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Single Molecule Localization Microscopy for Studying

Small Extracellular Vesicles

Jamal Ghanam, Venkatesh Kumar Chetty, Xingfu Zhu, Xiaomin Liu, Mdrton Gelléri,
Lennart Barthel, Dirk Reinhardt, Christoph Cremer,* and Basant Kumar Thakur*

Small extracellular vesicles (sEVs) are 30-200 nm nanovesicles enriched with
unique cargoes of nucleic acids, lipids, and proteins. sEVs are released by all
cell types and have emerged as a critical mediator of cell-to-cell communica-
tion. Although many studies have dealt with the role of sEVs in health and
disease, the exact mechanism of sEVs biogenesis and uptake remain unex-
plored due to the lack of suitable imaging technologies. For sEVs functional
studies, imaging has long relied on conventional fluorescence microscopy
that has only 200-300 nm resolution, thereby generating blurred images.

To break this resolution limit, recent developments in super-resolution
microscopy techniques, specifically single-molecule localization micros-

copy (SMLM), expanded the understanding of subcellular details at the few
nanometer level. SMLM success relies on the use of appropriate fluorophores
with excellent blinking properties. In this review, the basic principle of SMLM
is highlighted and the state of the art of SMLM use in sEV biology is sum-
marized. Next, how SMLM techniques implemented for cell imaging can be
translated to sEV imaging is discussed by applying different labeling strate-
gies to study sEV biogenesis and their biomolecular interaction with the
distant recipient cells.

(MISEV2018) guidelines suggests that EV
researchers use the term small EVs (SEVs)
for vesicles that are less than 200 nm in
diameter. sEVs contain many essential
cargo biomolecules such as nucleic acids
(DNA, mRNA, microRNA), proteins,
and lipids."*°! sEVs have emerged as a
functional mediator for communications
between cells in health and disease.l¢
sEVs derived from tumor cells contain
disease-specific  proteins, RNA, and
double-stranded DNA (dsDNA), thereby
representing the disease state and pro-
gression.27~] Especially in tumor micro-
environment, sEVs transfer their cargo
from the tumor to stromal cells.'%! sEVs
play pathophysiological roles in many
other diseases, including neurodegenera-
tive diseases, and various infections. They
transmit important biomolecules that
regulate many biological processes and
influence the immune system.["12-%%]

1. Introduction

Extracellular vesicles (EVs) are lipid bilayer-bound vesicles
secreted by all cell types into the extracellular space. EVs
are broadly classified into three main types, viz., exosomes
(30-150 nm), microvesicles (150-1000 nm), and apoptotic
bodies (1-5 pm).31 EVs are very heterogeneous, and the
Minimal Information for Studies of Extracellular Vesicles 2018

In the last decade, studies dealing with

sEV biogenesis pathways and the role of

sEVs in health and disease have grown exponentially. How-
ever, exploring the released sEVs and interaction of their cargo
with cellular biomolecules in the distant recipient cells is sig-
nificantly hampered by the lack of microscopy studies using
improved imaging technology. Most of the current micros-
copy studies involving sEVs use conventional confocal micros-
copy to generate either 2D or 3D reconstruction images using
Imaris.''16-22] Although these images provide the information
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related to SEV communication, they fail to resolve the precise
localization and interaction of sEV-associated cargo with cellular
biomolecules below the range of =200-300 nm. Using confocal
imaging, we have recently shown that EV-DNA derived from
acute myeloid leukemia (AML) interacts with bone marrow
derived mesenchymal stromal cells (BM-MSCs). However,
using 2D confocal imaging, we could not discern precisely how
AML EV-DNA communicated with which cellular biomolecules
in BM-MSCs." Therefore, it is necessary to apply super-reso-
lution microscopy (SRM) with an innovative labeling strategy,
which enables an optical resolution of nanometer range to
study the biomolecular interaction of sEVs with various compo-
nents in the recipient cells in real time.

Among various SRM techniques (Figure 1), single molecule
localization microscopy (SMLM) has been mostly used in EV
research, since SMLM provides excellent resolution and higher
signal-noise ratio, which helps to spatially quantify the arrange-
ment of single molecules.?>?4 Nevertheless, EV researchers
mostly implemented SMLM only for sEV characterization by
labeling the common sEV markers using antibodies linked with
different fluorophores. In general, studies that investigated
the functional role of sEVs using SRM in the distant recipient
cells are very limited. In this regard, we attempted to study the
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interaction of sEV-associated DNA cargo with cellular compo-
nents in the distant recipient cells, using SMLM. However,
we faced several challenges due to the commonly used fluoro-
phores. In this review, based on our experience, we discuss the
pitfalls and limitations of existing labeling fluorophores and
the necessity to apply alternative fluorophores with exceptional
blinking properties in SMLM sEV imaging. Further, we sum-
marize how future advances in live- and fixed- cell imaging of
sEVs at nanoscale resolution can address critical questions in
sEV biology, such as the packaging of different biomolecular
cargo into sEVs, uptake of individual sEVs, and the molecular
interaction of sEVs with specific cellular compartments.

2. Single Molecule Localization Microscopy
(SMLM)—Current State of the Art and Limitations

2.1. Principle of SMLM

Images acquired through a conventional fluorescence micro-
scopy are a blurred presentation of the object under micro-
scope. The image of a single molecule appears as a central
peak that spans around 200-300 nm in width, usually defined
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Figure 1. Methods of super-resolution microscopy. a) Major breakthrough in the light microscopy field. b) The SMLM methods are based on sequen-
tially imaging a sparse subset of fluorophores and computing their positions from the diffraction patterns obtained. SMLM: single-molecule localiza-
tion microscopy; STED: stimulated emission depletion microscopy; SIM: structured illumination microscopy. (F)PALM: (fluorescent) photoactivated
localization microscopy (PALM); (d)STORM (direct) stochastic optical reconstruction microscopy; DNA-PAINT: DNA-based point accumulation for
imaging in nanoscale topography; smFRET: single-molecule Férster resonance energy transfer; MINFLUX: MINimal photon FLUXes.
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as point spread function (PSF) (Figure 2b). This limited
spatial resolution is caused by the diffraction of light into the
far field known as the diffraction limit of light microscopy. In
other words, objects closer than 200-300 nm, for example SEVs
proteins, could not be resolved by light microscopy approaches.
The development of super-resolution microscopy (SRM) tech-
niques, specifically single-molecule localization microscopy
(SMLM) and stimulated emission depletion (STED) micro-
scopy, has widely overcome the diffraction limit.?>2¢! The
importance of this technology can be gauged by the Nobel prize
in Chemistry (2014) awarded to Eric Betzig, Stefan W. Hell, and
William E. Moerner for developing this technology (Figure 1a).
Most of these SRM approaches are based on the time domain
(reconstruction from a series of conventional resolution images
registered at different time frames). All these developed SRM
techniques share the same basic principle: the adjacent fluo-
rophores in the diffraction limit area are discernable during
registration and their coordinates are identified with high
precision.””] While superresolved structured illumina-
tion microscopy (SR-SIM)28 and STEDP’ benefit from the
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approaches of periodic illumination patterns such as excitation
beams and reversible saturable optical fluorescence transitions
(RESOLFT) of fluorophores, SMLM and recently developed
second-generation optical super-resolution imaging techniques,
including MINFLUX,B% SIMFLUX,?Y and MINSTED,? are
based on the adoption of photo-switchable/blinking fluoro-
phores (Figure 2c). SMLM methods, including photoactivated
localization microscopy (PALM),?? stochastic optical recon-
struction microscopy (STORM),B3! ground-state depletion
microscopy (GSDIM),B4 and direct STORM (dSTORM),B] are
based on the time domain and allow an optical resolution down
to the range of a few nanometers (Figure 1b).

In SMLM, a sequence of optically isolated fluorophores
is recorded and therefore requires multiple image frames
(Figure 2). In each frame, the fluorophore positions are deter-
mined to reconstruct a super-resolution image by creating
a joint localization map (Figure 2d). The required number
of image frames depends on the structures of interest, the
labeling density and the switching behavior of the fluoro-
phore. To faithfully reconstruct the structure of a certain size
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Figure 2. Principle of single-molecule localization microscopy (SMLM). a) Structure of sEVs labeled with a nanobody conjugated to a photoswitchable
fluorophore. b) A fluorescent molecule (green dot) imaged with a light microscope appears as a fuzzy spot conventionally known as the point spread
function (PSF) that extends over multiple pixels in the acquired image. PSFs from simultaneously emitting fluorophores overlap when the distance
that separates them is smaller than the PSF, blurring the structure. c) SMLM usually exploits the fact that fluorophores stochastically switch between
an active (“ON”) state and one or more inactive (“OFF”) states. d) In SMLM, the peak of maximum intensity is detected and marked as the image's
centroid to determine the exact position of the emitting fluorophore. In each image frame, only one molecule emitting fluorescence is detected within
an object region corresponding to the conventional resolution limit of the microscope system used. Assignment of all the individual molecule posi-
tions to one joint localization map provides the spatial distribution of sEVs with enhanced optical resolution. Localization map used to reconstruct
nanostructural information of the individual sEV studied in its cellular context.

