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Extracellular vesicles (EVs) exhibiting versatile biological func-
tions provide promising prospects as natural therapeutic agents
and drug delivery vehicles. For future clinical translation,
revealing the fate of EVs in vivo, especially their accumulation
at lesion sites, is very important. The continuous development
of in vivo imaging technology has made it possible to track the

real-time distribution of EVs. This article reviews the applica-
tions of mammal-, plant-, and bacteria-derived EVs in tumor
therapy, the labeling methods of EVs for in vivo imaging, the
advantages and disadvantages of different imaging techniques,
and possible improvements for future work.

1. Introduction

Extracellular vesicles (EVs) are nano-vesicles with a lipid bilayer
structure secreted by cells.[1] According to their size and
biogenesis process, EVs can be mainly divided into three main
types: exosomes, microvesicles (MVs), and apoptotic bodies.[2]

Exosomes with a diameter about 40–100 nm are released as
a consequence of multivesicular endosome fusion with the
plasma membranes.[3] MVs originated from plasma membranes
are about 100–1000 nm in diameter.[3] Apoptotic bodies have
larger sizes from 500 nm to 5 μm, and are secreted by dying
cells or apoptotic cells.[3] EVs carry a variety of parental cell-
derived bioactive components, such as proteins, lipids, mRNA/
miRNA, DNA and others, exhibiting good biocompatibility,
lesion-targeting behavior, immunoregulation, and abilities to
cross physiologic barriers.[4] These unique features and functions

make them emerging candidates as therapeutic agents and
drug delivery vehicles.

Monitoring the pharmacokinetics (half-life, biodistribution,
clearance) of administrated EVs contributes to selecting suitable
EVs derivation and formulating administration protocols so as
to improve drug delivery efficiency.[5] Currently, two main
engineering strategies have been developed to label EVs: direct
labeling (direct interaction of EVs with lipophilic dyes, radio-
nuclides, contrast agents, etc.) and indirect labeling (genetic
engineering of parental cells with fluorescent reporter proteins
or luciferase, and then collecting the released EVs; Figure 1).
However, EVs are difficult to be tracked in living organisms
because of their small size, rapid dispersion in body fluids, and
similar composition to body cells.[6–7] Therefore, reliable engi-
neering methods and highly sensitive imaging techniques are
necessary for EVs visualization.

In this review, we firstly introduced different EVs that have
been applied in tumor therapy. Then, we summarized the
labeling methods of EVs for molecular imaging, the advantages
and disadvantages of different imaging techniques, and the
possibility of future clinical translation to enhance the under-
standing of the role of EVs in tumor therapy.

2. The Sources of EVs and their Application for
Tumor Therapy

EVs can be obtained from a wide variety of sources and
equipped with source-oriented functions. Here, we summarized
the characteristics of EVs from different sources in tumor
therapy (Table 1.).

2.1. Mammal Cell-Derived EVs

In mammals, EVs can be produced from almost any cells, such
as immune cells and tumor cells.[8–9] It has been confirmed that
immune cell-derived EVs are involved in intercellular communi-
cation, playing important roles in macrophage polarization, T
cell and natural killer (NK) cell activation, as well as in antigen
presentation. In the tumor microenvironment, almost all tumor
cells and immune cells secrete EVs, correlating with the
occurrence and development of tumors.[10] The biological
functions of immune cell- and tumor cell-derived EVs will be
discussed in further detail below.
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Figure 1. Various molecular imaging techniques to label extracellular vesicles
for in vivo tracking. Lipophilic fluorescent dyes and genetically engineered
fluorescent protein are used for fluorescence imaging; luciferase is used for
bioluminescence imaging; radionuclide and contrast agents can be inserted
into the membrane of EVs or loaded into the cavity of EVs for nuclear
imaging or magnetic resonance imaging.
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2.1.1. Immune Cell-Derived EVs

The immune system contains multiple immune cells that play
vital roles in maintaining the homeostasis of the internal
environment. There are many intercellular communication path-
ways in the immune system, such as the release of factor
signals, or direct contact between cells. In addition, the
secretion of EVs from immune cells is also an important
communication pathway.[11] Immune cell-derived EVs (IDEVs)
are loaded with a variety of signaling molecules, such as
proteins, lipids, DNA, and RNA.[12–14] When IDEVs are released,
they can be endocytosed by recipient cells, thus completing the
information transmission. Raposo et al. first demonstrated that
immune cell-derived exosomes shared similar functions with
their parental cells by verifying that B cell-derived exosomes
possess MHC II complexes on the surface, which can induce T
cell immune responses.[15] Significantly, the immune system can
be effectively activated and then trigger the secretion of EVs to
enhance the immune response upon the appearance of danger
signals. In addition to being natural bioactive materials, IDEVs
can be used as drug carriers for the delivery of nucleic acid or
chemotherapeutic drugs.[16–17] IDEVs can effectively avoid the
rapid clearance by the body‘s immune system, thus improving
the drug delivery efficiency and reducing the side effects.

