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RNA-based therapeutics are highly promising for the treatment of numerous diseases, by their ability to
tackle the genetic origin in multiple possible ways. RNA molecules are, however, incapable of crossing
cell membranes, hence a safe and efficient delivery vehicle is pivotal. Extracellular vesicles (EVs) are
endogenously derived nano-sized particles and possess several characteristics which make them excel-
lent candidates as therapeutic RNA delivery agent. This includes the inherent capability to functionally
transfer RNAs in a selective manner and an enhanced safety profile compared to synthetic particles.
Nonetheless, the fundamental mechanisms underlying this selective inter- and intracellular trafficking
and functional transfer of RNAs by EVs are poorly understood. Improving our understanding of these sys-
tems is a key element of working towards an EV-based or EV-mimicking system for the functional deliv-
ery of therapeutic RNA. In this review, state-of-the-art approaches to detect and visualize RNA in situ and
in live cells are discussed, as well as strategies to assess functional RNA transfer, highlighting their poten-
tial in studying EV-RNA trafficking mechanisms.
� 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

RNA-based therapeutics hold great potential for the treatment
of many diseases, including cancer and a variety of neurological
disorders. Uniquely, they have the ability to specifically silence
genes (siRNA and miRNA), express genes (mRNA) or edit genes
(sgRNA in combination with Cas9 protein or mRNA) [1,2]. Effective
and safe delivery of RNA-based drugs, however, remains challeng-
ing due to several factors. (i) Naked unmodified RNA molecules are
not capable of independently crossing biological membranes due
to their size and negative charge. (ii) They are susceptible to degra-
dation by RNases and are rapidly cleared by the kidneys and liver.
(iii) RNAs are ligands of several toll-like receptors and can, there-
fore, activate a strong innate immune response [3]. To overcome
these limitations, materials that can assist safe and effective intra-
cellular delivery of RNAs are widely studied. Such delivery vehicles
can, for example, encapsulate or complex RNA, thereby hiding it for
RNases and the immune system. A prerequisite for therapeutic effi-
cacy is that the carrier, when internalized in the target cells via
endocytic pathways, must be able to escape degradation in the
endolysosomal pathway. This endosomal escape results in the
functional release of the RNA into the cytosol where RNA carries
out its biological effect in the recipient cells [2]. The applications
of various synthetic delivery vehicles have been investigated,
including, for instance, peptides [4], polymer-based nanoparticles
[5] and lipid-based nanoparticles [6]. Nonetheless, their immuno-
genicity is a major concern. Furthermore, most of these delivery
systems consist of positively charged molecules to complex the
polyanionic RNA molecules. Their cationic groups, however, are
associated with cytotoxicity [7,8]. Furthermore, endosomal escape
is still an inefficient process and the applications of these synthetic
nanoparticles beyond targeting the liver are limited [3,9]. Exploit-
ing endogenous nanocarriers for RNA delivery may result in less
immunogenicity and cytotoxicity compared to synthetic particles
[10]. Besides, natural delivery vehicles may contain inherent prop-
erties that allow more efficient uptake, endosomal escape and
thereby functional RNA delivery [11].

Extracellular vesicles (EVs) are cell-derived vesicles that can be
classified according to their biogenesis into exosomes, microvesi-
cles or apoptotic bodies. Exosomes originate from the endocytic
pathway as intraluminal vesicles, which are formed by inward
budding within multivesicular bodies. They are released from the
cell upon fusion of the multivesicular body with the plasma mem-
brane. The size of exosomes ranges from approximately 30 nm to
120 nm. In contrast, EVs that are directly formed by budding from
the plasma membrane are called microvesicles (or ectosomes),
which are more heterogeneous in size (50 nm – 1 lm). Apoptotic
bodies range in size from 50 nm to 2 lm and are formed by out-
ward budding of apoptotic cells [12]. Due to the overlap in size
between EV populations and the lack of consensus on subtype-
specific EV markers, experimentally demonstrating the intracellu-
lar origin of EVs after their release is challenging. Therefore, more
recently, it is encouraged to classify the particles as small or large
EVs or according to their biochemical composition [13,14]. Initially,
EVs were described as cellular ‘‘waste bins” that eliminate all
unneeded material from the cells. However, in 2006 it was first
reported that EVs may be capable of functionally transferring
mRNA, as incubation of embryonic stem cell EVs containing Oct-
4 mRNAwith SKL cells resulted in mRNA delivery to the target cells
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[15]. Shortly after, these results were confirmed by the demonstra-
tion that mouse mast cell EVs (obtained through 0.22 mm filtration
followed by ultracentrifugation at 120,000g) functionally trans-
ferred mRNA to other mast cells [16]. It is now known that EVs
facilitate intercellular communication by exchanging cargo, includ-
ing proteins, nucleic acids, and lipids, between cells [17,18]. These
findings have resulted in a rapidly expanding research field that
focuses on exploiting EVs as natural nanoparticles for therapeutic
RNA delivery purposes, as they may assist to overcome the issues
involved in utilizing synthetic particles.

Methods to load RNAs in EVs can be divided into loading before
or after EV isolation. Loading before isolation may be established
by transfection of the EV donor cells with RNA or by stable RNA
expression in an engineered cell line and subsequent production
and release of EVs encapsulating the RNA. RNA loading after isola-
tion can be performed by electroporation, sonication or extrusion
[9]. Numerous studies already reported in vivo functional delivery
of exogenous RNA by EVs derived from various cell types loaded
after EV isolation [19–21], highlighting the enormous potential of
EVs as an RNA drug carrier. However, it should be considered that
these loading methods may alter the structure and activity of EVs
and their RNA cargo. Loading before isolation better resembles nat-
ural RNA loading, however, the observed loading efficiencies are
relatively low [9]. To improve loading, comprehending the mecha-
nisms regulating cargo sorting is essential. Some crucial questions
regarding the RNA cargo sorting remain to be answered. For
instance, what cellular factors drive RNA loading into the EV lumen
and to what extent does this depend on RNA sequence or struc-
ture? And is sorting affected by the subcellular localization of RNAs
[22]?

Once released by donor cells, EVs must be internalized in target
cells followed by intracellular RNA delivery to become efficacious.
Several endocytic pathways have been suggested to be responsible
for the uptake of EVs in the recipient cells, a process that might be
dependent on the recipient cell-type. Afterwards, how EVs escape
lysosomal degradation and release functional RNA intracellularly
remains largely unexplored. For instance, RNA release might be
dependent on the route of EV uptake [23,24]. Learning the fate of
EVs and the RNA in recipient cells is crucial in developing effica-
cious EV-based RNA therapies.

Besides subdividing EVs into different subtypes, evidence also
points towards the existence of subpopulations within exosomes
and microvesicles with distinct biological characteristics, adding
to the complexity of EV communication mechanisms [25,26]. The
extent of heterogeneity in RNA cargo and the biological effects in
recipient cells upon functional RNA delivery between EVs derived
from different cell types, or even within subpopulations of EVs
released from the same cells, remains largely unknown. For
instance, a recent study demonstrates that subpopulations of EVs
with distinct surface marker expression are also enriched in dis-
tinct miRNA populations [27]. This implies that selective pathways
of RNA packaging exist, resulting in the release of functionally
diverse subpopulations of EVs. Interestingly, small non-coding
RNAs are the main RNA cargo species in EVs, although mRNA
and lncRNAs are found as well [28–30]. Even for the most abun-
dant miRNA species, however, the calculated average copy number
per EV in pools derived from various cell sources is less than 1 [31].
Together with an increasing number of studies that have shown
physiological effects upon EV-RNA delivery, this suggests that
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EV-RNA delivery must be highly effective or specific. Comprehend-
ing EV subpopulations to gain insight into the optimal subpopula-
tion for RNA trafficking and functional delivery to specific target
cells could increase the overall performance of EVs as delivery
vehicles for RNA. In summary, to optimize the therapeutic ability
of RNA delivery by EVs, an in-depth understanding of the biological
processes underlying RNA cargo sorting and trafficking, both inter-
and intracellular, is pivotal.

