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Abstract: Extracellular vesicles (EVs) are naturally secreted vesicles that have attracted a large
amount of interest in nanomedicine in recent years due to their innate biocompatibility, high stability,
low immunogenicity, and important role in cell-to-cell communication during pathological processes.
Their versatile nature holds great potential to improve the treatment of several diseases through their
use as imaging biomarkers, therapeutic agents, and drug-delivery vehicles. However, the clinical
translation of EV-based approaches requires a better understanding of their in vivo behavior.
Several imaging technologies have been used for the non-invasive in vivo tracking of EVs, with a
particular emphasis on nuclear imaging due to its high sensitivity, unlimited penetration depth
and accurate quantification. In this article, we will review the biological function and inherent
characteristics of EVs and provide an overview of molecular imaging modalities used for their
in vivo monitoring, with a special focus on nuclear imaging. The advantages of radionuclide-based
imaging modalities make them a promising tool to validate the use of EVs in the clinical setting, as
they have the potential to characterize in vivo the pharmacokinetics and biological behavior of the
vesicles. Furthermore, we will discuss the current methods available for radiolabeling EVs, such as
covalent binding, encapsulation or intraluminal labeling and membrane radiolabeling, reporting the
advantages and drawbacks of each radiolabeling approach.
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1. Introduction

Extracellular vesicles (EVs) are naturally heterogeneous nano-sized membrane-enclosed vesicles
secreted by nearly all cell types in the body under both physiological and pathological conditions and
can be detected in various body fluids such as blood, urine, milk, saliva, and central nervous system
fluids [1].

Based on their biogenesis, size and membrane composition, EVs can be broadly categorized into
three main groups: exosomes, microvesicles, and apoptotic bodies [2]. Exosomes are small vesicles
of endocytic origin that are 50-150 nm in diameter and are formed from the inward budding of the
limiting endosomal membrane of multivesicular bodies (MVBs) containing intraluminal vesicles (ILVs),
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which are released into the extracellular space upon MVBs fusion with the plasma membrane [3,4].
Microvesicles are heterogeneous with a size ranging from 100 to 1000 nm and are formed through
the outward budding of the plasma membrane. They are released into the surrounding extracellular
milieu by outward budding and fission with the cell membrane [5,6]. Apoptotic bodies are generally
large, with a diameter of 1000–5000 nm and are released during the apoptotic phase of cell death, and
they contain remnants of apoptotic cells (nuclear fractions and cytoplasmic organelles) that can be
delivered to healthy recipient cells [7].

EVs are important mediators of cell-to-cell communication through the transfer and delivery
of functionally active biological molecules, including nucleic acids in the form of DNA and RNAs,
proteins, and lipids into the surrounding tissues or to distant recipient cells, where they can elicit
a biologic response [8–10]. Intercellular communication through EVs seems to be involved in the
regulation of multiple physiological processes and also in the pathogenesis of several diseases, including
cancer, inflammation, and cardiovascular, neurological, and autoimmune pathologies [5]. Indeed,
EVs load unique cargoes reflecting the origin and status of the donor cell, and they could potentially
be used as imaging biomarkers for diagnostic and prognostic applications [11–14]. Beyond this,
EVs travel safely in extracellular fluids and can cross biological barriers and penetrate dense structural
tissues delivering endogenous cargo to target cells with high specificity and efficiency [8]. For these
reasons, EVs became a topic of intense research also as potential vehicles for drug delivery in
anti-tumor therapy, immunomodulation, and regenerative medicine [15]. Compared to organic or
non-organic nanoparticles, EVs possess advantageous features, offering innate biocompatibility,
low immunogenicity, high physicochemical stability, long-distance communication, and an intrinsic
targeting ability to interact with cells via signal transduction and membrane fusion [13,16,17].

Despite the efforts and advances in this field, a major challenge hindering the use of EVs in a
diagnostic or therapeutic context is the limited knowledge regarding their in vivo biological behavior
in real time [18]. Determination of the biodistribution profile and circulation kinetics, along with the
targeting ability to specific cells/tissues, route of uptake, and cargo delivery efficiency to recipient cells,
is a prerequisite for an effective use of EVs in a therapeutic or drug-delivery context in biomedical
applications [18–20].

Non-invasive molecular imaging tools can provide an accurate understanding of the in vivo
behavior of exogenous EVs [21–23]. Among the different modalities available in preclinical research,
nuclear imaging stands out from the others, mostly due to its high sensitivity and safety profile, and its
enormous potential for clinical translation.

Herein, we will provide an overview of the molecular imaging modalities available for the in vivo
tracking of EVs, with a particular focus on nuclear imaging modalities, namely single-photon emission
tomography (SPECT) and positron emission tomography (PET), and the current knowledge regarding
the radiolabeling approaches for EVs.

2. Imaging Modalities for In Vivo Tracking of EVs

Nowadays, several molecular imaging modalities are available for the non-invasive tracking of
exogenous administered EVs in living organisms [24]. These approaches provide valuable insights
on the functionality, viability, and trafficking of these vesicles in real time in a non-perturbed in vivo
environment that are essential for an in-depth understanding of the dynamic interaction of EVs with
their targets at both cellular and molecular levels. Such systems allow the exploitation of biological
functions and mechanisms of EVs and potential applications in basic and translational life sciences in a
broad spectrum of diseases [21,25].

Technically, tracking EVs in living organisms is quite challenging due to their small size, similar
composition to body cells, and rapid dispersion in body fluids [26], and it requires highly sensitive
and reliable techniques and EVs manipulation prior to their subsequent visualization. Moreover,
it is fundamental to assure the membrane integrity and biological activity of EVs after labeling with
exogenous probes [27].
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The most common imaging technologies for in vivo tracking of EVs include optical-based imaging
using fluorescence (FLI) and bioluminescence (BLI), magnetic resonance imaging (MRI), computed
tomography (CT), and nuclear imaging, including SPECT and PET, each with their own advantages
and limitations [21,25,28]. A summary of the main characteristics is listed in Table 1.

Table 1. Characteristics of non-invasive molecular imaging modalities [28–30].