Currently, three representative immune cell-derived EVs have
been widely used in tumor therapy: M1 macrophage-derived
EVs (M1EVs), dendritic cell-derived EVs (DCEVs), and NK cell-
derived EVs (NKEVs).

Macrophages display noticeable plasticity and are generally
defined as two phenotypes: M1- and M2- phenotypes. M1
macrophages have antitumor bioactivity, and they can produce
pro-inflammatory cytokines, including interleukin-6 (IL-6), inter-
leukin-12 (IL-12), and interferon-γ (IFN-γ).[18] In contrast, M2
macrophages can promote tumor growth and cause a negative
effect on tumor therapy. M1 macrophage-derived EVs (M1EVs)
carry a variety of chemokines and can home to the tumor sites,
and then induce pro-inflammatory effects.[19] Moreover, M1EVs
can polarize M2 macrophages into M1 phenotype, further
improving the anti-tumor immunity and inhibiting tumor
growth.[16]

DCEVs carry multiple functional molecules, such as antigen
presentation molecules (MHCI and MHCII), co-stimulatory mole-
cules (CD80, CD86), adhesion molecules (intercellular adhesion
molecule 1 (ICAM-1), integrins), and NK modulation molecules
(TNF-α, interleukin 15 receptor α (IL-15Rα), NKG2D-L).[20–25]

DCEVs display different anti-tumor effects via multiple mecha-
nisms. Firstly, mature DCEVs can directly present the exogenous
peptide-loaded MHC (pMHC) to CD4+ and CD8+ T cells, thereby
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Table 1. Characteristics and advantages of EVs from different sources.

Source Type of cells Advantages Function Ref.

Mammal M1 macrophages active targeting ability, good biocompatibility pro-inflammatory, ability to repolarize M2 to M1,
delivery vehicle

[13]

Mature dendritic cells good biocompatibility, tumors, lymph nodes
target ability

regulate T cell, activate NK cell tumor vaccine,
delivery vector

[24]

Natural killer cells immune stimulation, safety, strong killing
ability

immune stimulation,
delivery vehicle

[28]

Tumor cells homologous targeting ability antigen, delivery vehicle [35]
Plant Plant roots, leaves, fruits, and

seeds
wide range of sources, good biocompatibility,
stable

regulate animal cell mRNA, delivery vehicle [37-
43]

Bacteria Gram-negative bacteria high yield, small particle size, easy genetic
engineering,

immune adjuvant, delivery vehicle [47]
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inducing antigen-specific responses to suppress tumor
growth.[26–27] Additionally, EVs derived from the antigen-loaded
DC can be internalized by other DCs as a source of tumor
antigen, which can also effectively stimulate the maturation of
DCs, and then be presented to naïve, primed, or memory T
cells.[28–29] Due to their versatility, DCEVs have been developed
as novel tumor vaccines. Lu et al. investigated the efficiency of
EVs from hepatocellular carcinoma (HCC) antigen-expressing
DCs in three different HCC mouse models and proved the HCC
treatment capability of DCEVs.[30] Significantly, DCEVs also
promote the killing of tumors by activating NK cells.[31]

Studies have shown that NKEVs inherit many NK cell
membrane molecules and contents, including the typical
membrane marker CD56, the apoptosis-inducing FAS ligand
(FASL), the activating receptor NK group 2D (NKG2D), and the
cytotoxic molecules (perforin, granzymes et al.).[32–33] Many
researchers proved the therapeutic efficacy of NKEVs against a
variety of cancers, such as melanoma, leukemia, neuroblastoma,
and glioblastoma.[34–37] Zhu et al. first demonstrated the anti-
tumor effects of NKEVs in vivo. They injected activated-NKEVs
into a melanoma mouse model in situ, and the tumor growth
was significantly inhibited after treatment.[34] NKEVs can not
only kill tumor cells through various mechanisms but also
reprogram the immunosuppressive environment by activating
other immune cells.[38]

