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Abstract

This review presents a comprehensive overview of labelling strategies for endogenous and exogenous extracellular
vesicles, that can be utilised both in vitro and in vivo. It covers a broad spectrum of approaches, including fluores-
cent and bioluminescent labelling, and provides an analysis of their applications, strengths, and limitations. Further-
more, this article presents techniques that use radioactive tracers and contrast agents with the ability to track EVs
both spatially and temporally. Emphasis is also placed on endogenous labelling mechanisms, represented by Cre-

lox and CRISPR-Cas systems, which are powerful and flexible tools for real-time EV monitoring or tracking their fate

in target cells. By summarizing the latest developments across these diverse labelling techniques, this review provides
researchers with a reference to select the most appropriate labelling method for their EV based research.
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Background

Extracellular vesicles (EVs) are membranous structures
secreted by cells, and depending on their biogenesis, they
comprise two main subtypes: exosomes and ectosomes.
Exosomes originate from intraluminal vesicles that are
formed by the inward budding of endosomal membranes
during the formation of multi-vesicular endosomes
(MVE), and are released to the cell exterior upon the
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fusion of MVE with the plasma membrane. Ectosomes
are generated at the plasma membrane from its outward
budding, followed by membrane fission and their subse-
quent release from the cell surface [1].

Apart from their biogenesis pathway, which might be
difficult to determine, EVs can be characterised by their
physical characteristics such as size or density, biochemi-
cal composition, or by their cell of origin. Regarding their
size, small EVs are generally regarded as membranous
vesicles with a diameter of up to 200 nm, as opposed to
medium/large EVs exceeding this suggested size range
[2]. For the assessment of EVs by protein composition,
the MISEV2023 guidelines recommend investigating
proteins from two categories that evaluate the presence
of EV features. These include proteins associated with
the cell plasma or endosomal membrane, such as CD63,
CD81, CD9, and cytosolic proteins that are recovered
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in EVs (e.g. ALIX, TSG101, syntenin). Importantly, the
guidelines do not recommend any specific molecular
markers for distinguishing between EV subtypes, high-
lighting the current understanding that no single set of
protein markers can definitively categorize EV subpopu-
lations [3, 4].

Aside from the general EV characterization, there is a
considerable effort to analyse their active cargo content
and determine the EV function under physiological or
pathological states. Although they were initially consid-
ered only cell waste carriers [5], numerous studies have
demonstrated that cells actively release EVs to mediate
cell-to-cell communication at adjacent or distant sites
[6-10]. Information is transferred in the form of nucleic
acids, lipids, and proteins and can influence the physi-
ological state of the recipient cell after the EV content is
taken up [11].
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In this review, we discuss recent studies that explore
labelling strategies aimed at both exogenously and
endogenously produced EVs with an emphasis on
methodology. In detail, we provide an overview of opti-
cal (fluorescence, bioluminescence), nuclear, and mag-
netic resonance imaging (MRI) tracers, and highlight
their application for in vitro and in vivo EV tracking,
for the study of the EV uptake mechanisms, or the tis-
sue distribution after the administration of exogenously
produced EVs into an animal model. The graphical
overview of the labelling strategies for exogenously
produced EVs is depicted in Fig. 1. Additionally, we
review methods for monitoring direct functional
uptake of endogenously released EVs and their track-
ing in vitro or in live animals. Finally, we evaluate the
current advantages and limitations of each technique to
discuss the future development of applications.
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Fig. 1 Strategies for labelling of exogenous extracellular vesicles
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Fluorescent imaging

Fluorescence is a widespread molecular and cellular
imaging strategy for labelling and monitoring vari-
ous biological structures in biomedical and analytical
research. For fluorescence imaging, specimens are
labelled with fluorophores, which emit fluorescence
signals upon external excitation light. In the context of
EV tracking, this method employs an array of various
tools, including the expression of genetically encoded
fluorescent protein reporters, lipophilic dyes incorpo-
rated into the lipid bilayer of the EVs, or the binding
of fluorescent molecules that specifically attach to EV
structures [12].

In relation to genetically encoded labels, gene con-
structs coding for fluorescent proteins are introduced
into parent cells, which produce EVs that carry the
desired fluorescent marker bound to their membranes.
Lai et al. [13] engineered optical reporters to investigate
the transfer of EVs and their RNA cargo between cells,
both in cell culture and in an animal model. To label EV
membranes, they used two constructs encoding either
GFP or tdTomato protein attached to a palmitoylation
signal. This strategy allowed them to label a broad popu-
lation of EVs rather than just an EV subset with specific
membrane markers, such as CD81. Utilizing two fluo-
rescent reporters, they were able to confirm reciprocal
EV exchange between two different cell lines and the EV
uptake by recipient cells. Furthermore, they developed
and tested a fluorescent reporter system that visualized
co-localization signals between the EV membrane and its
RNA transcript for efficient EV-RNA cargo monitoring.
Importantly, they were able to track tumour-derived EVs
from a mouse xenograft by intravital microscopy.

Already mentioned transmembrane proteins associ-
ated with EVs, including CD81, CD9, and CD63, have
been extensively used for EV labelling. In the study by
Lazaro-Ibdnez et al. [14], they compared the efficiency of
lipophilic DiR and mCherry-CD63 labelling strategy for
in vitro and in vivo imaging. Tracking EVs tagged with
mCherry by non-invasive imaging in tumour-bearing
mice resulted in the detection of fluorescent signals in
the abdominal and thoracic regions; however, the same
areas were illuminated in control mice, which was con-
firmed by ex vivo analysis. These findings revealed that
the high tissue autofluorescence within the excitation
wavelength range of mCherry contributed significantly
to the background signal, effectively reducing the signal-
to-noise ratio and complicating the use of mCherry for
precise EV monitoring. On the other hand, DiR labelling
yielded a clear signal in the upper abdominal region cor-
responding to the liver and the spleen, while other organs
or tumours had no detectable levels of fluorescence. Con-
trary to mCherry labelling, DiR provided an increased
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sensitivity, higher signal to noise ratio, and lower tissue
autofluorescence, allowing for in vivo EV observation.

Apart from DiR, other commercial dyes such as Dil
[15], PKH [16], and DiD [17] have been developed for
direct lipid membrane labelling. However, it is impor-
tant to note that their use is often limited only to in vitro
applications. For instance, Dil and PKH dyes emit fluo-
rescence at wavelengths between 500-570 nm [18, 19],
which is not suitable for in vivo imaging. This is because
shorter wavelengths are more prone to scattering and
absorption by biological tissues [20], and also induce
higher tissue autofluorescence [21], leading to reduced
imaging clarity and contrast. On the other hand, dyes
that emit in the near-infrared (NIR) spectrum, spe-
cifically in the 650—900 nm range, are better suited for
in vivo imaging [22]. NIR light penetrates deeper into tis-
sues with minimal scattering and absorption. Moreover,
biological tissues exhibit significantly less autofluores-
cence in the NIR window, enhancing the signal-to-noise
ratio, which is important for clear and accurate imaging
[23]. The use of NIR dyes for in vivo imaging offers signif-
icant advantages for tracking and analysing EVs in com-
plex biological environments. However, incorporating
NIR molecules into EVs presents its own challenges. NIR
dyes are more difficult to express in cells, and it is impor-
tant to ensure that the labelling process does not alter the
EVs’ natural characteristics or interfere with their biolog-
ical functions.

In addition to emission wavelengths, the specificity
of fluorescent dyes and their interaction dynamics are
important for the reliability of EV labelling techniques.
EV staining with lipophilic tracer is simply performed by
the addition of the dye solution to the EV suspension with
subsequent incubation and washing steps. This method,
though practical for certain applications, does not dis-
criminate between EV membrane and other lipophilic
structures, potentially leading to non-specific labelling.
Additionally, free dye molecules can form aggregates with
sizes similar to EVs [24]. For example, Puzar et al. [25],
demonstrated that in samples stained with the lipophilic
dye PKH26, only 11% of fluorescent particles obtained by
ultracentrifugation were labelled EVs, with the majority
representing spontaneously formed PKH26 nanoparti-
cles. Other experiments [26] showed co-isolation of large
amounts of APOB™ lipoproteins with EVs and lipophilic
dye transfer and its binding to non-EV components, with
no correlation between the small EV content and dye
uptake. Therefore, experiments including lipophilic dye
staining should be carefully interpreted.