Direct RNA visualization can provide crucial information on the
localization of RNA content within an EV or cell. Moreover, live-cell
imaging can increase our understanding of the dynamics of RNA
sorting and trafficking by EVs. Visualizing and tracking RNA is
essential to investigate the biological processes underlying cargo
sorting and EV-mediated intra- and intercellular trafficking. This
may improve the application of EVs as RNA nanocarriers. In addi-
tion, sensitive assessment methods for the functional delivery of
RNA to target cells by EVs are crucial. Several elegant approaches
are established to image EVs [32]. In contrast, sensitive methods
to track the RNA content of EVs spatially and temporally are lim-
ited. Taking the limited number of RNA copies in EVs into account,
highly sensitive and preferably single-molecule detection methods
are required. This review will provide an overview of techniques
that are currently used to detect EV-RNA. In addition, newly devel-
oped approaches for RNA imaging in fixed tissue and live cells and
their potential for EV-RNA visualization will be discussed. More-
over, available methods to study functional transfer of EV-RNA will
be discussed.
2. Current techniques to detect EV-RNA

When discussing intracellular RNA detection techniques, tech-
niques that provide information on RNA quantity and techniques
that also enable RNA visualization can be distinguished. Presently,
detecting RNA in EVs is mostly limited to quantifying specific RNAs
in EV populations or recipient tissues rather than in single EVs or
cells. In this chapter, the most commonly-used RNA quantification
methods will be discussed, as well as the various approaches that
have been used to visualize EV-RNA.
2.1. Quantitative EV-RNA detection

The most well-established technique to detect RNA in EVs is
reverse transcription quantitative PCR (RT-qPCR). It provides quan-
titative information on the levels of individual transcripts and can
therefore be employed for the determination of RNA expression
levels within cell or EV populations. The basic principle of this
technique is to synthesize cDNA by reverse transcriptase, which
is then used as a template for the qPCR reaction. Hereby, labeling
of the amplified DNA with a specific dye enables transcript quan-
tification relative to a measured reference gene [33]. RT-qPCR is
among the most sensitive RNA quantification methods and is cur-
rently the gold standard for studying RNA levels in EVs [34].

Droplet digital PCR (ddPCR) is a relatively new PCR technique
that can be utilized for absolute quantification of RNA without
the requirement of normalization to reference transcripts, in con-
trast to RT-qPCR. Moreover, it is suitable for high-throughput
screening. ddPCR relies on generating sample-in-oil droplets that
are transferred to a PCR plate. After amplification, droplet fluores-
cence can be measured. Each droplet emits a fluorescent signal
with a unique intensity, which can be assigned as positive or neg-
ative by applying a certain threshold. This enables absolute quan-
tification [35]. It has been demonstrated using ddPCR that miRNAs
with an abundance of merely 1.4 copies / 106 EVs could be
detected, indicating that this technique is highly sensitive [36]. In
a comparative study, urine EV levels of miRNAs with low, medium
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or high abundances were measured with RT-qPCR and ddPCR.
Using RT-qPCR, the low abundance miRNA-29a (less than 100
copies / lL urine) could not be detected, whereas with ddPCR, an
absolute copy number of miRNA-29a between 5 and 50 / lL urine
was observed [37].

To investigate expression profiles of total RNA in an EV popula-
tion, RNA sequencing (RNAseq) is widely employed. Similar to RT-
qPCR, this high-throughput sequencing approach relies on isolat-
ing total RNA and converting this to cDNA. Rather than using
transcript-specific primers, however, sequencing adaptors are
ligated to the cDNA enabling amplification and sequencing of total
RNA. Optionally, by selecting the isolated total RNA on size or the
presence of a poly-A sequence, for instance, sequencing can specif-
ically be performed on small RNA or mRNA species [38]. Using
RNAseq, it has been uncovered that EVs derived from various cell
types contain mainly small non-coding RNA species rather than
intact mRNAs or lncRNAs [28,29].

An important consideration for quantitative EV-RNA detection
is the potential detection of RNA contaminants derived from cell
culture media. For instance, it has been demonstrated that RNA
contaminants derived from FBS can directly influence miRNA
expression profiles in EVs when detected by RT-qPCR and RNAseq
[39,40]. Furthermore, applying PCR-based techniques for the
detection of EV-RNA trafficking has two main limitations. First, dis-
tinguishing between EV-derived RNA and endogenous RNA in the
recipient cells is challenging. Utilizing EV recipient cells that are
isolated from specific RNA knockout mice is an interesting
approach to overcome this issue, as this excludes the possibility
of detecting this specific endogenous RNA. Following this
approach, it has been demonstrated that synthetic miR-155 was
delivered by EVs (obtained through 0.4 mm and 0.22 mm filtration
followed by CD63-immunocapturing and, after electroporation,
ExoQuick-TCTM isolation) into hepatocytes and Kuppfer cells
derived from miR-155 knockout mice [41]. Second, these
approaches are not sensitive enough to detect EV-RNA in a single
EV or recipient cell. Therefore, they are limited to RNA detection
in populations of cells or EVs. RNA visualization at single-cell or
single EV level, on the other hand, can provide additional spatial
information enabling a better mechanistic understanding of RNA
trafficking by EVs.

2.2. EV-RNA visualization

To spatially resolve EV-RNA and study its inter- and intracellu-
lar trafficking, the most straightforward strategy is RNA imaging
after labeling exogenous RNA using chemical dyes and subsequent
loading into EVs after their isolation. This method can be adopted
to visualize EV uptake in target cells. For instance, it has been
demonstrated with confocal microscopy that EVs (obtained
through 0.22 mm filtration followed by ultracentrifugation at
120,000g) loaded with Alexa Fluor 488-labeled siRNA were taken
up by monocytes and lymphocytes resulting in knockdown of the
targeted mRNA expression [42]. This also confirms the hypothesis
that EVs can be exploited to deliver exogenous RNA. An interesting
application of labeling RNA with organic dyes is the analysis of the
underlying mechanisms responsible for uptake. For example, one
study demonstrated strong co-localization of Cy5-siRNA loaded
EV mimics (obtained through extrusion of cells through a 1 mm
membrane followed by Optiprep densitiy gradient ultracentrifuga-
tion at 100,000g) and markers of clathrin- and caveolae-mediated
endocytosis shortly after EV addition to MCF-7 cells. On the other
hand, co-localization with a macropinocytosis marker was limited.
This suggests that mainly clathrin- and caveolae-mediated endocy-
tosis are responsible for uptake of the EV-mimic in MCF-7 cells
[43]. By following co-localization of siRNA with other markers of
the endolysosomal pathway, the fate of siRNA in the recipient cell
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may be studied over time. Nevertheless, RNA labeling with cell-
impermeable dyes, such as Alexa Fluor and Cy5, cannot be applied
for the visualization of endogenous RNAs, as it requires chemical
conjugation of the RNA of interest. However, several membrane-
permeable dyes exist that are selective for RNA and do not require
conjugation, including E36 [44], Styryl-TO [45] and SYTO-
RNAselect [46]. Only the latter has successfully been employed
for the staining of endogenous EV-RNA and visualization of RNA
intracellularly [46,47]. Nonetheless, SYTO-RNAselect and other
membrane-permeable dyes are not suitable for imaging of specific
transcripts and suffer from high background signals, potentially as
a result of dye aggregation. To overcome these limitations, more
specific RNA labeling strategies are required.

