164] and cancer. As an integral part of the
nanobiologics' development, we implemented 89Zr labeling approaches
to track the different components of the nanoparticle formulation, i.e.
the protein component (apolipoprotein A1, apoA-I) or the cargo (phos-
pholipids, hydrophobic payload) [165–167].

With the 2018 FDA-approval of Onpattro® (patisiran), an siRNA-
containing lipid nanoformulation for treatment of hepatic amyloid-
osis [6,7], the field of RNA nanotherapeutics (and nanomedicine in
general) received a tremendous boost. In this area of nanomedicine
research, nuclear imaging has also been used at early stages of devel-
opment, most typically to assess the biodistribution of radiolabeled
RNA loads [168,169]. For example, Bartlett et al. used PET and biolu-
minescence imaging to quantify the in vivo biodistribution and ther-
apeutic activity of cyclodextrin-siRNA nanoparticles [168]. They
conjugated DOTA to the 5′ end of siRNA followed by complexation
of 64Cu. PET imaging showed that 64Cu-DOTA-siRNA displayed a
rapid hepatic and urinary clearance, with biphasic blood clearance
kinetics. The biodistribution of the 64Cu-DOTA-siRNA packaged into
transferrin-targeted nanoparticles was similar to that of naked
64Cu-DOTA-siRNA with only a slight time delay. Similarly, Hatanaka
et al. developed an 18F labeling method for siRNA and evaluated the
biodistribution and pharmacokinetics of naked 18F-labeled siRNA
versus cationic liposome/18F-labeled siRNA complexes using PET im-
aging [170]. The authors found that the former was rapidly cleared
from blood through renal excretion, whereas the latter accumulated
predominantly in the lungs.



Fig. 3. Nuclear imaging in basic nanomedicine research. A) PET and SPECT have been extensively used in early nanomedicine development. The radiolabeled formulation under study is
administered to relevant small animal disease models and noninvasively monitored using nuclear imaging to afford quantitative information on its in vivo behavior. Importantly, the
imaging data thus obtained can be validated by ex vivo radioactivity counting and autoradiographic analysis. B) The pharmacokinetics and biodistribution of 124I-labeled liposomes
were monitored longitudinally over 3 days by PET imaging. Reprinted with permission from Engudar et al. [103]. Copyright 2018 Ivyspring International Publisher. C) This kind of
in vivo data can be integrated in screening procedures to select optimal formulation features. Three pegylated porphyrin nanocomplexes of different sizes were radiolabeled with 64Cu
and their biodistribution was monitored longitudinally over 24 h using PET. The quantitative information derived from these imaging experiments revealed that the 10 nm
nanoparticle had the best pharmacokinetic profile and highest tumor accumulation and was therefore selected for further evaluation. Reprinted with permission from Yu et al. [119].
Copyright 2018 Wiley-VCH. D) The effect of targeting ligands on doxorubicin-loaded iron oxide nanoparticles was studied by PET imaging. Thus, tumor uptake of 64Cu-labeled, cRGD-
decorated nanoparticles was higher than for the non-targeted analogs. Reprinted with permission from Yang et al. [174]. Copyright 2011 Elsevier. E) A nanotherapeutic's delivered
dose in tumors can be determined using a PET nanoreporter approach. Using 89Zr-labeled liposomes as companion imaging for Doxil, we were able to derive the intratumoral
doxorubicin delivered dose from the quantified 89Zr PET signal. Pérez-Medina et al. [80]. Copyright 2016 Springer Nature.
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Importantly, this type of information can be used in imaging-guided
screening studies to identify optimal formulation features. Thus, using
the abovementioned 89Zr labeling strategies, we have screened promis-
ing candidates in an anti-atherosclerosis nanomedicine library by PET
imaging [145]. Following a similar approach, Koziolová et al. used PET
imaging of 89Zr-labeled N-(2-hydroxypropyl)methacrylamide (HPMA)
nanoparticles to study the influence of polymer length and dispersity
on their in vivo behavior [171]. In three recent studies, imaging-based
analyseswere implemented to understand the influence of composition
and morphology on in vivo behavior. In the first one, Indium-111 was
used to label polystyrene-b-poly(ethylene oxide) micelles of different
morphologies and study by SPECT how the morphological differences
impacted the micelles' in vivo behavior [172]. In the second study, anti-
oxidant ceriumoxide nanoparticleswere prepared by a co-precipitation
method in the presence of zirconium chloride [89Zr]. The radioisotope
was physically entrapped in the nanoparticle core, and this enabled
PET imaging evaluation of differently coated formulations [173]. Finally,
PET imaging was used to screen differently sized porphyrin-PEG
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nanocomplexes for optimal tumor accumulation. The nanocomplexes
were labeled with 64Cu and their biodistribution was monitored longi-
tudinally over a 24-h period. Based on quantitative PET imaging data,
the authors identified a 10-nm nanocomplex as the optimal
nanoplatform for therapeutic purposes [119] (Fig. 3C).