The development of novel dyes represents a signifi-
cant advancement in overcoming the limitations of tra-
ditional lipid dyes. MemBright family of cyanine-based
fluorescent probes avoid the formation of aggregates and
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remain non-fluorescent unless incorporated into mem-
branes [27]. This characteristic allows more accurate and
interference-free analysis in membrane-related stud-
ies, which is also applicable for EV monitoring. Loconte
and colleagues [28] compared several labelling strate-
gies including the use of MemBright to evaluate the best
approach to monitor EVs uptake by recipient cells. The
study proposed that passive and temperature-independ-
ent diffusion of the lipid-bound MemGlow-488 dye from
the EV to the cell membrane could occur upon short or
transient contact between the EV and the cell surface.
This was in contrast to amine-reactive, cell-permeable
dye CESE and GFP reporter mp-sfGFP, where the sig-
nals were more likely to represent actual EV uptake and
content delivery within the recipient cells. This suggests
that some fluorescence signals might originate from
dye transfer rather than actual uptake or content deliv-
ery of EVs. The authors also noted that the distribution
of fluorescence from labelled EVs varied among different
immune cell types within peripheral blood mononuclear
cells. While MemGlow-488 was incorporated across all
cell types, CFSE was observed in a minor subset of cells,
and mp-sfGFP was mainly restricted to CD14" cells. This
indicates that the method of EV labelling significantly
influences the detection and analysis of EV interactions
with recipient cells.

Another approach how to prevent the possible detach-
ment and release of lipophilic dye from the EV mem-
brane was explored by Gonzélez and colleagues [29], who
utilised a chemical methodology that formed a covalent
bond between the ester groups of a commercial lipo-
philic fluorophore and free amine groups of transmem-
brane proteins present in the EV membrane. In vitro
experiments showed a dose-dependent cellular uptake
of SCy7.5 labelled EVs after one hour of incubation with
primary hepatocytes, with the strongest fluorescent sig-
nal detected after 24 h, when a high dose of dye was used.
Additionally, higher solubility and an excitation wave-
length near the infra-red region of SCy7.5 allowed its use
for deep EV imaging in mice. Subsequent ex vivo analysis
determined the highest fluorescent intensity in the liver
tissue and weaker signals in the kidneys and the spleen.

A different approach to EV labelling was reported
by Boysen et al. [30], who used helminths as an in vivo
model to show the uptake of the fluorescent lipid ana-
logue DOPE-Rho and its incorporation into EVs. As
these worms are incapable of synthesizing fatty acids
de novo, the pre-labelling of EVs was facilitated by the
whole organism uptake of the fluorophore. The label-
ling method was further evaluated by adding fluores-
cently labelled EVs to activated Human Macrophage-Like
THP-1 cells with subsequent overnight incubation. Fluo-
rescent microscopy imaging confirmed a dose-dependent
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increase in the signal positive cells when DOPE-Rho
labelled EVs were used. However, a higher dose of the
lipid analogue was associated with reduced lipid uptake
and a decrease in the number of EVs in the medium, sug-
gesting potential toxicity.

Fluorescent proteins are useful tools for tracking exog-
enous EVs and monitoring intercellular communication
in vitro or in animal models. However, their use poses
some challenges, such as limited tissue penetration of
emitted light, which is characteristic of fluorescent pro-
teins with emission in the blue or green part of the spec-
trum. Moreover, non-invasive tracking is problematic
due to the low resolution of the technique. Consequently,
fluorescence imaging is often performed after an animal
has been sacrificed or surgically exposed, limiting its use
for real-time monitoring [31]. Additionally, producing
fusion protein in excess can alter EV biogenesis, and its
expression on the EV surface can create steric hindrance
that may inhibit the EVs from binding to the target cell
[32]. Despite these limitations, fluorescence can provide
useful information about the in vitro and in vivo trans-
portation of EVs and thus shed light on the biology of
EVs.

Bioluminescent imaging

Bioluminescence imaging (BLI) is based on the activity
of luciferases, a family of oxidative enzymes that catalyse
the conversion of specific substrates called luciferins to
oxyluciferins, during which part of the chemical energy
is converted into a photon of light. When compared to
fluorescent imaging, luciferase enzymes produce a sig-
nal with low levels of background because they do not
require an excitation source [33]. Bioluminescent report-
ers are derived from light producing organisms, including
the marine Gaussia princeps (GLuc) or Renilla reniformis
(RLuc), which have been used both for in vitro analyses
to image EV release, their uptake by target cells, and for
in vivo model systems that visualise tissue distribution.

Apart from their origin, luciferase enzymes differ in
several chemical and photoluminescence properties that
determine their use in preclinical studies and research.
Emission wavelength is one of the crucial parameters
to consider for non-invasive in vivo imaging because it
limits how deep the emitted light can penetrate through
mammalian tissues, with emission in the red part of the
visible light spectrum providing deeper reach [34]. Fig-
ure 2 shows an overview of frequently used fluorescent
and bioluminescent labels comparing their maximum
emission wavelengths.

In addition to photoluminescent characteristics of
luciferase enzymes, it is also essential to address the
practical challenges of using these systems for EV track-
ing. A critical aspect is the substrate’s ability to effectively
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Fluorescence Bioluminescence

DiR (778 nm)
SCy 7.5 (778 nm)

MemGlow-640
(673 nm)

mCherry (610 nm)
=  600nm =—
mScarlet (594 nm)
CyOFP1 (589 nm) Antares2 (584 nm)
tdTomato (581 nm) ThermoLuc (580 nm)
Firefly/FLuc (578 nm)
PKH26 (567 nm)
Dil (565nm) — 550nm —

Gamillus (519 nm)
pHIluorin (509 nm) &
eGFP (507 nm)
MemGlow-488 —
(507 nm)

500nm =—

Renilla/RLuc (482 nm)
Gaussia/GLuc (480 nm)

NanoLuc (460 nm)

Fig. 2 An overview of frequently used fluorescent
and bioluminescent labels comparing their maximum emission
wavelengths

reach the accumulation site of EVs. Factors such as low
substrate solubility [34], non-homogeneous substrate
distribution or poor cell permeability [35—38] can signifi-
cantly impact the effectiveness of EV monitoring in vivo.
Understanding the behaviour of endogenous and exog-
enous EVs in vivo is a prerequisite for the use of EVs as
efficient drug delivery systems. For instance, EV clear-
ance from the circulatory system is an aspect that has
been explored in a study [39] that shows a quick capture

Page 5 of 15

of administered EVs by hepatic and splenic macrophages.
In the experimental setup, EVs from murine melanoma
cells were labelled with GLuc-lactadherin and intrave-
nously injected into macrophage-depleted mice to dem-
onstrate higher EV concentrations both in the serum and
in organs such as the liver, spleen, and lung, when com-
pared to untreated mice four hours after administration.

Gupta and his colleagues [40] compared the sensitiv-
ity, stability, and luminosity of five different luciferase
enzymes fused either to the N- or C-terminus of tetras-
panin CD63 that belongs to the transmembrane pro-
tein family. The NanoLuc (NLuc) enzyme alone or its
fusion to either of the terminal tails showed the highest
luminescence and stability, followed by the ThermoLuc
CD63 C-terminal fusion, while Super RLuc8, Firefly and
CRBLuc CD63 tethering produced lower quantum yield.
For in vitro applications, the authors used CD63-Ther-
moLuc labelled EVs to show their quantitative uptake in
recipient cells, which occurred in a dose-dependent man-
ner. Furthermore, the in vivo application allowed them to
observe the pharmacokinetic profile and biodistribution
of CD63-NLuc engineered EVs in mice. Their study dem-
onstrated rapid plasma clearance of exogenously admin-
istered EVs mainly in the liver and spleen five minutes
post injection, with a gradual decrease over time. Inter-
estingly, the authors showed that the difference in EV
biodistribution depended on the route of administration,
where intravenous and peritoneal injection demonstrated
a similar pharmacokinetic profile in circulation while
subcutaneous application indicated a lower luciferase
activity in mouse plasma. Additionally, different arte-
rial or venous applications resulted in similar systemic
distribution, contrary to the peroral or intracerebral
injection that limited the EV dispersion primarily to the
stomach and brain, respectively. For non-invasive track-
ing, they used ThermoLuc labelled EVs that distributed
mainly to the lungs, liver, and spleen. Importantly, a sig-
nificant difference in body-wide distribution pattern was
also observed for different EV subpopulations when the
luciferase was fused to either CD63 or CD9, manifest-
ing enhanced accumulation of EVs in the gastrointestinal
tract or lungs, respectively.

In the study conducted by Lézaro-Ibanez et al. [14],
the authors compared five different optical and nuclear
tracers to elucidate the effect of labelling on EV proper-
ties, its efficiency and EV biodistribution pattern in vivo.
When comparing the two luciferase systems, NLuc pro-
vided a 10°-fold brighter signal per particle than the
firefly luciferase (FLuc), and it was sensitive enough to
detect 10°—10° of bulk EVs in vitro. The labelling effi-
ciency of NLuc was also higher than that of Fluc, and it
manifested as a strong bioluminescent signal after cellu-
lar uptake. Furthermore, in vivo imaging performed one
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and four hours after the administration of exogenous EVs
showed pale signals in the area of the spleen. Although
ex vivo EV detection provided a stronger quantum yield
than in vivo bioluminescence, the tissue distribution of
injected NLuc-EVs was partially different from the bio-
distribution of the other tested labels. While the strong-
est NLuc signals were recorded in the lungs and spleen
with a weaker signal emitting from the liver, fluorescent
DiR or radioactive ["''In]-DTPA tracer showed the high-
est accumulation in the liver and the spleen. The authors
hypothesized that the change in the distribution pattern
could be caused by a change in the surface protein com-
position following the expression of an exogenous fusion
protein.

