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Advanced EV characterization made simple 
Welcome to CODI.  A collaborative data analysis platform for EV research.
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Extracellular 
Vesicles

Application note

EV characterization: introducing super-resolution 
microscopy for single-EV analysis 

Extracellular vesicles (EVs) are membrane-bound vesicles secreted by all cells that 
facilitate intercellular communication. EVs are enriched in surface proteins (such as 
$/,;�� ŵRWLOOLQ�� DQG� WHWUDVSDQLQV�� DQG� FRQWDLQ� OXPLQDO� FRQWHQW� �LQFOXGLQJ� '1$�� 51$��
and siRNA Figure 1). Importantly, these small nanosized vesicles that transfer active 
PROHFXOHV�DQG�JHQHWLF�PDWHULDOV�FDQ�EH�LVRODWHG�IURP�FRPSOH[�ELRŵXLGV�VXFK�DV�EORRG��
urine, and saliva, which makes them ideal candidates for disease diagnostics and 
therapeutic applications.

Since EVs resemble the composition of their parental origin, secreted vesicles are 
EHFRPLQJ�D�SURPLVLQJ�VRXUFH�IRU�ELRPDUNHU�GLVFRYHU\��DV�WKH�VSHFLŴF�W\SHV�RI�VXUIDFH�
SURWHLQV� DQG� FDUJR�PD\� KDYH�SURIRXQG�SDWKRSK\VLRORJLFDO� VLJQLŴFDQFH��7KH� DELOLW\�
to identify and measure the presence or abundance of particular components could 
UHSUHVHQW�SDUWLFXODU�ŔGLVHDVH�VLJQDWXUHVŕ��7KHUHIRUH��FKDUDFWHUL]LQJ�PROHFXODU�SURŴOHV�
of EVs may yield powerful diagnostic capabilities that more accurately determine the 
onset of distinct cancers1, neurodegeneration2, and cardiovascular diseases3. In this 
application note, we will discuss how super-resolution microscopy can be used as a 
powerful tool for EV characterization and imaging. 

Owing to their diverse biological heterogeneity, the term EV itself 
encompasses a number of subpopulations referred to as exosomes, 
microvesicles, outer membrane vesicles (OMVs) and ectosomes. 
The myriad of names mentioned throughout the literature4,5 (Table 
1), stems from the cellular origin, separation and isolation abilities 
DV� ZHOO� DV�PROHFXODU� SURŴOHV� RI� WKH� GLIIHUHQW� (9V�� 7R� XQLI\� DQG�
establish a set of universal guidelines for EV characterization, a list 

of minimal information for studies of extracellular vesicles (MISEV) 
was published in 2014 and updated in 2018 by leaders within the 
ŴHOG� WR� RXWOLQH� DQ� RIŴFLDO� VHW� RI� FKDUDFWHUL]DWLRQ� UHTXLUHPHQWV�� 
This in turn, has greatly contributed to the development and 
advancement of our understanding of EVs. 

Figure 2 | Schematic representation of the pathway of EVs from biogenesis through to internalization by the target cell.  

Figure 1�_� ��FRORU�ZLGHŴHOG� YV�G67250� LPDJH�
of CD9-ATTO488, CD63-Alexa Fluor®-647 and 
CD81-Alexa Fluor®-555 EVs.
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+RZHYHU��WKHUH�DUH�VWLOO�PDQ\�IXQGDPHQWDO�XQDQVZHUHG�TXHVWLRQV�
surrounding the journey EVs take from biogenesis through to 
internalization by target cells (Figure 2). For instance, whilst it 
LV� XQGHUVWRRG� WKDW� (9V� VHOHFWLYHO\� FDSWXUH�SUHGHŴQHG�SURWHLQV�
and nucleic acids, the mechanics that regulate such sorting of 
materials and cargo loading into the EVs is not. Another open 
TXHVWLRQ� VXUURXQGLQJ� WKH� (9� MRXUQH\� UHODWHV� WR� WKHLU� GLVWLQFW�
targeting capabilities, with studies investigating how differences 
LQ�FDUJR�DQG�VXUIDFH�SURWHLQV�LQŵXHQFH�WKHLU�UHVSHFWLYH�WDUJHWV��
Interestingly, the amount of cargo transported within an EV has 
been shown to be very low6, which formulates the hypothesis 