4.2. Targeting efficiency

Nuclear imaging has also been used to quantify how much
nanomaterial reaches the target tissue. Andresen et al. radiolabeled li-
posomes with 64Cu by remote loading and used the radioactive nano-
particles to quantify their accumulation in tumors, as well as to
investigate their biodistribution and pharmacokinetics, by PET imaging
[175]. These liposomes can be used as surrogate imaging companions to
quantify tumor accumulation of radiotherapeutic lutethium-177
(177Lu)-loaded liposomes [176] (see also Section 4.3). Similarly, PET im-
aging has been used to quantify tumor uptake of mannose-coated lipo-
somes radiolabeled with 64Cu. Mannose coating was introduced to
target tumor-associated macrophages, which was confirmed ex vivo
by fluorescence microscopy using a fluorophore-labeled version of the
liposomes [177].

Polymeric nanoparticles are gaining traction, both in preclinical de-
velopment and in translational settings. Polymeric micelles can entrap
small molecule drugs and act as carriers to tumors by passive accumu-
lation. Researchers have frequently relied on nuclear imaging methods
to evaluate polymeric nanoparticles' in vivo performance, either by la-
beling the polymeric matrix or the therapeutic payload. In a recent
study, Zhang et al. developed a polymeric nanoparticle loaded with a
porphyrin-containing drug that could be labeled with 64Cu. Drug deliv-
erywasquantitativelymonitored by PET in amouse cancermodel [178].
Porphyrin-polymer nanoparticles have also been proposed for photody-
namic therapy (PDT). Asmentioned above, porphyrin forms stable com-
plexes with 64Cu, which was exploited by Li et al. to build a multimodal
imaging and therapeutic platformenablingmonitored treatment of can-
cer [179]. Luo et al. used the same approach to non-invasively probe the
biodistribution and tumor targeting of a doxorubicin-loaded poly(vinyl
alcohol)-porphyrin nanoparticle by PET imaging at different time points
after systemic administration in amousemodel of ovarian cancer [180].

The influence of targeting ligands on nanomedicines' in vivo behav-
ior has been quantitatively evaluated by PET and SPECT. For instance,
Andresen et al. evaluated the effect of coupling targeting ligands
(octreotate) to 64Cu-labeled liposomes on their pharmacokinetics and
biodistribution by PET imaging. The presence of octreotate led to faster
blood clearance and slightly lower neuroendocrine tumor accumulation
compared to non-targeted liposomes [181]. In a similar fashion, nuclear
imaging has been used to understand the behavior of inorganic nano-
particles applied for therapeutic payload delivery. PEGylated iron
oxide nanoparticles, modified to carry doxorubicin and decorated with
cyclo(Arg-Gly-Asp-D-Phe-Cys) (cRGDfC) for targeted delivery, were
radiolabeledwith 64Cu to study the nanoparticles' in vivo fate by PET im-
aging [174] (Fig. 3D). The presence of targeting ligands resulted in in-
creased tumor accumulation, as derived from the PET images. A
similar result was obtained in a study using SPECT imaging to track in-
travenously administered 111In-labeled sorafenib-loaded porous silicon
nanoparticles decorated with an iRGD peptide [182].

In the literature, the theranostic approach, i.e. the combination of
therapeutic and diagnostic payloads within the same nanocarrier,
seems to be prevalent, but has little translational potential. This ap-
proach entails a good manufacturing practice (GMP) production for
each individual theranostic companion imaging nanoparticle, and its re-
spective approval for clinical use. Therefore, we introduced a novel con-
cept whereby a non-therapeutic imaging nanoparticle, termed
“nanoreporter”, is co-injected along with a nanotherapeutic to provide
quantitative information on the delivered dose in tumors [80]
(Fig. 3E). Consequently, this does not require any chemical modification
of the clinical-grade nanotherapeutic, which elevates the translational
potential of the approach. Specifically, we co-injected empty 89Zr-
labeled liposomes and commercially available liposomal doxorubicin
(Doxil®) in tumor-bearing mice and found that the PET imaging-
derived quantitative information was predictive of therapy response,
which indicates that this strategy could be used to identify patients
amenable for nanotherapy. Moreover, we used the 89Zr-liposome
nanoreporter with other relevant nanoplatforms, such as PLGA nanopar-
ticles and a nanoemulsion, and found an excellent correlation between
the nanoreporter's' PET signal and the delivered nanotherapeutic dose.
These findings imply that only a single nanoreporter would need to be
approved for monitoring a wide range of nanomedicines. Interestingly,
using 64Cu-loaded liposomes, Lee et al. corroborated the nanoreporter
approach and validated the predictive value of radiolabeled liposomeup-
take on treatment response [183].