Small 2023, 19, 2205030 2205030 (3 of 13) © 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWIOD dA 181D 3qeotdde au Ag peusenob a.e sajoliie VO ‘SN JO Sa|n. 1oy Akeld18U1IUO AB|IA UO (SUOHIPUOD-PUR-SLLIBI WD A8 | 1M Afed|Bul UO//:SdNY) SUOTIPUOD Pue SWie | 8u 89S *[£202/80/20] U0 Akeid1TaulluO AB|IM ‘YoIeesay JewAlod SSE IdIN Aq 080502202 | IWS/Z00T 0T/1op/uiod" A 1M Aeiqijeuluo//sdny wouy papeojumoq ‘2T ‘€202 '6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

according to the Nyquist-Shannon sampling theorem, one
needs to sample the structure of interest with a frequency that
is at least 2 times higher than its spatial frequency.l*®! Stochastic
fluorescent molecules allow an exact spatial and qualitative
assignment due to the temporally different fluorescence activa-
tion. The activation of individual fluorescence at different time
points (bleaching/blinking) enhances the quality of resolution.
As shown in Figure 2d, the packaging of different biomolecular
cargos into sEVs and the molecular cargo interaction of sEVs
in the distant recipient cells can be analyzed by implementing
SMLM (Figure 2a,d).

For the study of biomolecular interactions at an optical
resolution below =10 nm, SMLM is now available in a variety
of commercial and custom-made variants, depending on
different fluorophores and ways to switch between ON and
OFF states.’”-3] For example, to study three biomolecules
tagged with different fluorescent proteins and interacting at the
distance range of 50 nm, the biomolecules may be fluorescence-
labeled with three “spectral signatures,” which can be localized
independently from each other, due to their differences in the
absorption/emission spectrum.3%#1 On the other hand, the
optical isolation of single molecules in the time domain using
wide-field fluorescence microscopy may be achieved either
by using different fluorescence lifetimes,*#? or by switching
the molecular fluorescence between different emission modes
(“blinking”). This latter method was first proposed by the
group of Rainer Heintzmann using quantum dots in 2005;*
shortly thereafter, Betzig et al., 2006 applied this concept experi-
mentally to successfully image GFP in SMLM with an optical
resolution ranging a few nanometers.3?l In general, SMLM
substantially reduces the resolution problem of simultaneous
signal acquisition and characterizes the spatial arrangement of
single molecules.

2.2. SMLM for sEV Imaging

The role of sEVs in intercellular communication in various
disease settings, especially cancer, and their application for
therapeutic development have been actively investigated. In
order to understand the role of sEVs in various diseases, it is
vital to label and image sEVs right from their release from the
parental cells until their spatial distribution and bio-molecular
interaction in the distant recipient cells. Both in vitro and
in vivo imaging of sEVs play a significant role in molecular
medicine by helping the EV researchers to understand the
biogenesis of sEVs and their molecular function in various
disease contexts.***| Bioluminescence- and fluorescence-based
sEV labeling has been used mainly to detect the sEVs through
the conventional fluorescence microscopy. Due to their
relatively small size, ranging from 30-200 nm, it is challenging
to image sEVs at the single-vesicle level and to directly track
the process of sEV communication within the recipient cells.
Recently, Verweij et al., 2021 discussed the advancements in
microscopy techniques combined with novel labeling strategies
to study sEVs in vivo in their physiological environment and at
the single-vesicle level.[*!

Until now, most of the EV researchers used SMLM
technique only for EV characterization, but not for functional
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studies. Because the current EV characterization techniques
have poor sensitivity to detect sEVs below 50 nm. In SMLM,
they mostly used dSTORM (Direct Stochastic Optical Recon-
struction Microscopy) based imaging since dSTORM exhibits
excellent photoswitching and minimal photobleaching.?*#!
Chen et al., 2016 were the first one to perform intracellular
tracking of cancer-derived exosomes using STORM/PALM
imaging.) In their study, antibodies conjugated with dif
ferent fluorophores were used to label exosome markers, and
a fluorescent dye, CM-Dil was used to label the exosome mem-
brane. Following this, Nizamudden et al., 2018 performed
dSTORM-based imaging of DiD-labeled mesenchymal stromal
cells (MSC)-derived sEVs.*®l However, DiD is a lipophilic dye
similar to other commonly used EV labeling dyes such as PKH
and CFSE, which have a strong tendency to form aggregates,
and it also labels non-EV contaminants such as lipoproteins.*’!
Following this, many EV researchers performed dSTORM-
based imaging of sEVs by labeling the EV canonical markers
such as CD9, CD63, CD81, and TSG101 using the corresponding
antibodies conjugated with different fluorophores.’%->!
Recently, STORM-based imaging was performed to reveal the
heterogeneity in EV secretion by human macrophages.® The
details of all the published studies based on SMLM for EV and
their cargo characterization are furnished in Table 1.

Table listing the information such as source of sEVs, method
of sEV isolation, details of SEV/SEV cargo imaged, and SMLM
technology involved in SMLM sEV studies. Abbreviations:
PEG- Polyethylene Glycol, UF- Ultrafiltration, SEC- Size Exclu-
sion Chromatography, TFF- Tangential Flow Filtration.

2.3. Other SRM Methods for sEV Imaging

In addition to SMLM, many other SRM techniques have been
employed to image sEVs. Dabrowska et al. 2018 showed the
uptake of PKH26" sEVs by human bone marrow mesenchymal
stromal cells using super-resolution structured illumination
microscopy (SR-SIM).’”) SR-SIM uses interference-generated
light patterns, which enables this technique to extract informa-
tion with higher resolution.”® On the other hand, Mighty et al.,
2020 recently deciphered the function of EV-RNA in the recip-
ient cells using SR-SIM. However, they labeled EV-RNA exter-
nally, using SytoRNA Select (Invitrogen), which labels RNA
derived from both metabolically and nonmetabolically active
cells.””! Conversely, our group used EdU (5-ethynyl-2’-deoxy-
uridine) to label the DNA derived only from metabolically
active cells, an approach that could be utilized to ascertain the
biological role of EV-DNA in various disease models. Then, we
employed SMLM to reveal the precise localization of EV-DNA
along with various cellular proteins at the nanoscale level with
enhanced resolution and high accuracy. However, as previ-
ously mentioned, we could not measure the level of interaction
of EV-DNA with cellular proteins due to the bleaching of the
GFP signal caused by copper ions present in the Click-iT EdU
staining kit.l"

Single-molecule fluorescence microscopy, using Forster
resonance energy transfer (FRET) as a structure-sensitive
probe, is an effective technique to detect sEVs at single-vesicle
level and to study the interaction of sEVs with other cellular
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Table 1. Super-resolution microscopy (SRM) for imaging small extracellular vesicles (SEVs).

sEVs source sEVs isolation sEVs/sEV cargo SMLM technique Refs.
Breast cancer cell line (SKBR3) and cervical cell line (HeLa) Exosome collection kit (System  CD63*sEVs and CM-Dil stained STORM/PALM [47]
Biosciences) sEVs
Mouse mesenchymal stem cells exoEasy Maxi Kit DiD-labeled sEVs dSTORM [48]
KW10 glioblastoma cell line PEG precipitation CD63*/TSG101* sEVs dSTORM [50]
Human osteosarcoma cells (U20S) TFF + PEG precipitation CD9*/CD63*/CD81" sEVs dSTORM [51,53]
Bone marrow, adipose tissue, and umbilical cord MSC-EVs Sequential ultracentrifugation CD9*/CD63*/CD81* sEVs dSTORM [52]
SARS-CoV-2 spike-transfected and nontransfected HEK293T cells  Sequential ultracentrifugation CD9*/CD63*/CD81* sEVs dSTORM [54]
Human glioblastoma cells Total Exosome Isolation Kit CD63*/TSG101* sEVs dSTORM [55]
(Thermo fisher Scientific)
Human macrophages Sequential ultracentrifugation CD9*/CD63*/CD81" sEVs STORM [56]
HEK293T-CD63-GFP cells TFF+SEC+UF CD63* sEVs and EV-DNA dSTORM [

components that are within nanometer range. Zhang et al.,[%!

and Thorsteinsson et al.,[®!l developed an assay using FRET fluo-
rophores to quantify the extracellular vesicles and other vesicles of
complex composition. In these studies, they demonstrated that
FRET assay is advantageous over the commonly used EV char-
acterization technique such as Nanoparticle Tracking Analysis
(NTA), because NTA has the limit of detection only 50-70 nm.
Combining FRET fluorophores used in this study with
single-molecule fluorescence microscopy (smFRET) will lead
to a powerful biophysical technique in future for the study of
EV structural dynamics, for instance, measuring the distance
between two EV cargo biomolecules that are within 1-10 nm.[6263]