Imaging
Modality Detection Spatial

Resolution
Depth

Penetration
Temporal

Resolution
Sensitivity

(M) Examples

FLI and BLI visible light 2–5 µm 1–2 cm s to min 10−9–10−12 GFP,
Luciferase

MRI radiofrequency 25–100 µm no limit min to h 10−3–10−5 SPION

CT X-rays 50–200 µm no limit min - Gold
nanoparticle

PET pairs of γ-rays
(511 keV) 2–4 mm no limit 10 s to min 10−11–10−12 64Cu-DOTA

SPECT single γ-ray
(140 keV) 4–6 mm no limit min 10−10–10−11 99mTc-HMPAO

BLI: bioluminescence imaging; CT: computed tomography; DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic
acid; FLI: fluorescence imaging; GFP: green fluorescent protein; HMPAO: hexamethylpropyleneamineoxime; MRI:
magnetic resonance imaging; PET: positron emission tomography; SPECT: single-photon emission computed
tomography; SPION: Superparamagnetic iron oxide nanoparticles.

Fluorescence and bioluminescence optical imaging rely on the detection of light within the visible
light spectrum and have the advantage of high-throughput efficiency at low cost [26]. BLI requires
plasmid transfection or the stable transduction of donor cells with reporter luciferases for the generation
of bioluminescent signals, while FLI uses fluorescent protein or organic dyes to emit signals after
excitation with an external source [21,31,32]. Exogenous near-infrared fluorescent (NIRF) dyes such
as cyanine 7 (Cy7) and 1,1′-dioctadecyl-3,3,3′,3′-tetramethylindotricarbocyanine iodide (DIR) have
been widely used as fluorescent imaging probes in living subjects due to their favorable optical
properties (high signal-to-noise ratio, low autofluorescence of biological tissues, and deep tissue
penetration) [25,29]. BLI has the advantage of high sensitivity and low background noise, but
the inherently poor penetration depth and low spatial resolution makes it unsuitable for clinical
translation [33]. The main advantages are the safe and straightforward use of non-ionizing light sources
and their moderate cost-effectiveness.

Superparamagnetic iron oxide nanoparticles (SPION) and ultrasmall superparamagnetic iron
oxide nanoparticles (USPION) are attractive probes for EV labeling and in vivo tracking by MRI
because of their small size and biocompatibility [34,35]. Despite the exquisite spatial and temporal
resolution of MRI, the low sensitivity of detection and the signal dependence on the surrounding
tissues (magnetic relaxation of surround water protons and other nuclei in tissues) is a limiting factor
for detecting the picomolar concentration of EVs that typically accumulated in the tissues [34,36].
CT has also been used to image EVs, but similarly to MRI, it has low sensitivity and requires the
labeling of EVs with inorganic molecules that can accumulate in tissues [37].

Nuclear imaging, encompassing SPECT and PET, is a highly sensitive technique that uses gamma-
or positron-emitting radionuclides as imaging probes and is at the forefront of the molecular imaging
modalities [38]. The main advantages over the other imaging modalities are the high sensitivity,
unlimited penetration depth, and accuracy of quantification, allowing the detection of probes typically
in the pico- to nanomolar ranges [38,39], which make them suitable for the non-invasive tracking of
EVs in living animals. These systems, although initially developed for clinical use, have been scaled
down to provide the high-resolution imaging of small animals, which strengthens the translational
potential of preclinical research in animal models [40].
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SPECT imaging is based on the detection of single-photons emitted by gamma-emitting
radionuclides with energies in the range of 30 to 300 keV and half-lives varying from hours to
days such as technetium-99 m (99mTc, t1/2 = 6h), indium-111 (111In, t1/2 = 2.8 days), or iodine-123 (123I,
t1/2 = 13.2 h) [41].

PET is based on the detection of two time-coincident high-energy photons resulting from the
decay of a positron-emitting radioisotope. The emitted positrons annihilate with nearby electrons in
the tissue and produce a pair of 511 keV photons moving in the opposite directions providing higher
resolution images with a 2- to 3-fold superior sensitivity over SPECT [39,42]. Some of the most widely
used isotopes include fluorine-18 (18F, t1/2 = 110 min), gallium-68 (68Ga, t1/2 = 68 min), copper-64 (64Cu,
t1/2 = 12.7 h), or zirconium-89 (89Zr, t1/2= 3.3 days) [36,38]. Both systems are commonly integrated
with CT or MRI in hybrid devices to provide both molecular and anatomical details for an accurate
localization of the imaging probes [21]. Apart from that, as most radionuclides are already in the
clinic, there are fewer ethical and legal obstacles for clinical translation [21], which can accelerate the
widespread use of EVs for clinical diagnosis and therapeutic applications.

3. Radiolabeling Methods for Extracellular Vesicles

Several strategies have been employed to label EVs with gamma- or positron-emitting
radionuclides for SPECT and PET applications. The different approaches can be broadly classified into
three categories: covalent binding, encapsulation or intraluminal labeling, and membrane radiolabeling,
as illustrated in Figure 1. The principles of each technique will be addressed in the following sections,
highlighting the limitations and advantages of each one that should be taken into consideration when
choosing the radiolabeling method.

3.1. Covalent Binding

At their surface, unmodified EVs contain reactive amine/carboxylic terminated phospholipids
or transmembrane proteins available for covalent binding with imaging probes [43]. This labeling
strategy is based on the formation of stable covalent bonds between those naturally reactive functional
groups and probes conjugated to chemical groups that react with specific moieties onto the surface of
EVs [30]. Many of these common bioconjugation reactions proceed under very mild conditions, thus
avoiding membrane disruption or the denaturation of surface proteins, and due to the strength and
stability of these chemical bonds, covalent labeled EVs are less prone to dissociation, which is a key
factor in vivo applications [13].