While in general solid tumors are the targeted sites for nanome-
dicines, a growing number of studies report nuclear imaging-based
assessment of targeting in other disease contexts. In a heart transplanta-
tion model, we were able to visualize 89Zr-labeled, rapamycin-loaded
HDL accumulation in the grafted tissue by PET imaging, indicative of
incipient inflammation and efficient drug delivery to the targeted site.
Importantly, we also derived quantitative evidence from the PET images
of nanobiologic uptake in the bone marrow, which was critical for the
tolerance effect observed [164]. Finally, a vaccine consisting of iron
oxide nanoparticles carrying an antigen (ovalbumin) and a Toll-like re-
ceptor 9 agonist (CpG) was radiolabeled with 67Ga, and SPECT imaging
was used to demonstrate migration of the nanomaterial from the injec-
tion site to regional and nonregional lymph nodes [184].

4.3. Dosimetry

There are numerous studies reporting nanoplatforms as isotope car-
riers for radiotherapeutic purposes. These approaches typically rely on
the enhanced accumulation of nanoparticles in tumors due to the EPR
effect. In addition to pharmacokinetic and biodistribution data, these
studies afford crucial information on dosimetry that can be used to ad-
just the administered dose for optimal response. Conveniently, the radi-
ation of radiotherapeutic isotopes is typically accompanied by emission
of gamma photons that can be detected by SPECT. For example, Ting
et al. have exploited this feature using 188Re-labeled liposomes for ra-
diotherapy and detecting the concomitant 155-keV gamma photons to
assess biodistribution and absorbed dose by SPECT [123–125]. Con-
versely, liposomes loaded with the β-emitter 177Lu were used in a
human xenograft mouse model and the authors used surrogate 64Cu-
loaded liposomes to extract in vivo information by PET imaging, includ-
ing dosimetric data and tumor absorbed dose [176]. A similar surrogate
PET imaging strategy was used to monitor a radiolabeled porphyrin-
PEG nanoparticle formulation that was developed for dual photody-
namic therapy and radiotherapy [119].

These imaging-based approaches have also been tested for other
polymeric and inorganic nanoplatforms. For example, HPMA micelles
have been labeled with 177Lu [185] and 90Y [186], using SPECT imaging
in both studies to assess biodistribution. In the former study, the
radiotherapeutic 177Lu-labeled nanoparticle was used, whereas in the
latter, a surrogate 111In-labeled version of the nanomaterial had to be
employed due to the absence of amenable gamma photons for SPECT
imaging in 90Y decay. In a similar fashion, SPECT has been employed
for quantitative imaging-guided radiotherapy using iodine-131 (131I)-
labeled poly(cyclotriphosphazene-co-polyethylenimine) nanospheres
[187] and poly(amidoamine) dendrimers [188] in murine cancer
models. Radiolabeled gold nanoparticles, on the other hand, have been
developed into nanoseeds for brachytherapy. Two recent studies re-
ported the successful implementation of palladium-103 (103Pd)- [189]
and 177Lu-labeled [117] gold nanoparticles for the treatment of solid tu-
mors inmice. SPECT/CT imagingwas used in both cases to longitudinally
and quantitatively assess radioactivity retention after intratumoral im-
plantation of the nanoseeds.
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4.4. Nanoformulation integrity

Nanomedicines are mostly multicomponent materials consisting
of a nanocarrier and a payload in the simplest scenario. The resulting
nanomaterial is generally held together by non-covalent interac-
tions, and therefore the construct's in vivo stability is of paramount
importance for optimal performance. In this case, PET and SPECT im-
aging approaches have been tested to assess nanoformulations' in-
tegrity in vivo. This can be done sequentially, by radiolabeling
different components of the same nanomaterial with the same iso-
tope and evaluating their respective biodistribution in separate im-
aging experiments, or by radiolabeling the components with
different isotopes for simultaneous imaging. We applied the former
strategy to investigate the in vivo behavior of HDL nanoparticles by
radiolabeling either its phospholipid load or its protein component
(apolipoprotein 1, apoA-I) with 89Zr [165]. Using PET imaging, we
observed a significantly faster blood radioactivity clearance for
phospholipid-labeled HDL compared to apoA-I-labeled HDL, which
likely reflects in vivo phospholipid exchange with other lipoproteins
and cell membranes and apoA-I's low cell internalization and
catabolism.