2.4. Advantages and Disadvantages of
SMLM over Other SRM Methods

Although SIM technique has simple sample preparation steps
and ease of operation and causes less photodamage, it provides
only =100 nm resolution compared to SMLM, which has a reso-
lution of about =20-30 nm that is suitable for imaging sEVs.[%4
In contrast, STED provides better resolution (=50 nm) than
SIM; however, it causes high photo damage ultimately affecting
the super-resolved image.[®! Further, SMLM and STED require
high laser power to image live cells for fast turnover and rapid
imaging, leading to photobleaching and phototoxicity.*®l On
the other hand, SIM requires only minimal laser power to
detect fluorescent photons with high efficiency.?!! Despite
STORM/dSTORM SMLM techniques are commonly used for
EV imaging, one of the other SMLM techniques, “MINFLUX,”
emerged as an efficient one since it provides resolutions
of 1-3 nm both in lateral and axial planes. Not only that,
MINFLUX requires less laser intensity for the fluorophore
excitation since in MINFLUX fluorophores switch between on/
off states as in PALM/STORM as well as simultaneous illumi-
nation with a doughnut-shaped excitation (rather than deple-
tion) beam.””] Considering these improvements, MINFLUX
could serve as an efficient SMLM technique to image sEVs.
In addition, recently developed technique such as reversible
saturable/switchable optically linear (fluorescence) transitions
(RESOLFT) obtained better resolutions with minimal excitation
power, which makes it suitable for live-cell imaging.[®®% ven
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though SMLM has some disadvantages compared to other SRM
methods, they do have advantages that can be really useful for
sEV imaging like easy implementation, ease of operation, and,
importantly, optimized blinking buffers and fluorophores for
EV quantification.

3. Perspectives of SMLM for sEV Imaging

3.1. SMLM Fluorophores for sEV Imaging and Their Limitations

SMLM fluorophores are usually classified according to the
switching mode between ON and OFF states, as summarized
in Figure 3a and thoroughly discussed by Lelek et al.® Photo-
switchable fluorophores switch reversibly (multiple blinking
for a single fluorophore) between ON and OFF states, whereas
photoactivatable fluorophores irreversibly shift from to ON state
either spontaneously or upon activation by UV light. Photo-
convertible fluorescent proteins switch also irreversibly from
one spectral state (color) to another upon irradiation. Spontane-
ously blinking dyes exploit a reversible, pH-dependent chemical
reaction to enable SMLM at a defined pH in an aqueous solu-
tion without requiring a photoswitching buffer. Synthetic dyes
and fluorescent proteins are both utilized for SMLM imaging.
However, presently organic fluorophores are most utilized com-
pared with fluorescent proteins, inorganic quantum dots, and
carbon dots, due to the small size, excellent blinking proper-
ties, low toxicity, and biocompatibility.”"! Photoactivatable/-
switchable fluorescent proteins are mostly suitable for live-cell
applications, despite their premature bleaching or incomplete
labeling that can hamper the structural resolution.’® For
live-cell imaging, fluorophores should have the following prop-
erties: i) good cell-membrane permeability and solubility to
improve the labeling efficiency and reduce the background
signal, ii) biocompatibility and low toxicity, iii) long absorption
and emission wavelengths and low laser density to reduce the
laser effect on cell physiology, and iv) specific targeting ability
toward the molecules of interest.”” In addition to these proper-
ties, it is important that the fluorophores should exhibit excel-
lent switching properties (high photon numbers per switching
events) and low duty cycles to obtain high imaging resolution.
However, in order to exhibit excellent blinking properties,
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Figure 3. Classification of SMLM fluorophores and labeling strategies for sEVs. a) Single-molecule localization microscopy (SMLM) fluorophores fall
into four classes (plus the temporarily binding dyes used in the techniques of DNA point accumulation in nanoscale topography, such as DNA-PAINT).
An example of a fluorophore is included in each class. “ON” fluorophores are indicated in green. b) Different labeling approaches for imaging sEVs
with SMLM. sEVs are highly heterogeneous in terms of size. To reduce the linkage error, labeling can be done with: camelid nanobody combined
with or without GFP; fragment antigen-binding (Fab); protein tag or genetically encoded protein, such as Eos family; fatty acid analogs conjugated
to photoswitchable fluorophores like BODIPY-C12; fluorescent lectins that target sEVs membrane-associated sialic acid and N-acetylglucosaminyl
residues; nucleotide analogs like EdU, which the click reaction can detect. c) Spatial scales of chemical fluorophores and fluorescent proteins that can
be utilized in SMLM. hv, irradiation at the absorption maximum.
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most of the organic fluorophores need some additives for the
imaging buffer that arecompatible with live cells. The lack of
availability of such additives greatly influence the applicability
of live-cell SMLM.

An increase in temporal resolution reduces the structural
resolution and vice versa. Additionally, SMLM uses relatively
high excitation intensities over an extended period of time and
thereby causes phototoxicity eventually leading to cell death.
Organic dyes are limited in cell permeability and require
special imaging buffers that enable molecular blinking. These
buffers might not be compatible with live cell microscopy. To
overcome these limitations and to increase imaging speeds, as
well as to reduce phototoxicity, several approaches are adopted.
As the imaging speed of SMLM strongly depends on the
blinking properties of the fluorophores, it is aimed to optimize
the photon statistics of molecular blinking toward fast and
bright signals at low excitation powers.”! In this context, alter-
native fluorophores such as nanographenes might be helpful./?l
An additional option to reduce the phototoxicity would be to
enhance the localization precision obtainable at a given photon
yield by structured illumination patterns, such as STED-like
“Donuts” in MINFLUX-based SMLM,B% or harmonic illumina-
tion patterns in wide-field SMLM.3173.74

Other approaches use artificial intelligence to improve
imaging speeds. This is done either by improving the locali-
zation of individual molecules in high-density images”>~]
and thereby reducing the overall number of image frames
but keeping the total number of localized molecules in an
SMLM image the same, or by reconstructing super-resolution
images from sparse localization data.”® Both the methods
rely on generating a priori knowledge, stored in a pertained
neuronal network, to reduce the number of image frames
needed for generation of super-resolution images with high
fidelity.

Entirely different approaches can be tried to slow down the
observed processes rather than speed up the imaging process.
These methods freeze the cells on the microscope stage and
arrest them in their current state. Extended imaging is then
performed on the frozen cells. After imaging, cells are thawed
and “brought back to life.”’”’]

3.1.1. Next-Generation SMLM Fluorophores

For SMLM, quantum dots (QDs) exhibit more photostability
and brightness than organic dyes, making them promising
alternatives for biological imaging.B®# Quantum dots such as
ZnSe and Mn-doped ZnSe nanocrystals, 2 CdSe #3349 have been
successfully utilized in different super-resolution techniques.
The inorganic perovskite nanocrystals (CsPbX3 NCs, X = Cl, Br,
and I) have recently emerged as an intriguing surrogate to the
conventional light emitters due to the low-temperature solu-
tion processability, high photoluminescence quantum yield,
narrow full width at half-maximum, and vast region tunable
emission spectra.l®>®] Especially, Yang et al. 2022 were able to
distinguish two closely spaced exosomes (with a gap of 54 nm)
stained with CsPb(Cl(1-x)/Brx)3@PEG by SMLM.#8 However,
large size (=10 nm) and high on-off duty cycle,® the toxicity of
QDs containing heavy metal atoms," and rigorous synthesis
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conditions®**? limit their use as reliable less invasive probes

for biological imaging. Therefore, upgraded versions of QD
probes with the same outstanding photophysical properties
but with easy synthesis process and less toxicity are needed for
next-generation SMLM bioimaging.