Another strategy is to target non-native binding groups previously introduced in EVs through
genetic engineering of donor cells. This approach was employed by Morishita et al. [44] in
the radiolabeling of melanoma B16BL6 cells-derived exosomes with iodine-125 (125I) using the
streptavidin–biotin system [44]. The B16BL6 donor cells were transfected with a plasmid vector
encoding a fusion protein composed of Streptavidin (SAV, a protein that binds biotin with high affinity)
and Lactadherin (LA, a protein known to locate to the outer surface of exosomes) to generate exosomes
expressing SAV-LA. The engineered exosomes were further incubated with 125I-radiolabeled biotin
derivative (3-125I-iodobenzoyl) norbiotinamide (125I-IBB) to obtain 125I-labeled B16BL6 exosomes.
The SAV-LA modification did not induce significant alterations in the physicochemical properties
or morphology of exosomes and resulted in radiochemically stable 125I-labeled exosomes suitable
for tissue biodistribution analysis in mice [44]. The genetic engineering of donor cells to endow
exosomes with surface functional molecules such as biotin derivatives represents an efficient strategy
for conjugation with radionuclides without interfering with native active sites; however, this is not
applicable to all types of EVs.
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Figure 1. Schematic representation of the three radiolabeling methods of extracellular vesicles (EVs). 
Membrane radiolabeling can be carried out using bifunctional chelators (e.g., diethylene triamine 
pentaacetic acid (DTPA)-anhydride, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic acid 
(DOTA)-maleimide, and p-SCN-Bn-NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid)) containing 
a functional group for covalent attachment to reactive amine (-NH2) or thiol (-SH) groups onto the 
surface of EVs and a metal-binding moiety for radiometal sequestration such as 64Cu, 68Ga, or 111In. 
Radionuclides can be encapsulated by intraluminal labeling using lipophilic 111In-oxine or 
99mTc-HMPAO complexes that cross spontaneously the EVs’ membrane and get into the vesicle 
lumen. Tropolone, a small hydrophobic molecule, is an alternative approach for 111In3+ shuttling into 
the exosomal lumen. Covalent binding is based on surface covalent bond formation between 
naturally reactive functional groups or non-native binding groups previously introduced in EVs 
with imaging probes. Streptavidin–biotin–lactadherin fusion protein, tyrosine residues in 
neuraminidase-treated EVs, and native amino acids present on the surface of EVs form stable 
complexes with radionuclides, such as 124I and 99mTc. 

  

Figure 1. Schematic representation of the three radiolabeling methods of extracellular vesicles (EVs).
Membrane radiolabeling can be carried out using bifunctional chelators (e.g., diethylene
triamine pentaacetic acid (DTPA)-anhydride, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic acid
(DOTA)-maleimide, and p-SCN-Bn-NOTA (1,4,7-triazacyclononane-1,4,7-triacetic acid)) containing
a functional group for covalent attachment to reactive amine (-NH2) or thiol (-SH) groups onto
the surface of EVs and a metal-binding moiety for radiometal sequestration such as 64Cu, 68Ga,
or 111In. Radionuclides can be encapsulated by intraluminal labeling using lipophilic 111In-oxine or
99mTc-HMPAO complexes that cross spontaneously the EVs’ membrane and get into the vesicle lumen.
Tropolone, a small hydrophobic molecule, is an alternative approach for 111In3+ shuttling into the
exosomal lumen. Covalent binding is based on surface covalent bond formation between naturally
reactive functional groups or non-native binding groups previously introduced in EVs with imaging
probes. Streptavidin–biotin–lactadherin fusion protein, tyrosine residues in neuraminidase-treated
EVs, and native amino acids present on the surface of EVs form stable complexes with radionuclides,
such as 124I and 99mTc.
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Varga and collaborators [45] developed an outer-membrane labeling method using an
organometallic technetium-99m (99mTc(I))-tricarbonyl complex [99mTc(CO)3(-H2O)3]+ for the
radiolabeling of erythrocyte-derived EVs. The 99mTc-tricarbonyl complex binds with a high affinity
to several amino acids such as histidine, methionine, and cysteine of the surface proteins on EVs
membranes by simple mixing with purified EVs at room temperature. This direct surface labeling
of EVs represents a rapid and efficient way of producing 99mTc-labeled EVs with an acceptable
radiochemical yield and high in vivo stability. SPECT/CT imaging acquired after the intravenous
administration of 99mTc-labeled EVs in a mouse model showed high accumulation in the liver and
spleen similar to previous fluorescence biodistribution imaging studies but distinct from that observed
with free 99mTc-tricarbonyl, demonstrating the reliability of the radiolabeling procedure and its potential
application for the in vivo tracking of EVs by SPECT imaging [45].

Another direct radiolabeling method was recently reported by Royo and colleagues [46] using
iodine-124 (124I), which is a long-lived positron emitting-radionuclide with a half-life of 4.2 days that
enables the in vivo tracking of labeled EVs from hours to days after administration. This study was
performed in neuraminidase-treated EVs derived from a hepatic mouse cell line (MLP29) to confirm
the importance of the surface glycoproteins in the fate of these vesicles. The direct radioiodination with
[124I]NaI was carried out through an electrophilic aromatic substitution on the tyrosine residues of
proteins embedded on the surface of EVs, using pre-coated iodination tubes. The radiochemical yield
after purification was about 20% with a loss in EVs protein content of 5%. The stability in a physiological
saline solution remained quite stable with a release of the free radionuclide inferior to 10% over a 72 h
period, allowing accurate and quantitative tracking of the radiolabeled EVs by PET over a longer time
in living mice [46]. A similar approach was performed by Rashid et al. [47], using 131I and iodination
beads to assess in vivo the biodistribution of exosomes from diverse cellular origins, by SPECT/CT
in living mice. They also confirmed the high stability of the 131I-radiolabeled exosomes after serum
challenging at 24 h [47]. More recently, González et al. [48] developed a radiochemical method using
milk-derived exosomes based on reduced 99mcTc (IV) and commercial pertechnetate 99mcTc (VII) for
in vivo SPECT/CT imaging. Redox conditions were optimized to reduce [99mcTc]NaTcO4 in order to
obtain a more stable oxidation state +4, allowing the reaction with the exosomes. This 99mTc labeling
method is based on its coordination with the phosphonate groups present in the membrane’s exosomes,
which enable a passive surface labeling. The stability of this passive incorporation remained stable
in phosphate-buffered saline (PBS). On the other side, the incubation of exosomes with commercial
99mcTc (VII) did not occur, showing that the oxidation state is crucial to radiochemical reaction [48].