WKDW�(9�WDUJHWLQJ�QHHGV�WR�EH�KLJKO\�HIŴFLHQW�DQG�VSHFLŴF��DV�WKH�
precision may be less important when a large number of EVs are 
UHOHDVHG��'HOLYHU\� LV�SRVWXODWHG�WR�GHSHQG�RQ�WKH�YHU\�VSHFLŴF�
surface molecules that function as ‘barcodes’, recognized by a 
receptor or “reader” situated on the cell membrane, but how this 
relates to an EVs target and internalization remains elusive. To 
DQVZHU�VXFK�TXHVWLRQV�UHTXLUHV�D�FRPSOHWH�DQDO\VLV�RI�(9V�DW�D�
VLQJOH�PROHFXOH�OHYHO�WR�GHWHUPLQH�LQGLYLGXDO�PROHFXODU�SURŴOHV�
of associated components, so we can ultimately  harness their 
properties for diagnostic and therapeutic purposes. 

&XUUHQW�PHWKRGV�RI�(9�FKDUDFWHUL]DWLRQ�LQFOXGH�ŵRZ�F\WRPHWU\��
QDQRSDUWLFOH� WUDFNLQJ� DQDO\VLV� �17$��� HSLŵXRUHVFHQFH� LPDJLQJ�
WHFKQLTXHV�DQG�HOHFWURQ�PLFURVFRS\��(0���+RZHYHU��GHVSLWH�WKH�
FRPPRQSODFH� RI� WKHVH� WHFKQLTXHV�� WKH\� RIWHQ� IDLO� WR� JLYH� WKH�
necessary resolution to accurately characterize individual EVs 
or, in the case of EM, struggle to visualize multiple markers in a 
single-experiment, limiting the ability to assess the molecular 
signatures of EVs.

6XSHU�UHVROXWLRQ� LPDJLQJ� WHFKQLTXHV�� IHDWXUHG� LQ� WKH�0,6(9���
guidelines, can overcome the resolution limits associated 
with conventional light microscopy. Through Single-molecule 

ORFDOL]DWLRQ� PLFURVFRS\� �60/0�� WHFKQLTXHV�� VXFK� DV� G67250�
DQG�3$/0��(9�ELRPDUNHUV�DUH�ODEHOHG�ZLWK�D�FODVV�RI�ŵXRURSKRUHV�
of which the photochemical properties can be exploited to 
stochastically switch them between a dark and an emissive 
VWDWH��7KLV�DOORZV�VPDOO� VXEVHWV�RI�ŵXRURSKRUHV� WR�EH�GHWHFWHG�
LQ�LVRODWLRQ�DQG�WKH�ORFDOL]DWLRQ�RI�HDFK�ŵXRUHVFHQW�PROHFXOH�WR�
EH�ŴWWHG�ZLWK�D�*DXVVLDQ�IXQFWLRQ��%\�LPDJLQJ�LQ�WKLV�ZD\��60/0�
UHWDLQV� WKH� DGYDQWDJH� DVVRFLDWHG� ZLWK� WUDGLWLRQDO� ŵXRUHVFHQFH�
LPDJLQJ� WHFKQLTXHV� ZKLOH� FLUFXPYHQWLQJ� WKH� GLIIUDFWLRQ�OLPLW��
providing an achievable resolution exceeding 20 nm and allowing 
the spatial distribution of EV markers to be visualized with single-
molecule sensitivity. 

Exosomes OMVs Microvesicles Ectosomes

Size 40-120 nm 100-400 nm 50-1000 nm 100-1000 nm

Cellular origin All cell types *UDP�QHJDWLYH�EDFWHULD�

Megakaryocytes, blood 
platelets, monocytes, 
neutrophils, tumor cells 
and placenta

All cell types 

Known contents
Proteins and nucleic acids 
(mRNA, miRNA and other 
non-coding RNAs)

Virulence factors, proteins and 
nucleic acids (mRNA, miRNA 
and other non-coding RNAs)

Proteins and nucleic acids 
(mRNA, miRNA and other 
non-coding RNAs)

Proteins and nucleic acids 
(non-coding RNAs)

Common markers Alix, Annexins, tetraspanins 
(CD81, CD63, CD9), flotillin

Outer surface proteins (OmpA, 
OmpC, OmpX, AbompA), 
PAMPs (LPS)

Integrins, selectins, CD40
Cholesterol, 
sphingomyelin and 
ceramide

Table 1 | &ODVVLŴFDWLRQ�RI�(9�VXESRSXODWLRQV��Adapted from Borges et al (2013)7.