Molecular beacons (MBs) are DNA probes that have been
designed to detect RNA molecules with high sequence specificity.
MBs are attached to a fluorophore at one end and a fluorescence
quenching molecule at the other end. MBs also contain a stem-
loop that holds the fluorophore and quencher in close proximity
to each other, resulting in quenching of fluorescence. Upon
hybridization of the probe and target RNA, the MB undergoes a
conformational change that increases the distance between fluo-
rophore and quencher, resulting in the emission of light upon exci-
tation (Fig. 1) [48]. This strategy has been used to visualize and
quantify miRNA inside EVs. In these studies, introduction of miR-
21-targeting MBs into EVs using streptolysin O (SLO), a bacterial
endotoxin that reversibly creates pores in biological membranes,
resulted in a higher signal compared to EV incubation with non-
targeting MBs [49,50]. MBs have also been adopted for multiplexed
detection of two distinct miRNAs and to demonstrate uptake of
MB-containing EVs (obtained through Total Exosome IsolationTM)
in MCF7 cells [51]. An important consideration for quantification
of RNA content with MBs, however, is the potential competition
of these MBs with RNA-binding proteins. RNAs are often com-
plexed with, for instance, Argonaute proteins or ALIX, which are
key regulators of RNA loading in EVs [30]. As a consequence, poten-
tially, not all RNA cargo can be hybridized with the delivered MBs.
Besides the RNA levels in EVs, the amount of fluorescence is also
dependent on the delivery efficiency of MBs in the EV lumen.
Therefore, on a single EV level, employing MBs is not a reliable
detection strategy, which limits its application to detecting RNA
in a population of EVs. The potential of MBs to also obtain spatial
EV-RNA information in live cells will be discussed further below.

To circumvent the issues in MB-based RNA imaging related to
MB loading into EVs, studying genetically engineered RNA of EVs
Fig. 1. Principle of RNA detection with molecular beacons. The MB is a DNA oligonucle
quencher at the other end. Upon intracellular/intraluminal delivery and hybridization of
fluorescent signal, as the quencher and fluorophore are separated.
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loaded before isolation is a promising alternative strategy. A
well-established technique that has been used to visualize specific
RNAs is derived from the bacteriophage MS2. The coat protein of
bacteriophage MS2 (MCP) can recognize and bind specific stem-
loop structures of (viral) RNA. Introduction of multiple copies of
the stem-loop into an RNA of interest enables labeling of the
RNA by multiple MCPs fused to a fluorescent protein (FP) (Fig. 2)
[52]. For example, expression of the MCP-GFP fusion protein
together with a reporter mRNA containing 24 MS2 binding sites
(MBS) yields a punctate mRNA staining in the cytoplasm of living
cells [53]. A major drawback of this method, however, is the high
background signal that is caused by unbound MCP-GFP in the cyto-
plasm. This background is partly reduced by the fusion of a Nuclear
Localization Signal (NLS) to MCP-GFP, ensuring that unboundMCP-
GFP will be translocated into the nucleus. Even though the MS2
system is often used in live-cell mRNA imaging, it has been used
in only one study to detect mRNA in an isolated pool of EVs. Here,
Gli36 glioma cells were transfected with a plasmid encoding MCP-
GFP-NLS and a reporter plasmid encoding PalmtdTomato mRNA
containing multiple MBSs. After isolation of the EVs (obtained
through 0.8 or 0.22 mm filtration followed by ultracentrifugation
at 100,000g), co-localization of green and red fluorescence, origi-
nating from thePalmtdTomato transcript in the EV lumen and
PalmtdTomato, a palmitoylated FP that labels the EV membrane,
respectively, was demonstrated using confocal microscopy with a
diffraction limit of approximately 200–300 nm [54]. This indicates
that the PalmtdTomato mRNA was in or in close proximity to the
isolated EVs. A drawback of MS2-based RNA visualization is the
inability to detect unmodified endogenous RNA. The application
of this system in real-time imaging will be further discussed below.
3. Fluorescence in situ hybridization

As discussed above, the techniques that have been applied to
study EV-RNA lack sensitivity to image low abundance endogenous
transcripts or have not been applied to spatially resolve EV-RNA
[49,51,54]. As the number of transcripts per EV is very low [31],
highly sensitive, preferably single-molecule, methods are required
to visualize EV-RNA trafficking. In this chapter, the approaches will
be discussed that have potential for the application in sensitive EV-
RNA imaging in fixed cells or tissue. Table 1 gives an overview of
these approaches.
otide that forms a hairpin structure, and contains a fluorophore at one end and a
the MB with target RNA, the MB undergoes a conformation change that results in a



Table 1
Overview of the various FISH approaches.

Technique Advantages Limitations RNA type
(long/small)

Study

smFISH – Single-molecule visualization
– High specificity

– Limited number of transcripts can be
detected simultaneously

– Not applicable for small RNAs

Long [57,58]

bDNA amplification – Single-molecule visualization
(Long RNA only)

– High specificity

– Limited number of transcripts can be
detected simultaneously

Long and small [61,67]

HCR – Single-molecule visualization
(Long RNA only)

– Limited number of transcripts can be
detected simultaneously

– Risk of high background signals

Long and small [65,66]

Padlock probe and RCA – Single-molecule visualization
– High specificity

– Limited number of transcripts can be
detected simultaneously

Long and small [68,69]

FISSEQ – Simultaneous detection of ~ 8.000 transcripts – Limited sensitivity (~200 – 400 mRNA
molecules)

– Not (yet) suitable for single-cell profiling

Long [72]

MERFISH or seqFISH – Single-molecule visualization
– Simultaneous detection of ~ 10.000 genes

– Not (yet) suitable for the detection of RNAs
< 400-nt

– Requires super-resolution or expansion
microscopy

Long [73–77]

Fig. 2. Schematic representation of RNA imaging with the MS2 system. Plasmids encoding the MCP-GFP-NLS fusion protein and the exogenous target RNA with MBSs are
transfected. After the expression of the protein and transcript, MCP can bind the MS2-binding sites enabling cytoplasmic GFP expression. When not bound, the fusion protein
will be translocated into the nucleus.
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3.1. Single-molecule fluorescence in situ hybridization

In situ hybridization (ISH) is a method developed to visualize
specific nucleic acid sequences by hybridization with labeled
probes in fixed cells or tissues. Fluorescence in situ hybridization
(FISH) was proposed as a more sensitive and cheaper alternative
to radiolabeled in situ hybridization (Fig. 3A). Hereby, covalent
attachment of a fluorophore to a probe that can specifically recog-
nize and hybridize a target DNA/RNA enables subcellular localiza-
tion of specific nucleic acids using fluorescence microscopy [55].
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FISH has been previously used to visualize RNA in EV donor and
recipient cells in vitro, highlighting the ability to study intercellular
RNA trafficking using this technique [56]. However, the detection
of transcripts with conventional FISH is limited to highly abundant
genes owing to the lack of specificity caused by off-target
hybridization and the lack of sensitivity. Importantly, RNA labeling
with only one fluorophore does not allow the differentiation
between on– and off-target signal. Strategies to improve the
signal-to-noise ratio (SNR) include the use of a few multiply
labeled 50-nt probes [57] or a multitude of singly labeled 20-nt