3.2. Encapsulation or Intraluminal Radiolabeling

Radionuclides can alternatively be encapsulated and trapped into the lumen of EVs. This strategy
also referred to as encapsulation or intraluminal radiolabeling was developed to avoid modifications
on the surface of EVs. This can be performed by passive diffusion using hydrophobic probes that
spontaneously cross the membrane and get into the vesicle lumen or through active loading strategies
that require the use of techniques, such as electroporation or sonication that transiently disrupt the lipid
bilayer to facilitate the loading of cargo into EVs [11,13]. Although more effective, these techniques can
induce structural distortion of the membrane and carry the risk of aggregation or fusion of the vesicles,
which might give rise to artifacts in the in vivo imaging [30]. Another strategy is the encapsulation
via a specific transporter on the exosomal membranes, such as the GLUT1 glucose transporter for
radiolabeled glucose analogs, such as 18F-fluoro-2-deoxy-D-glucose (FDG), but differences in the
distribution and variable expression of receptors might lead to the uneven loading of imaging probes.

Hwang et al. [49] developed a radiolabeling method for macrophage-derived exosome-mimetic
nanovesicles (ENVs), which share biological features with naturally derived exosomes, using the
99mTc radioisotope attached to hexamethylpropyleneamineoxime (HMPAO) for SPECT/CT imaging.
99mTc-HMPAO is an uncharged low molecular weight and a highly lipophilic radiotracer that easily
diffuses across the cell membranes, being widely used for cell labeling. HMPAO is first mixed with



Int. J. Mol. Sci. 2020, 21, 9443 7 of 13

99mTc for the formation of the lipophilic 99mTc-HMPAO complex and then incubated with ENVs under
mild condition for not changing their properties. After diffusion across the lipid bilayer, 99mTc-HMPAO
reacts with the sulfhydryl groups of glutathione (GSH) within the lumen and is converted into its
hydrophilic form, remaining trapped irreversibly inside the ENVs. The final product was obtained with
a radiochemical purity of nearly 100%, and the stability studies in serum showed that approximately
90% of entrapped 99mTc in ENVs persisted within the vesicles until 5 hr, allowing biodistribution
studies over long periods. Importantly, the average size distribution using nanoparticle tracking
analysis (NTA) did not change significantly after labeling or the expression levels of CD63, which is an
exosome-specific protein. In fact, SPECT/CT imaging studies in mice of 99mTc-HMPAO-labeled ENVs
showed a biodistribution pattern in mice similar to natural EVs, being taken mainly by the liver and
spleen [49]. A limiting factor for this radiolabeling method could be the low amount of GSH in EVs
when compared with cell lysates [50].

A similar method was described by Smyth et al. [51], using 111Indium (111In), a gamma-emitting
radioisotope with 2.8 days half-life and 8-hydroxiquinoline (oxine) as a carrier. The radiolabeling
mechanism is thought to involve an exchange reaction between the carrier and exosome’s components.
111In forms an uncharged pseudo-octahedral N3O3 complex with oxine that diffuses freely through
the lipid bilayer of exosomes, and once inside, 111In3+ ions detach from the oxyquinoline and form
a stable complex with the vesicle’s components. As for HMPAO, the radiolabeling conditions occur
under mild conditions not modifying the size or function of exosomes. A disadvantage could be the
radiation exposure to critical organs and the whole body to 111In-oxine, which is substantially higher
than that from 99mTc-HMPAO due to the higher energy γ-radiation (171 and 245 keV) and the longer
half-life (2.8 days) of 111In [51].

More recently, Faruqu et al. [52] proposed an alternative approach to shuttle 111In3+ ions inside
the exosomal lumen by using tropolene instead of oxine. Tropolone is a small hydrophobic molecule
that also forms a complex with 111In (as 111InCl3) and diffuses across the exosomal membrane into the
lumen. As the interaction between 111In3+ and tropolone is not particularly strong, 111In3+ detaches
from the [111In]-tropolone and exchanges with proteins and nucleic acids within the exosomal lumen.
Free tropolone molecules leave exosomes and the 111In3+ remains entrapped within the lumen, thereby
resulting in radiolabeled exosomes. The lack of biomolecules for exchange in exosomes can contribute
to the low radiolabeling efficiency and stability. In this case, the unchanged 111In3+ in the form of
[111In]-tropolene leaves the exosomal lumen and forms an equilibrium in terms of its concentration
within and the outside of the lumen that might lead to a misleading interpretation of the in vivo
biodistribution data. In fact, the stability of intraluminal radiolabeled exosomes was found to be 43% in
PBS and 14.2% in 50% serum at 24 h post-incubation [52], leading the authors to co-opt for a membrane
radiolabeling approach (discussed in the next section) for whole-body SPECT-CT imaging studies.

Gangadaran et al. [53] employed another radiolabeling strategy with 99mTc for large-scale
production exosome mimetics (EMs) derived from red blood cells (RBCs). Engineered EMs were
incubated with 0.01% Tin (II) chloride, which is an effective reducing agent, followed by 99mTcO4

−.
Tin chloride reduces Tc (VII) to a lower oxidation state presumably +3 to allow the reaction with the
hemoglobin inside the EMs. This 99mTc labeling procedure resulted in excellent radiochemical purity
(almost 100%), without the need of column purification methods, which may cause the loss of some
exosomes in the process, and it does not affect the size or shape of RBCs-EMs. Moreover, RBC-EMs
retained 97% of the entrapped 99mTc for up to 3 h and even after 24 h, the radiochemical purity was
93%. The in vivo gamma camera images allowed the visualization of 99mTc-RBCs-EMs in deep organs
such as the liver and spleen, which is distinct from the biodistribution of free 99mTcO4

- [53].