Figure 3�_� 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�LVRODWHG�DQG�SXULŴHG�(9V��DGKHUHG�WR�D�JODVV�VOLGH�DQG�VWDLQHG�ZLWK�WHWUDVSDQLQ�PDUNHUV�RQ�WKHLU�VXUIDFH�

ImagingStainingIsolation Capture

CD9 - ATTO488

CD81 - Alexa Fluor® 555

CD63 - Alexa Fluor® 647

EVs and super-resolution microscopy
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The Nanoimager is a comprehensive SMLM platform for precise 
and detailed molecular characterization of EVs. With a multitude 
of imaging modalities available, this data-driven platform 
facilitates exploration into composition and behavior of EVs, to 
provide deeper insights into vesicle subpopulation signaling 
SDWKZD\V�DQG�LQWUDFHOOXODU�LQWHUDFWLRQV�IURP�ERWK�D�Ŵ[HG�VDPSOH�
and live-cell perspective. To demonstrate the capabilities of 
SMLM on the Nanoimager in EV characterization, HCT116 EVs 
ZHUH� LVRODWHG�� SXULŴHG� DQG� LPPXQRVWDLQHG� ZLWK� FRPPHUFLDOO\�
available antibodies against surface membrane tetraspanins, 
CD9, CD63 and CD81 (Figure 3) and imaged using dSTORM 

(Figure 4). The results demonstrated a heterogeneous population 
RI� (9V� WKDW�ZHUH� HLWKHU� VLQJOH� �$�&��� GRXEOH� �'�)�� RU� WULSOH� �*��
SRVLWLYH� IRU� WHWUDVSDQLQV�� 6XEVHTXHQW� DQDO\VLV� ZRXOG� DOORZ� IRU�
WKH�VL]H�SURŴOHV�DQG�UHODWLYH�DEXQGDQFH�RI�HDFK�RI�WKH�PDUNHUV�
WR�EH�TXDQWLŴHG�DFURVV� WKH�(9�SRSXODWLRQ��7KLV�GDWD�KLJKOLJKWV�
the multi-factor characterization capabilities that follow SMLM 
LPDJLQJ��HQDEOLQJ�UHVHDUFKHUV�WR�DVVHVV�XQLTXH�SURWHLQ�VLJQDWXUHV�
or changes in biomarker number across populations, which could 
have important connotations for early disease diagnostics and 
better understanding EV functionality.  

Figure 4 | 3-color dSTORM image of CD9-
ATTO488, CD63-Alexa Fluor®-647 and 
CD81-Alexa Fluor® 555 EVs from isolated 
HCT116 cell line on the Nanoimager. (A-
C) Single EV with presenting only a single 
tetraspanin marker on their surface. (D-F) 
6LQJOH�(9�SUHVHQWLQJ�WZR�PDNHUV���*��6LQJOH�
(9� SUHVHQWLQJ� WKUHH� PDUNHUV�� �+�� *UDSK�
showing the percentage of EVs with single, 
double and triple tetraspanin makers. EVs 
provided by HansaBioMed Life Sciences. 
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Figure 1 | Schematic representation of an EV showing the presence of DNA on both the EV surface and within the vesicle lumen.

Extracellular 
Vesicles

Application note

EV cargo: visualizing and quantifying 
molecular DNA in single-EVs 

Extracellular Vesicles (EVs) are membranous particles that enable cell-cell communication 
via their surface components and cargo which includes proteins, lipids and genetic 
material such as DNA, mRNA and miRNA. While most of the transported material is 
FDUULHG�ZLWKLQ�WKH�OXPHQ�RI�(9V��D�QXPEHU�RI�SXEOLFDWLRQV�KDYH�LGHQWLŴHG�D�VLJQLŴFDQW�
amount of genetic material coating the outer surface of vesicles (Figure 1). It is believed 
that the luminal contents of EVs are directly linked to their functional effect at recipient 
cells however, less is known about the role of DNA on the EV surface. 