Fig. 3. Schematic overview of the various fluorescence in situ hybridization techniques. (A) Conventional RNA FISH. The target RNA (red) is recognized and hybridized by a
specific DNA probe (blue) conjugated to a fluorophore (green). A fluorescent signal is emitted. (B) smFISH according to Femino et al. [57]– upper – and Raj et al [58] – lower.
Hybridization of one probe containing multiple fluorophores or multiple probes containing a single fluorophore with the target RNA increases sensitivity compared to
conventional FISH, enabling the detection of single RNA molecules in situ. (C) Hybridization chain reaction for signal amplification. An initiator oligonucleotide hybridizes the
target RNA and a metastable hairpin attached to a fluorophore ensuring a conformational change and binding of a second hairpin with fluorophore. A chain reaction is
initiated leading to fluorescence amplification. (D) bDNA amplification. Two Z-probes hybridize with the target RNA and a single preamplifier. Subsequently, the amplifier,
which is conjugated to multiple fluorophores, binds the preamplifier and emits fluorescence, enabling single-molecule RNA detection with reduced background signal. (E)
Padlock probe hybridization and RCA. A padlock probe containing two target-specific sequences at both ends hybridizes with the target RNA. Subsequent ligation of both ends
linearized the padlock probe that can be amplified using RCA. Next, multiple fluorescent probes can bind the amplified padlock probe ensuring signal amplification. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

W.S. de Voogt, M.E. Tanenbaum and P. Vader Advanced Drug Delivery Reviews 174 (2021) 250–264
probes [58]. It has been demonstrated that with either approach,
RNA imaging with single-molecule sensitivity can be obtained.
Therefore, these approaches will be referred to as single-
molecule FISH (smFISH), hereafter (Fig. 3B). The latter approach
ensures the best sensitivity since potential self-quenching as a
result of fluorophore interaction within probes is prevented. In
addition, the fluorescent signal is less prone to variability with only
one fluorophore attached to each probe [58]. Using smFISH, mRNA
trafficking by tunneling nanotubes in co-culture has been visual-
ized, indicating the potential of smFISH to also image mRNA traf-
ficking by EVs in situ [59]. The detection of small RNAs by
smFISH, however, is confounded by their size. For example, miR-
NAs are typically ~ 22-nt in length [60], whereas with smFISH as
described by Raj et al. [58] multiple probes of each 20-nt are
required. Therefore, this technique is limited to imaging of long
RNA species such as mRNAs and long non-coding RNAs. Interest-
ingly, smFISH is also compatible with immunohistochemistry or
protein labeling [61]. This enables the study of intracellular traf-
ficking of endogenous RNA through simultaneous imaging of, for
instance, RNA, EVs and endocytic markers.

Interestingly, smFISH is also compatible with more complex 3D
tissues, such as organoids or whole-mount embryonic organs
[62,63]. This may allow studying of EV-RNA trafficking mecha-
nisms in a biologically more relevant approach. Nonetheless, when
applying any FISH technique, it is essential to preserve the precise
biological structure when fixing the tissue. Importantly, tissue-
fixation with formaldehyde is associated with EV loss, especially
at higher temperatures by the reversible nature of formalin
cross-links. Therefore, EV-RNA imaging with FISHmay be challeng-
ing. A possible approach to overcome this includes a second fixa-
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tion step that creates irreversible crosslinks between proteins,
retaining EVs in situ [64].

3.2. Fluorescent signal amplification

To image small RNAs, which are predominantly present in EVs
[28–30], with high sensitivity, RNA labeling with multiple fluo-
rophores should be achieved in an alternative manner than con-
ventional smFISH. Signal amplification of a single probe is a
potential approach to facilitate this. Moreover, for longer RNA spe-
cies signal amplification can enable imaging with, for example,
simpler fluorescence microscopes using lower magnification objec-
tives. Methods of fluorescence amplification include hybridization
chain reaction (HCR), branched DNA amplification (bDNA) and roll-
ing circle amplification (RCA). With HCR, sets of probes are hybri-
dized to the target RNA. These probes contain an initiator sequence
that can assemble to a metastable DNA hairpin structure, which is
attached to a fluorophore. The DNA hairpin will undergo a sponta-
neous conformational change and is then able to bind a second
metastable hairpin that is also attached to a fluorophore. This reac-
tion will repeat itself, initiating a chain reaction [65] (Fig. 3C).
Recently, the HCR method has been validated in a study demon-
strating the simultaneous imaging of miRNA and mRNA in fixed
retinal tissue [66]. Nonetheless, the main drawback of HCR is a lack
of specificity caused by spontaneous amplification without proper
initiation, which can result in higher background signals.

bDNA amplification is an alternative and more specific
approach that uses multiple target-specific, 20nt Z-shaped DNA
probes. The upper regions of two independent Z-probes can be
specifically hybridized to a single preamplifier. Subsequently, the
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amplifiers containing many fluorophores can be bound to the
preamplifiers at multiple binding sites. In such a way, bDNA ampli-
fication increases the fluorescence per DNA probe (Fig. 3D). This
unique Z-probe/preamplifier hybridization strategy also estab-
lishes a higher specificity compared to HCR, as off-target RNA bind-
ing of only one probe will not induce signal amplification. Using
this approach, multiplexed in situ imaging of up to four separate
mRNAs at the single-molecule level has been demonstrated [67].
For the amplification and detection of single small RNAs, however,
bDNA amplification has not yet been adopted. As it is challenging
to distinguish between fluorescent signals derived from bound
and unbound (pre)amplifiers, HCR and bDNA amplification have
the most potential for single-molecule detection of (small) RNA
species that can be bound by multiple initiators or Z-probe pairs.
Therefore, to obtain a sufficient SNR for single-molecule detection,
these signal amplification strategies may be limited to the detec-
tion of EV-RNAs > 80nt.

Last of all, padlock probe hybridization followed by RCA is a
promising signal amplification strategy that has been successfully
used to spatially resolve individual miRNAs. Padlock probes are
DNA probes containing a target-specific sequence at the 50 and 30

end and a non-specific sequence between each end. Hybridization
to the RNA of interest and subsequent ligation of both ends of the
padlock probe effectively circularizes this probe [68,69]. The circu-
lar probe is subsequently amplified with RCA using the miRNA as a
primer. Next, the amplified DNA containing multiple copies of the
target miRNA can be hybridized by multiple fluorescently labeled
probes [69] (Fig. 3E). Since the miRNA in this approach serves as
the ligation template for the padlock probe and as a primer for
RCA, this method ensures high sensitivity and specificity.

3.3. Transcriptome-scale RNA detection in situ

To visualize the complete transcriptome of specific EV popula-
tions, multiplexed imaging of thousands of RNA species is required.
Multiple groups have worked on imaging multiple mRNA species
simultaneously with smFISH, however, the maximum number of
detectable RNA species in one experiment remains limited
to ~ 30 [70,71]. One technique that was developed to enable mul-
tiplexed imaging is fluorescence in situ sequencing (FISSEQ). It
relies on in situ reverse transcription of RNA molecules into short
cDNA fragments, a process that is primed by random hexamers.
These fragments are subsequently circularized and amplified in
multiple cycles followed by hybridization of a unique sequencing
primer and fluorescent probe ligation to the primer. After fluores-
cence imaging, the fluorophore is cleaved, and fluorescent probe
ligation is repeated every fifth base pair. Afterwards, the complete
sequencing process is repeated with four additional unique
sequencing primers to enable the sequencing of all intermediate
bases. As the sensitivity of FISSEQ is dependent on the process of
reverse transcription, the estimated lower detection limit is
currently ~ 200–400 mRNA molecules, hence this method is not
suitable for low abundance RNAs [72].