Dual-reporter systems

Although ex vivo measurement of NLuc activity is effec-
tive for determining EV biodistribution after their admin-
istration, it is not a suitable method for long-term EV
monitoring. Therefore, Hikita et al. [41] utilised the bio-
luminescence resonance energy transfer (BRET) reporter
Antares2 that is based on a mutated NLuc luciferase
fused with the fluorescent protein CyOFP1 as an acceptor
chromophore to visualize the biodistribution of cancer-
derived EVs. The bioluminescent reporter was attached
to CD63 to ensure efficient EV loading. For EV track-
ing, cancer cells were engineered to express the CD63-
Antares2 construct, and these genetically modified cells
were introduced subcutaneously into mice. The presence
of Antares2 allowed for the detection of bioluminescent
signals in blood samples, taken at five-day intervals. Sub-
sequent analysis of blood samples revealed that BRET
signal intensity increased with the growth of the tumour,
indicating the accumulation of EVs in the bloodstream.
Due to the low spatial resolution of whole-body imaging,
ex vivo bioluminescent imaging was performed, resulting
in signal detection in various organs, namely, the lungs,
stomach, intestine, and genital glands.

Wu and his colleagues [42] created another modifica-
tion of the BRET system called PalmGRET by fusing a
palmitoylation signal peptide sequence from the GAP43
protein to the N-terminus of a GFP-NLuc BRET reporter,
which enabled multi-resolution visualization of EVs by
live cell microscopy and in vivo imaging system. After
intravenous application of EVs in mice, their highest con-
centrations were observed in the region of the lungs and
liver.

Analogous variation of the BRET system was reported
by Perez et al. [43], who utilised red-shifted PalmReNL
which is based on tdTomato-NLuc fusion protein. Con-
firmed by flow cytometry, the labelling efficiency of
PalmReNL was 1.2% and 6.3% for small EVs (sEVs) and
medium/large EVs, respectively. Surprisingly, reporter
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sEVs did not emit fluorescence after uptake into recipient
cells, contrary to the mScarlet-based reporter fused to
CD63 that sustained the fluorescent signal after cellular
uptake of sEVs. The authors speculated that the observed
difference in fluorescence retention could be caused by
diverse cell processing of the two reporters, or possi-
bly, by preferential labelling of distinct sEV populations.
Additionally, in vitro testing of the reporter’s suscepti-
bility to an acidic environment resulted in a significant
reduction of the fluorescent signal of PalmReNL-sEVs
after cellular uptake, compared to the acid-tolerant Palm-
fused Gamillus, whose signal remained easily detectable
after 24 h. Furthermore, a gradual decrease was observed
for bioluminescent signals when small and medium/large
EVs carrying PalmReNL were exposed to pH below six
that is common for late endosomal and lysosomal com-
partments. Testing in vivo and ex vivo biodistribution
after retro-orbital administration in mice showed higher
bioluminescent signal for small PalmReNL EVs in com-
parison to medium/large EVs. Moreover, the use of a
novel, more soluble substrate called fluorofurimazine
yielded a stronger signal than furimazine both in vitro
and in vivo.

Due to low spatiotemporal resolution of the biolu-
minescent reporters and poor substrate distribution or
solubility [44], non-invasive EV tracking is challenging,
and the accurate anatomical information is often limited
to ex vivo analysis. Nonetheless, modified reporters with
enhanced signal intensity, novel substrates, increased
emission wavelength, or their combination with fluores-
cent BRET acceptors have overcome most of the limita-
tions by offering better imaging sensitivity and higher
tissue penetration.

Radiolabelling

Nuclear imaging of EVs incorporates a range of tech-
niques that use radioactive labels detected with Single-
Photon Emission Computed Tomography (SPECT) or
Positron Emission Tomography (PET). The main advan-
tages of these methods include the wide availability of
radionuclides and the preservation of EVs’ morphology
after labelling [45]. SPECT imaging utilizes gamma-
emitting radionuclides that emit single photons with
half-lives ranging from hours to days. Detection of emit-
ted photons is secured by a rotating camera that gener-
ates a 3D image. Some radionuclides commonly used in
this technique include Iodine-123, Technetium-99m, and
Indium-111 [46, 47]. On the other hand, PET imaging is
based on positron-emitting radionuclides. These radio-
isotopes emit positrons that annihilate nearby electrons,
releasing a pair of gamma rays of equivalent energy in
opposing directions. Gamma rays are then detected by
a ring of detectors, mapping the incoming radiation at
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a 180° angle, a process known as coincidence detection.
Zirconium-89, Copper-64, Gallium-68, and Fluorine-18
are among the radionuclides typically employed for PET
imaging, which offers approximately two to three times
higher resolution than SPECT [45, 47]. Both SPECT
and PET are imaging methods suitable for visualizing
the movement and quantifiable changes of EVs in vivo,
and they are often used in conjunction with CT or MRI
scans for precise anatomical localization [48, 49]. Vari-
ous radionuclide labelling strategies are employed for EV
tracking, however; depending on the localization of the
radionuclide within the EV, these strategies can be pri-
marily categorized as intraluminal or surface labelling.
Surface labelling involves the attachment of radionuclides
to the EV membrane either by covalent bonding of the
tracer to a membrane receptor or via the use of chelating
agents [50].

Royo et al. [51] investigated the impact of manipulat-
ing EV glycosylation, a key protein modification affecting
membrane-to-membrane interactions, on EV distribu-
tion pattern. In their study, EVs were first treated with
neuraminidase to cleave sialic acid residues from glyco-
proteins, and then were directly labelled with ['**I]Na.
Modified membrane glycoproteins showed an increased
accumulation of EVs in the lungs and axillary lymph
nodes of mice when compared to EVs that were not enzy-
matically treated, suggesting that manipulation of the
glycosylation pattern can affect EV biodistribution. Addi-
tionally, PET imaging allowed for quantitative monitor-
ing of ['**I]Na labelled EVs for up to 72 h.

Another labelling strategy utilizes a chelating agent to
create a link between radionuclide and the membrane,
which was reported in a study by Lazaro-Ibafiez et al.
[14]. The authors used covalent linking of DTPA-anhy-
dride to the EV surface, which functioned as a bifunc-
tional chelator for labelling EVs with "' In*. This method
demonstrated high EV radiolabelling efficiency and
increased stability in 50% serum. The combination of
SPECT with anatomical data obtained from CT provided
high sensitivity and deep tissue penetration, suitable for
tracking " In**DTPA labelled EVs in mice. As opposed
to optical approaches, the radioactive signal in excised
organs was measured without the need for further tissue
homogenization.

Direct labelling of EVs is often viewed as a standard
approach. However, the use of certain radionuclides that
require harsh conditions, such as high temperatures or
strong bases, could potentially damage EVs. In contrast,
indirect labelling utilizes prosthetic groups that can
withstand the severe conditions necessary for their asso-
ciation with the membrane [50]. One of the prosthetic
groups is 1,4,7-triazancyclononane-1,4,7-triacetic acid
(NOTA), which works well as a bifunctional chelator for
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radiolabelling. Shi et al. [52] used the label in combina-
tion with radioisotope ®**Cu and compared the in vivo
properties of NOTA-%Cu EVs versus equally labelled EVs
with added polyethylene glycol (PEG) on their surface.
Their radiostability experiments showed that a higher
percentage of the NOTA-PEG-**Cu label was retained
in mouse serum at 24 h compared to NOTA-%Cu EVs
without PEGylation. After intravenous application in
mice, PEGylated EVs were less prone to clearance by
the liver and exhibited enhanced tumour uptake than
%*Cu-NOTA-EVs.

Another indirect surface labelling was explored
by Molavipordanjani S. et al. [53], who utilised fac-
[*™Tc(CO),(H,0),]* reactive group to radioactively label
EVs that express DARPin (designed ankyrin repeat pro-
teins) G3 ligands on their surface with an affinity to HER2
tyrosine kinase receptors. In vitro experiments demon-
strated an increased binding of *™Tc-EVs to SKOV-3
cancer cells that had higher HER2 expression than in
other tested cell lines. Additionally, active HER2 target-
ing was evaluated in a SKOV-3 xenograft mouse model,
demonstrating an accumulation of EVs in the tumour tis-
sue and indicating the potential use of radioactive nano-
particles in tumour imaging or treatment.