2.1.2. Tumor Cell-Derived EVs

Recently, tumor cell-derived MVs have attracted much attention
because of the inherited tropism for their parental cells.[39–40]

Zuo et al. used tumor-cell released microvesicles to load drugs
and achieved highly effective antitumor effects through the
specific tumor-targeting ability of MVs.[41] Moreover, irradiated
tumor-cell released MVs (RT-MVs) exhibit unique and broad
antitumor abilities, and the yield of RT-MVs is significantly
higher than that of unirradiated tumor cell-derived MVs. Wan
found that, upon injection of RT-MVs into tumor-bearing mice,
substantial amounts of RT-MVs were endocytosed by M2
tumor-associated macrophages (M2-TAMs), which were then
polarized to anti-tumoral M1 macrophages.[42] RT-MVs expand
the application of tumor-derived EVs and provide new
candidates for antitumor therapy carriers. Furthermore, RT-MVs
can be obtained from autologous dissected primary tumor cells,
thus providing a potentially personalized cancer treatment
solution. However, the prospect of tumor cell-derived EVs is
uncertain in view of the potential risk of promoting tumor
metastasis.

2.2. Plant Cell-Derived EVs

Plant-derived EVs (PDEVs) can also be used for tumor therapy
and have attracted more and more interest. PDEVs can be
obtained from different parts of plants, such as roots, stems,
leaves, fruits, and seeds, and even from dried plant
materials.[43–49] They contain abundant microRNAs (miRNAs) that

are key regulators of gene expression. Xiao et al. investigated
the types of miRNAs from 11 different fruits and vegetables,
and 418 different miRNAs were identified. They found that
highly expressed miRNAs are closely related to inflammatory
response and cancer-related pathways, and in vitro experiments
proved that miRNAs in PDEVs can modulate animal mRNAs.[43]

Chin et al. found that miR159 enriched in Arabidopsis-derived
EVs that could significantly inhibit the growth of xenograft
breast tumors in mice.[44] Besides, the researchers found that
ginseng-derived EVs can significantly promote the polarization
of M2 macrophages to M1 macrophages and increase the
content of reactive oxygen species at the tumor sites, thus
significantly suppressing the growth of melanoma.[45]

Except for the antitumor functions, PDEVs can also be used
as drug carriers. Garaeva et al. successfully used natural grape-
fruit-derived extracellular vesicles (GF-EVs) to effectively deliver
exogenous proteins into both human peripheral blood mono-
nuclear cells and colon cancer cells.[46] Another study showed
that doxorubicin-loaded natural GF-EVs can bypass the blood-
brain barrier and exert significant anti-glioma efficacy in vivo.[50]

PDEVs have good biocompatibility and are nontoxic to human
cells. In addition, they are highly stable under various environ-
mental conditions, and can even resist the degradation by
certain digestive enzymes, exhibiting great potential in tumor
therapy.[51]

2.3. Bacterial-Derived EVs

The normal growth process of Gram-negative bacteria is usually
accompanied by the shedding of extracellular outer membrane
vesicles (OMVs). Compared with EVs derived from other sources,
OMVs have a smaller size, thus stronger passive targeting ability
to tumor sites. OMVs contain numerous components of their
parental bacteria, especially, abundant lipopolysaccharide (LPS)
molecules and outer membrane proteins on the surface of
OMVs. These components are vital parts of the pathogen-
associated molecular pattern (PAMP), which can be recognized
and phagocytosed by antigen-presenting cells (APCs), thereby
activating immune responses.[52] OMVs are often applied as
drug carriers and immune adjuvants for tumor therapy. Guo
et al. used OMVs to co-load chemotherapeutic drugs paclitaxel
(PTX) and siRNA, and this composite nano OMVs system
successfully regulated the tumor metabolic microenvironment
and suppressed tumor growth.[53] Although effective, a high
dose of OMVs can cause a strong immune storm, and thus
serious side effects. Therefore, how to use OMVs for both
effective and safe treatment is still a problem to be solved.