Multiplexed error robust FISH (MERFISH) or sequential FISH
(seqFISH) is a strategy that significantly enhances the number of
RNA species that can be detected in a single FISH experiment. This
approach is more sensitive than FISSEQ. In MERFISH, fixed cells are
treated with unique encoding probes that act as a scaffold between
the target RNA and a secondary readout probe. These encoding
probes consist of an mRNA targeting sequence to facilitate in situ
hybridization and two flanking read-out sequences for secondary
probe hybridization. To increase the SNR, each RNA molecule is
labeled with multiple encoding probes. The encoding probes each
contain a unique combination of the N readout sequences. Succes-
sive N hybridization rounds with the N unique read-out probes
yields a positive signal (1) or negative signal (0) for each round.
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In this manner, transcript-specific binary codes can be written
(Fig. 4). For N readout probes or hybridization rounds, 2 N – 1 dif-
ferent RNA species can be imaged, meaning that the number of
RNA species that can be imaged increases exponentially with the
number of hybridization rounds. As proof-of-concept, 1001 RNA
species have been quantified and spatially-resolved in a single
experiment [73,74]. Combining MERFISH with branched DNA
amplification has allowed signal improvement while using fewer
encoding probes, however, this strategy only remains suited for
imaging of longer RNA species (>480-nt) [75]. Now, MERFISH has
been used to reveal the subcellular RNA localization of ~ 10.000
transcripts, indicating the enormous potential to quantify and
image RNA transcriptome-wide [76]. SeqFISH is a similar approach.
Here, however, barcoding is performed directly with multiple
hybridization rounds of a set of smFISH probes attached to fluo-
rophores with distinct colors in each round [77]. MERFISH or seq-
FISH in combination with EV labeling has the potential to visualize
EV-RNA content and their subcellular localization, and for instance,
to make a comparison between RNA-cargo of subpopulations of
EVs. Although promising, to spatially-resolve each transcript-
specific signal with microscopy, super-resolution is required.
Therefore, this barcoding approach is a less accessible technique.
To overcome this issue, MERFISH has been combined with expan-
sion microscopy [78]. In addition, seqFISH + has been developed
where the color palette, and therefore the number of images, is
increased significantly. By recombining all separate images in a
similar manner as in single-molecule localization microscopy
(SMLM), a super-resolution image can be reconstructed using a
conventional confocal microscope [79]. A second issue is that, as
the degree of multiplexing increases, off-target binding of FISH
probes may increase background signals. To address this issue,
split-FISH was developed. Hereby, an additional encoding probe
pair is included, which is delivered as split probe. It is designed
to bind the conventional encoding probes only when both split
probes are hybridized to the RNA [80]. This decreases the risk of
off-target encoding probe binding. Therefore, this design may
increase the accuracy of RNA profiling.
4. Live-cell RNA tracking

The previously discussed FISH techniques are not applicable for
live-cell imaging, mainly as it requires cell and EV permeabilization
and subsequent washing steps to remove the unbound probes.
Real-time EV-RNA tracking would enable studying the dynamic
process of cargo sorting, intercellular trafficking, and RNA transfer.
As discussed before, MBs and MS2-systems have only been used
for imaging RNAs in an isolated pool of EVs [49,54]. Their potential
as imaging techniques for live-cell EV-RNA tracking will be high-
lighted in this chapter. Moreover, the application of CRISPR/Cas
technology and fluorogenic RNA aptamers for RNA imaging will
be discussed. Table 2 gives an overview of all discussed methods
in this chapter.
4.1. Molecular beacons

Upon intracellular delivery of MBs and hybridization with the
(endogenous) target RNA, segregation of fluorophore and quencher
results in the emission of a specific RNA signal. In this manner,
individual RNA molecules can be dynamically tracked in living
cells [81,82]. For example, following intracellular MB delivery, sev-
eral studies have investigated the mechanisms underlying intracel-
lular trafficking of endogenous mRNA or pre-miRNA in real-time in
mammalian axons and revealed their subcellular localization
[83,84]. However, a major concern with this strategy is that the
cytosolic delivery of MBs by methods that require membrane pore



Fig. 4. Graphical representation of the MERFISH method. M transcripts are hybridized with 192 encoding probes containing N unique readout sequences in total. The
encoding probes will be hybridized subsequent rounds with N unique secondary probes each complementary to one of the readout sequences. Each hybridization round will
give a positive (1) or negative (0) signal for the genes, thereby writing a transcript-specific binary code. Between each round photobleaching is applied. The total number of
transcripts that can be identified, both spatially and qualitatively, equals M = 2 N – 1.
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formation, such as electroporation or SLO, can induce cell damage.
One study reports live cell tracking of MB-miRNA trafficking by EVs
(obtained through ExoQuick-TC Precipitation) using SMLM. How-
ever, as no strategy was applied to load the MB inside the vesicles,
it is unlikely that miRNA in the vesicle lumen is observed here [85].
Moreover, it is unexplored if MBs associated with RNAs can be
endogenously loaded in EVs to study RNA trafficking in real-time
or that MBs are only suitable for free RNA labeling in donor and
recipient cells. Recently, it has been demonstrated that miR-495-
specific MBs complexed with the cell-penetrating peptide TAT
enables imaging of miRNA-495 in red blood cell-derived EVs (ob-
tained through size exclusion chromatography using a qEV col-
umn). Moreover, MB-miRNA-495-TAT could be internalized in
live red blood cells [86]. These findings both support the potential
of studying EV-RNA trafficking with MBs. Importantly, for single-
molecule detection of small RNA species MBs cannot be used. On
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the other hand, for mRNAs and lncRNAs single-molecule sensitivity
can be obtained by employing MBs that target multiple sites on an
individual transcript, as seen for smFISH [83].

4.2. RNA-binding fluorescent proteins

As mentioned above, the bacteriophage MS2 system holds
potential for live-cell RNA imaging [53]. This approach has been
previously used to image mRNA in EVs that were loaded before iso-
lation [54], therefore, this strategy is feasible to load the target RNA
complexed with MCP-GFP into EVs. Moreover, MS2-derived sys-
tems have been previously used to show, for instance, intracellular
RNA sorting into subcellular locations in live neuronal cells [87].
Hence, this system may be applied to obtain insight into RNA sort-
ing mechanisms and inter- and intracellular trafficking of EV-RNA
in real-time. Nonetheless, unbound MCP-FP causes high back-



Table 2
Overview of the techniques suited for live-cell RNA tracking.