A multi-isotope imaging approach can already be performed using
SPECT scanners that can discriminate different gamma energy emis-
sions, although multi-isotope PET imaging is also in development [39].
By way of example, following a dual-labeling approach Llop et al. used
SPECT imaging to quantitatively assess the degradation of an albumin-
stabilized PLGA nanoparticle in vivo. To this end, the polymer core was
labeled with 111In (γ energy: 173 and 247 keV), whereas the albumin
coating was tagged with iodine-125 (125I, γ energy: 35 keV). Imaging
revealed a different tissue distribution for the two labels, suggesting a
different fate for core and coating although deiodination could be a con-
founding factor [37]. A dual-isotope approach was also developed by
Lamichhane et al. [190], who used 111In-DTPA-liposomes encapsulating
a 18F-labeled carboplatin derivative. Analysis of the 111In signal by
SPECT and 18F by PET using amultimodal pre-clinical PET/SPECT/CT sys-
tem showed similar liver and spleen accumulation, indicating the stable
integration of both.

Importantly, in addition to the valuable information obtained nonin-
vasively by PET or SPECT, the use of nanoparticles labeled with gamma
emitters also allows quantitative corroboration of the imaging results by
highly sensitive ex vivo gamma counting. Most of the studies summa-
rized in this section include this type of validation, showing tissue radio-
activity distribution data that are in agreement with the imaging
findings. Moreover, at this stage of development nanoparticles are fre-
quently engineered to carry a fluorophore for complementary optical
imaging. This dual-labeling approach covers the whole “resolution”
range, as it allows quantitative evaluation of pharmacokinetics and
biodistribution based on the radioactive tag at a whole-body level, and
semiquantitative assessment of targeting at a tissue/cellular level by
optical methods such as microscopy or fluorescence-activated cell
sorting [167].

5. Nuclear imaging in translational nanomedicine research

In contrast to preclinical studies in mice, ex vivo radioactivity
quantification in blood and tissues is challenging or unfeasible in
larger animal models and patients. Therefore, translational and
clinical studies depend on non-invasive imaging methods to
provide relevant information on nanoparticle stability, tissue
accumulation and therapy outcome in vivo [191]. Nuclear imaging
is particularly suited for these applications, especially when
combined with other modalities. For example, hybrid PET/MRI
systems enable the visualization and quantification of radiotracers
by PET in the detailed soft-tissue context generated by MRI
[192–194]. In this section, we discuss how implementing these
imaging approaches can benefit nanomedicine translation from
small to larger animals. In addition, we highlight how nuclear
imaging can be used to stratify patients and thereby improve
nanomedicines' clinical evaluation.

5.1. Nanomedicine translation from small to large animal models

Nanomedicine development relies heavily on preclinical murine
disease models with poor predictive value regarding therapeutic effi-
cacy in larger animal models and humans. This explains, at least in
part, why only a relatively low number of nanotherapeutics has re-
ceived clinical approval. Particularly for cancer nanomedicine, murine
orthotopic tumor models are the most common and, at the same time,
the most criticized models due to their poor predictive value [20,195].
In addition to differences in pathophysiology, mouse hemodynamics,
metabolic activity and immune responses are not exactly the same
as in humans while these features critically influence nanomedicines'
in vivo performance. Results from mouse studies certainly gain trans-
lational relevance if they can be replicated in larger animal models
with (patho)physiological features more closely related to humans.
In this setting, quantitative nuclear imaging approaches can aid
nanomedicine translation by providing valuable in vivo information
on: i) biodistribution and pharmacokinetic parameters over time in
the same subject; ii) delivered doses to the target site for homogeniz-
ing patient cohorts; iii) treatment response assessed longitudinally. Si-
multaneously, implementing these approaches reduces the number of
animals involved, which is necessary for ethical, logistical and eco-
nomic reasons. Moreover, imaging studies involving large animals
are also translationally relevant because they use clinical scanners
and the implemented protocols can be readily adapted to humans.
By doing so, studies in large animals also stimulate the transition
from small-scale to medium- or large-scale nanotherapeutic produc-
tion, which is essential for clinical translation and often overlooked
during nanomedicine development [196].

