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Exosomes are lipid bilayer vesicles released by cells and serve as natural carriers for cell—cell
communication. Exosomes provide a promising approach to the diagnosis and treatment of
diseases and are considered as an alternative to cell therapy. However, one main restriction in
their clinical application is that the current understanding of these vesicles, especially their
in vivo behaviors and distributions, remains inadequate. Here, we reviewed the current and
emerging methods for in vivo imaging and tracking of exosomes, including fluorescence imaging,
bioluminescence imaging, nuclear imaging, X-ray imaging, magnetic resonance imaging, photo-
acoustic imaging, and multimodal imaging. In vivo imaging and tracking of exosomes by these
methods can help researchers further understand their uptake mechanism, biodistribution, mi-
gration, function, and therapeutic performance. The pioneering studies in this field can elucidate
many unknown exosomal behaviors at different levels. We discussed the advantages and lim-
itations of each labeling and imaging strategy. The advances in labeling and in vivo imaging will
expand our understanding of exosomes and promote their clinical application. We finally provide
a perspective and discuss several important issues that need to be explored in future research.
This review highlights the values of efficient, sensitive, and biocompatible exosome labeling and
imaging techniques in disease theranostics.
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1. Introduction

Extracellular vesicles (EVs) are membranous vesi-
cles secreted by almost all cells.! They are rich in
proteins, DNAs, RNAs, lipids, and other active
ingredients and widely exist in various body fluids,
including plasma, lymph, interstitial fluid, cerebro-
spinal fluid, urine, saliva, milk, etc.? According to
different formation mechanisms and particle size
distribution, EVs are artificially divided into three
subgroups: Exosomes (Exos), microvesicles, and
apoptotic bodies.?” Exos are usually defined as EVs
less than 200 nm in diameter.* Initially, Exos were
considered waste products of cell metabolism and
received little attention. It was not until 2007 that
Valadi et al. subversively discovered that mRNA
and microRNA in Exos could be transferred to an-
other cell and serve a corresponding regulatory
function; this finding changed researchers’ percep-
tion of Exos.”® With the development of Exos re-
search, people have realized that Exos are
important natural carriers for exchanging their
complex components between cells and thus par-
ticipate in various physiological or pathological
processes, including cell proliferation, apoptosis,
internal environment regulation, immune response,
etc.””” The contents and biological functions of Exos
are mainly affected by their parent cell resources
and physiological states. Three main pathways are
involved in the interaction between exosome and
their recipient cells: Direct membrane fusion, en-
docytosis uptake, and activation of lipid ligand
receptors.!' 11

Thus far, exosome-based disease diagnosis and
treatment, drug delivery, gene regulation, and other
applications have shown satisfying results. Among
these applications, Exos secreted by mesenchymal
stem cells (MSC-Exos) are considered to be useful
for noncellular supportive therapy, since they have
been shown to perform bio-functions similar to
those of their parent cells. Exos can promote tissue
repair and regeneration, enhance cell proliferation,
resist inflammatory response, regulate immune re-
sponse and improve oxidative stress.'?”!7 Stem cell
transplantation may lead to iatrogenic tumorigen-
esis, immune rejection, cytotoxicity, tissue and
organ embolism and other complications that cur-
rently cannot be completely resolved. In contrast,
the above problems may be avoided with Exos, due
to their advantages of small size, low immunoge-
nicity, low tumorigenicity, and easy preservation,

making them a potential alternative to cell therapy.
Many studies have confirmed the positive effects of
Exos in the treatment of various diseases, including
acute and chronic liver injury,'®'? myocardial in-
farction,?’ graft-versus-host disease,’!?* kidney in-
jury,?® bone or cartilage disease,>* etc. Exos have
good biocompatibility and come from a wide range
of sources. They can pass through various biological
barriers such as the blood—brain barrier and are
ideal carriers for nanodrug or gene delivery engi-
neering. In addition, researchers are working to
construct an anti-tumor drug delivery carrier sys-
tem by using Exos to more precisely target and kill
tumors.?" 27

As a potential noncellular treatment, Exos have
shown positive results in disease diagnosis and
treatment. The improved symptomology has fully
confirmed the effects of Exos in promoting tissue
repair, anti-inflammatory, anti-oxidative stress, etc.
Nevertheless, the intrinsic mechanisms remain to be
further explained. How do Exos perform their bio-
logical functions? How do they deliver their con-
tent? Which cells are they ingested by? How are
they distributed throughout the body? Are there
target cells or organs? Will different pathological
environments affect their final distribution? Based
on the above questions, it is necessary to develop a
reliable, noninvasive, and stable exosome imaging
technique to reveal their various in vivo activities,
which will be helpful for further understanding of
these extracellular vesicles. This review summarized
the current and emerging methods for in vivo im-
aging and tracking of Exos, including fluorescence
imaging, bioluminescence imaging, nuclear imaging,
X-ray imaging, magnetic resonance imaging, pho-
toacoustic imaging, and multimodal imaging. These
methods can help to expand our understanding in
the exosome uptake, biodistributions, migration,
function, and the final therapeutic performance.

2. Exosome Labeling and In Vivo
Imaging

In recent years, researchers have constantly pro-
posed the need to “light up” and really “see” ex-
tracellular vesicles, so as to develop the imaging and
visualization research of tracking EVs at different
levels.?® However, there are many challenges to the
visualization research. Exos are extremely small in
size but have similar membrane structures to cells.
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Fig. 1. Different strategies for exosome labeling.

