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Extracellular vesicles (EVs) are considered a novel class of messengers sent from cell to cell 
as a means of communicati on [1]. Because this concept has the potenti al to fundamentally 
change our view on the role of intercellular communicati on in (patho)physiology, EVs have 
gained considerate scienti fi c att enti on over the past few years. 

EVs are released by most, if not all, cell types, both in vitro and in vivo. EVs can either 
be shed directly from the plasma membrane (these vesicles are referred to as microvesicles) 
or can be released from internal pools of vesicles located in specialized compartments of 
the endosomal system called multi vesicular bodies (MVBs). Upon fusion of MVBs with the 
plasma membrane, these intraluminal vesicles are released and subsequently referred 
to as exosomes [2]. An additi onal EV class, apoptoti c bodies, is formed during apoptosis. 
Apoptoti c bodies are typically larger than microvesicles and exosomes, that range in size 
between 50 and 1000 nm [1]. 

EVs are composed of a lipid membrane enclosing an aqueous core. In additi on 
to lipids, EVs contain proteins and diff erent types of RNA. The lipid, protein and RNA 
compositi on of EVs depends on the parental cell type, the cellular status, as well as the 
biogenesis pathway. For example, tumor cells that overexpress epidermal growth factor 
receptor (EGFR) release EVs that also contain excessive amounts of EGFR [3]. Similarly, 
dendriti c cells release MHC (major histocompati bility complex) class II containing EVs 
[4]. More than a decade ago, EVs were considered cellular trash, used by cells to discard 
defecti ve, obsolete or harmful molecules. A classic example is the release of transferrin 
receptor on EVs by reti culocytes during maturati on [5]. Currently, EVs are increasingly being 
recognized for their role in intercellular communicati on and for their potenti al applicati on in 
therapeuti cs and diagnosti cs.

As communicati on vehicles, EVs have been shown to play a role in a variety of (patho)
physiological processes, including cancer progression, ti ssue repair and immune responses 
[6–8]. Through juxtracrine signaling or via transfer of biomolecules, EVs can provoke a 
response in target cells. In parti cular, their ability to transfer RNA molecules from one cell 
to another has heralded renewed scienti fi c interest over the past years [9]. Both microRNAs 
(miRNAs) and messenger RNAs (mRNAs) can be functi onally transferred to recipient cells via 
EVs [9–12], making EVs interesti ng candidates for drug delivery [13,14]. 

Biomolecules, and in parti cular RNA molecules, are potent therapeuti cs, but are 
notoriously diffi  cult to deliver to their site of acti on, the cytoplasm of target cells. In order to 
reach the cytoplasm, RNA molecules need to cross the plasma membrane. However, passive 
diff usion over the cell membrane is restricted because RNA molecules are negati vely charged 
and have a high molecular weight. For this reason, RNA molecules are oft en packaged in 
delivery vehicles. For the exploitati on of EVs in drug delivery, a thorough understanding of 
the interacti on between EVs and cells is required. EVs have been shown to be internalized 
by cells via endosomal uptake [15], although through which specifi c endocytosis pathway 
EVs are taken up seems to depend on the combinati on of EV type and target cell type. It has 
also been suggested that EVs fuse with target cells in order to accomplish cargo transfer to 
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the cytoplasm [16,17]. When and where in the internalizati on process this fusion takes place 
and whether this is a mechanism used by all EV types is currently unknown. In additi on, 
the EV components and characteristi cs that determine functi onal delivery of EV contents 
remain to be elucidated.

Besides their potenti al as drug delivery systems, EVs could potenti ally be used as 
biomarkers in diagnosti cs and prognosti cs. EV content refl ects the status of the parental cell 
[18,19], making them att racti ve biomarker candidates. In additi on, EVs are readily accessible 
because they are found in body fl uids such as blood, urine and saliva, enabling the use of 
EVs as 'liquid biopsies'.