In this regard, nanoscale graphene quantum dots (also called
nanographenes) with well-defined quantized energy levels
have recently been proposed as an environmentally friendly
alternative to QDs and carbon dots.l”l Nanographenes exhibit
outstanding photophysical properties, such as intrinsic blinking
even in the air, excellent fluorescence recovery, and stability
over several months for SMLM imaging.”?) Nanographenes are
emerging as another class of superior photoswitchable fluo-
rophores due to their small size (=1 nm) and low toxicity."?
Nanographenes correspond to nanoscale fragment structures
of graphene, consisting of multiple fused benzene rings.¥
Atomically precise, molecular nanographenes can be synthe-
sized through the methods of synthetic organic chemistry and
obtained as a single product that can be characterized by NMR,
mass spectrometry, and other conventional methods for organic
compounds.”>%! Molecular nanographenes with a variety
of structures have been reported, demonstrating structure-
dependent optical properties with well-resolved absorption and
emission bands like those of organic dyes.[””] Similar to organic
dyes, nanographenes can be covalently functionalized to prepare
various derivatives, and the synthesis of water-soluble nano-
graphenes has already been reported, which have been used
in formation of self-assembled nanoarchitectures, bioimaging,
and cancer sono-dynamic therapy applications.®®l The
environment-independent blinking properties and chemical
modification of nanographenes make them capable of labeling
and imaging sEVs.l2%]

3.2. SMLM Live-Cell sEV Imaging to Reveal sEV Cargo Loading
Mechanism and Functional Role in the Recipient Cells

Resolving a structure of interest requires sampling of this
structure with a frequency that is at least twice as high as its
spatial frequency.’®! In simple terms, this means if one aims
to image and resolve an individual sEVs of 30 nm in diameter,
one would have to measure and precisely localize a molecule
at least every 15 nm along one dimension, which corresponds
to 66 molecules um™, or in three dimensions to 290 000
molecules um=. This simple assumption neglects any sources
of noise and therefore only provides a lower bound for the
minimal number of localizations.'%! A priori knowledge about
the structure of interest can be used to substantially reduce
the number of required localizations. It might not be neces-
sary to achieve such high labeling densities and high number
of localizations if it is known that sEVs are spherical in shape.
Nevertheless, multiple localizations and hence multiple images
will be required to reconstruct a super-resolved image with a
high structural resolution. Therefore, live-cell SMLM can only
be performed for structures that change slowly with respect to
the time needed for image acquisition. For such structures, it is
possible to image a sufficient number of fluorophores to have

a faithful reconstruction of the structure before it changes over
time [101-104]
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Despite the wide variety of fluorophores that exist in the
market, choosing the suitable labeling strategy for SMLM
live-cell sEV imaging is always challenging due to the small
size of sEVs. sEVs are nanovesicles (average size below the
diffraction limit) that are released by cells via several mecha-
nisms starting from the inward budding of the multivesicular
body membrane to form tetraspanins (CD9, CD63, CD81) or
ceramide rich regions.l’! During their journey of biogenesis,
proteins, nucleic acids, and other cytosolic components are
engulfed and enclosed within sEVs. Hence, structural charac-
teristics and molecular content of sEVs allow us to combine
different labeling strategies for SMLM imaging to study EV bio-
genesis and uptake dynamics. For example, sEVs can be labeled
using a lipid dye or an epitope for EV surface proteins along
with a dye targeting the intraluminal component of interest
(Figure 3b).

Until now, only Chen et al. 2018 reported the imaging and
tracking of exosomes and exosomal miRNAs simultaneously
employing dual color SMLM in living cells, since SEV-miRNAs
derived from stromal cells in the tumor niche influence tumo-
rigenesis and metastasis.'”! They utilized molecular beacons
to label Hela-derived exosomes (isolated using ExoQuick-TC
Precipitation) and two kinds of exosomal miRNAs (mir-21 and
mir-31). Molecular beacons (MBs) are hairpin-shaped hybridi-
zation probes containing specific oligonucleotide sequence
(target) with an internally quenched fluorophore whose fluores-
cence would be revived when it binds to a target oligonucleotide
sequence. In general, MBs could be applicable for any target
oligonucleotide sequence and therefore, MBs with specific
EV-DNA or EV-RNA sequences would enable EV researchers to
study the interaction of EV-DNA/EV-RNA in the recipient cells
in real time. Although MBs provide greater single-molecule
sensitivity and high signal to noise ratio, they often compete
with endogenous DNA- or RNA-binding proteins for target
binding and also require toxic intracellular delivery agents.[1%!
Therefore, the development of suitable fluorophores that can
be applied in SMLM live-cell SEV imaging remains crucial.
Nevertheless, scientists have successfully used some organic
fluorophores in live-cell SMLM, which also can be potentially
applied in SMLM live-cell sSEV imaging.

3.2.1. sSEV Membrane and Surface Protein Labeling

Shim et al. 2012 demonstrated photoswitchable capabilities
of commonly used membrane fluorophores for plasma mem-
brane (Dil, DiD, DiR), mitochondria (MitoTracker Orange/
Red, Deep Red), endoplasmic reticulum (ER-Tracker Red), and
lysosomes (LysoTracker Red).'””l They obtained super-reso-
lution images of membrane structures in living cells labeled
with spectrally distinguishable probes using imaging buffer
with a spatial resolution of 30-60 nm and temporal resolution
of 1-2 s. Photoswitchable BODIPY-based fluorophores have
recently shown high efficiency in tracking lysosomes in SMLM
live-cell imaging, which enables a versatile live-cell imaging
of other subcellular structures, such as sEVs at the nanoscale
level.08109 Despite the fact that many of the above-mentioned
membrane dyes could be applied in live-cell SEV imaging by
SMLM, the imaging was performed with the help of buffers
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containing oxygen scavenging systems additives, which are
incompatible with live-cell study. Therefore, we need a special
dye for live-cell imaging which has excellent blinking proper-
ties and the imaging can be performed with the buffer without
any additive. For this, high-density environment-sensitive
membrane dye (HIDE), based on spontaneously blinking dye
silicon-thodamine (HMSiR) was developed. This dye has the
potential to label mitochondria, plasma membrane, filopodia,
and endoplasmic reticulum to study their 2D dynamics without
the need of additives and irradiation with UV light.”"11% With
these advantages, HIDE serves as a better choice for SMLM
live-cell sEV imaging to study the interaction of sEVs with
plasma membrane, mitochondria, endoplasmic reticulum, and
lysosomes over different time frames.

Recently, Qiao et al. reported an acid-regulated self-blinking
probe, LysoSR-549, which can achieve the switching of fluores-
cent and nonfluorescent dyes in acidic environment.'l In this
study, they utilized LysoSR-549 for long-term super-resolution
imaging of lysosomes in live cells and illustrated different
lysosome movement routes and interaction modes between
lysosomes. Since LysoSR-549 is compatible with both fluo-
rescent and nonfluorescent probes, any lysosomal EV marker
(e.g., LAMP1) would be applied along with LysoSR-549 to
demonstrate the interaction between lysosomes on sEVs con-
tent in recipient cells.

Indeed, membrane dyes can be added directly to the culture
media (e.g., HMSiR) when cultivating cells for sEV isolation.!'!!
However, less is known about how cell labeling affects sEV
release and function. On the other hand, membrane dyes have
a long half-life compared to sEVs after cellular uptake, which
can lead to misleading conclusions regarding sEV dynamics in
the recipient cells."3-"] Therefore, membrane dyes seem to be
more suitable to label sEVs for short-term studies.

sEVs can also be tagged using epitopes that target sEV
surface proteins such as tetraspanins and flotillin-1 (Figure 3b).
However, use of the classical immunolabeling with primary
and secondary antibodies introduces a large linkage error
(Figure 3c), due to the large size of immunoglobulins.!® For
this reason, small proteins like GFP/YFP, nanobodies, and frag-
ment antigen-binding (Fab) can be good surrogates. Another
alternative is the use of photoswitchable fluorescent proteins
such as the members of mEos family, Dendra2 family, and
mMaple family, because in general fluorescence proteins are
more appropriate for performing SMLM live-cell imaging.!'"]

3.2.2. sEVs Intraluminal Cargo Labeling

In 2010, Wombacher et al. applied the photoswitchable organic
fluorophore ATTOG55 conjugated with trimethoprim (TMP)
to label the histone H2B tagged with dihydrofolate reductase
(eDHFR) and performed live cell SMLM under physiological
conditions.%! ATTOG655 can achieve the conversion of fluores-
cent state “on” and nonfluorescent state “off” in the presence of
oxygen and glutathione.

Altogether, the studies mentioned in this section demon-
strated the power of SMLM to study how particular biomolecular
cargo is loaded into sEVs and, importantly, the interaction of
sEVs in live recipient cells under physiological conditions.
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3.3. SMLM to Study the Interaction of
sEVs in Fixed Recipient Cells

sEVs act as a signal mediator in different physiological and
pathological conditions, such as inflammation, tumor devel-
opment, tumor progression, metastasis, and regulation of
immune responses.! When sEVs reach their destination, they
fuse with the membrane of recipient cells and release their
active and inactive cargo biomolecules in the cytoplasm to
initiate a particular biological process. Normally, inactive EV
cargo biomolecules are internalized efficiently through the
endocytosis pathway.'®l The mechanism underlying sEV
uptake by different recipient cells is yet unknown. Further,
it is not necessary that all active EV cargo biomolecules have
biological function only in the cytoplasm. Using confocal
3D microscopy, we have recently demonstrated the distri-
bution of EV-DNA in different recipient cellular compart-
ments. Interestingly, we have determined that nearly half
of EV-DNA population stuck at the recipient cellular mem-
brane whereas the remaining EV-DNA population overcame
the cell membrane barrier and entered the cytoplasm and
nucleus.!!