They can rapidly disperse in body fluids. These
characteristics necessitate strict requirements for
the resolution and contrast of imaging technology.?’
Moreover, the natural membrane barrier of Exos
makes it difficult to load imaging agents or drugs.
At present, different strategies have been developed

In vivo imaging and tracking of exosomes for theranostics

for labeling Exos. Commonly used labeling materi-
als include fluorescent dyes, fluorescent proteins,
luciferase, radioisotopes, and different nanoparticles
such as superparamagnetic iron oxide nanoparticles
(SPIOs), gold nanoparticles (GNPs), quantum dots
(Qdots), aggregation-induced emission luminogens
(AIEgens) (Fig. 1). Most studies have focused on
directly or indirectly labeling their parent cells
in vitro, then transferring them into the body and
visualizing them through different imaging modali-
ties. Each labeling method has its advantages and
limitations in terms of operation, labeling efficiency,
signal strength, toxicity, half-life, etc. When
selecting a labeling method, one should choose the
appropriate labeling materials according to the ex-
perimental direction and emphasis, and the results
should be verified and explained in detail. Reported
exosome imaging technologies mainly include fluo-
rescence imaging (FLI), bioluminescence imaging
(BLI), nuclear imaging, X-ray imaging, magnetic
resonance imaging (MRI), and photoacoustic im-
aging (PAI).?%*! Fluorescence and bioluminescence
imaging are also referred as optical imaging
(Table 1).

Table 1. Exosome tracking and imaging techniques.

Technique Modality Agent Source Route Time Ref.
Optical VIS DiD BM-MSCs LV. 6, 24h 33
IVIS DiD E0771 Iv. 4,24, 48h 34
4T1
67NR
IVIS DiR hUC-MSCs Iv. 3,6h 9
VIS DiR BM-MSCs LP. 6, 24, 48h 35
CM PKH26 BM-MSCs LV. 8,16h 36
CM PKH26 BM-MSCs Iv. 8, 16h 37
VIS Cy7 MCEF-7 LV. 24h 39
MDAMB-231
HS578T
VIS Cyb SKOV3 V. 24h 40
HEK293
CM Cy5 MCF-10A Iv. 6h 41
MCF-7
CLS AlEgens hUC-MSCs Lv. 1h 42
1,3,5,7, 124
FM CFP MDAMB-231 — Sustainable 43
CM GFP MMT-060562 — 10d 44
MDAMB-231 5w
CM/MM PalmGFP EL4 Intratumoral 9d 45
IVIS eGFP Milk v. 2, 12h 46
IVIS GLuc-LA B16BL6 LV. 10, 30 min 48, 49
1, 4h
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Table 1. (Continued)
Technique Modality Agent Source Route Time Ref.
IVIS GLuc-LA B16BL6 LV. 5 min 50
C2C12
NIH3T3
MAECs
RAW264.7
IVIS GLuc-LA hp-MSCs M. 0,6h 51
1,2, 3d
IVIS GlucB HEK-293T V. 30 min 52
CM/MM Fluc GL261 — Every 5min 53
(30 min)
IVIS Nluc HT29 — Tth w 54
HCT116
IVIS Rluc CAL-62 V. 10, 30 min 55
MDAMB-231 1,2,3,6, 9d
Nuclear SPECT/CT 1811 4T1 LV. 3,24, 48h 57
AT3
~-Counter 1251 B16BL6 V. 1, 5, 10, 30 min 58
1,4h
CRC dose calibrator HlTp 4T1 LV. 24h 59
MCEF-7
PC3
SPECT/CT Uiy B16BL6 ILV. 1,4,24h 60
SPECT/CT 99me RAW264.7 ILV. 30 min 61
1,3,5h
SPECT/CT ImPe RBCs LV. 1h 62
~-Camera 9mTe RBCs LV. 1,3h 63
SPECT/CT 9m e Milk LV. 5,10, 30, 60min 64
~-Counter 9mTe HEK-293T LV. 1,2,4h 65
PET Cu-64 4T1 LV. 1,4, 24h 66
PET Cub4 4T1 ILV. 24h 67
Ca88
PET 1241 MLP29 V. 30s, 68
Hock 3, 20, 40 min
7,24, 48, 72h
Tomography CT GNPs hUC-MSCs Intranasal I.V. 1,3,24h 69
Micro-CT GNPs hUC-MSCs Intranasal 24h 70
CT GNPs hUC-MSCs Intranasal 1,3,24,96h 71
SPECT/CT GNPs B16BL6 LV. 6,24h 72
MRI SPIONs B16BL7 Foot pad injection 1, 48h 73
MPI SPIONs MDAMB-231 LV. 1h 74
MRI USPIOs ASCs .M. After injection 75, 76
MRI GIONSs 472 V. 12d 78
MRI GdL hUC-MSCs LV. 30, 90 min 7
24h
MRI FTH1-LA BM-MSCs .M. — 79
Photoacoustic PAI Anti-EGFR-GNs  3(-) Breast Cancer LV. 4,24h 84
PAI GQDzyme RBCs V. 2,4,8h 85
PAI E6 MIA-PaCa-2 LV. After injection 86
PAI Gold nanostars CT26 LV. 1, 3, 5min 87

Notes: CLS: Confocal Laser Scanning; CM: Confocal Microscopy; FM: Fluorescence Microscopy; GFP: Green Fluorescent Protein;
GdL: Gadolinium; IVIS: In Vivo Imaging System; 1.V.: Intravenous; I.M.: Intramuscular; I.P.: Intraperitoneal; MM: Multiphoton

Microscopy.
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2.1. Fluorescence imaging

Fluorescence imaging (FLI) is a widely used ana-
lytical research technology in biology, pharmacy,
and medicine. In recent years, fluorescence tech-
nology has been reported to be used for tracking and
imaging of Exos. In fluorescent imaging, Exos are
labeled with fluorescent dyes, fluorescent proteins,
and other fluorescent materials to emit fluorescent
signals under external light excitation.