3. In Vivo Imaging of EVs

As therapeutic delivery vehicles, EVs play an important role in
tumor diagnosis and treatment. To facilitate the clinical trans-
lation of EVs, it is essential to study the visualization of EVs
in vivo. Various molecular imaging techniques such as
fluorescence imaging (FLI), bioluminescence imaging (BLI),
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nuclear imaging (PET/SPECT), and magnetic resonance imaging
(MRI), have been applied to monitor the biodistribution of EVs
in vivo. The labeling methods of EVs are mainly divided into
direct and indirect labeling.[54–55] Direct labeling refers to the
direct interaction of EVs with labeled molecules, such as
lipophilic dyes, radionuclides, MRI contrast agents, and others.
Indirect labeling requires genetic engineering of parental cells
and collection of EVs released by these cells, such as fluorescent
reporter proteins, luciferase used in BLI. FLI is the most
commonly used imaging method to study the visualization of
EVs at tumor sites. Near-infrared fluorescent dyes can label EVs
by direct incubation and are inexpensive. However, near-
infrared dyes are limited by the depth of tissue penetration. BLI
is the imaging method with the highest sensitivity and high
signal-to-noise ratio currently known. However, it requires
indirect labeling of EVs through genetic engineering, requires
injection of reaction substrates before imaging, and is limited
by the depth of tissue penetration. Nuclear imaging and MRI
are commonly used in clinical medical imaging. Nuclear
imaging is also the most popular imaging modality at present,
and the radioisotopes used to label EVs are not limited by the
depth of tissue penetration. However, radioisotopes are
expensive, dangerous, and need to be used by professional
personnel. Compared with nuclear imaging, MRI imaging is
safer and has higher tissue penetration and spatial and
temporal resolution. However, its low sensitivity and high price
also limit further applications (Table 2).

3.1. In Vivo Fluorescence Imaging of EVs

FLI is the most widely used imaging strategy to investigate the
biodistribution of EVs in vivo because of the obvious advan-
tages such as non-invasiveness, easy operation, and real-time
monitoring. The fluorophores commonly used for EVs labeling
include fluorescent proteins and lipophilic fluorescent dyes.

EVs have a phospholipid bilayer structure and are easily
labeled by lipophilic dyes, such as PKH, dialkylcarbocyanines,
cyanine dyes, and others. Furthermore, near-infrared dyes (NIRs)
are suitable for non-invasive imaging of EVs in vivo due to the
low autofluorescence of biological tissues in the 700–900 nm
spectral range and the deep penetration of NIR light. The results

of fluorescence imaging showed that different EVs display
different targeting ability and specificity. Zhang et al. studied
the tumor-targeting ability of DiR-labeled neutrophil-derived
EVs and found that the fluorescent signal was mainly localized
in the tumors after 72 h injection.[56] Lin et al. found that a large
amount of iRGD-modified exosomes (iRGD-exo) could reach the
tumor sites 6 h post-injection.[57] Gunassekaran et al. used
IL4RPep-1 to modify the surface of M1EVs and labeled them
with DiD dye.[16] Two hours after intravenous injection, IL4R-Exo
was localized at the tumor sites with a four times higher
fluorescence intensity than that of the control. BODIYPY is a NIR
fluorescent dye that can specifically act on neutral lipids oil
droplets, and can thus be used to label EVs. Guo et al. used
BODIPY to label OMV-based paclitaxel (PTX) and the DNA
damage response 1 (Redd1)-siRNA drug delivery system and
found that the accumulation of siRNA@M-/PTX-CA-OMVs at the
tumor sites was significantly enhanced 24 h post-injection.[53]

Recently, Wang et al. reported that the accumulation of
neutrophil-derived exosomes (NEs-Exo) in the C6-Luc glioma
was clearly observed 24 h after intravenous injection and
gradually increased with time. Their research results revealed
that NEs-Exo can cross the blood-brain barrier (BBB), providing
a new drug delivery option for the treatment of brain
diseases[58] (Figure 2). Niu et al. found that Cy7 labeled grape-
fruit-derived EVs could also cross the blood-brain barrier/blood-
(brain tumor) barrier.[50]

The way to label EVs with fluorescent proteins (FPs) is an
indirect one. By using genetic engineering techniques, fluores-

Table 2. Comparison between different imaging modalities.

Imaging modality Advantage Disadvantage Ref.