As previously mentioned, super-resolution image is
constructed from a large number of individual molecular
localizations; therefore, the choice of blinking fluorophores
becomes very important for SMLM. Only very few EV
researchers have implemented SMLM on fixed cells for sEV-
based functional studies. Chen et al., 2016 showed for the first
time the interaction between breast cancer-derived exosomes
(SKBR3) and human embryonic lung fibroblast (MRC-5)
using PALM/STORM imaging.’l In this study, they labeled
the membrane of MRC-5 cells with PKH67 and CD63 (EV
canonical marker) of SKBR3 sEVs with Alexa Fluor 647 In
addition, they showed the colocalization of SKBR3 sEVs with
lysosomes of MRC-5 cells (using LysoTrackerRed, Thermo
Fisher Scientific) indicating that these SEVs are in the pro-
cess of degradation. On the other hand, Zong et al., 2018.
illustrated SMLM imaging of SKBR3 sEVs using the silicon
quantum dots (Si QDs). They stained CD63 of SKBR3 sEVs
using CD63 aptamers fused with Si QDs. The main advan-
tages of Si QDs are high biocompatibility, low cytotoxicity and
no requirement of special buffers for imaging. All these fea-
tures make Si QDs an alternative and better fluorophore for
SMLM, including live-cell imaging.['*")

Next, Lee et al. utilized SMLM to study the spatial
distribution of genomic Alu elements around chromosome
9 centromeres. They employed combinatorial oligo fluores-
cence in situ hybridization (COMBO-FISH) probes that contain
unique 15-25 nucleotides specific to these regions for labe-
ling.?% This labeling strategy can be applied to EV-DNA to
study not only their spatial distribution in the recipient cells
but also their arrangement with other DNA-binding proteins
(e.g., histones).

4. Conclusion

Small EVs control many aspects of physiology and disease
by delivering multiple bioactive molecules that modulate
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the behavior of recipient cells. However, the biology of sEVs
biogenesis and uptake remained largely unexplored due to the
lack of suitable technologies, especially for multicolor imaging.
The size of sEVs falls below the diffraction limit resulting
in highly blurred structures, when using the conventional
light microscopy. In this regard, SMLM has gained particular
interest for subdiffraction imaging of biological structures in
both live and fixed cells. We discussed how SMLM techniques
for cell imaging can be translated to the EV field to study sEV-
to-recipient cell interactions at nanoscale level. As SMLM reso-
lution goes to the molecular scales, choosing a labeling strategy
that minimizes the linkage error is a crucial step for SMLM
imaging of sEVs. This would allow the quantification of single
proteins and nucleic acids at the “sub-vesicular” level, which
would definitily help assesing the biology of sEV biogenesis
and secretion. SMLM imaging of EV biogenesis will ultimately
resolve SEV heterogeneity and define different sEVs subpopula-
tions with special molecular signatures and, therefore, distinct
functions in the recipient cells. SMLM technologies assisted
with machine learning and artificial inteligence will help to
gain further insights on sEV halflife and how they target
different cell compartements, which would support their use as
biomarkers and open new vistas in EV biology such as drugs
formulation in sEVs.

SMLM field is continuously evolving and to fully exploit
the resolution power of SMLM for EV biology, the 3D resolu-
tion live-cell and in vivo compatibility as well as the multicolor
imaging require further improvement. EV biology is also a
growing field of research and we believe that one day in the
near future all SEV molecules will be individually character-
ized, localized, and tracked inside the recipient cells. To this
end, much work needs to be done to make SMLM an easy-to-do
technique for biologists in the EV field.

Acknowledgements

J.G. and V.K.C. contributed equally to this work. The authors would
like to thank Prof. Akimitsu Narita from Okinawa Institute of Science
and Technology Graduate University, Japan for the valuable comments
to improve the manuscript. This work was supported by grants from
Stiftung Universitidtsmedizin Essen, Deutsche Kinderkrebsstiftung (DKS
2018.17) and Deutsche Forschungsgemeinschaft (DFG, TH 2012/1-1) to
B.K.T.
Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest

The authors declare no conflict of interest.

Keywords

extracellular vesicle (EV) imaging, exosomes, live-cell imaging, single
molecule localization microscopy, small extracellular vesicles, super-
resolution microscopy

Received: August 16, 2022
Revised: December 23, 2022
Published online: January 12, 2023

© 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWIOD dA 181D 3qeotdde au Ag peusenob a.e sajoliie VO ‘SN JO Sa|n. 1oy Akeld18U1IUO AB|IA UO (SUOHIPUOD-PUR-SLLIBI WD A8 | 1M Afed|Bul UO//:SdNY) SUOTIPUOD Pue SWie | 8u 89S *[£202/80/20] U0 Akeid1TaulluO AB|IM ‘YoIeesay JewAlod SSE IdIN Aq 080502202 | IWS/Z00T 0T/1op/uiod" A 1M Aeiqijeuluo//sdny wouy papeojumoq ‘2T ‘€202 '6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

] A. Becker, B. K. Thakur, J. M. Weiss, H. S. Kim, H. Peinado,
D. Lyden, Cancer Cell 2016, 30, 836.

[2] G. Raposo, W. Stoorvogel, J. Cell Biol. 2013, 200, 373.

[3] J. Ghanam, V. K. Chetty, L. Barthel, D. Reinhardt, P.-F. Hoyer,

. K. Thakur, Cell Biosci. 2022, 12, 37.

. Théry, K. W. Witwer, E. Aikawa, M. J. Alcaraz, |. D. Anderson,

Andriantsitohaina, A. Antoniou, T. Arab, F. Archer,

K. Atkin-Smith, D. C. Ayre, ).-M. Bach, D. Bachurski,

Baharvand, L. Balaj S. Baldacchino, N. N. Bauer,

A. Baxter, M. Bebawy, C. Beckham, A. Bedina Zavec,

. Benmoussa, A. C. Berardi, P. Bergese, E. Bielska, C. Blenkiron,

. Bobis-Wozowicz, E. Boilard, W. Boireau, A. Bongiovanni, et al.,

. Extracell Vesicles 2018, 7, 1535750.

Kunz, E. Kontopoulou, K. Reinhardt, M. Soldierer, S. Strachan,

. Reinhardt, B. K. Thakur, Ann. Hematol. 2019, 98, 595.

K. Thakur, H. Zhang, A. Becker, I. Matei, Y. Huang,
Costa-Silva, Y. Zheng, A. Hoshino, H. Brazier, ]. Xiang,
Williams, R. Rodriguez-Barrueco, J. M. Silva, W. Zhang,
Hearn, O. Elemento, N. Paknejad, K. Manova-Todorova,

. Welte, J. Bromberg, H. Peinado, D. Lyden, Cell Res. 2014, 24,

766.

E. Kontopoulou, S. Strachan, K. Reinhardt, F. Kunz, C. Walter,

B. Walkenfort, H. Jastrow, M. Hasenberg, B. Giebel,

N. Von Neuhoff, D. Reinhardt, B. K. Thakur, Ann. Hematol. 2020,

99, 459.

H. Valadi, K. Ekstrém, A. Bossios, M. Sjéstrand, J. J. Lee,

J. O. Létvall, Nat. Cell Biol. 2007, 9, 654.

C. Kahlert, S. A. Melo, A. Protopopoy, J. Tang, S. Seth, M. Koch,

J. Zhang, J. Weitz, L. Chin, A. Futreal, R. Kalluri, J. Biol. Chem. 2014,

289, 3869.

[10] J. Jablonska, M. Pietrowska, S. Ludwig, S. Lang, B. K. Thakur,
Proteomes 2019, 7, 22.

1] V. K. Chetty, ). Ghanam, S. Anchan, K. Reinhardt, A. Brenzel,
M. Gelléri, C. Cremer, E. Grueso-Navarro, M. Schneider, N. Von
Neuhoff, D. Reinhardt, ). Jablonska, I. Nazarenko, B. K. Thakur,
Cancers 2022, 14, 2068.

[12] R. Kalluri, J. Clin. Invest. 2016, 126, 1208.

[13] M. Yéfez-M¢, P. R.-M. Siljander, Z. Andreu, A. Bedina Zavec,
F. E. Borras, E. I. Buzas, K. Buzas, E. Casal, F. Cappello, |. Carvalho,
E. Colas, A. Cordeiro-Da Silva, S. Fais, ). M. Falcon-Perez,
I. M. Ghobrial, B. Giebel, M. Gimona, M. Graner, |. Gursel,
M. Gursel, N. H. H. Heegaard, A. Hendrix, P. Kierulf, K. Kokubun,
M. Kosanovic, V. Kralj-Iglic, E.-M. Kridmer-Albers, S. Laitinen,
C. Lasser, T. Lener, et al., J. Extracell Vesicles 2015, 4, 27066.

[14] L. Barthel, M. Hadamitzky, P. Dammann, M. Schedlowski,
U. Sure, B. K. Thakur, S. Hetze, Cancer Metastasis Rev. 2022, 41,
53.

[15] M. Droste, B. K. Thakur, B. P. Eliceiri, Front. Immunol. 2020, 11,
606859.