2.1.1.

Fluorescent dyes are the most commonly used
materials for exosome labeling, tracking, and im-
aging. Currently, a variety of commercial dyes for
exosomes labeling have been developed, including
carbocyanine dyes, PKH dyes, and Azadibenzylcy-
clooctyne (ADIBO) dyes.

Carbocyanine dyes are lipophile dyes that can be
embedded into the membrane of exosomes in a
noncovalent manner. After entering the lipid bi-
layer, they diffuse around, thus marking the entire
Exos membrane structure. Commonly used carbo-
cyanine dyes include DiR, DiD, and DiL.*? Tt is
reported that the DiD-labeled MSC-Exos mainly
accumulated in the spleen, tibia, and femur marrow
of mice suffering from radiation-induced bone mar-
row injury.*® Zheng et al. established a liver ische-
mia-reperfusion injury (IRI) mouse model, then
injected DiR-labeled MSC-Exos into mice via pe-
ripheral veins. They observed that DiR fluorescence
was mainly confined to the IRI liver at 3h and 6 h
after injury.’ DiD-labeled Exos, from highly meta-
static breast cancer cells, showed extensive coloni-
zation in the lungs of homogenic mice. They created
a specific tumor immunosuppressive microenviron-
ment, which promoted metastasis and colonization
of cancer foci in lung tissue (Fig. 2).** Mendt et al.
loaded siRNA targeting oncogenic Kras into MSC-
Exos through gene editing to treat pancreatic
cancer. The DiR-labeled Exos were then intraperi-
toneally injected (L.P.) to reveal the biological dis-
tribution of Exos in tumor mice and healthy
controls. Compared with the liver, spleen, and
lungs, Exos accumulated more in both normal
pancreas and pancreas tumor tissues.”> PKH dye
molecules are also a type of lipophilic dye. Unlike
carbonyl cyanine dyes, they have a long aliphatic
tail that can be inserted into the lipid bilayer, ex-
posing the fluorophore to the outer lipid bilayer.

Fluorescent dyes

In vivo imaging and tracking of exosomes for theranostics

Tamura et al. reported that after injecting PKH26-
labeled MSC-Exos into acute liver injury mice,
fluorescent signals were presented in the liver tissue,
while in the mice receiving PKH-labeled MSCs, the
signals remained in the lungs.?® Exos, whose sur-
faces were modified by the pullulan, were labeled
with PKH dyes. The in vivo study confirmed that
the surface modification enhanced the anti-inflam-
matory effects of Exos, and their specific accumu-
lation in the injured liver.?” The lipophilic
fluorescent probe labeling technology has the char-
acteristics of simple operation, high labeling effi-
ciency, strong signal, long life, etc. However, dye
aggregation, exogenous substances, or cell mem-
brane fragments will inevitably cause some non-
specific labeling signals, leading to the deviation of
experimental results.*® In addition, their low pene-
tration depths make it difficult for deep tissue
imaging.

Azadibenzylcyclooctyne (ADIBO) fluorescent
dyes were also reported as exosomes labels. Zhang
et al. used DBCO-Cy7 to label Exos. Then they
observed the specific biological distribution beha-
viors of different breast cancer Exos. The fluores-
cent signals of MDA-MB-231 and HS578T cells-
derived Exos were found in the brain, liver, kidneys,
and lungs, while Exos from MCF-7 cells were
mainly concentrated in the liver and kidneys.*" Kim
et al. labeled HEK293 and SKOV3 cells-derived
Exos with Cy5. They reported that tumor Exos
were more likely to target their autologous tumor
tissues. It was also confirmed that Exos containing
CRISPR/Cas9 suppressed poly polymerase-1
(PARP-1) expression, thus inducing apoptosis of
cancer cells.”’ Yang et al. transferred Cy5-labeled
siRNA into the Exos mimics (EMs) derived from
MCF10A cells via electroporation and observed
that siRNA enhanced tumor targeting through
EMs-mediated delivery.*' Recent studies have pro-
vided a protocol for labeling MSCs-Exos using ag-
gregation luminescence (AIE). AIE-Exos and
AlEgens were injected into mice with induced liver
injury via peripheral injection. The biological dis-
tributions were observed from 1h to 7 days. In the
AIE-Exo group, more signal clustering and stronger
signals were detected in the liver region. However,
in the AIEgen group, the fluorescence intensity was
also very high throughout the experiment period;
therefore, a detailed analysis is necessary when
comparing groups (Fig. 3). Meanwhile, the authors
verified that the efficiency of this labeling method is
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Ez vivo fluorescent imaging of DiD-labeled Exos derived from (a) E0771, (b) 4T1, and 67NR cells in mice. Exos from all

three cell lines accumulated primarily in the lungs. Reproduced with permission from Ref. 34.

better than that of other commonly used fluorescent
dyes, including PKH26 and DiL.*?

2.1.2.