For the evaluation of cancer nanomedicines, a noteworthy ex-
ample of a preclinical model that resembles human pathophysiol-
ogy and therefore offers predictive value involves dogs with
spontaneous tumors (Fig. 4A). For example, Andresen et al. formu-
lated 64Cu-radiolabeled liposomes by remote loading and demon-
strated the value of PET imaging in assessing tumor permeability
heterogeneity in canine patients. The authors provided in vivo im-
aging evidence of EPR-based tumor accumulation in these animals,
but importantly, also demonstrated that the effect differs vastly be-
tween solid tumors [175]. The same group also investigated the ac-
celerated blood clearance effect in dogs [197]. This phenomenon is
observed after repeated infusions of PEGylated materials, which
leads to increased blood clearance rate due to the formation of
anti-PEG antibodies [198]. The authors measured significantly
shorter circulation half-lives for 64Cu-labeled PEGylated liposomes
in subsequent injections using PET, which could be partially
prevented by increasing the first infusion's lipid dose or by admin-
istering a small pre-dose prior to the second injection [197]. These
results not only have clear therapeutic implications, but also need
to be taken into account for the implementation of theranostic ap-
proaches and patient selection strategies.

Nanomedicines have also been developed for anti-inflammatory
treatment of atherosclerosis [199]. In this setting, quantitative
imaging-based screening procedures would be tremendously valu-
able to homogenize patient populations and identify likely re-
sponders. To that end, we developed a highly translational PET/MR
imaging protocol to quantify the uptake of liposomes in the arterial
wall of rabbits [200]. Specifically, 89Zr labeling allowed us to quantify
liposomal uptake by PET, whereas MRI's excellent soft-tissue con-
trast and spatial resolution provided vessel wall anatomical refer-
ence. Images showed a patchy distribution of radioactivity along
the aorta of rabbits with atherosclerosis, which was corroborated
by ex vivo autoradiography. Importantly, gamma counting of aortic
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samples confirmed the imaging results, indicating that liposomal up-
take in the vessel wall can be accurately quantified using PET
imaging.

This imaging approach was also used in a recent study, where we
demonstrated the scale-up of simvastatin-loaded HDL (S-HDL), and
its evaluation in murine rabbit and porcine atherosclerosis models
(Fig. 4B) [153]. In this study, we integrated PET imaging at two trans-
lational stages. First, we used PET/CT to evaluate the biodistribution
and pharmacokinetics of 89Zr-labeled S-HDL. Its plaque targeting
ability was assessed by PET/MRI, which allows a clear delineation
of the vessel wall. Radioactivity distribution was very similar in the
murine, rabbit and porcine atherosclerosis models, indicating a sim-
ilar in vivo performance. Second, we implemented a multiparametric
PET/MR imaging protocol to longitudinally evaluate treatment re-
sponse in rabbits and pigs. Specifically, we used two PET radio-
tracers, namely 18F-labeled 2-deoxy-2-fluoro-D-glucose (18F-FDG)
and 3′-deoxy-3′-fluorothymidine (18F-FLT), to quantitatively assess
vessel wall inflammation and cellular proliferation, respectively, in addi-
tion toMRI-based vesselwall thickness and permeabilitymeasurements.
This approach allowed us to derive quantitative information on four im-
aging markers of atherosclerosis progression. In doing so, we could per-
form these experiments using the relatively few large animals that could
reasonably be included. We found consistent anti-inflammatory efficacy
of simvastatin-HDL in all three animal models of atherosclerosis,
supporting the translatability of the approach and its potential to treat
atherosclerosis [153].

In another study focused on atherosclerosis treatment, we re-
ported the development of an immunomodulating TNF receptor-
associated factor 6 inhibitor-loaded HDL (TRAF6i-HDL) nanobiologic
and its evaluation in multiple species [81]. After comprehensive
evaluation in atherosclerotic Apoe−/− mice, we performed extensive
toxicity and biodistribution studies in non-human primates. Using
89Zr-labeled TRAF6i-HDL, we longitudinally imaged radioactivity
distribution by PET/MRI, first dynamically over the 60 min after in-
travenous administration, then statically at 24, 48 and 72 h. We ob-
served rapid accumulation in the liver, spleen and kidneys,
followed by a significant uptake in the bone marrow. At 24, 48 and
72 h, radioactivity was found mostly in the liver and spleen. These
in vivo data were corroborated by ex vivo gamma counting of tissue
samples. Interestingly, the overall organ distribution of 89Zr-
TRAF6i-HDL was similar in mice and non-human primates. In a sim-
ilar fashion, we performed translational PET/MR imaging of a
hyaluronan nanotherapeutic in rabbits with atherosclerosis to deter-
mine the nanoparticles' biodistribution, pharmacokinetics and
plaque targeting efficiency for 24 h. We were able to visualize and
quantify blood clearance and tissue distribution through dynamic
PET imaging over the first 60 min after administration and measured
high plaque-to-muscle ratios indicative of specific accumulation in
these lesions [201].
Fig. 4. Nuclear imaging enables the evaluation of nanomedicines in larger animal models. A)
imaging can be used to determine pharmacokinetic parameters and biodistribution of 64Cu-r
tumor uptake of liposomes 24 h after systemic administration in a canine patient with adeno
Bottom middle. Liposome tumor-to-reference tissue activity ratios. Tumor mean to blood
administration in 10 canine patients with spontaneous tumor demonstrating enhanced perm
fromHansen et al. [175]. Copyright 2015 American Chemical Society. Bottom right. Repeated 64C
patients. Tumor %ID/kgmean activity at 24 h from2PET/CT scans forfivedogs. Reprinted (adapt
B) Small and large animal models to evaluate a nanoimmunotherapy for atherosclerosis. Top. PE
and therapeutic effect of a simvastatin-loaded high-density lipoprotein (S-HDL) nanotherapeut
take values (SUVs) in one rabbit (top) and one pig (bottom), 48 h after injection of [89Zr]-S-HD
spectively. Regional distribution of S-HDL in atherosclerotic samples from rabbits (left) and
fluorescence (NIRF; DiD-S-HDL) 48 h after injection. Bottom left. Proportion of scans that affor
or S-HDL and pooled representation of the variation in the four independent imaging parame
or decreased imagingmarker values in pigs treated with PBS (placebo) or S-HDL and pooled re
at median, right). Reprinted (adapted) with permission from Binderup et al. [153]. Copyright 2
5.2. Clinical nanomedicine studies