FLI Medium sensitivity
Low cost
Easy operation

Limited tissue penetration
Low spatiotemporal resolution

[56,57]

BLI High sensitivity
High signal-to-noise ratio

Complex operation
Reaction substrate required
Limited tissue penetration
Low spatiotemporal resolution

[62–64]

PET or SPECT High sensitivity
High spatiotemporal resolution
Highest tissue penetration

High cost
Radiation

[70–72]

MRI High resolution
Good tissue contrasts

Lowest sensitivity
High cost

[81–83]

Figure 2. Fluorescence imaging of DiR and DiR-labeled NEs-Exos in brain
tissue of C6-Luc glioma-bearing mice. Images were obtained at 30 min and
1, 2, 4, 8, 12, and 24 h post-injection. Adapted from Ref. [58] with permission.
Copyright 2021, Elsevier.
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cent protein reporter genes are fused to the specific genes of
membrane proteins (e.g., CD9, CD63, CD81, etc.). The con-
structed plasmid is then transfected into target cells, and then
the FP labeled EVs can be isolated. FP-labeling is specific, but
the signal is usually not strong enough for in vivo imaging.
Wiklander et al. obtained the EGFP-tagged EVs by transfecting
the CD63-EGFP plasmid into HEK293T cells.[59] The results
showed that only 20% of EVs were labeled with EGFP, and the
fluorescence signal was hardly detectable 24 h post-injection.
Lazaro-Ibanez et al. fused the mCherry fluorescent protein with
a CD63 marker to label the Expi293F cell-derived EVs.[60]

Nonetheless, in vivo FLI also failed to detect EVs in real time
because of the high auto-fluorescence of mammalian tissues.

3.2. In Vivo Bioluminescence Imaging of EVs

Bioluminescence is generated by the chemical reaction
between luciferase and a special substrate. Compared with
fluorescence imaging, the generation of bioluminescence
imaging (BLI) does not require external excitation, thus avoiding
the interference of auto-luminescence of mammalian tissues.
Therefore, bioluminescence imaging has an extremely high
signal-to-noise ratio and is suitable for real-time tracking, and
even for in vivo quantification.

Bioluminescence imaging of EVs requires the labeling of
vesicles with a luciferase reporter protein. The luciferase genes
(Gaussia luciferase [Gluc], Renilla luciferase [Rluc], and firefly
luciferase [Fluc], etc.) are fused with different genes of
membrane proteins (e.g., ALIX, TSG101, tetraspanins like CD9,
CD63, CD81, etc.) on target cells to form an engineered vector
plasmid.[61] Then, the plasmid is transfected into target cells,
which can then be cultured for an appropriate time to then
release EVs that carry the corresponding reporter proteins.
Before imaging, a suitable substrate (RLuc/GLuc-Coelenterazine,
FLuc-d-luciferin) is injected into the organism to visualize the
biodistribution of EVs.

Takahashi et al. successfully fused Gaussia luciferase (Gluc)
and truncated lactadherin, a membrane-associated protein
mainly found in exosomes, and formed a fusion protein gLuc-
lactadherin. Then, the fusion protein was transfected into B16-
BL6 cells, with the labeled EVs obtained, which were then
intravenously injected into mice. The results showed that EVs
firstly appeared in the liver and then in the lungs. Furthermore,
the pharmacokinetic analysis showed that the half-life of
labeled EVs is very short, and they were rapidly cleared from
the body soon after injection.[62] Imai et al. used the same
labeling method to investigate the clearance mechanism of
B16-BL6 cells-derived EVs.[63] They found that the clearance of
B16-BL6 cells-derived EVs in macrophage-depleted mice was
much slower than that in normal mice, indicating that macro-
phages played important roles in the clearance of intravenously
injected EVs.

Lai et al. created a sensitive reporter (GLucB) for the labeling
and multimodal imaging of HEK 293T-derived EVs by combining
Gaussia luciferase and metabolic biotinylation.[64] The biolumi-
nescence and fluorescence-mediated tomography imaging

showed that obvious signals of EVs appeared in the spleens
and livers 30 min post-injection, and a significant accumulation
of signals at tumor sites appeared 1 h post-injection. Monitoring
EV signals in organs, blood, and urine, they furthermore found
that EVs first underwent a rapid distribution phase followed by
a long elimination phase via the hepatic and renal pathways of
6 h. Both two phases were faster than previously reported
results (24 h) of dye-labeled EVs.

To investigate whether tumor-derived EVs can preferentially
target their parent cells, Gangadaran et al. used Renilla lucifer-
ase (RLuc) to label thyroid cancer cell-derived EVs (RLuc-CAL62-
EVs) and monitored their homologous targeting ability. The
bioluminescence imaging revealed that RLuc-CAL62-EVs tar-
geted the homologous tumors in mice within 30 min after
intravenous injection[65] (Figure 3).