Thesis outline
The central topic of this thesis is characterizati on of EVs and their behavior, in parti cular 
their interacti on with target cells. For this purpose, methods to study EV characteristi cs and 
their behavior were developed and therapeuti c applicati ons of EVs were explored.

In Chapter 2, the current knowledge on extracellular vesicle biology and functi on is reviewed, 
with a focus on the applicati on of EVs in drug delivery. Two approaches to exploit EVs for drug 
delivery are described and discussed. In the fi rst approach, endogenous EVs are modifi ed to 
carry therapeuti c molecules and to target specifi c cell types. In the second approach, drug 
delivery vehicles are designed that mimic EVs, by incorporati ng EV components, necessary 
for effi  cient drug delivery, into syntheti c systems. In Chapter 2, EVs are referred to as cell-
derived membrane vesicles (CMVs), because it was writt en before researchers agreed on 
the general name ‘extracellular vesicles’ aft er the founding of the Internati onal Society for 
Extracellular Vesicles. In the chapters following Chapter 2, the term extracellular vesicles 
(EVs) is used. 

The exploitati on of EVs for drug delivery requires careful characterizati on of EVs and 
their interacti on with cells. The interacti on of EVs with cells is oft en investi gated using 
fl uorescence-based techniques. Three diff erent strategies to fl uorescently label EVs are 
described in Chapter 3. EVs are labeled using lipid membrane, surface protein and luminal 
labels. Because these EV components each might have disti nct intracellular fates, labeling 
only one of the components might give a misrepresentati on of the fate of the vesicular 
components. In Chapter 3, the eff ects of the diff erent labeling strategies on apparent EV 
uptake and intracellular traffi  cking are evaluated. 

It has been hypothesized that EVs are able to fuse with target cells in order to deliver 
their cargo into the cytoplasm. For some EV types, fusion with parental cells has indeed 
been shown [16,17]. To what extent fusion occurs within a populati on of EVs and whether 
fusion is a mechanism used by other EV types is unknown. In additi on, litt le is known 
about EV components that could be responsible for the fusogenic behavior of EVs. For the 
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development of drug delivery systems that mimic EVs, knowledge on criti cal EV components 
for EV fusion is required. In Chapter 4, the feasibility of using the R18 lipid mixing assay to 
investi gate fusogenic properti es of EVs is explored.

The interacti on of EVs with cells has typically been studied under stati c conditi ons. However, 
the use of dynamic fl ow conditi ons is considered more relevant, especially when studying 
EV interacti on with endothelial cells. Therefore, when studying the interacti on of EVs with 
the vessel wall, a perfusion set-up is preferred over a stati c system. In Chapter 5, a method 
to investi gate EV binding and uptake under physiological fl ow is described.

In additi on to EV compositi on, mechanical properti es of EVs could have an infl uence on 
their interacti on with cells. In Chapter 6 atomic force microscopy is used to compare the 
mechanics of red blood cell (RBC) EVs from healthy donors with the mechanics of RBC EVs 
from a pati ent with a red blood cell disorder called hereditary spherocytosis (HS). 

Because EV content mirrors the status of the EV donor cell and EVs are readily accessible as 
‘liquid biopsies’, EVs are att racti ve candidates for biomarker research. In Chapter 7, tumor 
cell-derived EVs are analyzed before and aft er treatment of tumor cells with cetuximab, a 
therapeuti c anti body that blocks acti vati on of EGFR. It is examined whether these tumor 
cell-derived EVs mirrored the cellular changes caused by treatment with cetuximab, and 
therefore have potenti al as biomarkers for cetuximab treatment monitoring.