Fluorescent proteins, normally known as reporter
proteins, emit fluorescent signals under specific
wavelengths of excitation light. Fluorescent pro-
teins are fused with molecules on the surface or in-
side of Exos to construct fusion proteins. Therefore,
monitoring the fluorescence signal emitted by the
fusion proteins means tracking the labeled Exos.
Zomer et al. created MDA-MB-231 cells over-
expressing cyan fluorescent protein (CFP) and Cre
recombinase (Cre). Exos derived from the above
cells contained the Cre-loxp system, which caused
the recipient Cre™ cells presenting DsRed to change

Fluorescent proteins

color from red to green after receiving Exos. The
data reported that Exos released from malignant
tumor cells were absorbed by less malignant tumor
cells in the same tumor or distant tumor tissue. By
receiving RNAs, which were contained in the Exos
to regulate metastasis and migration of tumors, less
malignant tumor cells showed increased migration
behavior and metastasis ability.** Suetsugu et al.
developed GFP-CD63 Exos to analyze their tra-
jectories and functions in wvivo. In the animal
experiments, cancer-derived exosomes resided in the
tumor microenvironment, indicating that they may
contribute to the formation of an ecological niche
promoting tumor growth and metastasis.** En-
hanced green fluorescent protein (eGFP) and tan-
dem dimer Tomato (tdTomato) were fused with a
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Fig. 3. Exos were labeled and imaged using AIEgens. (a), (b) In vivo imaging, the fluorescence signal and intensity of AIE-Exos
and AIEgens in acute liver injury mice model. (c), (d) Ez vivo imaging, the fluorescence signal and intensity of AIlEgens and AIE-
Exos in the major organs. Reproduced with permission from Ref. 42.

palmitoylation signal to form a fusion protein
(PalmGFP, PalmtdTomato) for exosome mem-
brane labeling. Experiment data confirmed that
Exos-mediated intercellular communication was
dynamic and multidirectional. This process in-
volved the delivery of functional mRNAs.*
ZsGreen and eGFP were used to label milk derived
Exos. The labeled Exos were mainly concentrated in
the liver, spleen, and brain.*S Fluorescent proteins,
which served as reporter genes of various Exos, have
high specificity to avoid exogenous fluorescence
pollution and fuel aggregation. However, the signal
intensity was directly affected by the expression
level of fluorescent proteins, membrane labeling ef-
ficiency, and excitation light intensity. In addition,
whether the fluorescent reporter proteins will affect
the membrane structure of Exos as well as their
loading and delivery capacity still needs further
study and consideration.

2.2.

Bioluminescence imaging (BLI) is another widely
used in vivo imaging technique. Bioluminescence is
a spontaneous bioluminescence phenomenon that
occurs when luciferase binds to specific substrates
and catalyzes different luminescence reactions. The
resulting fluorescence needs no external exciting
light but requires an ultra-sensitive camera to cap-
ture the instantaneous light signal. The principle of
labeling Exos with luciferase is similar to that of the
fluorescent protein. Luciferase fuses with exosome-
associated proteins. Then the Exos can be tracked
by the optical signal produced by luciferase. The
difference is that an additional substrate, such as
lumen, needs to be injected prior to imaging.*”
Takahashi et al. developed plasmids that express
a fusion protein consisting of Gaussia luciferase and
a truncated lactadherin (Gluc-LA). B16-BL6 mu-

rine melanoma cells were transfected with these

Bioluminescence imaging
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plasmids to secreted Exos (B16-BL6-Exos) labeled
with Gluc-LA. In wvivo pharmacokinetic analysis
suggested that Exos remained in circulation for less
than 2min. Serum luciferase activity could barely
be detected 4h after injection, indicating that the
B16-BL6-Exos were rapidly cleared in the circula-
tory system. Additionally, in vivo imaging showed
that Exos migrated first to the liver, followed by the
lungs.*® They used PKH-labeled B16BL6-Exos to
explore this elimination mechanism and demon-
strated that these Exos were taken up by macro-
phages in the liver and spleen and endothelial cells
in the lungs. Subsequently, Gluc-labeled B16-BL6-
Exos were injected into macrophage-depleted mice
and normal controls. The clearance rate of Exos in
the experimental group was much lower than that
of the normal mice, suggesting that macrophages
were mainly responsible for eliminating Exos in the
circulatory system (Fig. 4).* Charoenviriyakul
et al. collected Exos from five different mouse cell
lines: B16-BL6 mouse melanoma cells, C2C12
mouse myoblast cells, NIH3T3 mouse fibroblasts,

(b)

200000
aar v .
o m?-&%
700

MAEC mouse aortic endothelial cells, and
RAW264.7 mouse macrophage-like cells. The Exos
were labeled with luciferase and lactinin fusion
protein to evaluate their pharmacokinetics in vivo.
The results showed that all Exos delivered intra-
venously disappeared rapidly from the blood circu-
lation and mainly accumulated in the liver tissue.”’
Zhang et al. investigated the bio-distribution of
Gluc-labeled MSC-Exos, which were incorporated
with chitosan hydrogel (CS-Exos), in the hind limb
ischemia mice. BLI data showed that mice in both
groups had strong Gluc signals in their hind limbs
within 24h after injection. In contrast to the
rapid dissipation of fluorescence signals in the Exo
group, Gluc signals could still be obtained in the
CS-Exo group 72h after injection, indicating
that CS-Exos could significantly improve the re-
tention rate and stability of MSC-Exos throughout
the whole body.”* Gluc binds to metabolic bio-
chemical receptor peptides to produce a reporter
protein (GlucB) for labeling Exos (GlucB-
Exos). In the mice models, bioluminescence and
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Fig. 4. In vivo bio-distribution of B16BL6-Exos. (a), (¢) In vivo fluorescence imaging signal and chemiluminescence intensity of
Gluc-LA-labeled B16BL6-Exos in normal mice. (b), (d) In vivo fluorescence imaging signal and chemiluminescence intensity of
Gluc-LA-labeled B16BL6-Exos in macrophage-depleted mice. Reproduced with permission from Ref. 49.
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fluorescence-mediated laminography showed that
Exos were mainly localized in the spleen, followed
by the liver. GlucB-Exos were injected into thymic
nude mice with human Gli36-mcherry gloma xeno-
graft tumors transplanted subcutaneously to the
left and right chest. Exosome signals were located at
the tumor site 60 min after administration.”>