[16] D. Torralba, F. Baixauli, C. Villarroya-Beltri, |. Ferndndez-Delgado,
A. Latorre-Pellicer, R. Acin-Pérez, N. B. Martin-Céfreces,
A. L. Jaso-Tamame, S. Iborra, I. Jorge, G. Gonzélez-Aseguino
laza, ). Garaude, M. Vicente-Manzanares, |. A. Enriquez,
M. Mittelbrunn, F. Sdnchez-Madrid, Nat. Commun. 2018, 9, 2658.

7] C. P. Lai, E. Y. Kim, C. E. Badr, R. Weissleder, T. R. Mempel,
B. A. Tannous, X. O. Breakefield, Nat. Commun. 2015, 6, 7029.

[18] O.G. De Jong, D. E. Murphy, I. Mager, E. Willms, A. Garcia-Guerra,
J. ). Gitz-Francois, ). Lefferts, D. Gupta, S. C. Steenbeek,
J. Van Rheenen, S. El Andaloussi, R. M. Schiffelers, M. J. A. Wood,
P. Vader, Nat. Commun. 2020, 11, 1113.

[19] G. Rodrigues, A. Hoshino, C. M. Kenific, I. R. Matei, L. Steiner,
D. Freitas, H. S. Kim, P. R. Oxley, |. Scandariato, I. Casanova-Salas,
J. Dai, C. R. Badwe, B. Gril, M. Tesi¢ Mark, B. D. Dill, H. Molina,
H. Zhang, A. Benito-Martin, L. Bojmar, Y. Ararso, K. Offer,
Q. Laplant, W. Buehring, H. Wang, X. Jiang, T. M. Lu, Y. Liu,

N w

“

Z>ITOox

'\U’

(3]

(6]

o m

AN @ w

[7

8

El

Small 2023, 19, 2205030

2205030 (10 of 13)

www.small-journal.com

J. K. Sabari, S. J. Shin, N. Narula, et al., Nat. Cell Biol. 2019, 21,
1403.

[20] A. Hoshino, B. Costa-Silva, T.-L. Shen, G. Rodrigues,
A. Hashimoto, M. Tesic Mark, H. Molina, S. Kohsaka,
A. Di Giannatale, S. Ceder, S. Singh, C. Williams, N. Soplop,
K. Uryu, L. Pharmer, T. King, L. Bojmar, A. E. Davies, Y. Ararso,
T. Zhang, H. Zhang, ). Hernandez, J. M. Weiss, V. D. Dumont-Cole,
K. Kramer, L. H. Wexler, A. Narendran, G. K. Schwartz, J. H. Healey,
P. Sandstrom, et al., Nature 2015, 527, 329.

[21] B. Costa-Silva, N. M. Aiello, A. J. Ocean, S. Singh, H. Zhang,
B. K. Thakur, A. Becker, A. Hoshino, M. T. Mark, H. Molina,
J. Xiang, T. Zhang, T.-M. Theilen, G. Garcia-Santos, C. Williams,
Y. Ararso, Y. Huang, G. Rodrigues, T.-L. Shen, K. J. Labori,
I. M. B. Lothe, E. H. Kure, ). Hernandez, A. Doussot,
S. H. Ebbesen, P. M. Grandgenett, M. A. Hollingsworth, M. Jain,
K. Mallya, S. K. Batra, et al., Nat. Cell Biol. 2015, 17, 816.

[22] M. Durak-Kozica, Z. Baster, K. Kubat, E. Stepieri, Cell. Mol. Biol.
Lett. 2018, 23, 57.

[23] A.T. Szczurek, K. Prakash, H.-K. Lee, D. J. Zurek-Biesiada, G. Best,
M. Hagmann, J. W. Dobrucki, C. Cremer, U. Birk, Nucleus 2014, 5,
331.

[24] Q. Wang, R. Dierkes, R. Kaufmann, C. Cremer, Biochim. Biophys.
Acta 2014, 1838, 1191.

[25] A. Szczurek, L. Klewes, J. Xing, A. Gourram, U. Birk, H. Knecht,
J. W. Dobrucki, S. Mai, C. Cremer, Nucl. Acids Res. 2017, 45, e56.

[26] F. Lang, M. F. Contreras-Gerenas, M. Gelléri, |. Neumann,
O. Kroger, F. Sadlo, K. Berniak, A. Marx, C. Cremer,
H.-A. Wagenknecht, H. Allgayer, Cancers 2021, 13, 3692.

[27] M. Weber, M. Leutenegger, S. Stoldt, S. Jakobs, T. S. Mihaila,
A. N. Butkevich, S. W. Hell, Nat. Photonics 2021, 15, 361.

[28] R. Heintzmann, T. Huser, Chem. Rev. 2017, 117, 13890.

[29] S. W. Hell, Science 2007, 316, 1153.

[30] F. Balzarotti, Y. Eilers, K. C. Gwosch, A. H. Gynna, V. Westphal,
F. D. Stefani, J. EIf, S. W. Hell, Science 2017, 355, 606.

[31] ). Cnossen, T. Hinsdale, R. @. Thorsen, M. Siemons, F. Schueder,
R. Jungmann, C. S. Smith, B. Rieger, S. Stallinga, Nat. Methods
2020, 17, 59.

[32] E. Betzig, G. H. Patterson, R. Sougrat, O. W. Lindwasser,
S.  Olenych, ). S. Bonifacino, M. W. Davidson,
J. Lippincott-Schwartz, H. F. Hess, Science 2006, 313, 1642.

[33] M. J. Rust, M. Bates, X. Zhuang, Nat. Methods 2006, 3, 793.

[34] K. I. Mortensen, L. S. Churchman, ). A. Spudich, H. Flyvbjerg,
Nat. Methods 2010, 7, 377.

[35] M. Heilemann, S. Van De Linde, M. Schiittpelz, R. Kasper,
B. Seefeldt, A. Mukherjee, P. Tinnefeld, M. Sauer, Angew. Chem.,
Int. Ed. Eng. 2008, 47, 6172.

[36] C. E. Shannon, Proc. IRE 1949, 37, 10.

[37] S.-Y. Chen, F. Bestvater, W. Schaufler, R. Heintzmann, C. Cremer,
Opt. Express 2018, 26, 30009.

[38] S.-Y. Chen, R. Heintzmann, C. Cremer, Biomed. Opt. Express 2019,
10, 6462.

[39] H. Bornfleth, P. Edelmann, D. Zink, T. Cremer, C. Cremer, Biophys.
J. 1999, 77, 2871.

[40] A. Esa, P. Edelmann, G. Kreth, L. Trakhtenbrot, N. Amariglio,
G. Rechavi, M. Hausmann, C. Cremer, J. Microsc. 2000, 199,
96.

[41] F-M. Haar, M. Durm, M. Hausmann, H. Ludwig, C. Cremer,
J. Biochem. Biophys. Methods 1996, 33, 43.

[42] M. Heilemann, D. P. Herten, R. Heintzmann, C. Cremer, C. Miiller,
P. Tinnefeld, K. D. Weston, J. Wolfrum, M. Sauer, Anal. Chem.
2002, 74, 3511.

[43] K. A. Lidke, B. Rieger, . M. Jovin, R. Heintzmann, Opt. Express
2005, 13, 7052.

[44] D. Feng, W.-L. Zhao, Y.-Y. Ye, X.-C. Bai, R.-Q. Liu, L.-F. Chang,
Q. Zhou, S.-F. Sui, Traffic 2010, 11, 675.

© 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWIOD dA 181D 3qeotdde au Ag peusenob a.e sajoliie VO ‘SN JO Sa|n. 1oy Akeld18U1IUO AB|IA UO (SUOHIPUOD-PUR-SLLIBI WD A8 | 1M Afed|Bul UO//:SdNY) SUOTIPUOD Pue SWie | 8u 89S *[£202/80/20] U0 Akeid1TaulluO AB|IM ‘YoIeesay JewAlod SSE IdIN Aq 080502202 | IWS/Z00T 0T/1op/uiod" A 1M Aeiqijeuluo//sdny wouy papeojumoq ‘2T ‘€202 '6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

[45] M. Mittelbrunn, C. Gutiérrez-Vdzquez, C. Villarroya-Beltri,
S. Gonzélez, F. Sanchez-Cabo, M. A. Gonzélez, A. Bernad,
F. Sdnchez-Madrid, Nat. Commun. 2011, 2, 282.

[46] F. ). Verweij, L. Balaj C. M. Boulanger, D. R. F. Carter,
E. B. Compeer, G. D'angelo, S. El Andaloussi, ). G. Goetz,
J. C. Gross, V. Hyenne, E.-M. Krimer-Albers, C. P. Lai, X. Loyer,
A. Marki, S. Momma, E. N. M. Nolte-T Hoen, D. M. Pegtel,
H. Peinado, G. Raposo, K. Rilla, H. Tahara, C. Théry, M. E. Van
Royen, R. E. Vandenbroucke, A. M. Wehman, K. Witwer, Z. Wu,
R. Wubbolts, G. Van Niel, Nat. Methods 2021, 18, 1013.