Although specific and reliable, there are still some limita-
tions to bioluminescence imaging. Firstly, the imaging perform-
ance is also affected by the penetration depth of biolumines-
cence. Secondly, the BLI labeling process is complicated,
requiring the transfection of reporter gene plasmids into target
cells, which may affect the characteristics of EVs. Besides, BLI
requires additional administration of substrates for luciferase.
Moreover, the half-life of the substrate is very short (s–min),
thus multiple injections of substrates are usually necessary,
which can be toxic to the animal.

3.3. In Vivo Nuclear Imaging of EVs

Nuclear imaging using gamma- or positron-emitting radio-
nuclides as imaging probes is widely used for preclinical
trafficking.[66] Single-photon emission computed tomography

Figure 3. Bioluminescence imaging of CAL62/Rluc-labeled EVs in naïve or
CAL62/Effluc tumor-bearing mice. Imaging was carried out at 5 min, 30 min,
60 min, and 120 min post-injection. Tumors are highlighted by black circles.
Adapted from Ref. [65] with permission. Copyright 2021, Springer Nature.
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(SPECT) and positron emission tomography (PET) are the main
types of nuclear imaging. SPECT detects the gamma rays
generated by the decay of radionuclides,[67] while PET detects a
pair of photons in opposite directions with 511 keV energy
produced by the decay of radionuclides.[68] Nuclear imaging has
the advantages of high resolution, high sensitivity, deep tissue
penetration, and three-dimensional quantification, so it has
been clinically used for the diagnosis of tumors and brain
diseases. Many radionuclides have already been approved for
clinical use, so nuclear imaging is a good option to study the
biodistribution of EVs in vivo.[69] Moreover, SPECT/PET is usually
combined with CT to form a SPECT/CT or PET/CT system that
has the characteristics of both functional and anatomical
images.

99mTc is the most widely used radionuclide for in vivo
imaging of EVs, mainly because of its low cost and good
radiation properties. Varga et al. used 99mTc-tricarbonyl to label
red blood cell, RBC-derived EVs by linking 99mTc-tricarbonyl with
protein receptors on the EVs’ surface. However, the radio-
labeling yield was only determined to 38.8�6.2% after
incubation with RBC-derived EVs for 30 min.[70] Molavipordanjani
et al. also used 99mTc-tricarbonyl to label HEK 293T-derived
exosomes, and the labeling yield was determined to up to
96.5%.[71] The biodistribution of EVs was studied in SKOV-3
tumor-bearing nude mice, and the results verified the satisfac-
tory tumor-targeting accumulation ability of 99mTc-exosomes.
María et al. used 99mTc to label milk-derived exosomes (MEXO)
and studied their distribution in organisms.[72] In particular, the
authors investigated the effect of administration routes on the
in vivo distribution of MEXO. The results showed that the
intravenously injected MEXO were mainly distributed in the
liver and spleen, and mainly non-specific abdominal cavity
distribution was found after intraperitoneal injection. In con-
trast, MEXO was mainly distributed in the gastrointestinal tract
with a small amount of uptake in the brain after intranasal
administration. The research on the different biodistribution of
EVs is helpful for the determination of optimum administration
routes on demand.

Although 99mTc is the most widely used radionuclide, its
half-life is very short, which makes it unsuitable for long-term
tracking. 111In is another radionuclide that can be used for
SPECT imaging. Its half-life can be as long as 2.8 days, so it is
more suitable for long-term tracking of EVs in vivo. Smyth et al.
used 111In-oxinate to label exosomes derived from PC3 and
MCF7 cells.[73] The results showed that the unmodified tumor-
derived exosomes were rapidly cleared from the blood, less
than 5% of them were detained 3 h post-injection. This
unmodified tumor-derived exosome had high uptake in the
liver, spleen, and kidney, but low uptake at tumor sites at 24 h
after injection. Faruqu et al.[74] used [111In]DTPA to radiolabel the
membrane surface of B16F10 cells-derived exosomes (Figure 4).
The results of the study show that membrane labeling has
higher radiolabeling efficiency and stability compared to intra-
luminal embedding. SPECT/CT imaging results showed that
within 30 min of injection, free [111In]DTPA complex had obvious
signals in the kidney and bladder, indicating high excretion. In
contrast, [111In]DTPA-labeled B16F10 exosomes showed very

high signal in liver and spleen within 30 min after injection and
persisted until 24 h. However, neither signal was detected at
the tumor site. The above studies demonstrate the limitation of
unmodified tumor-derived exosomes in drug delivery. Exo-
somes derived from mesenchymal stem cells (MSCs) play an
important role in immune regulation and tumorigenesis
inhibition, so they are considered to be promising drug delivery
vehicles for tumor therapy.[75–76]

Cheng-Hsiu et al. used 111In-oxinate to label MSCs-derived
EVs (MSCs-EVs) and studied their behavior in vivo.[77] The image
results showed that after intravenous injection, 111In-MSC-EVs
were mainly distributed in the liver, spleen, and kidney of
normal mice.