Chapter 8 summarizes the research described in this thesis, discusses the research outcomes 
and provides future perspecti ves on EV research focused on EV-cell interacti on.
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Abstract
Cell-derived membrane vesicles (CMVs) are endogenous carriers transporti ng proteins and 
nucleic acids between cells. They appear to play an important role in many disease processes, 
most notably infl ammati on and cancer, where their effi  cient functi onal delivery of biological 
cargo seems to contribute to the disease progress. CMVs encompass a variety of submicron 
vesicular structures that include exosomes and shedding vesicles. The lipids, proteins, mRNA 
and microRNA (miRNA) delivered by these vesicles change the phenotype of the receiving 
cells. CMVs have created excitement in the drug delivery fi eld, because they appear to have 
multi ple advantages over current arti fi cial drug delivery systems. Two approaches to exploit 
CMVs for delivery of exogenous therapeuti c cargoes in vivo are currently considered. One 
approach is based on engineering of natural CMVs in order to target certain cell types using 
CMVs loaded with therapeuti c compounds. In the second approach, essenti al characteristi cs 
of CMVs are being used to design nano-scaled drug delivery systems. Although a number of 
limiti ng factors in the clinical translati on of the exciti ng research fi ndings so far exist, both 
approaches are promising for the development of a potenti ally novel generati on of drug 
carriers based on CMVs.
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Introducti on
Cell-derived membrane vesicles (CMVs) are vesicles secreted by many, if not all, cell types 
in vitro, but are also present in body fl uids, secreted by cells in vivo. Although membrane 
vesicle secreti on was already discovered a few decades ago, it has only recently become 
clear that this phenomenon is a general cellular mechanism. In 1967, ‘platelet dust’, a 
plasma fracti on bearing coagulant acti vity, was described which was shed from platelets 
during storage [1]. Later on, the dust was further characterized, identi fi ed as membrane 
vesicle fracti on and named microparti cles. 

In 1978, Raz et al. described tumour anti gen shedding by lymphoma and leukemic 
cells via membrane vesicles, a mechanism suggested to be used by tumours in order to evade 
the immune system [2]. Vesicles that are shed from the plasma membrane are nowadays 
referred to as ‘shedding vesicles’ or ‘microvesicles’. Trams et al. observed cells of neoplasti c 
origin secreti ng 5’ nucleoti dase acti vity-containing membrane vesicles and introduced the 
term ‘exosome’ [3], a term that was later used by Johnstone and co-workers to describe 
vesicles formed during reti culocyte maturati on [4–6]. During maturati on of reti culocytes to 
erythrocytes, the transferrin receptor concentrati on in the plasma membrane diminishes. 
Using electron microscopy, it was shown that the receptors were internalized and that 
they accumulated inside multi vesicular endosomes or multi vesicular bodies (MVBs) during 
maturati on [5]. Inside these MVBs, vesicle formati on via inward budding of the MVB’s 
limiti ng membrane was seen. Eventually, MVBs fused with the plasma membrane resulti ng 
in release of vesicles (approximately 50 nm in size), from that point on referred to as 
exosomes, into the extracellular environment. Johnstone et al. showed that the transferrin 
receptor was enriched in exosomes, compared to the cells they derived from [4]. This was 
the fi rst indicati on that exosome formati on is a selecti ve process.

CMVs seem to be Nature’s way to deliver biologicals, including proteins and RNA, 
leading to functi onal changes in the receiving cell. Therefore, they hold great potenti al as a 
novel class of drug delivery systems. In this review, the opportuniti es for CMVs in the drug 
delivery fi eld are discussed. First, the diff erent subtypes of CMVs and methods to isolate 
and characterize them are described. Next, insights into their compositi on and their role in 
cell-to-cell communicati on are provided. Lastly, potenti al approaches to use CMVs as drug 
carriers are discussed, including a biotechnological approach, in which natural CMVs are 
engineered to target certain cell types or ti ssues, and an arti fi cial approach, in which CMV 
mimics are designed to contain components that are essenti al for the CMV’s functi on.
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Figure 1. Intracellular origin of cell-derived membrane vesicles 
Shedding vesicles derive directly from the cell membrane. Exosomes originate from the cell 
membrane through the endosomal pathway and form via inward budding of the limiti ng membrane 
of the multi vesicular body, a late endosomal compartment. Exosomes are secreted via fusion of 
multi vesicular bodies with the plasma membrane.