While (nuclear) imaging is firmly embedded in preclinical
nanomedicine research, its role in clinical studies is much less pro-
nounced (reviewed by Man et al. [191]). This is remarkable, given the
fact that nuclear imaging is non-invasive and can provide quantitative
information predictive of nanomedicines' therapeutic efficacy. Particu-
larly in the oncology field, where clinical evaluation of novel targeted
therapies is commonly supported by biomarker quantification and com-
panion diagnostics, it is surprising this is not as yet standard practice for
cancer nanomedicine implementation. Most nanomedicines are being
developed for treatment of solid tumors and, as such, rely heavily on
the EPR effect for therapeutic efficacy. Although it is clear that the EPR
effect is much more pronounced in preclinical xenograft tumor models
[202], it has been convincingly demonstrated in human cancer patients,
albeit with high inter- and intra-patient and tumor variability. There-
fore, in addition to tissue and liquid biomarkers, many efforts are cur-
rently directed at the development of non-invasive imaging methods
to probe the EPR profile in individual patients (Fig. 5) [1]. Ultimately,
these strategies can be implemented in the cancer staging/diagnostic
routine or therapeutic regimen and will aid patient selection and ther-
apy outcome prediction.

Pioneering studies used 111In- or 99mTc-radiolabeling to deter-
mine the safety and ability of empty liposomes to detect tumors, ob-
serving the EPR effect in humans for the first time [191,203–205].
Later on, others provided valuable insights into the in vivo behavior
of PEGylated ‘stealth’ liposomes. The scintigraphy images published
by Harrington and colleagues remain one of the most impressive
representations of the EPR effect in human tumors [206,207]. The
first clinical studies involving imaging of 99mTc-radiolabeled lipo-
somes containing a therapeutic payload were conducted by
Koukourakis et al. [208,209]. Nuclear imaging has been also used to
demonstrate the EPR effect enhancement by local hyperthermia by
Kleiter et al. [210]. Scintigraphy and SPECT measurements showed
an increased 99mTc accumulation in heated tumors which correlated
well with HPLC measurements of intratumoural doxorubicin.
More recently, theranostic approaches have used other radiolabels
(e.g., 64Cu) to evaluate the relation between the EPR effect and
nanomedicines' therapeutic efficacy in patients. The most compel-
ling recent example of a clinical study using this approach has been
reported by Lee et al. fromMerrimack Pharmaceuticals [211]. During
a phase I dose-escalation study to determine the safety of HER2-
targeted liposomal doxorubicin (MM-302) in patients with HER2-
positive metastatic breast cancer [212], the EPR effect was assessed
by PET/CT following systemic administration of 64Cu-labeled
MM-302. The authors reported highly variable levels (35-fold) of
MM-302 tumor accumulation (0.52–18.5%ID/kg). Importantly, ret-
rospective analysis revealed the relation between a high MM-302
tumor deposition, and more favorable treatment outcomes (Fig. 5).
Canine patients with spontaneous tumors to assess cancer nanomedicines. Top. PET/CT
adiolabeled liposomes following intravenous administration. Bottom left. Heterogeneous
carcinoma (top) and soft tissue sarcoma (bottom). Tumors are delineated by white lines.
mean (Tmean / Bmean) activity ratios on 1-h and 24-h PET scans following systemic
eability and retention (EPR) effect heterogeneity. Reprinted (adapted) with permission
u-liposome PET/CT scans induce accelerated blood clearance (ABC) effect in canine cancer
ed)with permission fromBørresen et al. [197]. Copyright 2018AmericanChemical Society.
T/CT and PET/MRI can be used to determine pharmacokinetic parameters, biodistribution
ic.Middle. PET/MRI assessment of plaque targeting and quantification of standardized up-
L, in the low and high uptake regions shown in the red- and yellow-bordered squares, re-
pigs (right), as determined by autoradiography (AR; [89Zr]-S-HDL) and near-infrared
ded increased or decreased imaging marker values in rabbits treated with PBS (placebo)
ters (line is situated at median). Bottom right. Proportion of scans that afforded increased
presentation of the variation in the four independent imaging parameters (line is situated
019 American Association for the Advancement of Science.