Radioiodine (123I, 124I, 125I, and 131I) can also be used in EVs
labeling.[78] 123I and 131I can be used for SPECT imaging, and 124I

Figure 4. SPECT/CT imaging of free [111In]DTPA complex and [111In]DTPA-
labeled B16F10 exosomes in melanoma-bearing mice. (A) Mice were injected
intravenously with free [111In]DTPA complex as control. (B) Mice were
injected intravenously with [111In]DTPA-labeled B16F10 exosomes. Imaging
was conducted at 30 min, 4 h, and 24 h post-injection. Tumors are high-
lighted by white circles. Adapted from Ref. [74] with permission. Copyright
2019, Ivyspring International Publisher.

Figure 5. Magnetic resonance imaging of control, ESIONs-PEG, ESIONs-RGD
and ESIONs-RGD@EVs in tumor-bearing mice. Imaging was conducted at 0 h
and 2 h post-injection. Tumors are highlighted by white circles. Adapted
from Ref. [89] with permission. Copyright 2021, Ivyspring International
Publisher.
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can be used for PET imaging. Morishita et al. transfected SAV-
LA, a plasmid vector-encoding fusion protein, into B16BL6 cells
and cultured them for EVs isolation. Then, EVs were incubated
with (3-125I-iodobenzoyl) norbiotinamide (125I-IBB). Studies
showed that 125I-labeling of EVs via streptavidin-biotin inter-
action is a useful method for quantitative evaluation of EVs
in vivo. However, genetic modification for radiolabeling is still a
challenge in clinical translation. Moreover, protein variation on
the surface of EVs may affect their interactions with recipient
cells.[79]

3.4. In Vivo Magnetic Resonance Imaging of EVs

Magnetic resonance imaging (MRI) is a non-invasive imaging
technique that can generate high-resolution anatomical images
to identify structural abnormalities and lesions in the body. To
enhance imaging contrast and improve diagnostic accuracy,
contrast agents (CAs) are usually used.[80] CAs can change the
relaxation times (T1/2) of protons in local tissues and enhance
the contrast with surrounding tissues. CAs can be principally
divided into two basic types: T1 contrast agents and T2 contrast
agents. T1 contrast agents, such as Gd-DTPA and Mn-DPDP, are
also called positive contrast agents, which can reduce the spin-
lattice relaxation time T1, thus strengthening the signal. T2

contrast agents are known as negative contrast agents,
reducing the spin-spin relaxation time T2 and T2* and resulting
in reduced signal intensity.

Due to the non-invasive and high-resolution characteristics
of MRI, researchers used MRI to study the biodistribution of EVs
by loading CAs into EVs. T2 magnetic agents such as super-
paramagnetic iron oxide nanoparticles (SPIONs) and ultrasmall
superparamagnetic iron oxide nanoparticles (USPIONs) are
widely used in clinical MRI. Hu et al. used melanoma exosomes
to load SPIONs by electroporation, and then the SPIONs-loaded
EVs were injected into the feet of mice and the MRI results
showed that EVs preferentially migrate to draining lymph nodes
48 h after injection.[81] Compared with SPION, USPION has better
magnetic properties and imaging effects. Busato et al. labeled
adipose stem cells with USPIOs and then collected the excreted
EVs.[82] The MRI results revealed that USPIO-loaded EVs were
clearly detectable in the muscular tissues. Although this indirect
labeling method can protect the integrity of EVs, the concen-
tration of USPIONs loaded in EVs is lower (0.643 μg of iron per
100 μg of EV proteins). To track the distribution of EVs, it is
necessary to inject a high dose of EVs, and excessive injection
may induce adverse effects in the body.