Intraluminal labelling refers to the incorporation of
the radioactive molecules within the lumen of EVs. This
can be achieved through various methods such as pas-
sive diffusion, active loading via membrane transport-
ers, electroporation, or sonication. This approach is
typically used when surface labelling would alter the EV
membrane [45, 50].

While imaging techniques using radioactive ions have
significant capabilities, the efficiency and stability of radi-
olabelling can be low in some cases. For instance, Faruqu
et al. [48] aimed to label EVs with '!In*" using tropolone,
a hydrophobic chelating molecule that can diffuse across
the EV membrane in complex with a radionuclide. How-
ever, the labelling efficiency was lower than expected,
likely due to the lack of biomolecules in the EV lumen
available for "In3* exchange, which allowed the ['!'In]
tropolene complex to diffuse back to the extravesicular
space.

The tracking of EVs in vivo has emerged as a valuable
tool for studying their migration and localization. The
articles referenced in this review report a comparable
distribution pattern, with the strongest signals detected
in organs primarily responsible for the clearance of sub-
stances from the body, such as the liver, kidneys, and
spleen [49, 52, 53]. Importantly, the cited studies offer
strategies for molecular imaging by PET and SPECT,
which will be important for future applications of EVs in
diagnostics and therapeutic delivery systems [53]. How-
ever, several challenges to consider include the possibility
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of changes in EV characteristics after radionuclide appli-
cation, the high cost of labelling tracers, regulatory
policies for using radioactive material, and the need for
trained personnel to handle these substances [31].

In recent years, the application of radionuclide labelling
techniques for in vivo tracking of EVs has gained increas-
ing attention. Imaging techniques PET and SPECT have
significantly advanced our understanding of EV migra-
tion, accumulation, and biodistribution. However, the
integration of these techniques with structural imaging
modalities such as CT and MRI can further enhance the
functional information with high-resolution anatomical
details and offer more comprehensive understanding of
EV dynamics within the body.

Magnetic resonance

Magnetic Resonance (MR) imaging is a technique based
on the response of hydrogen nuclei to radio-frequency
pulses in the imaged tissue. This response varies depend-
ing on the MR properties of the tissue, such as relaxation
times, spin density, chemical shift, and molecular motion
[54, 55]. By using different MR pulse sequences, MRI can
offer varied image contrasts, reflecting the tissue prop-
erties. Apart from the established use in detailed tissue
imaging, these contrast mechanisms in MRI can also be
applied to tracking and monitoring EVs in vivo, allowing
their enhanced visibility in biological systems.

The use of MRI in vivo was presented in the study by
Hu et al. [56], who inserted superparamagnetic iron oxide
nanoparticles (SPION5) into EVs using electroporation,
enabling their tracking in vitro and in an animal model.
The authors observed that the injection of SPION5 EVs,
as well as free SPIONS5 into the mouse footpad, caused
the enlargement of the popliteal lymph node, with a sig-
nificant deposition of SPION5 EVs after 48 h compared
to the SPIONS5 application alone. Interestingly, EVs
derived from melanoma cells were preferentially taken up
by the subcapsular region of the mouse lymph node, sug-
gesting the potential use of therapeutic exosomal inhibi-
tors in the future, that could prevent the formation of a
premetastatic niche mediated by tumour-released EVs.

A different labelling technique that could also assist
in EV-based drug delivery was introduced by Han et al.
[57], who loaded superparamagnetic iron oxide particles
conjugated with a histidine polypeptide (SPIO-His) into
purified EVs. When compared to an alternative method
for SPIO labelling described by Busato et al. [58], the
electroporation of SPIO-His particles improved the effi-
ciency, achieving a rate of 96% versus 19%, when SPIOs
were incubated with parental cells to produce SPIO-
labelled EVs. Moreover, the use of magnetic particles
simplified the enrichment of EVs through the application
of an external magnetic force and additional purification
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using a Ni—-NTA column enabled the separation of
encapsulated particles from free SPIO-His labels. In a
rodent model of acute kidney injury, the systemic admin-
istration of magnetic EVs generated quantifiable MRI
signals, which revealed a significantly increased uptake
of iPSC-derived vesicles in the injured kidneys compared
to controls. The enhanced survival rate of mice and the
protective effect on tissues indicate the possible future
applications of magnetic EVs in the optimization of sys-
temically administered therapies.

As mentioned previously, Busato and colleagues [58]
developed a different method for magnetic particle pack-
ing into EVs which involved cultivating adipose stem
cells (ASCs) with an iron-based USPIO label. The pri-
mary objective was to adopt an alternative, non-invasive
approach for EV labelling without disrupting the mem-
brane characteristics. The authors identified an optimal
concentration of USPIO that enabled the labelling of
ASCs with a complete efficiency over a 72-h incubation
period, without any reduction in their viability. Con-
firmed by TEM imaging, USPIO nanoparticles were also
present in EVs isolated from conditioned ASC medium.
Following an intramuscular application in mice, the
team found that labelled EVs were readily detectable by
MR imaging, which was also validated by histological
examination.

Shaikh et al. [59] adopted an alternative strategy for
the synthesis of nanoclusters with multimodal proper-
ties. They introduced solutions of IrCl; and FeCl, to
either cell culture media or mice with tumour xenografts.
This led to the in situ formation of luminescent IrO, and
magnetic Fe;O, in the tumour tissue, acting as imaging
probes with an increased image sensitivity, biocompat-
ibility and tumour specificity. The process was enabled by
reducing agents naturally present in the tumour micro-
environment, which exhibits different redox homeostasis
than normal tissue. Interestingly, EVs extracted from the
serum of mice bearing tumour xenografts—but absent in
EVs from control mice—contained these newly formed
nanoclusters, suggesting their potential use as cancer
biomarkers.

The implementation of MRI is becoming increasingly
frequent due to its capacity to deliver detailed anatomical
images and accurate spatiotemporal data about the label
[60]. In addition, it provides high contrast for soft tissue
imaging, and the MRI reagents being non-radioactive
have an extended shelf life. However, MRI presents some
disadvantages, which include the high cost of the rea-
gents and the MRI instrumentation itself. Furthermore,
MRI cannot be performed on individuals with metal-
lic or magnetically sensitive implants [61]. While MRI
is often used in combination with other techniques such
as PET and SPECT, ongoing research and technological
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advances are enabling its use to offer comprehensive
imaging of EVs without the need for complementary
techniques [58].

Computed tomography/Xray imaging

Computed tomography (CT) is a technique that uses an
X-ray emitter and a row of scan receptors placed on the
opposite side to make measurements of X-ray attenua-
tion caused by tissue density. These measurements make
2D images of the subject from different angles, and once
all the slices are combined, a tomographic image will pre-
sent pictures of the whole body or a particular organ [61].

As mentioned in the chapter about radiolabelling, the
primary role of CT in tracking EVs is to supplement PET
or SPECT scan by providing comprehensive anatomical
details, as in Varga et al. [49], where EVs derived from
human erythrocytes were labelled with **™Tc-tricarbonyl
complex for in vivo monitoring in mice. After EV label-
ling, the combination of CT and SPECT imaging data
allowed for the precise localisation of the radiolabelled
EVs within the body. An example of EV tracking by PET/
CT can be found in Choi et al. [62], who intravenously
administered ¥Zr-labelled EVs in mice and rats to deter-
mine their quantitative biodistribution, pharmacokinet-
ics, and excretion rate in different animal models.

Nonetheless, CT can also be used independently for EV
research, such as in Cohen et al. [63], where EVs derived
either from mesenchymal stem cells (MSC-exo) or from
the A431 squamous cell carcinoma line (A431-exo),
were loaded with gold nanoparticles for non-invasive
CT imaging. The team reported an infiltration of gold-
labelled EVs to the tumour tissue and cell cytoplasm,
while the free gold particles were retained at the tumour
periphery. The results revealed quantitative differences in
the vesicle uptake manifested by higher concentration of
MSC-exos in tumour after 48 h when compared to that of
A431-exos. The authors concluded that the source of EVs
significantly influenced their capacity to target and infil-
trate tumours, and it could have potential implications in
EV-mediated cancer treatments.

In the study conducted by Lara et al. [64], the team
developed a method to indirectly label melanoma EVs
with gold nanoparticles (AuNPs), while preserving their
inherent characteristics. They incubated B16F10 mela-
noma cells with folic acid-conjugated AuNPs, which
enhanced the labelling efficiency and facilitated the
integration of AuNPs into EVs. The results showed that
murine melanoma cells exhibited a preferential uptake of
their own EVs, and also suggested the potential of using
EVs as a targeted drug delivery system for the treatment
of metastasis. Importantly, the study demonstrated that
a single administration of either AuNPs, EVs, or EV-
AuNPs did not significantly stimulate tumour growth,

Page 9 of 15

highlighting the potential safety of this approach. Addi-
tionally, pairing CT imaging with fluorescent assays and
optical microscopy allowed visualisation and quantifica-
tion of gold uptake by different tissues.