Fig. 5. Schematic overview of patient stratification strategies for cancer nanomedicine evaluation. A) The tumor accumulation of companion diagnostic nanoparticles or theranostic
nanomedicines can be determined using quantitative (nuclear) imaging techniques after systemic administration. Based on the percentage of the nanoparticle's injected dose per gram
of tumor tissue (%ID/g), patients can be selected who will most likely benefit from treatment. B) The tumor accumulation (%ID/kg tumor) of 64Cu-labeled liposomes containing
doxorubicin and targeted to HER2 (MM-302) was predictive for their therapeutic efficacy measured by patients' progression free survival (PFS). Reprinted (adapted) with permission
from Lee et al. [211]. Copyright 2017 American Association for Cancer Research.
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Recently, another strategy is receiving considerable attention. As
discussed in Section 4.2, a nanomedicine's tumor accumulation can be
derived from nuclear imaging-based quantification of a non-therapeutic
radiolabeled nanoreporter's signal [80]. These radiolabeled companion
diagnostic nanoparticles provide both spatial and quantitative infor-
mation on nanotherapeutics with similar physicochemical charac-
teristics. While we and others have demonstrated the validity of this
approach in preclinical proof-of-concept studies [80,183], it is readily
translatable to larger animal models or human patients. For example,
Giovinazzo et al. investigated Doxil® biodistribution using companion
99mTc‑sulfur colloid in women with ovarian cancer [213]. The authors
demonstrated a strong correlation between blood levels of 99mTc and
doxorubicin determined by scintigraphy and HPLC, respectively. Subse-
quently, they could estimate doxorubicin levels based on the imaging
signal. They found a positive and significant correlation between
palmar-plantar erythrodysesthesia (hand-foot syndrome) toxicity and
estimated doxorubicin concentration in hands. In a similar fashion,
MRI-based companion diagnostics approaches to guide nanomedicine
development have also been reported. The most compelling study so
far has been reported by Ramanathan et al., who used FDA-approved
30 nm iron oxide nanoparticles (ferumoxytol, Feraheme®) as a com-
panion diagnostic to predict treatment response of liposomal irinotecan
(Onivyde®) in patients with advanced solid tumors [214]. Ferumoxytol
levels were quantified by T2* MRI while irinotecan levels were



Fig. 6. Schematic overview of expected advances in nuclear imaging and radiolabeling that will benefit the clinical translation of nanotherapeutics. These include improved detectors and
total-body PET, continued hybridization with other imaging techniques, artificial intelligence (A.I.)-based data analyses, and the orthogonal (radio)labeling of multiple nanotherapeutic
components.
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determined in patient biopsies. Results showed that higher levels of
ferumoxytol tumor accumulation correlated with greater reductions in
lesion size following Onivyde® treatment. While the advantages of
MRI include its cost-effectiveness, spatial resolution and the lack of ion-
izing radiation, it ismore challenging to accurately quantify signals from
contrast agents. In addition, MRI requires imaging before and after ad-
ministration of the contrast agent, further complicating the analysis.

Finally, Phillips et al. demonstrated the feasibility of integrating
quantitative PET imaging readouts for the assessment of a nanom-
edicine's in vivo behavior in humans [215]. In a pilot clinical trial, the au-
thors radiolabeled a small (6–7 nm) core-shell hybrid silica
nanoparticle with 124I to quantitatively assess biodistribution and phar-
macokinetics in a small group of human subjects over a period of three
days. PET images were used to longitudinally measure clearance kinet-
ics and accumulation in tissues and confirmed renal excretion due to the
nanoparticles' small size. Importantly, the generated information was
also used to derive radiation dosimetry data.