As an alternative to electroporation, CAs can also be loaded
into EVs by continuous extrusion. Since the cell membrane is
fluid, the integrity of the membrane will not be destroyed after
continuous extrusion, and a high loading dose can be achieved.
Bose et al. constructed a theranostic nano-delivery system by
encapsulating gold-iron oxide nanoparticles (GIONs) into 4T1-
derived exosomes through continuous extrusion.[83] GIONs have
both SPION properties for MRI and photothermal properties for
photothermal therapy of tumors. The obtained TEV-GIONs were
subsequently loaded with miRNA, forming a complex gene and

photothermal therapy system. In vivo MRI results confirmed the
specific accumulation of the system at tumor sites and its
outstanding treatment performance.

Although great progress has been made, most available T2

contrast agents face difficulties in clinical translation due to
their intrinsic disadvantages, such as confusion with hypoin-
tense areas and blooming effects.[84] In contrast, T1 contrast
agents are more frequently used for accurate high-resolution
imaging in clinics. As a typical T1 contrast agent, gadolinium-
based contrast agents (GBCAs) are widely used.[85] Rayamajhi
et al. constructed Gd-labeled hybrid extracellular vesicles (Gd-
HEV) by continuous extrusion.[86] Twenty-four hours after the tail
vein injection, the contrast of Gd-HEV in the tumor areas was
significantly enhanced compared with the control group
(Magnevist®). However, the contrast enhancement effect was
not impressive compared to the surrounding tissue. Quantita-
tive determination by ICP-MS showed that only 0.63% of the
injected dose per gram of tissue was localized in tumors. Such a
low dose of localization may not be enough to provide a
significant contrast enhancement. So, it is necessary to improve
the initial injection dose to achieve a more obvious imaging
effect. Yet, the use of high doses may cause systemic toxicity.[87]

Therefore, it is necessary to develop safer contrast agents for EV
labeling and in vivo imaging. A recent study evaluated the toxic
effects and the subsequent tissue damage of three T1 contrast
agents: the clinically used GBCAs, the extremely small-sized iron
oxide nanoparticles (ESIONs), and MnO NPs.[88] Compared with
MnO NPs and GBCAs, ESIONs exhibited fewer side effects. Wu
et al. linked ESIONs and glucose oxidase to the surface of
hepatocellular carcinoma-derived EVs to form composite nano-
particles (GE@EVs) for tumor therapy and MRI imaging[89]

(Figure 5) .GE@EVs significantly enhanced the T1 signal in
tumors 2 h after injection via the tail vein. Furthermore, residual
ESIONs in tumor tissues could serve as contrast agents to real-
time monitor HCC progression through MRI.

MRI is a promising method to track the distribution of EVs
in vivo. However, some improvements are still needed to be
made. Especially, although the resolution of MRI is high, its
sensitivity is relatively low for tumor imaging. To overcome this
limitation, it is necessary to develop new CAs, meanwhile
improve their loading efficiency in EVs. On the other hand, the
special microenvironment may be also used to improve the
contrast between tumors and surrounding tissues.

4. Summary and Outlook

EVs possess versatile anti-tumoral effects. Immune cell-derived
EVs in particular can regulate the tumor microenvironment and
enhance antitumor effects. There are many types of plant-
derived

EVs that can regulate the mRNA of tumor cells. Bacterial-
derived EVs are powerful immune adjuvants that can be used
to construct vaccines and initiate the anti-tumoral immune
response. Meanwhile, EVs can be used as novel carriers for drug
delivery.
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To promote EV-based drug delivery and tumor therapy, it is
necessary to reveal the biodistribution of EVs in vivo, especially
their accumulation at tumor sites, and different molecular
imaging methods have been developed for this purpose as
shown as an overview in Table 3. In this article, we summarized
fluorescence imaging, bioluminescence imaging, nuclear imag-
ing, and magnetic resonance imaging for monitoring the
biodistribution of EVs in vivo. The fluorescence imaging labeling
method is simple and the most used in observing EVs in vivo.
However, its practical application is limited by the penetration
depth. Bioluminescence imaging is highly sensitive, but labeling
EVs through genetic engineering techniques might change the
native characteristics of EVs. Nuclear imaging and MRI have
already been commonly used in clinics, and they are also the
most promising methods to visualize EVs in clinical. However,
the risk of radioactive elements of nuclear imaging and the low
sensitivity of MRI are needed to be addressed. In order to more
accurately study the biodistribution of EVs in vivo, the com-
bined use of multiple imaging methods, and the development
of new labeling molecules and methods are worth being
studied in the future.
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