3.3. Membrane Radiolabeling

Another strategy is based on the surface functionalization of EVs with bifunctional chelators
(BFCs). Bifunctional chelators are dual molecules containing a functional group for covalent attachment
to a reactive amine, thiol, or carboxylic group onto the surface of EVs and a metal-binding moiety
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for radionuclide sequestration [43]. This click chemistry-based method has proved effective while
affording high yielding under simple mild reaction conditions when using the proper matching
chelator to the radiometal [54–56]. There are several BFCs commercially available (e.g., diethylene
triamine pentaacetic acid (DTPA); 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic acid (DOTA);
1,4,7-triazacyclononane-1,4,7-triacetic acid (NOTA)) that have been used for conjugation with
radiometals commonly used in basic and clinical research for imaging purposes.

Faruqu et al. [52] demonstrated the feasibility of this approach in melanoma-derived exosomes
using a bifunctional chelator DTPA-anhydride that forms a stable covalent bond in an amine-dependent
reaction. Free amine groups act as nucleophiles that attack anhydrides on DTPA, resulting in exosomes
with DTPA covalently attached on their surface that rapidly form stable complexes with the radioisotope
111In3. The radiolabeling efficiency was superior to that obtained with the intraluminal labeling and
SPECT/CT imaging analysis confirmed the in vivo stability without affecting their biological properties,
including the expression of CD9 and CD63 exosomal markers [30].

Recently, our group reported a two-step surface modification method for the radiolabeling of small
extracellular vesicles (SEVs) from human umbilical cord blood mononuclear cells (hUCB-MNCs) with
64CuCl2 for PET/MRI imaging [57]. The method includes the initial conjugation of the metal chelator
DOTA on the surface of SEVs followed by the complexation with 64CuCl2. The free thiol groups on the
surface of SEVs reacted under mild reaction conditions pH 7 with the maleimide group present in
the DOTA chelator. These SEVs–DOTA conjugates react with 64Cu and form a kinetically inert and
thermodynamically stable octahedron complex. The purity of radiolabeled SEVs, after removal of the
non-complexed metal chelator DOTA and free copper, was 100%, and it remained stable in serum and
PBS for at least 24 h. Importantly, no signs of aggregation or significant changes in terms of surface
receptor proteins, morphology, size, or charge of SEVs were registered, confirming the feasibility of the
surface labeling strategy. In vivo studies in mice confirmed the stability of the complex as indicated by
the residual leaching of 64Cu (< 5%) from the chelator and the suitability for in vivo PET tracking and
organ-specific biodistribution of SEVs [57].

Shi et al. [58] proposed another approach based on the use of the bifunctional chelator
2-S-(4-isothiocyanatobenzyl)-1,4,7-triazacyclononane-1,4,7-triacetic acid (p-SCN-Bn-NOTA) for 64Cu
radiolabeling. The novelty of this method was the PEGylation on the surface of exosomes with the
N-hydroxy succinimidyl (NHS) functionalized polyethylene glycol 5k (mPEG5k-NHS) through a
nucleophilic attack to improve the pharmacokinetic profile and tumor accumulation. The 64Cu-labeled
PEGylated exosomes rapidly complexed with 64CuCl2 under mild conditions, showing a high
radiolabeling yield. This approach endowed exosomes with a superior in vivo pharmacokinetic profile
resulting in enhanced tumor uptake as compared with native exosomes without a surface coating.
Recently, Jung et al. [59] described a similar method for 4T1 breast cancer-derived exosome radiolabeling,
using the same chelator p-SCN-Bn-NOTA of the radioisotopes 64Cu and 68Ga. Exosomes were also
labeled with Cy7, which is a near infra-red fluorescence dye for optical imaging. A comparative analysis
demonstrated that optical imaging only detected exosomes in one metastatic site (brachial lymph node),
whereas PET clearly showed their localization in two different metastatic sites (axillary and brachial
lymph nodes), proving the higher sensitivity of this imaging modality. Additionally, this strategy
enables the quantitative information about the in vivo biodistribution of exosomes.

A summary of the radiolabeling methods described above are listed in Table 2.
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Table 2. Tracking of extracellular vesicles biodistribution using nuclear imaging strategy.

Labeling Method Nuclear Imaging Radionuclide EVs
(Markers) Origin Mouse Strain Dose Admin. Route In Vitro Stability Ref.

Covalent binding

- 125I-IBB Exosomes B16BL6 BALB/c 37 KBq (4 µg) I.V. PBS 20% FBS [44]

SPECT/CT
99mTc-tricarbonyl

complex EVs RBCs BALB/c 15 ± 2 MBq I.V. - [45]

PET [124I]NaI EVs MLP29 BALB/cJRj 1.8 ± 0.5 MBq (120 ng)
0.6 ± 0.2 MBq (40 ng)

I.V.
Hock NaCl [46]

SPECT/CT 131I Exosomes
(CD9, CD63) 4T1; AT3 BALB/c, C57BL/J6 350 ± 50 µCi I.V. 20% FBS [47]

SPECT/CT 99mTc Exosomes Goat milk BALB/c
140–170 µCi (12 µg)
190–340 µCi (19 µg)
310–350 µCi (18 µg)

I.N.
I.P.
I.V.

PBS [48]

Encapsulation

SPECT/CT 99mTc-HMPAO ENVs (CD63) Raw 264.7 BALB/c 7.4–14.8 MBq (29–64 µg) I.V. Serum or PBS [49]

- 111In-oxine Exosomes (HSP
70, 90, 27; CD9)

MCF-7
PC3 Nude Nu/J 7.2 µCi (32 µg)

7.6 µCi (30 µg) I.V. - [51]

SPECT/CT 111In via tropolone Exosomes
(CD81, CD9) B16F10 C57BL/6; NSG

5–10 MBq
(1 × 1011 part.)

I.V. 50% FBS or PBS [52]

Gamma camera 99mTc Exosome
mimetics RBCs C57BL/6 37 MBq I.V. PBS 20% FBS [53]

Membrane
radiolabeling

SPECT/CT 111In-DTPA Exosomes
(CD81, CD9) B16F10 C57BL/6; NSG

5–10 MBq
(1 × 1011 part.)