6WXGLHV�KDYH�GHPRQVWUDWHG� WKDW� WKH�SUHVHQFH�RI� VXUIDFH�'1$�PRGLŴHG�(9�DGKHVLRQ�
properties1, contributed to the overall net negative charge of EVs2 and mediated 
horizontal DNA gene transfer3. Furthermore, on EVs derived from cancer cells, surface 
DNA contained oncogenic mutations that may imply a role of EV DNA in modulating the 
tumour microenvironment4. Therefore, spatial visualization of DNA and association with 
vesicles of discrete sizes or molecular signatures may contribute to a better understanding 
of the mechanisms and distinct functions of luminal and surface DNA in disease.
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A persistent challenge with imaging EVs is their small size (the smallest sub-category 
measuring between 40-200 nm in diameter) which falls below the resolution limits of 
FRQYHQWLRQDO�OLJKW�PLFURVFRS\��7KHVH�GLIIUDFWLRQ�OLPLWHG�WHFKQLTXHV�UHVWULFW�WKH�XVHUŒV�
DELOLW\�WR�DFFXUDWHO\�VL]H�(9V��GHWHFW�DQG�TXDQWLI\�ELRPDUNHUV�RU�FDUJR��RU�WR�GLVWLQJXLVK�
WKH�ŵXRUHVFHQW�VLJQDO�RI�DQ�LQWDFW�(9�IURP�WKDW�RI�IUDJPHQWV�RU�LVRODWHG�SURWHLQV��:LWK�
VXSHU�UHVROXWLRQ�LPDJLQJ�WHFKQLTXHV�VXFK�DV�G67250��ZH�FDQ�RYHUFRPH�WKLV�UHVROXWLRQ�
limit and visualize EVs with single-molecule sensitivity.

Challenge

The Nanoimager enables 
visualization and detection of 
multiple proteins and genetic 
material simultaneously both within 
the lumen and on the surface of 
individual EVs with single-molecule 
sensitivity.

This type of research supports the:

•  Characterization of sub-
populations of EVs possessing 
one or more biomarkers

•  Distinction of molecules within 
the lumen or on the surface of EVs

ř��$VVRFLDWLRQ�RI�XQLTXH�PROHFXODU�
signatures to EVs of a specific size

•  Investigation of the function of 
DNA on the EV surface

ř��8QGHUVWDQGLQJ�WKH�XQLTXH�UROH� 
of EV subtypes in cancer and 
other diseases

Summary
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Results 

Through multi-color dSTORM imaging on the Nanoimager, it is 
SRVVLEOH�WR�ŵXRUHVFHQWO\�ODEHO�DQG�YLVXDOL]H�'1$�PROHFXOHV�RQ�WKH�
VXUIDFH�RI�(9V�DQG�ZLWKLQ�WKH�OXPHQ��DQG�TXDQWLI\�WKH�DVVRFLDWLRQ�RI�
the genetic material with vesicles of varying molecular signatures. 
Here, in collaboration with Dr. Franz Ricklefs from UMC Hamburg, 

(9V�ZHUH�SXULŴHG�IURP�SULPDU\�JOLREODVWRPD�FHOOV�IURP�SDWLHQWV��
3ULRU�WR�ŵXRUHVFHQW�ODEHOLQJ�RI�&'���DQG�&'���ZLWK�$OH[D�)OXRU® 
555 and 647 respectively, and DNA molecules with the cell-
impermeable SYTOX™�*UHHQ�G\H��(9V�ZHUH�VXEMHFWHG�WR�RQH�RU�
a combination of the following conditions (Table 1 and Figure 2):

Sample 1. DNase treatment 2. Permeabilization 3.  DNA labeling Outcome

A Negative control

B Luminal DNA alone

C Surface DNA alone

D Luminal and Surface DNA

Table 1 | Conditions EVs were subjected to. 

No permeabilization Permeabilization

N
o

 D
N

as
e

D
N

as
e

No permeabilization Permeabilization

Key SYTOX™ dyeNucleic AcidsCD9 - ATTO488CD63 - Alexa Fluor® 647

Figure 2 | Schematic representation of corresponding experiemental outcome 
of samples A-D. 

Figure 3 | Detection of DNA on the surface and within the lumen of EV 
samples (A-D) isolated from primary glioblastoma cells using dSTORM. DNA 
(yellow), CD63 (blue) and CD81 (magenta). Dr. Franz Ricklefs, UMC Hamburg. 

Clusters of tetraspanin proteins and DNA on individual EVs 
were visualized by super-resolution dSTORM imaging (Figure 3) 
DQG�VXEVHTXHQWO\�DQDO\]HG�WKURXJK�FOXVWHU�DQDO\VLV��7KH�UHVXOWV�
illustrate that DNA molecules are present both within and on 
the surface of glioblastoma-derived EVs and the number of 
localizations of SYTOX™ signal differs greatly depending on 

WUHDWPHQW��FRQGLWLRQV��)LJXUH�����7KH�XVH�RI�DGGLWLRQDO�WHFKQLTXHV�
to further characterize the EV-associated DNA may provide insight 
into the role of these EVs in tumor progression or strengthen them 
DV�ELRPDUNHUV�IRU�WKH�LGHQWLŴFDWLRQ�DQG�FODVVLŴFDWLRQ�RI�WXPRUV�LQ�
clinical samples.  
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Figure 4��_��4XDQWLŴFDWLRQ�RI�PHDQ�QXPEHU�RI�'1$�ORFDOL]DWLRQV�SHU�(9�SUH�WUHDWHG�ZLWK�HLWKHU�'1DVH�,��SHUPHDELOL]DWLRQ��QHLWKHU�RU�ERWK��VKRZLQJ�VLJQLŴFDQW�
differences in localization number across conditions. 