CT imaging has significantly evolved from its initial
role as a supporting tool for EV analysis performed by
other methods. Recent studies have demonstrated its
effectiveness for in vivo tracking of EVs and whole-body
imaging. However, the technique poses some challenges
associated mainly with ionizing radiation. Although the
dose of ionizing radiation has been reduced over the
years, CT scans are not recommended during pregnancy
and frequent imaging should be avoided for the same
patient. Despite these limitations, CT scanning offers
several important benefits. These include direct detec-
tion of tracers, deep tissue penetration, and the capac-
ity to image the heart and gastrointestinal tract without
interference from gas pockets or artifacts [65]. Addition-
ally, the imaging agents used in CT scans are stable with
a long shelf-life.

Effective labelling and tracking of exogenous EVs
present distinct challenges across various techniques.
Fluorescent and bioluminescent imaging offer detailed
insights but face limitations in vivo due to autofluores-
cence and light scattering or enzyme substrate variability.
Radiolabelling, while sensitive, is limited by potential EV
alterations and regulatory obstacles. MRI and CT imag-
ing provide detailed anatomical data but come with high
costs and technical limitations. Ultimately, surface modi-
fication methods like NHS chemistry and cargo loading
approaches such as electroporation, though widely used,
risk altering EV surface protein functionality and can lead
to EV malformation. These issues impact the biological
roles and therapeutic potential of EVs. To conclude, the
key challenge in EV labelling and tracking is maintaining
a balance between effective labelling and preserving the
natural characteristics of EVs. Advancements in this area
are needed for the accurate study of EV behaviour and
their potential therapeutic applications.

Monitoring the uptake of endogenously released
extracellular vesicles

The majority of published studies utilise exogenously
administered EVs in animal models to evaluate their tis-
sue distribution, typically using in vivo/ex vivo EV track-
ing reporters. However, only a small fraction of recent
literature reports the transfer of endogenously produced
EVs to their recipient cells or tissues, thus reflecting more
realistic observations of concentration, location, and
nature of continuous EV release. In this context, the use
of Cre-loxP recombination and CRISPR-Cas systems has
emerged as a powerful approach, not only for tracing the
uptake of endogenously formed EVs in vitro and in vivo,
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but more importantly, for monitoring the successful
delivery of specific EV-encapsulated cargo into the cyto-
plasm of target cells. This distinction is important, con-
sidering the challenges associated with achieving high
loading efficiency of therapeutic compounds in EVs and
the fact that EV uptake does not necessarily equate to
effective intracellular cargo delivery. Importantly, these
genetic tools provide a more accurate representation of
EV-mediated cargo transfer, rather than simply indicat-
ing EV tropism.

The mechanism underlying Cre-LoxP recombination in
the context of EV cargo delivery is based on cells express-
ing Cre recombinase (Cre™ cells) and cells carrying Cre
reporter (reporter™ cells) that would mark EV-mediated
Cre transfer by emitting fluorescence or bioluminescence
(Fig. 3A and C). For in vitro experiments, the Cre-LoxP
method can be used for analysis and quantification of EV
content exchange between different cell types when the
Cre™ cells and reporter™ cells are either cocultured or are
physically separated by a transwell membrane that allows
only EVs to cross. Moreover, adding purified Cre™ EV
preparations to reporter™ cells offers a possibility to study
a differential functional effect on the target cells. In mice,
the study of EV uptake can be facilitated using transgenic
Cre™ and reporter’ animals or by administering both
Cre™ and reporter® cells together in the same mouse [66].

To elucidate if the recipient cells change their behav-
iour after uptake of in vivo-released tumour EVs,
Zomer and colleagues [67] employed Cre-LoxP sys-
tem to activate a fluorescence switch from DsRed to
eGFP in reporter™ cells after receiving EVs produced
by Cre* cells. The in vitro experiments confirmed func-
tional EV-mediated Cre transfer and showed an increase
in eGFP" reporter” cells with a higher ratio of Cre™/
reporter* cells using confocal microscopy. Interestingly,
cell-to-cell contact-independent Cre transfer was also
observed between malignant (MDA-MB-231) and less
malignant cells (T47D), indicating a functional transfer
of biomolecules, which could affect the cell physiology
and behaviour. Analogous to their in vitro observations,
orthotopically transplanted reporter™ cells forming meta-
static tumours in the mammary glands of mice could take
up Cre*-derived EVs that were injected into the tumour
and report the Cre activity as eGFP* cells. Similarly, a
Cre mediated red-to-green colour switch was observed

(See figure on next page.)
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in tumours consisting of Cre* and reportert cells. By
administering Cre™ B16 melanoma cells to form tumour
in mice that expressed the Cre-LoxP reporter tdTomato,
the team could observe non-tumour cells expressing
tdTomato in various tissues, which suggested transfer
of EVs between tumour and healthy cells. However, the
reverse mechanism — the uptake of EVs from healthy
cells by melanoma cells — did not occur frequently. Fur-
ther experiments, performed by multi-photon micro-
scope, allowed for intravital imaging, which showed
enhanced migration of T47D cells when more malignant
cells were in close proximity, compared to when they
were located in a distant tumour. Moreover, the analysis
of lung metastatic lesions and primary tumours revealed
a 52-fold and eightfold increase in the metastatic poten-
tial of T47D cells, demonstrated by eGFP positivity upon
local or distant communication with MDA-MB-231 cells,
respectively, indicating EV-mediated spread of metastatic
behaviour.

A modification of Cre-LoxP system for in vitro and
in vivo applications was demonstrated by Luo et al. [68],
who utilised CD63 fused NLuc reporter, whose expres-
sion was under the control of a tissues-specific aMHC
promoter to visualise and track endogenous EVs pro-
duced by transgenic mouse cardiomyocytes. Addition-
ally, inserting LoxP-STOP-LoxP sequence for inducible
expression of the CD63NLuc reporter allowed temporal
EV labelling and monitoring in vivo. The tissue uptake of
cardiomyocyte-derived EVs was analysed ex vivo, with
significant luciferase activity recorded in the thymus,
testis, lung, and kidney, and minimal signals in the other
nine organs tested. In comparison, biodistribution of free
NLuc administered to mice manifested primarily in the
liver.

Similarly, CRISPR/Cas9 technology is used for gene
editing in eukaryotic organisms employing single guide
RNA (sgRNA) that navigates Cas9 with nuclease activ-
ity to generate cleavage of the target sequence, to which
guide RNA is complementary [69]. In a recent study, de
Jong et al. [70] designed a novel approach to study func-
tional intercellular RNA exchange by the CRISPR-Cas
system, which involved the EV-mediated transfer of sgR-
NAs expressed in EV donor cells. Upon the functional
uptake of a specific targeting sgRNA to the EV-acceptor
cells expressing Cas9 and the “stoplight” reporter, the

Fig. 3 Strategies for the labelling of endogenously produced EVs for the study of their functional transfer. A Cre-LoxP method. B CRISPR-Cas9
method. C Principle of Cre-LoxP system: Cre-mediated recombination activates a fluorescence switch from DsRed to eGFP in reporter* cells
after receiving Cre*-EVs produced by Cre* cells. D Mechanism of CRISPR-Cas9: Reporter™ cells expressing Cas9 switch from mCherry to eGFP
fluorescence after functional uptake of EVs. EVs produced by genetically manipulated donor cells carry a specific targeting single guide RNA
(sgRNA) that navigates Cas9 with nuclease activity to generate cleavage of the target sequence
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fluorescent reporter is permanently activated indicat-
ing successful cargo transfer between the cells. The
reporter system is based on the constitutive expression
of mCherry that switches to permanent eGFP fluores-
cence after functional uptake. The switch is triggered
by Cas9-mediated double-stranded breaks, followed by
NHEJ-mediated repair, frameshifting, and evasion of the
original stop codon (Fig. 3B and D). The stoplight sys-
tem was tested in vitro; co-cultivation of reporter and
sgRNA™T cells resulted in a dose-dependent eGFP acti-
vation, albeit with a low activation rate (up to 0.2%). By
using transwell coculture assay, the authors also con-
firmed that cell-to-cell contact is not required for the
functional sgRNA transfer. Additionally, administer-
ing the EV separated from the donor-cell conditioned
medium to reporter cells resulted in significant eGFP
activation. Finally, the stoplight reporter workflow was
utilized for elucidating the role of various regulatory
genes in functional RNA delivery by EVs.