Technique Advantages Limitations RNA type
(long/small)

Study

Molecular Beacons – Single-molecule sensitivity
– Imaging of endogenous

unmodified RNA

– Requires toxic intracellular delivery agents
– Possibly competes with endogenous RNA binding

proteins for target binding

Long [83,84]

RNA-binding
fluorescent
proteins

MS2-derived
systems

– Single-molecule sensitivity – Background from unbound FPs
– Requires RNA modification

Long [87,88]

Pepper – Single-molecule sensitivity
– Low background signals

– Requires RNA modification Long [89]

CRISPR/Cas – Imaging of endogenous
unmodified RNA

– High labeling efficiency

– Background from unbound FPs
– Not suitable for low abundance transcripts
– Possibly competes with endogenous RNA binding

proteins for target binding

Long [92,97]

Fluorogenic RNA
aptamers

Conventional RNA
aptamers

– Single-molecule sensitivity
(long RNA only)

– Low background signals

– Requires RNA modification Long and small [98–104]

AiFC – Low background signals
– Imaging of endogenous

unmodified RNA

– Restricted to long RNAs
– Restricted to high abundance transcripts
– Possibly competes with endogenous RNA binding

proteins for target binding

Long [108]

CHARGE – Single-molecule sensitivity
– Imaging of endogenous

unmodified RNA

– Does not provide spatial information
– Possibly competes with endogenous RNA binding

proteins for target binding

Small [109]
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ground fluorescence. Besides the incorporation of an NLS, splitting
the FP into two non-fluorescent proteins to increase specificity can
circumvent this issue. In this approach, the MS2 system is com-
bined with the analogous PP7 system. Both MCP and PCP are
expressed as a fusion protein with a partial FP and bind a 12x-
MS2-PP7 tandem binding site array in the reporter mRNA. Only
when MCP and PCP are both bound to their specific stem-loops a
fluorescent signal can be observed [88]. Self-association of the FP
may occur at high concentrations, which must be taken into con-
sideration. Another novel strategy to increase the SNR employs flu-
orogenic proteins. These conditional FPs are attached to a peptide
that promotes protein degradation unless stabilized by the specific
Pepper RNA motif. Similar to the MS2 system, incorporation of
multiple copies of Pepper into the mRNA of interest enables
single-molecule detection using fluorescence microscopy [89].
Unbound FP will be degraded in this approach, which prevents
high background signals and therefore improves the SNR.
4.3. CRISPR/Cas-based RNA detection

CRISPR/Cas9 is a bacterial derived adaptive immune system
that is being intensively researched for its gene editing capabilities.
It comprises the CRISPR associated endonuclease 9 (Cas9) that
complexes with a specific single-guide RNA (sgRNA). The Cas9/
sgRNA complex can recognize a specific sequence in the DNA, the
protospacer adjacent motif (PAM), and subsequently bind and
digest the target DNA upstream in the gene [90]. The intrinsic abil-
ity of Cas9/sgRNA to form specific RNA-DNA hybrids can be
exploited for RNA imaging. By providing a PAMmer, which is a
small DNA/RNA modified oligonucleotide containing the Cas-
specific PAM sequence, a catalytically inactive Cas9 (dCas9)/sgRNA
complex is able to bind a ssRNA target with high affinity (Fig. 5).
Furthermore, 20OMe modification of the PAMmer prevents degra-
dation by RNase H [91]. This strategy has been successfully
employed for live-cell mRNA-imaging using a dCas9-GFP fusion
protein. Nonetheless, this system has only been applied for imag-
ing highly abundant mRNA and is not sufficient for tracking of less
abundant RNA species or for single-molecule detection [92]. To
increase sensitivity, targeting multiple sites per mRNA or lncRNA
with dCas9 may be an option. An important consideration for this,
however, is the possible competition with endogenous RNA bind-
ing proteins. A second strategy to increase sensitivity is to increase
the fluorescence associated with Cas9, for example through the
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SunTag system [93,94]. On the other hand, the fluorescent signal
of off-target hybridization and unbound Cas9 also increases, which
may decrease the SNR.

More recently, it has been shown that RNA targeting with
dCas13, a CRISPR effector with intrinsic RNA-targeting capabilities,
enables RNA visualization without co-transfection of a PAMmer
[95]. Similarly, it has been demonstrated that the Streptococcus
aureus Cas9 (SaCas9) is able to target RNA without requiring a
PAMmer in contrast to SpCas9, the most commonly used Cas9
homolog [96]. RNA imaging with catalytically inactive Cas13-FP
or SaCas9-FP fusion proteins may be more efficient, as RNA target-
ing is independent of the PAMmer. For Cas13, several homologs
have been fused with GFP and screened for their ability to target
the medium abundance (50–60 copies) lncRNA NEAT1 in HeLa
cells disclosing the dPspCas13b homolog to be highly efficient for
real-time PAMmer-independent lncRNA localization. A direct com-
parison in RNA visualization revealed that the mean SNR per fluo-
rescent spot for Cas13-based imaging is twice as low as reported
for the MS2 system [97].

The main advantage of the CRISPR/Cas technology for RNA
labeling is that it does not require complicated genetic manipula-
tions. It has been successfully employed to track endogenous RNAs
in live cells, however not with single-molecule sensitivity. In addi-
tion, due to the high molecular weight of the FP-labeled CRISPR/
Cas, it may be possible that RNA imaging following this approach
alters the RNA functionality. Interestingly, Cy3-labeling of the
sgRNA instead of GFP labeling of the dPspCas13b was also success-
ful in real-time RNA tracking and might be interfering less with EV-
RNA trafficking [97]. Moreover, due to the large size of Cas9/Cas13
it is unlikely that this method can be efficiently used for the imag-
ing of endogenously loaded RNAs inside EVs. Therefore, this appli-
cation may be limited to the imaging of free high abundance RNAs
in donor or recipient cells enabling the study of, for instance, sub-
cellular endogenous RNA locations in real-time.
4.4. Fluorogenic RNA aptamers

The previously discussed techniques that have potential for
live-cell EV-RNA imaging all require the introduction of cell-
impermeable probes or FPs. Unlike proteins, no RNAs with intrinsic
fluorescent capabilities are known. Efforts to approximate FPs with
RNA sequences initiated with the discovery of a small molecule,
3,5-dimethoxy-4-hydroxybenzylidene imidazolinone (DMHBI)



Fig. 5. The CRISPR/Cas system for live-cell RNA tracking. Cells are transfected with (1) a plasmid encoding the catalytically inactive dCas9/dCas13 protein fused to an NLS
sequence and GFP (2) a plasmid encoding the sgRNA specific for the target RNA sequence and (3) a PAMmer, which is an RNase resistant oligonucleotide, enabling target site
recognition of the dCas9/sgRNA complex. RNA targeting with dCas13 does not require the transfection of the PAMmer. Unbound NLS-dCas9/dCas13-GFP will be directed to
the nucleus.
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that resembles the structure of the activated fluorescent complex,
HBI, in GFP but does not have fluorescent activity itself. Such small
non-fluorescent molecules that have conditional fluorescent prop-
erties are called fluorogens. Screening of a library of RNAmolecules
for their ability to bind DMHBI and activate fluorescence resulted
in the discovery of the first fluorogenic RNA aptamer called Spi-
nach. Introduction of the 96-nt Spinach sequence into a target
RNA facilitates the detection of these RNAs in live cells after incu-
bation with the cell-permeable DMHBI (Fig. 6A) [98]. Later, opti-
mization of the screening protocol focusing on the cellular
performance of the aptamers resulted in the discovery of the
enhanced aptamer Broccoli. It has increased thermostability and
expression levels in HEK293T cells compared to Spinach. Moreover,
Broccoli is composed of only 49-nt simplifying incorporation of the
aptamer in the target RNA sequences without disrupting their
functions [99]. Since then, multiple enhanced RNA aptamers have
been identified or developed binding various fluorogens. The most
promising aptamers including RNA Mango [100], Pepper (different
than the RNA binding motif) [101], O-coral [102] and Riboglow
[103] all comprise fewer nucleotides or report higher sensitivity
and specificity in live-cell RNA imaging in comparison with the
conventional aptamers. A recent study demonstrates that follow-
ing mRNA labeling with 24 RNA mango arrays compared to 24
MS2 stem-loop sequences, a significantly higher SNR is observed
[104]. Importantly, it is also the first study in which single-
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molecule detection of mRNA has been demonstrated using fluoro-
genic aptamers. Interestingly, incorporation of fluorogenic aptamer
sequences in the sgRNA stem-loops has also been proposed as indi-
rect labeling strategy for CRISPR/Cas-based imaging of endogenous
nucleic acids without requiring a FP tag [101,105]. By the cell-
permeable nature of the fluorogens, straightforward labeling and
live-cell visualization of RNA molecules intracellularly are facili-
tated. It is plausible, yet unproven, that these molecules can also
penetrate into subcellular compartments and into EVs, thereby
enabling EV-RNA tracking. Following direct RNA labeling with con-
ventional fluorogenic aptamers, however, it is not possible to
image endogenous transcripts.