I.V. 50% FBS or PBS [52]

PET/MRI 64Cu-DOTA SEVs
(CD9, CD63, CD45) hUCB-MNCs C57BL/6J 100–150 µCi

(2.5–3.5 × 1010 part.) I.V. PBS, serum [57]

PET 64Cu-NOTA-PEG Exosomes 4T1 BALB/c 50 µCi I.V. PBS or 25%
mouse serum [58]

PET
64Cu

(or 68Ga)-NOTA Exosomes 4T1 BALB/c nu/nu 0.74 MBq I.V.
S.C. 10% exo-free FBS [59]

CT: computed tomography; DOTA: 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetracetic acid; DTPA: diethylene triamine pentaacetic acid; ENVs: exosome-mimetic nanovesicles; exo-free:
exosome-depleted; FBS: fetal bovine serum; HMPAO: hexamethylpropyleneamineoxime; HSP: heat shock proteins; hUCB-MNCs: human umbilical cord blood mononuclear cells; I.P.:
intraperitoneal injection; I.V.: intravenous injection; MRI: magnetic resonance imaging; NaCl: sodium chloride; NOTA: 1,4,7-triazacyclononane-1,4,7-triacetic acid; NSG: NOD SCID
gamma mice; PBS: phosphate-buffered saline; RBCs: red blood cells; S.C.: subcutaneous injection; SEVs: small extracellular vesicles; SPECT: single-photon emission computed tomography;
125I-IBB: (3-125I-iodobenzoyl) norbiotinamide.
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4. Conclusions

The in vivo tracking of EVs is crucial for a better understanding of their role in physiological
and pathological conditions. This knowledge is essential for the development of reliable EVs-based
therapeutic and diagnostic tools. Nuclear imaging-based techniques such as PET and SPECT are
highly attractive to serve this purpose owing to their quantitative nature, unlimited penetration depth,
improved resolution and unparalleled sensitivity.

In this review, we summarized the various radiolabeling strategies used to incorporate
radioisotopes onto EVs for biomedical applications. Several methods are discussed, including covalent
binding, intraluminal labeling, and membrane radiolabeling. Key factors such as radiolabeling
efficiency and stability in biological environments are discussed, as those are critical for an accurate
characterization of the in vivo behavior of EVs within the timeframe of their biological half-life.

The strategies described demonstrate how molecular imaging with PET or SPECT can be useful
to guide the development of biomedical applications of EVs for medical diagnosis and treatment in the
ever-evolving field of nanotechnology.

Author Contributions: Conceptualization, S.A., C.G. and A.A. writing—original draft preparation, S.A. and L.S.;
writing—review and editing C.G., A.F. and A.A.; project administration, C.G. and A.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was funded by the PORTUGUESE FOUNDATION FOR SCIENCE AND TECHNOLOGY
(FCT) through the STRATEGIC PROJECTS (UID/NEU/04539/2019, UIDB/04539/2020 and UIDP/04539/2020) and by
the COMPETE-FEDER funds (POCI-01-0145-FEDER-007440). S.A. is a PhD fellow of the FCT (PD/BDE/142929/2018).
L.S is a PhD fellow of the FCT (PD/BDE/150707/2020). Liga Portuguesa contra o Cancro/Lions Portugal.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Tai, Y.L.; Chen, K.C.; Hsieh, J.T.; Shen, T.L. Exosomes in cancer development and clinical applications.
Cancer Sci. 2018, 109, 2364–2374. [CrossRef] [PubMed]

2. Jabalee, J.; Towle, R.; Garnis, C. The role of extracellular vesicles in cancer: Cargo, function, and therapeutic
implications. Cells 2018, 7, 93. [CrossRef] [PubMed]

3. Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol.
2002, 2, 569–579. [CrossRef] [PubMed]

4. Robbins, P.D.; Morelli, A.E. Regulation of immune responses by extracellular vesicles. Nat. Rev. Immunol.
2014, 14, 195–208. [CrossRef] [PubMed]

5. Maas, S.L.; Breakefield, X.O.; Weaver, A.M. Extracellular vesicles: Unique intercellular delivery vehicles.
Trends Cell Biol. 2017, 27, 172–188. [CrossRef]

6. Bebelman, M.P.; Smit, M.J.; Pegtel, D.M.; Baglio, S.R. Biogenesis and function of extracellular vesicles in
cancer. Pharmacol. Ther. 2018, 188, 1–11. [CrossRef]

7. Akers, J.C.; Gonda, D.; Kim, R.; Carter, B.S.; Chen, C.C. Biogenesis of extracellular vesicles (EV): Exosomes,
microvesicles, retrovirus-like vesicles, and apoptotic bodies. J. Neuro-Oncol. 2013, 113, 1–11. [CrossRef]

8. Murphy, D.E.; de Jong, O.G.; Brouwer, M.; Wood, M.J.; Lavieu, G.; Schiffelers, R.M.; Vader, P. Extracellular
vesicle-based therapeutics: Natural versus engineered targeting and trafficking. Exp. Mol. Med. 2019, 51,
1–12. [CrossRef]

9. Simeone, P.; Bologna, G.; Lanuti, P.; Pierdomenico, L.; Guagnano, M.T.; Pieragostino, D.; Del Boccio, P.;
Vergara, D.; Marchisio, M.; Miscia, S. Extracellular Vesicles as Signaling Mediators and Disease Biomarkers
across Biological Barriers. Int. J. Mol. Sci. 2020, 21, 2514. [CrossRef]

10. Jurj, A.; Zanoaga, O.; Braicu, C.; Lazar, V.; Tomuleasa, C.; Irimie, A.; Berindan-Neagoe, I. A comprehensive
picture of extracellular vesicles and their contents. Molecular Transfer to Cancer Cells. Cancers 2020, 12, 298.
[CrossRef]

11. Yang, B.; Chen, Y.; Shi, J. Exosome biochemistry and advanced nanotechnology for next-generation theranostic
platforms. Adv. Mater. 2019, 31, 1802896. [CrossRef] [PubMed]