The use of the CRISPR/Cas9 system for studying
EV-mediated cargo delivery and processing was also
reported by Ye and colleagues [71], who investigated the
transfer of tumour-derived EVs from a donor cell line
expressing both sgRNA pairs and Cas9 proteins. The
STOP-fluorescent protein expression in recipient cells
ensured the induction of GFP signal upon functional EV
uptake. To increase the loading of Cas9 into EVs, they
fused mCherry nanobody to Cas9 and mCherry to CD63,
respectively. By co-culturing donor and recipient tumour
cells or adding donor-derived EVs to recipient cells, the
authors observed the EV-mediated cargo marked by
green fluorescence. Interestingly, culturing tumour cells
with a non-tumour cell model yielded similar effects,
indicating that EVs released from tumour sgRNA:Cas9*
cells could be taken up by normal cells. Besides in vitro
experiments, the CRISPR-Cas9 system was also adopted
in an animal model that ubiquitously expressed the
STOP-tdTomato sequence, targeted by Cas9 nuclease
and delivered by EVs. The repeated administration of
EVs resulted in red fluorescent signals in the liver, while
endogenously produced EVs, derived from engrafted
donor B16 melanoma cells, were additionally detected
both in the liver and the brain. The authors speculated
that EV integrins could be responsible for the organ tro-
pism, such as liver targeting ITGP5 that was abundantly
present in B16 EVs.

CRISPR-Cas and Cre-LoxP systems are available
tools for monitoring endogenously produced EVs, and
in the case of tumour-released EVs they can elucidate
the functions of EVs in tumorigenesis with insight into
organotropism and tissue invasion of metastatic cancer.
Possible complications could originate from the use of
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transient DNA-transfection agents as free plasmids are
hard to remove from the EV preparation, thereby elicit-
ing a false positive fluorescent signal [71]. Additional lim-
itation includes the permanent activation of the reporter
gene after the functional EV uptake, with cumulative
effects that do not reflect to real-time EV tracking [72].
However, despite these drawbacks, the use of CRISPR-
Cas and Cre-LoxP methods can assist in deciphering the
roles of EVs in cell communication, in understanding EV
signalling under physiological or pathological conditions,
and in adopting improved EV-mediated therapeutic
targeting.

While CRISPR-Cas and Cre-LoxP systems facilitate the
monitoring of endogenously produced EVs, it is essential
to differentiate between the successful delivery of their
encapsulated cargo and the general uptake and biodistri-
bution of EVs. Studies like the one conducted by Verweij
et al. [73] focus on understanding EV tropism and bio-
distribution, to elucidate how EVs target specific tissues
and distribute within the body. Specifically, the authors
developed a novel in vivo model using zebrafish embryos
expressing CD63-pHluorin. This fluorescent reporter tar-
geted to cell (late-) endosomes allowed for the detailed
investigation of the release, transfer, and uptake of endog-
enously secreted exosomes. The study identified a sub-
population of EVs with exosome characteristics, released
from the yolk syncytial layer (YSL) into the blood flow,
which could be monitored up to their target destination.
These exosomes were taken up, and degraded by mac-
rophages and endothelial cells in the caudal vein plexus
(CVP), highlighting a functional inter-organ communica-
tion by exosomes. The study revealed that the uptake of
YSL-derived exosomes by endothelial cells is mediated
through scavenger receptors and dynamin-dependent
endocytosis, and the manipulation with exosome bio-
genesis affected CVP growth, supporting a role of these
exosomes in providing trophic support to the endothelial
cells.

Scott et al. [74] also utilised zebrafish model, but their
research was aimed at EVs in cardiovascular biology. The
study focused on active production of EVs by various cell
types, including endothelial cells and cardiomyocytes, in
both larval and adult zebrafish. This was achieved using
stable transgenic zebrafish lines expressing prenylated
mCherry fluorophore driven by cell specific, cardiovas-
cular relevant promoters. This novel system allowed for
the fluorescent labelling and in vivo tracking of endog-
enously secreted EVs. High spatiotemporal resolution
light-sheet live imaging and modified flow cytometry
methods were employed for cell-type specific EV track-
ing and detailed analysis. The authors observed exchange
of EVs between different cell types in the adult zebrafish
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heart. Furthermore, the study demonstrated that
ischemic injury models can dynamically alter EV produc-
tion, indicating a responsiveness to pathological condi-
tions. Additionally, the study provided insights into the
tropism of EVs, suggesting their targeted interaction and
communication within the cardiovascular system.

The behaviour of tumour-derived extracellular vesicles
(TEVs) in metastasis, particularly in the context of pre-
metastatic niche (PMN) formation was studied by Blavier
et al. [75]. The study explored the endogenous release of
GFP-tagged TEVs from metastatic human melanoma and
neuroblastoma cells and their specific capture by mac-
rophages and stromal cells in various mouse organs. This
early capture occurred before the homing of metastatic
tumour cells, highlighting the significant role of TEVs
in PMN formation. This organotropic uptake of TEVs
significantly influenced inflammatory gene expression
in these cells, contributing to the development of a pro-
tumorigenic environment.

Conclusions

In our review, we have discussed the benefits and limita-
tions of methods used for EV labelling and for monitor-
ing their fate in a Petri dish or in a live animal to aid the
selection of a suitable labelling method.

Interestingly, the in vivo biodistribution of injected EVs
observed across reviewed studies revealed a similar pat-
tern of tissue targeting, including the liver, spleen, and
kidneys, with lower amounts found in the lungs. More-
over, alteration of the surface protein composition, as a
result of membrane protein expression in the donor cells,
could have caused a significant change in tissue distribu-
tion, such as an increase in lung retention of EVs labelled
with a CD63-expressed bioluminescent probe when
compared to fluorescent or radioactive tracers. Never-
theless, additional studies are needed to elucidate the
effects of genetic manipulation of the producing cells on
the EV protein composition and the differences in organ
targeting. Precise knowledge of EV target tissues, some
of which cannot be easily accessed by other treatments,
could open the door to more targeted diagnostic and
therapeutic strategies.

Novel modalities enhance the sensitivity and detec-
tion limit of the employed methods, such as in the case of
BRET-based reporters, where the excitation wavelength
is shifted towards the red part of the light spectrum, pro-
viding deeper tissue penetration and increased sensitiv-
ity. Furthermore, the combination of methods such as
CT and PET, increases the spatiotemporal information
obtained from the EV trafficking. Multimodal imaging,
which combines the strengths of various techniques, can
offer a better solution to the technical disadvantages of
individual imaging modalities.
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Abbreviations

ASCs Adipose stem cells

AuNPs Gold nanoparticles

BLI Bioluminescence imaging

BRET Bioluminescence resonance energy transfer
cT Computed tomography

Cvp Caudal vein plexus

DARPIn Designed ankyrin repeat proteins

Gluc Gaussia princeps luciferase

EVs Extracellular vesicles

MR Magnetic resonance

MRI Magnetic resonance imaging

MSC-exo  EVs derived from mesenchymal stem cells
MVE Multi-vesicular endosomes

NIR Near-infrared

NLuc NanoLuciferase

NOTA 1/4,7-triazancyclononane-1,4,7-triacetic acid
PEG Polyethylene glycol

PET Positron emission tomography

PMN Pre-metastatic niche

RLuc Renilla reniformis luciferase

SEVs Small extracellular vesicles

SgRNA Single guide RNA

SPECT Single-photon emission computed tomography

SPIO-His  Superparamagnetic iron oxide particles conjugated with a histi-
dine polypeptide

SPIONS Superparamagnetic iron oxide nanoparticles

TEVs Tumour-derived extracellular vesicles

YSL Yolk syncytial layer

Acknowledgements
All illustrations in this work were created using BioRender.com.

Authors’ contributions

MB was one of the major contributors to writing the manuscript and creating
illustrations. ADC was one of the major contributors to writing the manuscript.
PVF designed the manuscript and substantively revised it. TM substantively
revised the manuscript. OS designed the manuscript and revised it. KS
designed the manuscript and revised it. All authors read and approved the
final manuscript.

Funding

This work has received funding from Czech Science Foundation (20-188899)
and was supported by the project National Institute for Cancer Research (Pro-
gramme EXCELES, ID Project No. LX22NPO5102) - Funded by the European
Union — Next Generation EU.

Availability of data of materials
No datasets were generated or analysed during the current study.

Declarations

Competing interests
The authors declare no competing interests.

Received: 19 November 2023 Accepted: 29 February 2024
Published online: 09 March 2024

References

1. van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P. Chal-
lenges and directions in studying cell-cell communication by extracel-
lular vesicles. Nat Rev Mol Cell Biol. 2022,23:369-82.

2. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsito-
haina R, et al. Minimal information for studies of extracellular vesicles
2018 (MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. 2018;7:1535750.



Boudna et al. Cell Communication and Signaling

20.
21

22.

23

24.

25.

(2024) 22:171

Welsh JA, Goberdhan DCI, O'Driscoll L, Buzas El, Blenkiron C, Bus-
solati B, et al. Minimal information for studies of extracellular vesicles
(MISEV2023): From basic to advanced approaches. J Extracell Vesicles.
2024;13:e12404.

Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q,
Zimmerman LJ, et al. Reassessment of Exosome Composition. Cell.
2019;177:428-445.e18.

Hagiwara K, Ochiya T, Kosaka N. A paradigm shift for extracellular
vesicles as small RNA carriers: From cellular waste elimination to thera-
peutic applications. Drug Deliv Transl Res. 2014;4:31-7.

Abdouh M, Floris M, Gao ZH, Arena V, Arena M, Arena GO. Colorectal
cancer-derived extracellular vesicles induce transformation of fibro-
blasts into colon carcinoma cells. J Exp Clin Cancer Res. 2019;38:1-22.
Elashiry M, Elashiry MM, Elsayed R, Rajendran M, Auersvald C, Zeitoun
R, et al. Dendritic cell derived exosomes loaded with immunoregula-
tory cargo reprogram local immune responses and inhibit degenera-
tive bone disease in vivo. J Extracell vesicles. 2020,9:1795362.

Ridder K, Sevko A, Heide J, Dams M, Rupp AK, Macas J, et al. Extracel-
lular vesicle-mediated transfer of functional RNA in the tumor microen-
vironment. Oncoimmunology. 2015;4:1-8.

Taverna S, Pucci M, Giallombardo M, Di Bella MA, Santarpia M, Reclusa
P, et al. Amphiregulin contained in NSCLC-exosomes induces osteo-
clast differentiation through the activation of EGFR pathway. Sci Rep.
2017;7:1-14.

. Cossetti C, Iraci N, Mercer TR, Leonardi T, Alpi E, Drago D, et al. Extracel-

lular vesicles from neural stem cells transfer IFN-y via Ifngr1 to activate
Stat1 signaling in target cells. Mol Cell. 2014;56:193-204.

. Tkach M, Théry C. Communication by Extracellular Vesicles: Where We

Are and Where We Need to Go. Cell. 2016;164:1226-32.

. LiYJ, Wu JY,Wang JM, Hu XB, Xiang DX. Emerging strategies for

labeling and tracking of extracellular vesicles. J Control Release.
2020;328:141-59.

Lai CP, Kim EY, Badr CE, Weissleder R, Mempel TR, Tannous BA, et al. Visu-
alization and tracking of tumour extracellular vesicle delivery and RNA
translation using multiplexed reporters. Nat Commun. 2015;6:1-12.
Lézaro-Ibanez E, Al-Jamal KT, Dekker N, Faruqu FN, Saleh AF, Silva AM,

et al. Selection of fluorescent, bioluminescent, and radioactive tracers to
accurately reflect extracellular vesicle biodistribution in vivo. ACS Nano.
2021;15:3212-27.

Banfai K, Garai K, Ernszt D, Pongracz JE, Kvell K. Transgenic exosomes for
thymus regeneration. Front Immunol. 2019;10:1-9.

Naseri Z, Oskuee RK, Jaafari MR, Moghadam MF. Exosome-mediated
delivery of functionally active miRNA-142-3p inhibitor reduces tumo-
rigenicity of breast cancer in vitro and in vivo. Int J Nanomedicine.
2018;13:7727-47.

Grange C, Tapparo M, Bruno S, Chatterjee D, Quesenberry PJ, Tetta C, et al.
Biodistribution of mesenchymal stem cell-derived extracellular vesicles
in a model of acute kidney injury monitored by optical imaging. Int J Mol
Med. 2014;33:1055-63.

Nicola AM, Frases S, Casadevall A. Lipophilic dye staining of crypto-
coccus neoformans extracellular vesicles and capsule. Eukaryot Cell.
2009;8:1373-80.

Reclusa P, Verstraelen P, Taverna S, Gunasekaran M, Pucci M, Pintelon |,

et al. Improving extracellular vesicles visualization: From static to motion.
Sci Rep. 2020;10:1-9.

Rice BW, Cable MD, Nelson MB. In vivo imaging of light-emitting probes. J
Biomed Opt. 2001,6:432.

Monici M. Cell and tissue autofluorescence research and diagnostic
applications. Biotechnol Annu Rev. 2005;11:227-56.

Karasev MM, Stepanenko OV, Rumyantsev KA, Turoverov KK, Verkhusha
V. Near-infrared fluorescent proteins and their applications. Biochem.
2019;84:32-50.

Hong G, Antaris AL, Dai H. Near-infrared fluorophores for biomedical
imaging. Nat Biomed Eng. 2017;1:0010.

Rautaniemi K, Zini J, Lofman E, Saari H, Haapalehto |, Laukka J, et al.
Addressing challenges in the removal of unbound dye from passively
labelled extracellular vesicles. Nanoscale Adv. 2022;4:226-40.

PuZar Dominkus P, Stenovec M, Sitar S, Lasi¢ E, Zorec R, Plemenitas A,

et al. PKH26 labeling of extracellular vesicles: Characterization and cellular
internalization of contaminating PKH26 nanoparticles. Biochim Biophys
Acta - Biomembr. 2018;1860:1350-61.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Page 14 of 15

Takov K, Yellon DM, Davidson SM. Confounding factors in vesicle uptake
studies using fluorescent lipophilic membrane dyes. J Extracell Vesicles.
2017,6:1-15.

Collot M, Ashokkumar P, Anton H, Boutant E, Faklaris O, Galli T, et al. Mem-
Bright: a family of fluorescent membrane probes for advanced cellular
imaging and neuroscience. Cell Chem Biol. 2019;26:600-614.e7.

Loconte L, Arguedas D, EI R, Zhou A, Chipont A, Guyonnet L, et al. Detec-
tion of the interactions of tumour derived extracellular vesicles with
immune cells is dependent on EV-labelling methods. J Extracell Vesicles.
2023;12:12384.

Gonzéalez MI, Gonzalez-Arjona M, Santos-Coquillat A, Vaquero J, Vazquez-
Ogando E, de Molina A, et al. Covalently labeled fluorescent exosomes for
in vitro and in vivo applications. Biomedicines. 2021;9:81.

Boysen AT, Whitehead B, Stensballe A, Carnerup A, Nylander T, Nejsum

P. Fluorescent labeling of helminth extracellular vesicles using an in vivo
whole organism approach. Biomedicines. 2020;8:213.

Gangadaran P, Hong CM, Ahn BC. An update on in vivo imaging of extra-
cellular vesicles as drug delivery vehicles. Front Pharmacol. 2018;9:1-14.
Verweij FJ, Balaj L, Boulanger CM, Carter DRF, Compeer EB, D’Angelo G,
et al. The power of imaging to understand extracellular vesicle biology
in vivo. Nat Methods. 2021;18:1013-26.

Thorne N, Inglese J, Auld DS. llluminating insights into firefly luciferase
and other bioluminescent reporters used in chemical biology. Chem Biol.
2010;17:646-57.

Yeh HW, Xiong Y, Wu T, Chen M, Ji A, Li X, et al. ATP-independent biolu-
minescent reporter variants to improve in vivo imaging. ACS Chem Biol.
2019;14:959-65.

Berger F, Paulmurugan R, Bhaumik S, Gambhir SS. Uptake kinetics and
biodistribution of 14C-d-luciferin-a radiolabeled substrate for the firefly
luciferase catalyzed bioluminescence reaction: Impact on biolumi-
nescence based reporter gene imaging. Eur J Nucl Med Mol Imaging.
2008;35:2275-85.

Iwano S, Sugiyama M, Hama H, Watakabe A, Hasegawa N, Kuchimaru T,
et al. Single-cell bioluminescence imaging of deep tissue in freely mov-
ing animals. Science. 2018;359:935-9.

Kojima R, Takakura H, Ozawa T, Tada Y, Nagano T, Urano Y. Rational design
and development of near-infrared-emitting firefly luciferins available

in vivo. Angew Chemie - Int Ed. 2013;52:1175-9.

Harwood KR, Mofford DM, Reddy GR, Miller SC. Identification of mutant
firefly luciferases that efficiently utilize aminoluciferins. Chem Biol.
2011;18:1649-57.

Imai T, Takahashi Y, Nishikawa M, Kato K, Morishita M, Yamashita T, et al.
Macrophage-dependent clearance of systemically administered B16BL6-
derived exosomes from the blood circulation in mice. J Extracell Vesicles.
20154:1-8.

Gupta D, Liang X, Pavlova S, Wiklander OPB, Corso G, ZhaoY, et al.
Quantification of extracellular vesicles in vitro and in vivo using sensitive
bioluminescence imaging. J Extracell vesicles. 2020;9:1800222.

Hikita T, Miyata M, Watanabe R, Oneyama C. In vivo imaging of long-term
accumulation of cancer-derived exosomes using a BRET-based reporter.
Sci Rep. 2020;10:1-10.