[47] C. Chen, S. Zong, Z. Wang, J. Lu, D. Zhu, Y. Zhang, Y. Cui,
ACS Appl. Mater. Interfaces 2016, 8, 25825.

[48] Z. Nizamudeen, R. Markus, R. Lodge, C. Parmenter, M. Platt,
L. Chakrabarti, V. Sottile, Biochim. Biophys. Acta, Mol. Cell Res.
2018, 1865, 1891.

[49] J. B. Simonsen, J. Extracell Vesicles 2019, 8, 1582237.

[50] A. Mondal, K. A. Ashiq, P. Phulpagar, D. K. Singh, A. Shiras,
Biol. Proced. Online 2019, 21, 4.

[51] M. G. Chambers, R. P. McNamara, D. P. Dittmer, J. Vis. Exp. 2021,
26, 62845.

[52] R. Skovronova, C. Grange, V. Dimuccio, M. C. Deregibus,

. Camussi, B. Bussolati, Cells 2021, 10, 2948.

P. Mcnamara, Y. Zhou, A. B. Eason, ). T. Landis,

G. Chambers, S. Willcox, T. A. Peterson, B. Schouest,

. ). Maness, A. G. Maclean, L. M. Costantini, ). D. Griffith,

. P. Dittmer, J. Extracell Vesicles 2022, 11, €12191.

Verta, C. Grange, R. Skovronova, A. Tanzi, L. Peruzzi,

. C. Deregibus, G. Camussi, B. Bussolati, Cells 2022, 11, 146.

Bagci, M. Sever-Bahcekapili, N. Belder, A. P. S. Bennett,

E. Erdener, T. Dalkara, Neurophotonics 2022, 9, 021903.

Dechantsreiter, A. R. Ambrose, . D. Worboys, ). M. E. Lim,

Liu, R. Shah, M. A. Montero, A. M. Quinn, T. Hussell,

. M. Tannahill, D. M. Davis, J. Extracell Vesicles 2022, 11, e12215.

Dabrowska, A. Del Fattore, E. Karnas, M. Frontczak-Baniewicz,

Kozlowska, M. Muraca, M. Janowski, B. Lukomska, Int. J.
Nanomed. 2018, 13, 1653.

[58] A. Markwirth, M. Lachetta, V. Ménkeméller, R. Heintzmann,
W. Hiibner, T. Huser, M. Miiller, Nat. Commun. 2019, 10, 4315.

[59] J. Mighty, ). Zhou, A. Benito-Martin, S. Sauma, S. Hanna,
O. Onwumere, C. Shi, M. Muntzel, M. Sauane, M. Young,
H. Molina, D. Cox, S. Redenti, Invest. Ophthalmol. Vis. Sci. 2020,
61, 30.

[60] Q. Zhang, F. Wang, H. Zhang, Y. Zhang, M. Liu, Y. Liu, Anal. Chem.
2018, 90, 12737.

[61] K. Thorsteinsson, E. Olsén, E. Schmidt, H. Pace, M. Bally,
Anal. Chem. 2020, 92, 15336.

[62] R. Roy, S. Hohng, T. Ha, Nat. Methods 2008, 5, 507.

[63] S. Wang, R. Vafabakhsh, W. F. Borschel, T. Ha, C. G. Nichols,
Nat. Struct. Mol. Biol. 2016, 23, 31.

[64] Z. Tian, Y. Wei, Y. Yu, F. Zhou, Z.-L. Huang, Photonics 2022, 9,
261.

[65] J. C. Vaughan, X. Zhuang, Nat. Biotechnol. 2011, 29, 880.

[66] M. Lelek, M. T. Gyparaki, G. Beliu, F. Schueder, . Griffié,
S. Manley, R. Jungmann, M. Sauer, M. Lakadamyali, C. Zimmer,
Nat. Rev. Methods Primers 2021, 1, 39.

[67] T. M. Dankovich, S. O. Rizzoli, iScience 2021, 24, 102134.

[68] T. Grotjohann, I. Testa, M. Leutenegger, H. Bock, N. T. Urban,
F. Lavoie-Cardinal, K. I. Willig, C. Eggeling, S. Jakobs, S. W. Hell,
Nature 2011, 478, 204.

[69] L. A. Masullo, A. Bodén, F. Pennacchietti, G. Coceano, M. Ratz,
I. Testa, Nat. Commun. 2018, 9, 3281.

[70] H. Li, ). C. Vaughan, Chem. Rev. 2018, 118, 9412.

[71] S.-N. Uno, M. Kamiya, T. Yoshihara, K. Sugawara, K. Okabe,
M. C. Tarhan, H. Fujita, T. Funatsu, Y. Okada, S. Tobita, Y. Urano,
Nat. Chem. 2014, 6, 681.

[53]

(54]
53]

[56]

[57]

IV NZRIOZZAO

Small 2023, 19, 2205030

2205030 (110f13)

www.small-journal.com

[72] X. Liu, S. Y. Chen, Q. Chen, X. Yao, M. Gelléri, S. Ritz, S. Kumar,
C. Cremer, K. Landfester, K. Miillen, S. H. Parekh, A. Narita,
M. Bonn, Angew. Chem., Int. Ed. Eng. 2020, 59, 496.

[73] C. Cremer, U. Birk, Philos. Trans. R. Soc., A 2022, 380, 20210152.

[74] ]. von Hase, U. B. Bruno Humbel, C. Cremer, Method of Ring Array
Illumination Microscopy with Large Working Distances and High
Resolution, (Ed: D. P.-U. Markenamt), Germany 2022,.

[75] E. Nehme, D. Freedman, R. Gordon, B. Ferdman, L. E. Weiss,
O. Alalouf, T. Naor, R. Orange, T. Michaeli, Y. Shechtman,
Nat. Methods 2020, 17, 734.

[76] A. Speiser, L.-R. Muller, P. Hoess, U. Matti, C. ). Obara,
W. R. Legant, A. Kreshuk, J. H. Macke, J. Ries, S. C. Turaga,
Nat. Methods 2021, 18, 1082.

[77] K. K. Narayanasamy, ). V. Rahm, S. Tourani, M. Heilemann,
Nat. Commun. 2022, 13, 5047.

[78] W. Ouyang, A. Aristov, M. Lelek, X. Hao, C. Zimmer,
Nat. Biotechnol. 2018, 36, 460.

[79] M. E. Masip, ). Huebinger, ). Christmann, O. Sabet, F. Wehner,
A. Konitsiotis, G. R. Fuhr, P. I. H. Bastiaens, Nat. Methods 2016, 13,
665.

[80] W. C. W. Chan, S. Nie, Science 1998, 281, 2016.

[81] X. Gao, Y. Cui, R. M. Levenson, L. W. K. Chung, S. Nie,
Nat. Biotechnol. 2004, 22, 969.

[82] S. E. Irvine, T. Staudt, E. Rittweger, ). Engelhardt, S. W. Hell,
Angew. Chem., Int. Ed. Eng. 2008, 47, 2685.

[83] T. Dertinger, R. Colyer, G. lyer, S. Weiss, |. Enderlein, Proc. Natl.
Acad. Sci. USA 2009, 106, 22287.

[84] T. M. Watanabe, S. Fukui, T. Jin, F. Fujii, T. Yanagida, Biophys. |.
2010, 99, L50.

[85] I. Lignos, S. Stavrakis, G. Nedelcu, L. Protesescu, A. ]. Demello,
M. V. Kovalenko, Nano Lett. 2016, 16, 1869.

[86] A. Swarnkar, R. Chulliyil, V. K. Ravi, M. Irfanullah, A. Chowdhury,
A. Nag, Angew. Chem., Int. Ed. Eng. 2015, 54, 15424.

[87] F. Liu, Y. Zhang, C. Ding, S. Kobayashi, T. Izuishi, N. Nakazawa,
T. Toyoda, T. Ohta, S. Hayase, T. Minemoto, K. Yoshino, S. Dai,
Q. Shen, ACS Narno 2017, 11, 10373.

[88] Z. Yang, S. Zong, K. Yang, K. Zhu, N. Li, Z. Wang, Y. Cui, ACS Appl.
Mater. Interfaces 2022, 14, 17109.

[89] M. Kuno, D. P. Fromm, H. F. Hamann, A. Gallagher, D. . Nesbitt,
J. Chem. Phys. 2000, 112, 3117.

[90] U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot, R. Nitschke,
T. Nann, Nat. Methods 2008, 5, 763.

[91] Y. Yuan, Y. Han, B. Huang, L. Zhang, H. Yang, B. Gu, Y. Cui,
J. Zhang, Nanotechnology 2019, 30, 075501.

[92] Y. Ding, P. He, S. Li, B. Chang, S. Zhang, Z. Wang, J. Chen, J. Yu,
S. Wu, H. Zeng, L. Tao, ACS Nano 2021, 15, 14610.