In parallel with the discovery of more sensitive aptamers,
sophisticated methods have been developed for more specific
and sensitive RNA imaging in live cells. For example, Spinach and
Broccoli split-aptamers have been designed, whereby the original
aptamer sequence is segregated into two partial sequences. These
can be separately incorporated into target oligonucleotide
sequences. Upon hybridization of both constructs, the split-
aptamer reassembles into the active Spinach or Broccoli conforma-
tion, thereby enabling visualization of specific DNA/RNA-RNA
hybridization events [106,107]. This principle is the fundament
of the aptamer-initiated fluorescence complementation (AiFC) sys-
tem (Fig. 6B). With AiFC, split-aptamers are incorporated into two
RNA sequences. Both are complementary to specific sequences in



Fig. 6. Schematic overview of the various methods utilizing fluorogenic RNA aptamers for RNA visualization. (A) Principle of fluorogenic RNA aptamers for live-cell RNA
imaging. The Spinach or Broccoli aptamer sequence is cloned into the target RNA. Cells expressing this transcript are treated with the non-toxic DFHBI, which can be captured
into the RNA aptamer structure. DFHBI motion is limited when bound to the RNA aptamer resulting in energy release through light emission. (B) AiFC split aptamer method.
Two RNA split-aptamer sequences contain a complementary sequence to the target RNA. When these hybridize with the target RNA, the split-aptamers are bound together
forming the functional RNA aptamer. (C) CHARGE principle to increase the sensitivity of the RNA aptamer. Two hairpin structures, both containing the miRNA target sequence
(red arrows), are hybridized to their complementary strand forming the stem-loop structure. They are attached to a split-aptamer sequence. The target RNA functions as a
catalyst when hybridizing with the first hairpin. Subsequently, the second hairpin hybridizes with the first hairpin and finalizes the RNA aptamer sequence. Hereby, the target
RNA is recycled. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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an individual target RNA. Transfection with plasmids encoding the
split constructs enabled the visualization of endogenous b-actin
mRNA in living cells, whereas neglectable signals were observed
for cells that had been transfected with only one or neither of
the split plasmids [108]. Visualization of smaller RNAs, however,
poses a larger challenge. To facilitate this, a promising method,
which resembles the fluorescent amplification by HCR as discussed
for FISH, has been developed that increases the sensitivity. With
this approach, the split-aptamer sequence is incorporated into
two separate hairpin structures. Initially, the hybridization of both
hairpins to the target sequence and to each other is hindered, as
the complementary sequences are embedded in their stem. Only
a specific target RNA can hybridize and open up one of the hairpins,
allowing the assembly of both hairpins and, thereby, the full apta-
mer sequence. Finally, the target sequence is recycled. Therefore,
this technique is named Catalytic Hairpin assembly RNA circuit
(CHARGE) (Fig. 6C). It has been successfully used to image miR21
inside live bacterial cells with split-Broccoli, however, it still needs
to prove feasibility in mammalian cells [109]. As the target RNA
functions as the catalyst in this system, theoretically, high- and
low abundance RNAs could be imaged with similar sensitivity. As
the activated fluorophore is not bound to the RNA, however, no
spatial information is provided.
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5. Studying functional EV-RNA transfer

Following the labeling approaches described above for direct
RNA visualization, EV-RNA loading and trafficking can be imaged.
To demonstrate, however, that RNA cargo has escaped endolysoso-
mal degradation and has been functionally delivered by EVs into
the cytosol, detecting subcellular localization of RNA is not suffi-
cient. When developing EV-based systems for therapeutic RNA
delivery, accurately studying the mechanisms underlying func-
tional delivery into recipient cells and the processes facilitating
this is pivotal. Initially, the detection of functional transfer of
RNA by EVs was mainly limited to measuring the biological effect
of the transferred RNA in the recipient cells upon incubation with
an isolated, concentrated pool of EVs that were loaded after isola-
tion. For instance, the functional delivery of siRNA can be assessed
by measuring the reduced expression levels of target mRNA using
RT-qPCR or ddPCR, or gene knockout can be measured upon deliv-
ery of isolated EVs containing Cas9 mRNA and sgRNA [20]. Addi-
tionally, functional mRNA delivery in recipient cells can be
assessed upon treatment with the protein translation inhibitor
cycloheximide as control [54]. However, to closely resemble and
study the natural transfer of endogenous RNAs by EVs in vitro it
is essential to measure the effect of the RNA in co-culture of EV
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donor and recipient cells rather than to treat cells with an isolated,
and concentrated pool of EVs. Moreover, considering the limited
number of RNA molecules per vesicle and low read-out sensitivity
of these knockout/knockdown assays, they are not sufficient to
measure the effects of functionally transferred endogenously
loaded RNAs.

To investigate functional EV-RNA transfer in an experimental
set-up that better simulates endogenous RNA trafficking, a reporter
system has been developed employing Cre-loxP recombinase. The
system requires two engineered cell lines: one donor cell line sta-
bly expressing a FP to distinguish donor cells from reporter cells
and Cre, and a recipient cell line stably expressing a different FP
followed by a stop codon and flanked by two lox P sites. Another
FP gene is encoded in the plasmid downstream of the stop codon
and is therefore not expressed. Delivery of Cre-mRNA followed
by Cre protein expression in the recipient cells will result in the
removal of the first FP gene and stop codon by recombinase. As a
consequence, the second FP will be expressed resulting in a color
shift in the recipient cells [110]. The Cre-loxP reporter system
has been successfully used to show EV-mediated mRNA transfer
in vitro [111] and in vivo [112,113]. Considering the small number
of mRNA molecules loaded in EVs, these results suggest highly effi-
cient functional transfer of RNA. Together with an increasing num-
ber of studies reporting EVs as key regulators in
(patho)physiological processes, this underlines the therapeutical
and biological importance of studying the mechanisms underlying
this effective RNA delivery using the Cre-loxP system. The main
drawback of the Cre-loxP reporter is that transfer of Cre protein,
expressed in the EV donor cells, cannot be differentiated from func-
tional Cre mRNA transfer. Another possible approach to detect
functional mRNA delivery relies on the detection of translation in
the EV recipient cell using SunTag mRNAs. Here, genetic engineer-
ing of 24 SunTag peptide sequences into the transcript of interest
enables imaging of the nascent chain with single-molecule sensi-
tivity. The SunTag sequences are specifically recognized by FP-
coupled single-chain antibodies that can be expressed in the EV
acceptor cells [114]. Similar to Cre-loxP, this approach may be
affected by potential protein transfer by EVs. In contrast, theoreti-
cally, the functional transfer of any mRNA of interest can be
assessed.