Firefly luciferase (Fluc) was also reported to have
tracked Exos and their internal nucleic acid deliv-
ery. Van der Vos et al. observed the in vivo beha-
viors of glioblastoma cells Exos (GBM-Exos) that
express Fluc, mCherry, and palmtd-Tomato pro-
teins, using multiphoton intravital microscopy
(MP-IVM). In the in vitro experiment, microglia
cells actively ingested GBM-Exos, showing a ten-
dency toward hyperproliferation and immunosup-
pression. Inhibitor nucleic acid miR-451/miR-21
contained in GBM-Exos were transferred to micro-
glia cells, silencing their targeted c-Myc-mRNAs. In
the in vivo analysis, they observed the release of
GBM-Exos and their uptake by microglia and
mononuclear/macrophage cells.”® NanoLuc (Nluc)
made it possible to assess and detect Exos uptake by
recipient cells or tissues. For in vivo imaging, HT29
and HCT116 cells expressing CD63-Nluc, coated
with matrigel, were implanted in mice with
mCherry markers to distinguish exosome-derived
luminescence from cell-derived luminescence. The
data showed that the transplanted cells constantly
provided Exos to the whole body for seven weeks,
and strong luminescence signals were observed in
the stomach and intestines.”® Renilla luciferase
(Rluc) is also a reporter protein for labeling Exos
(Rluc-Exos). Gangadaran et al. created Rluc-Exos
to observe the in wvivo distributions of Exos from
different tumor cells. They found that the signals of
Cal-62 cells-derived Exos were stronger in the lungs,
compared with the liver, while the signals of MDA-
MB-231 cells-derived Exos were more concentrated
in the liver tissues.””

Bioluminescence imaging technology has the
advantages of low background signal, high speci-
ficity, and reliability. It can avoid the misleading
signals caused by dye aggregation. However, lucif-
erase labeling, similar to fluorescent proteins and
fluorescent dyes, also has limits such as low labeling
efficiency, short half-life, complex parent cell
transfection process, and low tissue penetration
depth. Moreover, substrates with an extremely
short half-life (peaks by 1 min, lasts 5 min at most)

In vivo imaging and tracking of exosomes for theranostics

need to be injected before each imaging, which
requires high time management and equipment
precision.

2.3. Nuclear tmaging

Nuclear imaging is a noninvasive cell imaging tech-
nique. A gamma camera or PET/CT equipment is
used to collect the radiation signals emitted by
radionuclides. The image is formed after computer
processing.”® The researchers were able to track the
biodistribution of the Exos by loading or labeling
them with radionuclides. Commonly used radio-
nuclides for Exos imaging include 3!Iodine (1*'1),
1%T-jodobenzoylde-formamide ~ (1%I), Indium
(11In), and Technetium-99m (%*™Tc).

1311 loaded tumor cell-derived Exos (3'I-Exos)
were injected through a caudal vein into mice with
primary tumors and lung metastases. The SPECT/
CT scans were performed 3, 24, and 48 h after ad-
ministration. The primary and metastatic tumor
sites of the mice showed sufficient radioactivity 3h
postadministration. In contrast, the tumor-free
mice had little radioactivity in the breast fat pads
but a large amount of radioactivity in the lungs.
Researchers then investigated the biodistributions
of Exos from other cell lines in tumor mice. 31-
Exos from all cell lines except HEK293 cells were
concentrated in primary breast tumors and lung
metastases 3h after injection. Notably, EPC Exos
were heavily distributed at the primary tumor site,
while MDSC Exos were more visible in the lungs at
metastatic sites than in other groups.”” Morishita
et al. labeled B16-BL6 derived Exos with iodine-125
(12°1), based on a streptavidin (SAV)-biotin system.
After intravenous injection of 12°1 labeled Exos,
radioactive signals dissipated rapidly in the circu-
lation system. At 4h, the liver tissues showed the
highest radioactivity (28%), followed by the lungs
(7%) and spleen (1.6%). It can be inferred that the
liver is the main organ for clearing exogenous B16-
BL6 derived Exos.”® Smyth et al. used '''In-oxine-
labeled Exos to explore their biological distribution
in vivo. Three hours after intravenous administra-
tion, the circulatory radioactivity signal decreased
by more than 95% of its initial strength. After 24 h,
the radiological signals of both PC3 and MCF-7
cells-derived Exos were cleared rapidly from the
blood of tumor-bearing mice. Both tumor-bearing
and normal mice showed similar trends in Exos
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clearance. The bio-distribution analysis of ez vivo
organs indicated that the accumulation of Exos
from both types of cells was higher in the liver,
spleen, and kidneys than in other organ
tissues.”” "'In-oxine covalently binds to the vesicle
membrane to create Exos labeled with "'In mar-
kers (11'In-B16F10-Exos). ''In-B16F10-Exos were
injected intravenously into tumor-bearing mice.
Their in vivo distribution in tumor-bearing mice
was monitored using whole-body SPECT/CT im-
aging at 30min, 4, and 24h postinjection. The
authors observed a significant accumulation of Exos
in the liver and spleen, followed by the kidneys,
while minor in the tumor tissues (Fig. 5).%
Radionuclide ?™Tc-labeled Exos have been used
to track and image exosomes. Hwang et al. used
9mTe-HMPAO to radiologically label macrophage-
derived exosome mimetic vehicles (EMVs). Then
they monitored the distribution of *™Tc-HMPAO-
EMVs in vivo via SPECT/CT. Radioactive signals
were primarily concentrated in the liver rather than
in the brain.’’ The 9%™Tc-Tricarbonyl complex,
which directly binds to a variety of amino acids that
may exist on the exosome membrane, was used to
label Exos. The result showed that Exos adminis-
tered intravenously were mostly concentrated in the
liver and spleen.?? 9mTec-labeled blood cell-derived
exosome mimics (RBC-EMs) were imaged in vivo
via a gamma camera at 1 and 3h postinjection.
Compared with free 9mTc, 9mTc-RBC-EMs accu-
mulated more in the liver and spleen of mice but less
in the thyroid. The in vitro imaging further con-
firmed the results in vivo.%> Gonzalez et al. injected

["In]DTPA

Fig. 5.