[93] L. Li, G. Wu, G. Yang, ). Peng, J. Zhao, ).-). Zhu, Nanoscale 2013, 5,
4015.

[94] S. Fujii, T. Enoki, Acc. Chem. Res. 2013, 46, 2202.

[95] Z. Liu, S. Fu, X. Liu, A. Narita, P. Samori, M. Bonn, H. |. Wang,
Adv. Sci. 2022, 9, 2106055.

[96] A. Narita, X.-Y. Wang, X. Feng, K. Miillen, Chem. Soc. Rev. 2015, 44,
6616.

[97] G. M. Paternd, G. Q. Chen, G. Lanzani, F. Scotognella, A. Narita,
Energy Environ. Mater. 2021, 9.

[98] H.-A. Lin, Y. Sato, Y. Segawa, T. Nishihara, N. Sugimoto,
L. T. Scott, T. Higashiyama, K. Itami, Angew. Chem., Int. Ed. Eng.
2018, 57, 2874.

[99] Y-Y. Ju, X.-X. Shi, S.-Y. Xu, X.-H. Ma, R.-J. Wei, H. Hou, C.-C. Chu,
D. Sun, G. Liu, Y.-Z. Tan, Adv. Sci. 2022, 9, 2105034.

[100] W. R. Legant, L. Shao, J. B. Grimm, T. A. Brown, D. E. Milkie,
B. B. Avants, L. D. lavis, E. Betzig, Nat. Methods 2016, 13,
359.

[101] S. A. Jones, S.-H. Shim, J. He, X. Zhuang, Nat. Methods 2011, 8,
499.

© 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWIOD dA 181D 3qeotdde au Ag peusenob a.e sajoliie VO ‘SN JO Sa|n. 1oy Akeld18U1IUO AB|IA UO (SUOHIPUOD-PUR-SLLIBI WD A8 | 1M Afed|Bul UO//:SdNY) SUOTIPUOD Pue SWie | 8u 89S *[£202/80/20] U0 Akeid1TaulluO AB|IM ‘YoIeesay JewAlod SSE IdIN Aq 080502202 | IWS/Z00T 0T/1op/uiod" A 1M Aeiqijeuluo//sdny wouy papeojumoq ‘2T ‘€202 '6289ETIT



ADVANCED
SCIENCE NEWS

Sl

www.advancedsciencenews.com

[102] J. S. Biteen, M. A. Thompson, N. K. Tselentis, G. R. Bowman,
L. Shapiro, W. E. Moerner, Nat. Methods 2008, 5, 947.

[103] R. Wombacher, M. Heidbreder, S. Van De Linde, M. P. Sheetz,
M. Heilemann, V. W. Cornish, M. Sauer, Nat. Methods 2010, 7, 717.

[104] Y. Shechtman, A.-K. Gustavsson, P. N. Petrov, E. Dultz, M. Y. Lee,
K. Weis, W. E. Moerner, Biomed. Opt. Express 2017, 8, 5735.

[105] C. Chen, S. Zong, Z. Wang, J. Lu, D. Zhu, Y. Zhang, R. Zhang,
Y. Cui, Nanoscale 2018, 10, 5154.

[106] W. S. de Voogt, M. E. Tanenbaum, P. Vader, Adv. Drug Delivery Rev.
2021, 174, 250.

[107] S.-H. Shim, C. Xia, G. Zhong, H. P. Babcock, J. C. Vaughan,
B. Huang, X. Wang, C. Xu, G.-Q. Bi, X. Zhuang, Proc. Natl. Acad.
Sci. USA 2012, 109, 13978.

[108] A. M. Bittel, I. S. Saldivar, N. J. Dolman, X. Nan, S. L. Gibbs,
PLoS One 2018, 13, e0206104.

[109] S. Adhikari, J. Moscatelli, E. M. Smith, C. Banerjee, E. M. Puchner,
Nat. Commun. 2019, 10, 3400.

[110] H. Takakura, Y. Zhang, R. S. Erdmann, A. D. Thompson,
Y. Lin, B. Mcnellis, F. Rivera-Molina, S.-N. Uno, M. Kamiya,
Y. Urano, ). E. Rothman, |. Bewersdorf, A. Schepartz, D. Toomre,
Nat. Biotechnol. 2017, 35, 773.

Small 2023, 19, 2205030

2205030 (12 of 13)

www.small-journal.com

[117] Q. Qiao, W. Liu, ). Chen, X. Wu, F. Deng, X. Fang, N. Xu, W. Zhou,
S. Wu, W. Yin, X. Liu, Z. Xu, Angew. Chem., Int. Ed. Eng. 2022, 61,
€202202961.

[112] V. Hyenne, S. Ghoroghi, M. Collot, J. Bons, G. Follain, S. Harlepp,
B. Mary, ). Bauer, L. Mercier, I. Busnelli, O. Lefebvre, N. Fekonja,
M. J. Garcia-Leon, P. Machado, F. Delalande, A. A. Lépez,
S. G. Silva, F. ). Verweij, G. Van Niel, F. Djouad, H. Peinado,
C. Carapito, A. S. Klymchenko, J. G. Goetz, Dev. Cell 2019, 48, 554.

[113] D. P. Kuffler, J. Comp. Neurol. 1990, 302, 729.

[174] W. D. Gray, A. ). Mitchell, C. D. Searles, MethodsX 2015, 2, 360.

[115] S. T.-Y. Chuo, ). C.-Y. Chien, C. P.-K. Lai, J. Biomed. Sci. 2018, 25, 91.

[116] S. Liu, P. Hoess, ). Ries, Annu. Rev. Biophys. 2022, 57, 301.

[117] K. Yokoyama, T. Yano, H. Kumagai, K. Mizuta, S. Ono, T. Imagawa,
H. Yamamoto, T. Yamagata, J. Pediatr. Gastroenterol. Nutr. 2016,
63, 34.

[118] F. Reggiori, H.-]. Gabius, M. Aureli, W. Rémer, S. Sonnino,
E.-L. Eskelinen, Glycoconj. J. 2021, 38, 625.

[119] S. Zong, J. Zong, C. Chen, X. Jiang, Y. Zhang, Z. Wang, Y. Cui,
Nanotechnology 2018, 29, 065705.

[120] J.-H. Lee, F. L. Tchetgna, M. Krufczik, E. Schmitt, C. Cremer,
F. Bestvater, M. Hausmann, OBM Genet. 2019, 3, 64.

Jamal Ghanam is working as a post-doctoral researcher in Cancer Exosomes AG, Department of
Pediatrics 11, University Hospital Essen, Essen, Germany. He worked before in many research
institutions located in Germany, France, and Morocco.

Venkatesh Kumar Chetty works as a post-doctoral researcher after completing his Ph.D. in the
same Cancer Exosomes research group, Department of Pediatrics I, University Hospital Essen,
Essen, Germany. Before joining this lab, he worked in various biotech companies and research
institutions located in the United Kingdom, India, and Germany.

© 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWIOD dA 181D 3qeotdde au Ag peusenob a.e sajoliie VO ‘SN JO Sa|n. 1oy Akeld18U1IUO AB|IA UO (SUOHIPUOD-PUR-SLLIBI WD A8 | 1M Afed|Bul UO//:SdNY) SUOTIPUOD Pue SWie | 8u 89S *[£202/80/20] U0 Akeid1TaulluO AB|IM ‘YoIeesay JewAlod SSE IdIN Aq 080502202 | IWS/Z00T 0T/1op/uiod" A 1M Aeiqijeuluo//sdny wouy papeojumoq ‘2T ‘€202 '6289ETIT



ADVANCED $midll

www.advancedsciencenews.com www.small-journal.com

Christoph Cremer is a professor of Applied Optics & Information Processing at Heidelberg
University and a Research Associate at the Max-Planck Institute for Polymer Research. Since
the 1990s, his special field is the development and biomedical application of super-resolution
microscopy.

Basant Kumar Thakur is leading the Cancer Exosomes AG in the Department of Pediatrics 11,
University Hospital Essen, Essen, Germany since 2016. Before acquiring this position, he worked
in various research academic institutions located in the United States and Germany.

Small 2023, 19, 2205030 2205030 (13 of 13) © 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWIWIOD dA 181D 3qeotdde au Ag peusenob a.e sajoliie VO ‘SN JO Sa|n. 1oy Akeld18U1IUO AB|IA UO (SUOHIPUOD-PUR-SLLIBI WD A8 | 1M Afed|Bul UO//:SdNY) SUOTIPUOD Pue SWie | 8u 89S *[£202/80/20] U0 Akeid1TaulluO AB|IM ‘YoIeesay JewAlod SSE IdIN Aq 080502202 | IWS/Z00T 0T/1op/uiod" A 1M Aeiqijeuluo//sdny wouy papeojumoq ‘2T ‘€202 '6289ETIT