The above-described reporter systems are limited to the detec-
tion of large mRNA (or protein), thereby not allowing to detect
functional transfer of small RNAs. Trafficking of these small RNAs
may be distinct from that of intact mRNA in terms of loading and
transfer efficiency. As mentioned above, EVs contain mainly small
RNAs or fragmented mRNAs [28]. This underlines the need for an
additional system that may be biologically more relevant to study
the mechanisms involved in EV-mediated transfer of small non-
coding RNAs in specific. To address this need, recently, a novel flu-
orescent reporter system has been developed, which allows the
specific detection of functional sgRNA transfer in vitro. The CRISPR
Operated Stoplight System for Functional Intercellular RNA
Exchange (CROSS-FIRE) relies on a reporter cell line that stably
expresses mCherry, a linker sequence with a sgRNA-specific target
for CRISPR/Cas9, and two eGFP sequences, 1 or 2 nucleotides out-
of-frame, respectively. Following the functional delivery of sgRNA
into the recipient cell, a double-strand break will be induced by
functional CRISPR/Cas9 resulting in a frameshift, causing eGFP to
be permanently expressed in addition to mCherry [115]. The main
advantages of CROSS-FIRE are the high sensitivity and the ability to
simply detect functional transfer of sgRNA at a single-cell resolu-
tion using fluorescence microscopy and flow cytometry. Now,
using Cre-LoxP and CROSS-FIRE, the functional delivery of both
long and small RNAs can be measured with high sensitivity. This
allows, for instance, the screening of proteins and genes involved
in EV-mediated functional transfer of RNAs.
261
6. Conclusion and future perspective

EVs are a promising tool for the therapeutic delivery of RNAs, as
they have the intrinsic ability to functionally transfer RNAs and
may be less immunogenic compared to synthetic nanocarriers.
Nonetheless, how EVs functionally traffic specific RNA molecules
into target cells remains largely to be elucidated. Studying inter-
and intracellular tracking of EV-RNA could increase our under-
standing of the biology underlying the functional delivery of speci-
fic RNAs by EVs. This review discussed the methods that are
currently available to quantify and visualize EV-RNA. Additionally,
it highlighted the available methods to assess functional transfer as
well as novel approaches that can potentially be employed for
these purposes.

The FISH techniques discussed here have the advantage that
labeling is relatively straight forward. Using smFISH, single-
molecule sensitivity can be obtained for in situ visualization of long
RNA species. Moreover, signal amplification strategies may poten-
tially be employed to image small EV-RNA species with single-
molecule sensitivity. Live-cell imaging approaches require more
complex labeling with overall lower sensitivity and specificity.
However, they have the great advantage that they can be employed
to visualize the dynamics of RNA loading, trafficking and transfer.
The optimal choice to detect RNA depends on the type of transcript
to be imaged, the required sensitivity and selectivity, and the num-
ber of RNA species to be imaged simultaneously.

Besides the progression in sophisticated labeling approaches,
further advances in fluorescent microscopy may help to increase
the overall detection sensitivity and resolution. For instance, a
combination of both sensitive RNA labeling techniques and high-
resolution microscopy could lead to optimal spatially resolved
imaging. This is demonstrated for instance using sRNA-PAINT,
whereby super-resolution compatible smFISH probes are success-
fully employed [116] or in a recent study that enables the imaging
of specific RNAs with single-molecule sensitivity and nanoscale
resolution by combining HCR amplification with expansion micro-
scopy [117].

With the Cre-loxP and CROSS-FIRE reporter systems, we now
have the tools to study the functional transfer of long and small
RNA with single-cell sensitivity. As the techniques to fluorescently
label and to detect RNA improve, employing them to image EV-
RNA has the potential to elucidate the selective mechanisms that
determine functional delivery. This includes the loading of specific
transcripts and generation of functional subpopulations as well as
intercellular trafficking, uptake and escaping lysosomal degrada-
tion. This will greatly contribute to the development of enhanced
EV-based or EV-inspired systems for the functional delivery of
therapeutic RNAs.
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Ligeti, R. Lim, S.K. Lim, A. Linē, K. Linnemannstöns, A. Llorente, C.A. Lombard,
M.J. Lorenowicz, Á.M. Lörincz, J. Lötvall, J. Lovett, M.C. Lowry, X. Loyer, Q. Lu,
B. Lukomska, T.R. Lunavat, S.L. Maas, H. Malhi, A. Marcilla, J. Mariani, J.
Mariscal, E.S. Martens-Uzunova, L. Martin-Jaular, M.C. Martinez, V.R.
Martins, M. Mathieu, S. Mathivanan, M. Maugeri, L.K. McGinnis, M.J.
McVey, D.G. Meckes Jr, K.L. Meehan, I. Mertens, V.R. Minciacchi, A. Möller,
M. Møller Jørgensen, A. Morales-Kastresana, J. Morhayim, F. Mullier, M.
Muraca, L. Musante, V. Mussack, D.C. Muth, K.H. Myburgh, T. Najrana, M.
Nawaz, I. Nazarenko, P. Nejsum, C. Neri, T. Neri, R. Nieuwland, L. Nimrichter,
J.P. Nolan, E.N. Nolte-’t Hoen, N. Noren Hooten, L. O’Driscoll, T. O’Grady, A.
O’Loghlen, T. Ochiya, M. Olivier, A. Ortiz, L.A. Ortiz, X. Osteikoetxea, O.
262
Østergaard, M. Ostrowski, J. Park, D.M. Pegtel, H. Peinado, F. Perut, M.W.
Pfaffl, D.G. Phinney, B.C. Pieters, R.C. Pink, D.S. Pisetsky, E. Pogge von
Strandmann, I. Polakovicova, I.K. Poon, B.H. Powell, I. Prada, L. Pulliam, P.
Quesenberry, A. Radeghieri, R.L. Raffai, S. Raimondo, J. Rak, M.I. Ramirez, G.
Raposo, M.S. Rayyan, N. Regev-Rudzki, F.L. Ricklefs, P.D. Robbins, D.D.
Roberts, S.C. Rodrigues, E. Rohde, S. Rome, K.M. Rouschop, A. Rughetti, A.E.
Russell, P. Saá, S. Sahoo, E. Salas-Huenuleo, C. Sánchez, J.A. Saugstad, M.J.
Saul, R.M. Schiffelers, R. Schneider, T.H. Schøyen, A. Scott, E. Shahaj, S.
Sharma, O. Shatnyeva, F. Shekari, G.V. Shelke, A.K. Shetty, K. Shiba, P.R.-M.
Siljander, A.M. Silva, A. Skowronek, O.L. Snyder 2nd, R.P. Soares, B.W. Sódar,
C. Soekmadji, J. Sotillo, P.D. Stahl, W. Stoorvogel, S.L. Stott, E.F. Strasser, S.
Swift, H. Tahara, M. Tewari, K. Timms, S. Tiwari, R. Tixeira, M. Tkach, W.S.
Toh, R. Tomasini, A.C. Torrecilhas, J.P. Tosar, V. Toxavidis, L. Urbanelli, P.
Vader, B.W. van Balkom, S.G. van der Grein, J. Van Deun, M.J. van Herwijnen,
K. Van Keuren-Jensen, G. van Niel, M.E. van Royen, A.J. van Wijnen, M.H.
Vasconcelos, I.J. Vechetti Jr, T.D. Veit, L.J. Vella, É. Velot, F.J. Verweij, B.
Vestad, J.L. Viñas, T. Visnovitz, K. V Vukman, J. Wahlgren, D.C. Watson, M.H.
Wauben, A. Weaver, J.P. Webber, V. Weber, A.M. Wehman, D.J. Weiss, J.A.
Welsh, S. Wendt, A.M. Wheelock, Z. Wiener, L. Witte, J. Wolfram, A.
Xagorari, P. Xander, J. Xu, X. Yan, M. Yáñez-Mó, H. Yin, Y. Yuana, V. Zappulli,
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