9mTc-labeled milk-derived Exos into mice. Longi-
tudinal tracking showed that these nanotracers
could be quickly cleared from the blood. SPECT/
CT revealed that radiation signals were visible in
the aorta and pulmonary circulation 5min after
injection and began to accumulate in the liver at
10 min. Rapid excretion was confirmed by the high
accumulation activity that existed in the bladder at
30 and 60 min. Exos were observed to be mainly
distributed in the liver and spleen tissues 1h post-
injection, and no significant changes in their inter-
nal locations were found at 3, 5, and 24h.%
Molavipordanjani et al. used ?™Tc-labeled exo-
somes ("""Tc-Exos) targeting HER, for tumor im-
aging. The biodistribution analysis indicated the
tendency of these %™Tc-Exos to be localized in
tumors. Trastuzumab, which was utilized for
blocking the HER, receptors, decreased the accu-
mulation of %™ Tc-Exos in tumor tissues.%” Shi et al.
reported a successful example of noninvasive mon-
itoring of the copper-64 ((64)Cu)-labeled PEG-
modified Exos using PET. The PEG modification
conferred superior pharmacokinetic properties onto
the Exos, enabling them to accumulate more in
tumors. Moreover, such kind of modification also
reduced premature liver isolation and exosome
clearance. These findings are expected to enhance
the delivery efficiency and safety of exosome-based
therapy.’® Subsequently, Jung et al. successfully
labeled breast cancer Exos with (64)Cu and fluo-
rescence dyes. PET and optical imaging were used
to monitor the Exos distribution in vive. Exos en-
tered the sentinel lymph nodes of the drainage via

0-30 min

["IN]DTPA-Ex0g;q

SPECT/CT images. In vivo bio-distribution of B16F10 derived Exos in melanoma-bearing mice. (a) Free [!'In]DTPA

were injected as a control. (b) [''In]DTPA-Exos were injected into the mice. The images were obtained 30 min, 4, and 24h
postinjection. White circles indicate the position of tumors. Reproduced with permission from Ref. 60.
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the lymphatic injection route, whereas they signifi-
cantly accumulated in the lungs, liver, and spleen
via the blood administration route.®” Royo et al.
directly labeled Exos with [124I]Nal and injected
them intravenously into mice or joints. In vivo ra-
dioactivity levels of major organs at different time
points were measured with PET. The results sug-
gested that IV injection could lead to a rapid ac-
cumulation of Exos in the liver, but this
biodistribution changed as visible signals appeared
in different organs several hours later.%®

Radiological labeling provides clear, deeply pen-
etrating, and whole-body imaging of Exos. It also
allows for anatomical imaging and three-dimen-
sional localization visualization of Exos. However,
the half-lives of most radionuclides are very short,
leading to difficulties for long-term in vivo tracking.
Nuclear imaging technology has a high technical
threshold. The imaging process requires a trained
professional to handle radioactive molecules. Fur-
thermore, the biomedical use of radioactive mole-
cules is strictly controlled.

2.4. X-ray imaging

X-ray imaging is a fast and useful imaging tech-
nique that has been developed for tracking and
imaging of Exos. Metal nanoparticles are used as
tracers to label Exosome. X-ray computed tomog-
raphy (CT) was used to obtain real-time visualiza-
tion of Exos in vivo.

CT conducts a sequential cross-sectional scan
around a certain part of the body using various
rays, including X-ray, vy-ray, ultrasonic wave, etc.
Highly sensitive detectors receive the radiation
passing through, which is processed by a computer
to produce an image. CT is one of the most conve-
nient imaging tools in clinical practice due to its fast
scanning time and high resolution. In recent years,
CT has also been used to detect the biological dis-
tribution of Exos in vivo. Betzer et al. developed
glucose-coated gold nanoparticles (Glu-GNPs) to
label Exos. Glu-GNPs entered the Exos through the
glucose transporter (Glut-1) on the membrane sur-
face, thus achieving the loading of Glu-GNPs by
exosome vesicles. Using a CT scan, they found that
Exos administered intranasally resulted in a greater
accumulation in the brain than those administered
intravenously (Fig. 6).9 Subsequently, the same
team used Glu-GNPs to label special MSC-Exos,

In vivo imaging and tracking of exosomes for theranostics

which were edited to contain phosphatase and
tensin homolog siRNA. They investigated the tar-
geting effect of these Exos for spinal cord injury
after intranasal injection. The results showed that
Exos could target the injured spinal cord through
the blood—brain barrier. The siRNAs in these Exos
could down-regulate phosphatase and tensin ho-
molog (PTEN) expression in the injured spinal
cord.”” Based on this labeling approach, they fur-
ther monitor the migration and colonization of in-
tranasally administered MSC-Exos in various brain
lesions, including stroke, autism, Parkinson’s dis-
ease, and Alzheimer’s disease. The results showed
that MSC-Exos specifically targeted the lesion area
of the mouse brain and accumulated for 96h.
However, Exos showed a diffusion migration pat-
tern in the healthy controls. They were cleared from
the lesion area after 24 h. Confocal microscopic ob-
servation of the lesion area confirmed that MSC-
Exos were selectively taken up by neuronal cells
rather than glial cells.”! Lara et al. established a
new protocol for loading gold nanoparticles
(AuNPs) into Exos. B16F10 cells ingested folate
(FA)-conjugated AuNPs, and the AuNPs were in-
ternalized into the cytoplasm. They were loaded by
Exos and subsequently expelled to the extracellular
space. The in vivo experimental results suggested
that B16F10 cells were more likely to absorb Exos of
their own origin than those derived from colorectal
adenoma, macrophage, and kidneys. B16F10 cells-
derived Exos preferentially accumulated in small
lung metastases compared to the other organs.”