12. Lane, R.; Korbie, D.; Hill, M.; Trau, M. Extracellular vesicles as circulating cancer biomarkers: Opportunities
and challenges. Clin. Transl. Med. 2018, 7, 14. [CrossRef] [PubMed]

http://dx.doi.org/10.1111/cas.13697
http://www.ncbi.nlm.nih.gov/pubmed/29908100
http://dx.doi.org/10.3390/cells7080093
http://www.ncbi.nlm.nih.gov/pubmed/30071693
http://dx.doi.org/10.1038/nri855
http://www.ncbi.nlm.nih.gov/pubmed/12154376
http://dx.doi.org/10.1038/nri3622
http://www.ncbi.nlm.nih.gov/pubmed/24566916
http://dx.doi.org/10.1016/j.tcb.2016.11.003
http://dx.doi.org/10.1016/j.pharmthera.2018.02.013
http://dx.doi.org/10.1007/s11060-013-1084-8
http://dx.doi.org/10.1038/s12276-019-0223-5
http://dx.doi.org/10.3390/ijms21072514
http://dx.doi.org/10.3390/cancers12020298
http://dx.doi.org/10.1002/adma.201802896
http://www.ncbi.nlm.nih.gov/pubmed/30126052
http://dx.doi.org/10.1186/s40169-018-0192-7
http://www.ncbi.nlm.nih.gov/pubmed/29855735


Int. J. Mol. Sci. 2020, 21, 9443 11 of 13

13. Armstrong, J.P.; Holme, M.N.; Stevens, M.M. Re-engineering extracellular vesicles as smart nanoscale
therapeutics. Acs Nano 2017, 11, 69–83. [CrossRef] [PubMed]

14. Shen, L.-M.; Quan, L.; Liu, J. Tracking exosomes in vitro and in vivo to elucidate their physiological functions:
Implications for diagnostic and therapeutic nanocarriers. Acs Appl. Nano Mater. 2018, 1, 2438–2448.
[CrossRef]

15. Lorenc, T.; Chrzanowski, J.; Olejarz, W. Current Perspectives on Clinical Use of Exosomes as a Personalized
Contrast Media and Theranostics. Cancers 2020, 12, 3386. [CrossRef] [PubMed]

16. Luan, X.; Sansanaphongpricha, K.; Myers, I.; Chen, H.; Yuan, H.; Sun, D. Engineering exosomes as refined
biological nanoplatforms for drug delivery. Acta Pharmacol. Sin. 2017, 38, 754–763. [CrossRef]

17. Zheng, Y.; Hasan, A.; Babadaei, M.M.N.; Behzadi, E.; Nouri, M.; Sharifi, M.; Falahati, M. Exosomes:
Multiple-targeted multifunctional biological nanoparticles in the diagnosis, drug delivery, and imaging of
cancer cells. Biomed. Pharmacother. 2020, 129, 110442. [CrossRef]

18. Di Rocco, G.; Baldari, S.; Toietta, G. Towards Therapeutic Delivery of Extracellular Vesicles: Strategies for.
Stem Cells Int. 2016. [CrossRef]

19. Morishita, M.; Takahashi, Y.; Nishikawa, M.; Takakura, Y. Pharmacokinetics of exosomes—an important
factor for elucidating the biological roles of exosomes and for the development of exosome-based therapeutics.
J. Pharm. Sci. 2017, 106, 2265–2269. [CrossRef] [PubMed]

20. Adem, B.; Melo, S.A. Animal models in exosomes research: What the future holds. Nov. Implic. Exosomes
Diagn. Treat. Cancer Infect. Dis. 2017, 53. [CrossRef]

21. Wu, M.; Shu, J. Multimodal molecular imaging: Current status and future directions. Contrast Media
Mol. Imaging 2018, 2018. [CrossRef] [PubMed]

22. Kim, D.H.; Kothandan, V.K.; Kim, H.W.; Kim, K.S.; Kim, J.Y.; Cho, H.J.; Lee, Y.-k.; Lee, D.-E.; Hwang, S.R.
Noninvasive Assessment of Exosome Pharmacokinetics In Vivo: A Review. Pharmaceutics 2019, 11, 649.
[CrossRef] [PubMed]

23. Chuo, S.T.-Y.; Chien, J.C.-Y.; Lai, C.P.-K. Imaging extracellular vesicles: Current and emerging methods.
J. Biomed. Sci. 2018, 25, 1–10. [CrossRef] [PubMed]

24. Gangadaran, P.; Hong, C.M.; Ahn, B.-C. Current perspectives on in vivo noninvasive tracking of extracellular
vesicles with molecular imaging. Biomed. Res. Int. 2017, 2017. [CrossRef] [PubMed]

25. Rhim, W.-K.; Kim, M.; Hartman, K.L.; Kang, K.W.; Nam, J.-M. Radionuclide-labeled nanostructures for
in vivo imaging of cancer. Nano Converg. 2015, 2, 1–13. [CrossRef]

26. Betzer, O.; Barnoy, E.; Sadan, T.; Elbaz, I.; Braverman, C.; Liu, Z.; Popovtzer, R. Advances in imaging strategies
for in vivo tracking of exosomes. Wiley Interdiscip. Rev. Nanomed. NanoBiotechnol. 2020, 12, e1594. [CrossRef]

27. Kourembanas, S. Exosomes: Vehicles of intercellular signaling, biomarkers, and vectors of cell therapy.
Annu. Rev. Physiol. 2015, 77, 13–27. [CrossRef]

28. Mahmoudi, M.; Serpooshan, V.; Laurent, S. Engineered nanoparticles for biomolecular imaging. Nanoscale
2011, 3, 3007–3026. [CrossRef]

29. Youn, H.; Hong, K.-J. In vivo non invasive molecular imaging for immune cell tracking in small animals.
Immune Netw. 2012, 12, 223–229. [CrossRef]

30. Yi, Y.W.; Lee, J.H.; Kim, S.-Y.; Pack, C.-G.; Ha, D.H.; Park, S.R.; Youn, J.; Cho, B.S. Advances in analysis of
biodistribution of exosomes by molecular imaging. Int. J. Mol. Sci. 2020, 21, 665. [CrossRef]