0

10

5

25

30

20

40

DNase + -
--

+
+

-

D
N

A
 lo

ca
lis

at
io

ns
/E

V

Permeabilization +

35

15

Sample 
preparation

Biomarker distribution 
& quantification 

Imaging 
validation

50 nm

1 2 3

Solution with the Nanoimager 

8QGHUVWDQGLQJ�WKH�XQLTXH�PROHFXODU�VLJQDWXUHV�RI�VXE�SRSXODWLRQV�RI�(9V�DQG�WKHLU�
DVVRFLDWLRQ�ZLWK�VSHFLŴF�FDUJR�FDQ�HQKDQFH�RXU�XQGHUVWDQGLQJ�RI�KRZ�(9V�IXQFWLRQ�LQ�
FHOO�VLJQDOOLQJ�SDWKZD\V�DQG�JLYH�GHHSHU�LQVLJKWV�LQWR�WKH�SKHQRW\SLF�FRQVHTXHQFHV�
they enact at their target sites. The Nanoimager provides the complete solution for 
multi-color imaging of EV biomarkers including proteins, lipids and genetic material with 
up to 20 nm resolution for complete characterization and sizing of vesicle populations.

For more information visit oni.bio/extracellular-vesicles
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Figure 1�_� 6FKHPDWLF�UHSUHVHQWDWLRQ�RI�WKH�(9�ZRUNŵRZ�VKRZLQJ�KRZ�(9V�DUH�ŴUVW�VWDLQHG�DQG�DGKHUHG�WR�WKH�
glass surface, before being imaged on the Nanoimager and analyzed using CODI.

Extracellular 
Vesicles

Application note

Advanced EV characterization made simple 

Super-resolution microscopy is a powerful tool for EV imaging 
and characterization by allowing researchers to directly visualize 
single-EVs, their surface biomarkers and therapeutic cargo. 
+RZHYHU�� EHLQJ� DEOH� WR� H[WUDFW� TXDQWLWDWLYH� GDWD� IURP� WKHVH�
images through clustering analysis will enable researchers to 
unlock the secrets of EVs which until now, hasn’t been fully 

explored. Clustering analysis allows the user to characterize the 
heterogeneity of an EV sample, to determine the percentage of 
positive markers on the surface of the EVs, and to measure DNA 
cargo. In this application note, we discuss how ONI’s new analysis 
platform provides researchers with a methodical analysis pipeline 
that standardizes EV characterization.

Introduction

7R� DVVLVW� (9� UHVHDUFKHUV� LQ� H[WUDFWLQJ� TXDQWLWDWLYH� LQIRUPDWLRQ�
from their super-resolution images, ONI has developed a novel 
analysis software termed CODI. This platform hosts a wide range 
of advanced image analysis tools that have been designed to 
aid the study of EVs and address the challenges associated with 
their characterization. This allows for multi-factor characterization 
that enables users to count thousands of EVs from a single super-
resolution image, assess their morphology with 20 nm resolution 

and visualize multiple biomarkers with single-molecule sensitivity. 
EV researchers can now unveil previously invisible insights from 
their sample through this simple, reliable and easy to use platform. 
7KH�ZRUNŵRZ�IRU�VLQJOH�(9�DQDO\VLV�RQ�WKH�1DQRLPDJHU�VWDUWV�ZLWK�
WKH� SUHSDUDWLRQ� RI� (9V� DQG� ŴQLVKHV� ZLWK� FOXVWHULQJ� DQDO\VLV� WR�
H[WUDFW�TXDQWLWDWLYH�LQIRUPDWLRQ�DERXW�WKH�(9�VDPSOH��)LJXUH�����

Data analysis of super-resolution microscopy: CODI

Sample 
preparation

Biomarker distribution 
& quantification 

Imaging 
validation
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Welcome to CODI.  A collaborative data analysis platform for EV research.
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Figure 3 | Tool bar within CODI (A) showcasing how tetraspanin proteins labeled on the EV surface (B) are grouped together into one dense circular 
cluster, corresponding to a single EV (C). Clusters can be constrained based on parameters relating to known characteristics (D). 