2.5.

Magnetic resonance imaging (MRI) uses magnetic
resonance phenomena to obtain electromagnetic
signals from the human body and reconstruct in-
formation about the body. It has the advantages of
noninvasive radiation, high spatial and soft tissue
resolutions. Magnetic labeling of Exos enables
in vivo tracking and visualization of Exos by using
MRI. Currently reported contrast agents to include
SPIONSs, gadolinium, gold-iron oxide nanoparticles
(GIONSs), and ferritin heavy chain (FTHI). Ini-
tially, Hu et al. described the preparation of Exos
loaded with 5 nm SPIONS by electroporation. In the
in vivo experiment, they observed, via MRI, the
migration of melanoma Exos from footpads to
lymph nodes 48h after intravenous injection in

Magnetic resonance 1maging
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Fig. 6.

CT imaging of Glu-GNPs labeled MSC-Exos in mice with acute striatal stroke. (a), (d) (b), (e) (c), (f) represent the 3D

body images of the brain at 1, 3, and 24 h after exosome administration, respectively (a yellow circle marked the ischemic area).
After 3h, MSC-Exos migrated to the ischemic area. In contrast, MSC-Exos in the nonischemic control mice (g)—(i) did not
accumulate in any region specifically and were cleared from the brain 24 h after administration. Reproduced with permission

from Ref. 69.

mice.” Jung et al. indirectly loaded MD-MB-231
cells with SPIONs to generate Exos that could be
tracked by magnetic particle imaging (MPI) in vivo.
The results confirmed that the Exos were mainly
concentrated in the liver 1h after the injection of
SPION-loaded-Exos in healthy mice. Further, the
MPI also approved the successful accumulation of
Olapari-SPION-loaded Exos in the tumors of MDI-
MB-231 =xenograft mice, while delaying tumor
growth.” Busato et al. reported a method for la-
beling Exos with ultrasmall SPIONs (4-6 nm). This
protocol retained the original morphology and
physiological characteristics of Exos and endowed
them with the ability to be imaged under MR.""°
In a recent study, gadolinium-labeled MSC Exos
(Exos-GDL) were used to investigate their activities
in osteosarcoma mice by MRI. Exos were observed
to accumulate continuously in tumors at 24-48h
postinjection. In contrast, the synthetic lipid
nanoparticles only accumulated in tumors within
3h after injection.”” Bose et al. fused GIONs with

Exos (GION-Exos) through a top—down process
(including extrusion of the porous membrane at
100nm). Those labeled Exos were injected three
times into tumor-bearing mice. The MRI revealed a
strong GION-Exo signal in tumors at 12d.”® Ferri-
tin heavy chain (FTH1) and a truncated lactad-
herin were engineered to synthesize a fusion protein.
FTH1 was regarded as an MRI reporter that
allowed the biodistribution of exosomes to be visu-
alized in vivo.”™

With the high spatial resolution and deep tissue
penetration, X-ray CT and MRI techniques make it
possible to achieve long-term in vivo tracking of
Exos. It should be taken into consideration that the
signal we see only reflects the in vivo trajectories of
the markers, which indirectly reveals the location
information of Exos. Moreover, the labeling mate-
rials may not remain in the vesicle throughout the
whole process; they may be released at some stage.
Therefore, such an approach may not provide the
true fate of all Exos, leading to biased results.
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2.6.

Photoacoustic imaging (PAI) is a promising bio-
medical imaging technology that integrates optical
imaging and ultrasonic imaging. Under pulsed laser
irradiation, tissue or contrast agents receive pho-
tothermal expansion and produce an ultrasonic
signal.®’:%! PAI is characterized by high spatial
resolution, deep penetration depth, and high con-
trast, which combine the advantages of ultrasonic
and optical imaging.®>%* Piao et al. used PAI to
monitor tumor growth and axillary lymph node
metastasis. Anti-EGFR gold nanoparticles, as PAI
contrast agents, specifically bind to EGFR™* Exos.
The results confirmed that homologous Exos pro-
mote primary tumor growth and axillary lymph
node metastasis.®** Graphene quantum dot nano-
zyme (GQDzyme), with its intrinsic peroxidase
activity, can effectively convert ABTS (3-
ethylbenzothiazo-line-6-sulfonic acid) to its oxida-
tion state, ABTS™, in the presence of HyO,. The
latter has a strong near-infrared (NIR) absorption
capacity for PAI. Based on this principle, Ding et al.
constructed exosome-like nanozyme vesicles derived
from red blood cells and observed that these exo-
somal-like vesicles accumulated in the tumor area
2h after administration, with the PAI signal in-
creasing up through 8 h.® Chlorine e6, as a photo-
sensitizer, loaded in the tumor-derived re-assembled
exosomes (R-Exos), made it feasible for visualizing

Photoacoustic imaging
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of the Exos via PAL®® Recent studies have also
reported PAI of Exos based on gold (Au) nanostars.
Incubating tumor cells with gold nanostar produced
a large amount of tumor cell-derived stellate plas-
monic exosomes (TDSP-Exos), which could be seen
under PAI. Moreover, these Exos also have a cer-
tain therapeutic significance. TDSP-Exos improved
tumor hypoxia, enhancing radiotherapy by NIR-II
photothermal therapy (Fig. 7).*” PAI is a nonin-
vasive technique for tracking and imaging Exos in
deep tissues as compared to optical methods. With
the development of materials science, various tra-
cers with photoacoustic imaging and photothermal
therapy dual characteristics have been prepared.
Combining of Exos with such tracers may allow for
better targeting and damage of tumor cells and vi-
sualization of the therapeutic process, which may be
a new strategy for tumor therapy in the future.