6. Conclusions and perspective

Nuclear imaging's quantitative nature, its practically unlimited
penetration depth and high sensitivity make it exceptionally suited
to non-invasively investigate nanotherapeutics in vivo [24,191,216].
However, these techniques are not devoid of limitations. PET and
SPECT provide no anatomical reference, have only moderate spatial
resolution compared to MRI [217], expose the patient to radiation,
are relatively expensive and present operational challenges (e.g., the
109-min physical half-life of 18F requires a nearby cyclotron for rou-
tine production).

In recent decades, novel scintillator materials and photodetector
designs have led to major increases in sensitivity and timing resolu-
tion [217,218]. Given the favorable properties of current digital sili-
con photomultipliers (e.g., their small size and magnetic
insusceptibility) it is likely that fully digital detectors will become
the norm [217,218]. Apart from improvements in detector design,
the number of detectors per scanner has been steadily increasing.
This has recently resulted in the first total-body PET scanner, with un-
precedented resolution and sensitivity [219]. This development is espe-
cially relevant for nanomedicine translation, where fast total-body
imaging is required to fully capture nanotherapeutics' pharmacokinetics
and biodistribution. Related, enhancements in sensitivity and resolution
will allow extended longitudinal experiments. We therefore expect dy-
namic total-body PET imaging to play a vital role in the future translation
of nanotherapeutics (Fig. 6).

The integration of PET and SPECTwith other imagingmodalities will
likely also continue [220–223]. PET/CT and SPECT/CT have allowed
overlying nuclear imaging (functional) data with anatomical informa-
tion, and combinations of PET with MRI [224] or optical techniques
[225] provide soft-tissue contrast and enhanced resolution. Such hybrid
techniques will greatly benefit assessing nanomedicines' in vivo stability
and tissue-specific uptake, for example by visualizing their accumulation
in atherosclerotic plaques using PET/MRI [30,226]. Besides comple-
menting nuclear imaging data, these hybrid approaches facilitate
improving nuclear imaging's quantitative ability through advanced
data processing (e.g., by using anatomical CT and MRI data to correct
PET images for attenuation [227], or partial volume effects) [228]. Impor-
tantly, these advancements in both stand-alone and hybrid nuclear im-
aging techniques also greatly increase the amount of data produced.
Processing data using artificial intelligence has tremendous potential in
increasing resolution, accelerating image reconstruction, reducing arti-
facts, and identifying tissues of interest [229–232]. Although still barely
investigated, we expect machine learning to also facilitate the simulta-
neous in vivo screening of multiple nanotherapeutic formulations,
thereby greatly accelerating their development [233–236].

Nuclear imaging's relevance to nanotherapeutic translation will also
depend on developments in radiolabeling strategies. Current approaches
often rely on post-formulation chelation of radionuclides, which leaves
the radionuclide on the nanotherapeutics' exterior and thereby suscepti-
ble to interactions with other compounds [24,81,216,237]. More impor-
tant, this strategy provides only minimal insight into nanocarrier
integrity and in vivo drug retention. To obtain such insight – and facilitate
quantitative multimodal imaging – approaches in which multiple
nanotherapeutic constituents are orthogonally (radio)labeled are highly
desirable [238]. This approach's feasibility has already been demon-
strated using dual-radionuclide SPECT imaging [36,37], and similar PET
methodologies are in early stages of development [239,240]. The increas-
ing availability of high-quality preclinical PET/SPECT and PET/SPECT/CT
scanners will further facilitate multi-isotope nuclear imaging [241].
However, employing multiple radiolabels increases patients' exposure
to radiation and concomitant efforts to reduce the required doses are
therefore highly desirable. Furthermore, as introducing multiple (radio)
labels increases the risk of altering nanotherapeutics' properties, this
should ideally proceed through minimally interfering strategies e.g., by
replacing a carbon atom in the drug with radioactive 11C instead of
functionalizing it with a chelator. Although a detailed description of the
factors influencing nanocarriers' in vivo specificity is beyond the scope
of this review, improving tissue selectivity represents another way to
boost nuclear imaging's efficacy (e.g., improved tumor uptake will en-
hance contrast with healthy tissue).

Combined, we expect nanomedicine translation to benefit from
advances in dynamic total-body nuclear imaging, including detector
design and data processing. Although non-nuclear and semi-
quantitative imaging approaches are being developed [242,243],
we foresee that hybrid techniques will become increasingly impor-
tant. Lastly, a continued effort towards multimodal-(radio)labeling
approaches will improve insight into nanotherapeutics' in vivo sta-
bility, guaranteeing nuclear imaging's relevance to nanotherapeutic
translation for years to come [37].
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