Firstly, EV surface proteins, membrane structures or internal cargo 
DUH� ODEHOHG� ZLWK� D� G67250� FRPSDWLEOH� ŵXRUHVFHQW� G\H� DQG�
WKHQ�VSHFLŴFDOO\�FDSWXUHG�RQWR�D�JODVV�VXUIDFH��+LJK�UHVROXWLRQ��
dSTORM imaging is carried out, allowing for thousands of captured 
EVs to be directly visualized with 20 nm resolution. Lastly, the 

super-resolution images are subjected to clustering methods and 
FR�ORFDOL]DWLRQ�DQDO\VLV�LQ�ZKLFK�TXDQWLWDWLYH�LQIRUPDWLRQ�GHWDLOLQJ�
the different subpopulations, sizes and biomarker distributions 
can be obtained rapidly and automatically (Figure 2).

Clustering analysis works by identifying the localizations 
from the dSTORM image which corresponds to each of the 
tetraspanin proteins labeled on the EV surface. All localizations  
ZLWKLQ� D� GHŴQHG� UDGLXV� DUH� JURXSHG� LQWR� D� GHQVH� FLUFXODU�

cluster representing a single EV. Once these clusters have been 
LGHQWLŴHG��WKH\�FDQ�EH�FRQVWUDLQHG�RQ�SDUDPHWHUV�VXFK�DV�VL]H��
shape, length and circularity.

Figure 2 | Screenshots of CODI, demonstrating dSTORM imaging of EVs (A)  and clustering analysis (B).  

This ensures that EV clusters can be distinguished from any 
EDFNJURXQG�RU�DJJUHJDWHV�LQ�WKH�ŴHOG�RI�YLHZ�LQ�WKH�ŴHOG�RI�YLHZ�
DQG�UHPRYHV�WKHP�IURP�WKH�ŴQDO�UHVXOWV��DOORZLQJ�WKH�XVHU�WR�KDYH�

DGGLWLRQDO�FRQŴGHQFH�WKDW�WKH�FOXVWHUV�EHLQJ�DQDO\VHG�DUH�LQ�IDFW�
EVs (Figure 3).

ONI’s analysis platform provides 
advanced tools which have been 
designed to aid the characterization 
of extracellular vesicles using 
VWUHDPOLQH�ZRUNŵRZV��WKDW�DOORZV�
researchers to:

•  Directly visualize single-EV 
allowing sample validation

•  Assess and count hundred to 
thousands of surface bound EVs 

•  Quantify multiple biomarkers and 
assess their distribution of the EV 
surface

•  Evaluate EV morphology with 20 
nm resolution

ř��0HDVXUH�DQG�TXDQWLI\�(9�FDUJR

Summary

B

A

100 nm100 nm
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7KHVH�FOXVWHULQJ�WRROV�FDQ�EH�XVHG�WR�TXDQWLI\�VXUIDFH�ELRPDUNHUV�
on single-EVs and assess the heterogeneity within the entire 
sample. This enables the percentage of single, double and triple 
positive EVs to be distinguished and counted for an enhanced 
characterization. 

Additionally the amount of DNA present on the surface and 
within EVs can be visualized and measured, thus allowing 
these clustering tools to enable researchers to rapidly attain an 
understanding of the population distributions in samples and 
evaluate their therapeutic cargo. 

BA

A B

Figure 5 _��4XDQWLŴFDWLRQ�RI�ELRPDUNHUV�RQ�VLQJOH�(9V�WR�DVVHVV�WKH�KHWHURJHQHLW\�
within the entire sample (A). Histogram displays the percentage of single, 
double and triple positive EVs (B).
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Figure 4 | Screenshot of CODI demonstrating the ability to inspect clusters, and remove 
localizations that do not correspond to set parameters (blue circles) (A). Histogram representing 
the sub-populations of EVs within a sample based on size analysis (B). 
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These constraints can be saved, exported and applied to other 
datasets to facilitate reproducible analysis when comparing 
EHWZHHQ� GLIIHUHQW� GDWDVHWV�� 2QFH� WKHVH� FOXVWHUV� DUH� GHŴQHG��
LQIRUPDWLRQ�RQ�VSHFLŴF�FKDUDFWHULVWLFV�RI� WKH�(9�SRSXODWLRQ�FDQ�
be extracted. For example, the size distributions can be calculated 
for the global population of EVs in the sample (Figure 4). 

This allows users to assess the homogeneity of their EVs, and 
LGHQWLI\�VSHFLŴF�VXE�W\SHV�RI�(9V�ZLWKLQ�WKH�VDPSOH��$GGLWLRQDOO\��
RWKHU� IHDWXUHV� RI� DQ� (9� FDQ� EH� TXDQWLŴHG� VXFK� DV� GHQVLW\��
shape and morphology, features which are key in allowing us to 
understand more about the EV sub-populations.