2.7. Multimodal biotmaging

Currently, multimodal bioimaging has become a
powerful tool to reveal the behavior of Exos in
combination with a variety of imaging techniques.
Multiple modes complement each other, thus
expanding the application range of the dynamic
tracking system and improving the imaging accu-
racy. Zhao et al. achieved in vivo bimodal visuali-
zation of EVs by synthesizing ultra-small particles,
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Fig. 7. Representative PA images of murine tumors at 24 h postinjection of (a) PBS, (b) Au nanostars, or (¢) TDSP-Exos. (d)
TDSP-Exos associated PAI signals were significantly higher in tumors than that of free Au nanostars. Reproduced with permission

from Ref. 87.
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Quantum Dots (AgoSe Quantum Dots), that pos-
sess both MRI and near-infrared (NIR) fluorescence
bimodal imaging capabilities (Fig. 8).%® Cao et al.
engineered exosome-mediated NIR-II region vana-
dium carbide quantum dots, which were revealed to
have FLI, PAI, and MRI capabilities. The resulting
nanoparticles proved feasible for the clinical appli-
cation of NIR-II low-temperature nuclear targeted
photothermal therapy.®” Iridium and iron oxide
nanoclusters (NCs), biosynthesized in situ by cancer
cells or tumor tissues, have been regarded as ideal
probes for multimodal imaging. They enhanced the
image sensitivity and specificity for tumor tissues.

2 min

15 min 2h 4h 24 h

(a) 0 min
High

NIR fluorescence intensity
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Fig. 8. Fluorescence images and MR images of mice at 024 h
postinjection of the Ag,Se Q dots labeled extracellular vesicles.
(a) NIR fluorescence images of liver, kidneys, and spleen. (b)
T,-weighted images of liver, kidneys, and spleen. (¢) Quanti-
tative analysis of the T, signal intensity. Reproduced with
permission from Ref. 88.

These NC-loaded tumor cell-derived Exos can also
be used as tumor-specific biomarkers.”’

3. Summary and Outlook

This review summarized the recent advances in
in vivo imaging and tracking of Exos and described
each of their advantages and limitations. Most of
these methods are pioneering and can elucidate
many unknown in vivo behaviors of Exos at differ-
ent levels, including bio-distributions, migrations,
functions, uptake mechanisms, information ex-
change patterns, etc. Exosome-based tumor diag-
nosis, drug delivery, and barrier penetration
functions have also been further validated. Exos
have become the focus of this research due to their
inherent ability to transmit biological information
and their potential drug delivery ability. To clarify
the unclear behaviors and functions of Exos in vivo
may promote their translation to clinical applica-
tions. With the improvement of labeling methods
and tracking techniques, the mysteries of Exos are
being unveiled.

Despite the promising applications, there still
exist several vital aspects that need to be explored
in future research. First, there is a lack of standard
separation and purification procedures for Exos,
which leads to high contamination in the isolation
process of samples. For example, lipoprotein can
significantly interfere with the staining process of
Exos with lipophilic dyes and thus affect the de-
termination of their distribution in vivo. In addi-
tion, wunder physiological and pathological
conditions, even the same cell line may secrete
exosome subpopulations carrying different infor-
mation and exhibit different distributions and bio-
logical functions. Unfortunately, there is currently
no method to isolate these exosome subpopulations
based on their physical properties and intrinsic
composition. Second, the Exos administration dose
is not uniform across various literatures. Commonly
used dose units include particle number, protein
quantification, radiation dose, etc. Therefore, dose
standardization is recommended for future studies
in order to obtain more measurable comparisons
between different studies. In addition, different dose
administration methods may also affect the distri-
bution and biological function of Exos in vivo. Data
obtained from the comprehensive observation of a
sequential dose gradient are more convincing.
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Third, it should be taken into account that the
route and timing of administration may influence
the accumulation pattern of Exos in wivo. The
fundamental goal of exosome research is to explore
as many applicable conditions as possible for its
future clinical applications. Therefore, in the study
of exosome-based disease treatment, researchers
should comprehensively explore the results under
different administration routes and timing condi-
tions and conduct detailed comparisons and analy-
ses of the data to accumulate more reference basis
for clinical application. Fourth, current imaging
platforms that are dedicated to the dynamic
tracking of Exos are almost lacking. Currently used
optical imaging, MRI, and radionuclide imaging
platforms all attempt to achieve downward com-
patibility of Exos by adjusting parameters on the
basis of cell tracers or even medical imaging equip-
ment, which inevitably leads to compromising the
experimental design based on the instrument
threshold. It is urgent to establish a specific dy-
namic imaging platform for Exos tracking. Fifth,
due to the absence of an exosomal-specific imaging
platform system, it is necessary to advocate the
application of multimodal imaging methods with
comprehensive advantages that can reveal the true
fate of Exos through multiple confirmations. How-
ever, there are only a few reports on multimodal
exosome imaging at present.

Exos hold promising prospects. The rapid de-
velopment of imaging technologies provides a pow-
erful hardware foundation for exploring exosomal
activities in vivo, including intercellular information
exchange, gene regulation, homing and migration,
etc. Future research will undoubtedly allow us to
have complete knowledge of their capabilities and
limitations. With this adequate cognitive guidance,
exosome-based therapy can be progressively pro-
moted from the laboratory to the clinic.
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