Wu AYT, Sung YC, Chen YJ, Chou STY, Guo V, Chien JCY, et al. Multiresolu-
tion imaging using bioluminescence resonance energy transfer identifies
distinct biodistribution profiles of extracellular vesicles and exomeres
with redirected tropism. Adv Sci. 2020;7:1-18.

Perez Gl, Broadbent D, Zarea AA, Dolgikh B, Bernard MP, Withrow A, et al.
In vitro and in vivo analysis of extracellular vesicle-mediated metastasis
using a bright Red-Shifted Bioluminescent Reporter Protein. Adv Genet.
2022;3:2100055.

Chu J,0hY, Sens A, Ataie N, Dana H, Macklin JJ, et al. A bright cyan-
excitable orange fluorescent protein facilitates dual-emission micros-
copy and enhances bioluminescence imaging in vivo. Nat Biotechnol.
2016;34:760-7.

Almeida S, Santos L, Falcao A, Gomes C, Abrunhosa A. In vivo tracking

of extracellular vesicles by nuclear imaging: Advances in radiolabeling
strategies. Int J Mol Sci. 2020;21:1-13.

Gomes CM, Abrunhosa AJ, Ramos P, Pauwels EKJ. Molecular imag-

ing with SPECT as a tool for drug development. Adv Drug Deliv Rev.
2011,63:547-54.

Khan AA, De Rosales RTM. Radiolabelling of extracellular vesicles for PET
and SPECT imaging. Nanotheranostics. 2021;5:256-74.



Boudna et al. Cell Communication and Signaling (2024) 22:171

48.

49.

50

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Farugu FN, Wang JTW, Xu L, McNickle L, Chong EMY, Walters A, et al.
Membrane radiolabelling of exosomes for comparative biodistribution
analysis in immunocompetent and immunodeficient mice — A novel and
universal approach. Theranostics. 2019,9:1666-82.

Varga Z, Gyurkd |, Paloczi K, Buzas El, Horvath |, Hegedus N, et al. Radi-
olabeling of extracellular vesicles with 99mTc for quantitative in vivo
imaging studies. Cancer Biother Radiopharm. 2016;31:168-73.

Stéen EJL, Edem PE, Narregaard K, Jargensen JT, Shalgunov V, Kjaer

A, et al. Pretargeting in nuclear imaging and radionuclide therapy:
Improving efficacy of theranostics and nanomedicines. Biomaterials.
2018;179:209-45.

Royo F, Cossio U, Ruiz De Angulo A, Llop J, Falcon-Perez JM. Modification
of the glycosylation of extracellular vesicles alters their biodistribution in
mice. Nanoscale. 2019;11:1531-7.

Shi'S, Li T, Wen X, Wu SY, Xiong C, Zhao J, et al. Copper-64 labeled
PEGylated exosomes for in vivo positron emission tomography and
enhanced tumor retention. Bioconjug Chem. 2019;30:2675-83.
Molavipordanjani S, Khodashenas S, Abedi SM, Moghadam MF, Mardan-
shahi A, Hosseinimehr SJ. 99mTc-radiolabeled HER2 targeted exosome for
tumor imaging. Eur J Pharm Sci. 2020;148:105312.

Britton MM. Magnetic resonance imaging of chemistry. Chem Soc Rev.
2010;39:4036-43.

Yokoo T, Bae WC, Hamilton G, Karimi A, Borgstede JP, Bowen BC, et al.

A quantitative approach to sequence and image weighting. J Comput
Assist Tomogr. 2010;34:317-31.

Hu L, Wickline SA, Hood JL. Magnetic resonance imaging of melanoma
exosomes in lymph nodes. Magn Reson Med. 2015;74:266-71.

Han Z, Liu S, PeiY, Ding Z, Li Y, Wang X, et al. Highly efficient magnetic
labelling allows MRI tracking of the homing of stem cell-derived
extracellular vesicles following systemic delivery. J Extracell Vesicles.
2021;10:e12054.

Busato A, Bonafede R, Bontempi P, Scambi |, Schiaffino L, Benati D, et al.
Magnetic resonance imaging of ultrasmall superparamagnetic iron
oxide-labeled exosomes from stem cells: A new method to obtain
labeled exosomes. Int J Nanomedicine. 2016;11:2481-90.

Shaikh S, Rehman FU, Du T, Jiang H, Yin L, Wang X, et al. Real-time
multimodal bioimaging of cancer cells and exosomes through bio-
synthesized iridium and iron nanoclusters. ACS Appl Mater Interfaces.
2018;10:26056-63.

Sancho-Albero M, Ayaz N, Sebastian V, Chirizzi C, Encinas-Gimenez M,
Neri G, et al. Superfluorinated extracellular vesicles for in vivo imaging by
19 F-MRI. ACS Appl Mater Interfaces. 2023;15:8974-85.

Hwang DW, Choi H, Jang SC, Yoo MY, Park JY, Choi NE, et al. Noninvasive
imaging of radiolabeled exosome-mimetic nanovesicle using 99m Tc-
HMPAQ. Sci Rep. 2015;5:1-10.

Choi H, Kim MY, Kim DH, Yun H, Oh BK, Kim SB, et al. Quantitative biodis-
tribution and pharmacokinetics study of GMP-grade exosomes labeled
with89Zr radioisotope in mice and rats. Pharmaceutics. 2022;14:1-19.
Cohen O, Betzer O, Elmaliach-Pnini N, Motiei M, Sadan T, Cohen-Berkman
M, et al."Golden"exosomes as delivery vehicles to target tumors and
overcome intratumoral barriers: In vivo tracking in a model for head and
neck cancer. Biomater Sci. 2021;9:2103-14.

Lara P, Palma-Florez S, Salas-Huenuleo E, Polakovicova |, Guerrero S,
Lobos-Gonzalez L, et al. Gold nanoparticle based double-labeling of
melanoma extracellular vesicles to determine the specificity of uptake
by cells and preferential accumulation in small metastatic lung tumors. J
Nanobiotechnology. 2020;18:1-17.

Arifin DR, Witwer KW, Bulte JWM. Non-Invasive imaging of extracellular
vesicles: Quo vaditis in vivo? J Extracell vesicles. 2022;11:212241.

Zomer A, Steenbeek SC, Maynard C, Van Rheenen J. Studying extracellular
vesicle transfer by a Cre-loxP method. Nat Protoc. 2016;11:87-101.
Zomer A, Maynard C, Verweij FJ, Kamermans A, Schafer R, Beerling E, et al.
In vivo imaging reveals extracellular vesicle-mediated phenocopying of
metastatic behavior. Cell. 2015;161:1046-57.

Luo W, DaiY, Chen Z, Yue X, Andrade-Powell KC, Chang J. Spatial and
temporal tracking of cardiac exosomes in mouse using a nano-luciferase-
CDe63 fusion protein. Commun Biol. 2020;3:1-9.

Horodecka K, Duichler M. CRISPR/Cas9: Principle, Applications, and Deliv-
ery through Extracellular Vesicles. Int J Mol Sci. 2021;22:6072.

de Jong OG, Murphy DE, Méger |, Willms E, Garcia-Guerra A, Gitz-Francois
JJ, et al. A CRISPR-Cas9-based reporter system for single-cell detection of

Page 15 of 15

extracellular vesicle-mediated functional transfer of RNA. Nat Commun.
2020;11:1-13.

71. YeY, ShiQ,YangT, Xie F, Zhang X, Xu B, et al. In vivo visualized tracking of
tumor-derived extracellular vesicles using CRISPR-Cas9 system. Technol
Cancer Res Treat. 2022;21:153303382210853.

72. Han C, Qin G. Reporter systems for assessments of extracellular vesicle
transfer. Front Cardiovasc Med. 2022;9:1-6.

73. Verweij FJ, Revenu C, Arras G, Dingli F, Loew D, Pegtel DM, et al. Live track-
ing of inter-organ communication by endogenous exosomes in vivo. Dev
Cell. 2019;48:573-589.e4.

74. Scott A, Sueiro Ballesteros L, Bradshaw M, Tsuji C, Power A, Lorriman J,
et al. In Vivo characterization of endogenous cardiovascular extracel-
lular vesicles in larval and adult zebrafish. Arterioscler Thromb Vasc Biol.
2021;41:2454-68.

75. Blavier L, Nakata R, Neviani P, Sharma K, Shimada H, Benedicto A, et al. The
capture of extracellular vesicles endogenously released by xenotrans-
planted tumours induces an inflammatory reaction in the premetastatic
niche. J Extracell Vesicles. 2023;12:12326.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.



	Strategies for labelling of exogenous and endogenous extracellular vesicles and their application for in vitro and in vivo functional studies
	Abstract 
	Background
	Fluorescent imaging
	Bioluminescent imaging
	Dual-reporter systems
	Radiolabelling
	Magnetic resonance
	Computed tomographyXray imaging
	Monitoring the uptake of endogenously released extracellular vesicles

	Conclusions
	Acknowledgements
	References