8QGHUVWDQGLQJ�WKH�XQLTXH�PROHFXODU�VLJQDWXUHV�RI�VXE�SRSXODWLRQV�
RI�(9V�DQG�WKHLU�DVVRFLDWLRQ�ZLWK�VSHFLŴF�FDUJR�FDQ�HQKDQFH�RXU�
understanding of how EVs function in cell signalling pathways and 
JLYH�GHHSHU�LQVLJKWV�LQWR�WKH�SKHQRW\SLF�FRQVHTXHQFHV�WKH\�HQDFW�
at their target sites. 

The Nanoimager and CODI provide a complete solution for 
multi-color imaging and analysis of EV biomarkers including 
proteins, lipids and genetic material with up to 20 nm resolution 
for complete characterization and sizing of vesicle populations.  
For more information visit oni.bio/extracellular-vesicles

Solution with CODI
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Schematic 1 | EV characterization workflow on the Nanoimager.

Extracellular 
Vesicles

Application note

Simultaneous visualization of EV cargo and 
surface markers with single-molecule imaging

Extracellular Vesicles (EVs) are released by all cells and contain a lipid bilayer structure 
which encapsulates a diverse range of cargo including lipids, nucleic acids and proteins. 
These nanosized particles play a key role in intercellular communication through 
the transport of functional cargo1. This makes them ideal candidates for biomarker 
discovery, diagnostics and for therapeutic applications.  In recent years, EV cargo has 
been widely investigated as biomarkers for neurodegenerative diseases, cancer, aging 
and cardiovascular diseases, among others. In addition to the naturally occurring cargo 
loaded into EVs, there has been increasing interest in engineered EVs loaded with 
therapeutic cargo for targeted therapy2.

Introduction

Characterizing EVs by conventional light microscopy is difficult as their dimensions are 
below the diffraction limit of light. This hinders the ability of researchers to confidently 
distinguish between fluorescent signals detected from individual EVs, multiple particles 
or from cell debris. Without being able to bypass the diffraction limit, determination of 
EV morphology, accurate biomarker distributions and cargo content on a single-EV 
level remains a persistent challenge. Super-resolution imaging techniques can help 
overcome these limitations by allowing users to resolve single-EVs and their internal 
cargo with single-molecule sensitivity at 20 nm resolution. Furthermore, powerful 
clustering methods can be applied to the super-resolution image, allowing users to 
extract nanoscale morphological features,  characterize the percentage of markers on 
the surface of the EVs as well as cargo proteins within single-EVs

Challenge

The Nanoimager enables 
visualization and detection 
of  multiple surface markers 
and internal protein cargo 
simultaneously on individual EVs 
with single-molecule sensitivity. 

This type of research supports the:

•  Use single-molecule sensitivity 
for better EV characterization

•  Visualize single-EVs with 20 
nm resolution and distinguish 
different biomarkers

•  Detection of surface proteins 
alongside internal cargo proteins

•  Quantify and measure the 
amount of cargo within a global 
population of EVs

Summary

Results  - Characterization of protein cargo in purified EVs 

The Nanoimager uses super-resolution techniques such as dSTORM to visualize and characterize surface and cargo biomarker profiles 
on single-EVs with increased sensitivity. For these studies simultaneous visualization of intracellular protein cargo (Alix, Syntenin-1 
and TSG101, respectively) was carried out alongside tetraspanin surface markers, which follows the criteria stated in The Minimal 
Information for Studies of Extracellular Vesicles (MISEV) 2018 guidelines, for characterizing intracellular EV cargo3. All EV samples were 
prepared using the EVProfiler Kit and analyzed through the CODI software.

In brief, EVs isolated from human colorectal cancer cell lines were captured and immobilized onto ultracleaned passivated coverslips. 
EV’s were then fixed and permeabilized, allowing the primary conjugated antibodies to label the internal protein cargo, whilst 
simultaneously labeling the surface tetraspanin markers. For a negative control, the permeabilization step was omitted thus allowing us 
to have a comparison of EVs that cargo could not be detected. Imaging buffer was placed into the EV chips which were then images 
through super-resolution dSTORM on the Nanoimager microscope. 
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Figure 1 | A)  Detection of Alix and (B) Syntenin-1 within Extracellular vesicles. EV samples were permeabilized (left column) to detect Alix or Syntenin-1 cargo 
within single-EVs and compared with non permeabilized samples (right column). Magnifications show a large field of view going down to single-EVs, with 20 
um (top), 5 um (middle) and 100 nm (botton) scale bars. dSTORM images showing Alix or Syntenin-1, respectively (magenta), CD63 (blue) and CD9 (yellow)