31. Kim, J.E.; Kalimuthu, S.; Ahn, B.-C. In vivo cell tracking with bioluminescence imaging. Nucl. Med.
Mol. Imaging 2015, 49, 3–10. [CrossRef]

32. Li, Y.-J.; Wu, J.-Y.; Wang, J.-M.; Hu, X.-B.; Xiang, D.-X. Emerging strategies for labeling and tracking of
extracellular vesicles. J. Control. Release 2020, 328, 141–159. [CrossRef]

33. Gangadaran, P.; Hong, C.M.; Ahn, B.-C. An update on in vivo imaging of extracellular vesicles as drug
delivery vehicles. Front. Pharmacol. 2018, 9, 169. [CrossRef] [PubMed]

34. Tada, Y.; C Yang, P. Iron Oxide Labeling and Tracking of Extracellular Vesicles. Magnetochemistry 2019, 5, 60.
[CrossRef]

35. Busato, A.; Bonafede, R.; Bontempi, P.; Scambi, I.; Schiaffino, L.; Benati, D.; Malatesta, M.; Sbarbati, A.;
Marzola, P.; Mariotti, R. Magnetic resonance imaging of ultrasmall superparamagnetic iron oxide-labeled
exosomes from stem cells: A new method to obtain labeled exosomes. Int. J. Nanomed. 2016, 11, 2481.

36. Cassidy, P.J.; Radda, G.K. Molecular imaging perspectives. J. R. Soc. Interface 2005, 2, 133–144. [CrossRef]

http://dx.doi.org/10.1021/acsnano.6b07607
http://www.ncbi.nlm.nih.gov/pubmed/28068069
http://dx.doi.org/10.1021/acsanm.8b00601
http://dx.doi.org/10.3390/cancers12113386
http://www.ncbi.nlm.nih.gov/pubmed/33207614
http://dx.doi.org/10.1038/aps.2017.12
http://dx.doi.org/10.1016/j.biopha.2020.110442
http://dx.doi.org/10.1155/2016/5029619
http://dx.doi.org/10.1016/j.xphs.2017.02.030
http://www.ncbi.nlm.nih.gov/pubmed/28283433
http://dx.doi.org/10.5772/intechopen.69449
http://dx.doi.org/10.1155/2018/1382183
http://www.ncbi.nlm.nih.gov/pubmed/29967571
http://dx.doi.org/10.3390/pharmaceutics11120649
http://www.ncbi.nlm.nih.gov/pubmed/31817039
http://dx.doi.org/10.1186/s12929-018-0494-5
http://www.ncbi.nlm.nih.gov/pubmed/30580764
http://dx.doi.org/10.1155/2017/9158319
http://www.ncbi.nlm.nih.gov/pubmed/28246609
http://dx.doi.org/10.1186/s40580-014-0041-3
http://dx.doi.org/10.1002/wnan.1594
http://dx.doi.org/10.1146/annurev-physiol-021014-071641
http://dx.doi.org/10.1039/c1nr10326a
http://dx.doi.org/10.4110/in.2012.12.6.223
http://dx.doi.org/10.3390/ijms21020665
http://dx.doi.org/10.1007/s13139-014-0309-x
http://dx.doi.org/10.1016/j.jconrel.2020.08.056
http://dx.doi.org/10.3389/fphar.2018.00169
http://www.ncbi.nlm.nih.gov/pubmed/29541030
http://dx.doi.org/10.3390/magnetochemistry5040060
http://dx.doi.org/10.1098/rsif.2005.0040


Int. J. Mol. Sci. 2020, 21, 9443 12 of 13

37. Kim, J.; Lee, N.; Hyeon, T. Recent development of nanoparticles for molecular imaging. Philos. Trans. R. Soc.
A Math. Phys. Eng. Sci. 2017, 375, 20170022. [CrossRef] [PubMed]

38. Mirshojaei, S.F.; Ahmadi, A.; Morales-Avila, E.; Ortiz-Reynoso, M.; Reyes-Perez, H. Radiolabelled
nanoparticles: Novel classification of radiopharmaceuticals for molecular imaging of cancer. J. Drug Target.
2016, 24, 91–101. [CrossRef]

39. Gambhir, S.S. Molecular imaging of cancer with positron emission tomography. Nat. Rev. Cancer 2002, 2,
683–693. [CrossRef]

40. Dobrucki, L.W.; Sinusas, A.J. PET and SPECT in cardiovascular molecular imaging. Nat. Rev. Cardiol. 2010,
7, 38. [CrossRef]

41. Gomes, C.M.; Abrunhosa, A.J.; Ramos, P.; Pauwels, E.K. Molecular imaging with SPECT as a tool for drug
development. Adv. Drug Deliv. Rev. 2011, 63, 547–554. [CrossRef] [PubMed]

42. Cherry, S.R. Fundamentals of positron emission tomography and applications in preclinical drug development.
J. Clin. Pharmacol. 2001, 41, 482–491. [CrossRef] [PubMed]

43. Stéen, E.J.L.; Edem, P.E.; Nørregaard, K.; Jørgensen, J.T.; Shalgunov, V.; Kjaer, A.; Herth, M.M. Pretargeting
in nuclear imaging and radionuclide therapy: Improving efficacy of theranostics and nanomedicines.
Biomaterials 2018, 179, 209–245. [CrossRef] [PubMed]

44. Morishita, M.; Takahashi, Y.; Nishikawa, M.; Sano, K.; Kato, K.; Yamashita, T.; Imai, T.; Saji, H.; Takakura, Y.
Quantitative analysis of tissue distribution of the B16BL6-derived exosomes using a streptavidin-lactadherin
fusion protein and iodine-125-labeled biotin derivative after intravenous injection in mice. J. Pharm. Sci.
2015, 104, 705–713. [CrossRef]

45. Varga, Z.; Gyurkó, I.; Pálóczi, K.; Buzás, E.I.; Horváth, I.; Hegedűs, N.; Máthé, D.; Szigeti, K. Radiolabeling of
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