Clusters of tetraspanin markers, CD63 and CD9 can be seen on the surface of single-EVs which co-localizes with the internal protein 
markers Alix (Figure 1, A) and Syntenin-1 (Figure 1, B) within the permeabilized samples. This can be directly visualized from the super-
resolution image, giving users additional confidence in their results . In the case where permeabilization was omitted, since the antibody 
cannot penetrate the EV membrane we measured low signal from each protein cargo in the non-permeabilized samples. 

Through our CODI software we can transform single-EVs into clusters, allowing users to exact quantifications on the total number of 
EV clusters containing protein cargo and the percentage of EVs which have protein cargo that colocalizes with the tetraspanin markers 
(Figure 2). For these experiments, quantifications were extracted from thousands of EVs bound to the coverslip. It was found that 29% 
of the EV population contained Alix cargo that co-localizes with the surface markers, which was a total of 400 out of 1044 EVs analyzed. 
In comparison to the non-permeabilized samples which showed a low amount of Alix detection in only 1% of the EV population, or 41 
out of 843 EVs (Figure 2, A). A similar trend was observed for Syntenin-1 which showed 9% of EVs contained the protein cargo in the 
permeabilized samples (400 out of 726 EVs) in comparison to only 1% within the non-permeabilized samples, or 41 out of 3047 EVs 
(Figure 2, B).

A B
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Figure 2  |  Stacked histogram plots showing the percentage of EVs containing Alix (A) or Syntenin-1 (B) cargo. Each graph contains a comparison of permeabilized 
vs non-permeabilized samples. Only EVs containing protein cargo which co-localized with the surface biomarkers were analyzed, following MISEV guidelines. 

Characterization of TSG101 protein cargo in unpurified EVs from concentrated cell culture media
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Figure 3 | Detection of TSG101 within Extracellular vesicles, isolated from HaCAT cell 
culture media.  (A) Stacked histogram plots showing the percentage of EVs containing 
TSG101. Each graph contains a comparison of permeabilized vs non-permeabilized samples. 
Only EVs containing protein cargo which co-localized with the surface biomarkers were 
analyzed, following MISEV guidelines. (B) dSTORM images of EV samples which were 
permeabilized (left column) to detect TSG101 cargo within single-EVs and compared 
with non permeabilized samples (right column). Magnifications show a large field of view 
going down to single-EVs, with 20 um (top),  5 um (middle) and 100 nm (botton) scale bars. 
dSTORM images showing TSG101 (magenta), CD63 (blue) and CD9 (yellow).

A B

According to literature TSG101 is described to be abundant in EVs from a wide range of sources however in vesicles isolated from 
colorectal cancer culture protein level was found to be low4.  To assess the efficiency of TSG101 detection after permeabilization media 
from human keratinocyte cultures  was collected, concentrated and used as a sample. 
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Solution with the Nanoimager 

Understanding the unique molecular signatures of sub-populations of EVs and their 
association with specific cargo can enhance our understanding of how EVs function in 
cell signalling pathways and give deeper insights into the phenotypic consequences 
they enact at their target sites. The Nanoimager provides the complete solution for 
multi-color imaging of EV biomarkers including proteins, lipids and genetic material with 
up to 20 nm resolution for complete characterization and sizing of vesicle populations.

For more information visit oni.bio/extracellular-vesicles

Here, the dSTORM images show an increase in TSG101 signal (magenta) in the permeabilized samples in comparison to the non-
permeabilized samples which is to be expected (Figure 3, B). The high-resolution images show the detection of larger sized vesicles, 
since the media was not subjected to further purification, this could be a population of vesicles from non-endosomal origins being 
captured onto the surface of the chip. The quantifications extracted from CODI show a total of 389 out of 868 EVs contain TSG101 that 
co-localizes with the surface markers, which equated to 33% of the EV population. In comparison to the non-permeabilized samples 
which showed a low amount of TSG101 detection in only 57 out of 1023 EVs, or 5.5% of the EV population (Figure 3, A). 

Being able to visualize extracellular vesicles using super-resolution techniques is extremely important, especially for characterizing 
protein cargo within EVs, to ensure  analysis is being done on true EVs populations over any cell fragments. This confidence can only 
be achieved by using single-molecule resolution where direct visualization of protein cargo on a single-EV level, as demonstrated in 
this application note.
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