Subtypes of cell-derived membrane vesicles: 
terminologies and characteristi cs
Many terms for cell-derived membrane vesicles (CMVs) are used in the fi eld, varying 
from ectosomes, microparti cles, microvesicles, nanovesicles, exosomes and membrane 
parti cles to exosome-like parti cles and exovesicles [7–16]. The diff erent subsets of CMVs 
can be described according to their intracellular origin (Figure 1). Exosomes derive from 
multi vesicular bodies (MVBs), which are compartments of the endosomal system [17]. 
Additi onally, CMVs can derive from the plasma membrane via shedding. These vesicles 
are generally referred to as either shedding vesicles or microvesicles [8]. The latt er is also 
widely used as a term for mixed populati ons of CMVs. Regarding size however, the term 
microvesicle is not enti rely correct, as vesicles shed form the plasma membrane can be 
up to 1000 nm in size and exosomes are thought to range between 40 and 100 nm [9]. 
On the other hand, the general term ‘nanovesicle’ that would be more suitable is already 
being used in the drug delivery fi eld to describe nano-sized lipid-based and polymer-based 
parti cles [18,19]. 

It is a challenge to experimentally disti nguish between exosomes and shedding 
vesicles because of their overlapping biophysical characteristi cs and the lack of discriminati ng 
markers [8]. Other terminology has also been suggested that classifi es vesicles according 
to their cellular origin, without taking into account their intracellular origin. For example, 
vesicles derived from tumour cells are referred to as oncosomes [20,21] and vesicles derived 
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from prostate cells are called prostasomes [22]. 
In this review the term cell-derived membrane vesicles (CMVs) is used to refer to 

a mixed populati on of vesicles. However, when the vesicles are characterized based on 
intracellular origin, the terms shedding vesicles and exosomes are used. Apoptoti c bodies 
are types of shedding vesicles that are formed when cells are driven into apoptosis and 
these will be briefl y discussed as well.

Exosomes
Exosomes are the most comprehensively studied CMVs. Exosomes are phospholipid bilayer 
limited vesicles around 40-100 nm in size that derive from multi vesicular bodies (MVBs) 
[17] (Figure 1). MVBs are key role players in endolysosomal transport. The intraluminal 
vesicles in the MVBs that are eventually secreted as exosomes or degraded aft er fusion with 
lysosomes can be formed via two disti nct pathways [23]. Components of the endosomal 
sorti ng complex required for transport (ESCRT) machinery are known to play a role in the 
inward budding and eventual cleavage of bud necks of the limiti ng membrane of MVBs 
[23]. However, more recently, Trajkovic et al. discovered a second, ESCRT-independent 
exosomal pathway [24]. Release of exosomes was found to be decreased aft er inhibiti on of 
sphingomyelinase (SMase), suggesti ng that ceramide, which is formed out of sphingomyelin 
by SMases, is a key intermediate in exosome biogenesis. Ceramide is a lipid known to 
stabilize lipid raft s. 

Sorti ng of lipids and proteins into exosomes seems to be selecti ve, as already shown 
by Johnstone et al. in 1987 [4], but the complex process behind this is not enti rely unravelled 
yet. Exosomes can be secreted consti tuti vely, such as by dendriti c cells and epithelial cells 
[25,26], but in mast cells and T-cells exosome secreti on seems to be more regulated [27,28]. 
Exosome secreti on is most likely induced aft er sti mulati on in a Ca2+-dependent manner, 
similar to the mechanism behind the fusion of lysosomes with the plasma membrane [29]. 
Exosomes are known to sediment at ≥100,000g and have a buoyant density in sucrose of 
1.13-1.19 g/cm3. They are secreted by many cell types, such as dendriti c cells, T- and B-cells, 
tumour cells and macrophages [16]. Biophysical characteristi cs of exosomes are listed in 
Table 1. Furthermore, exosome-like vesicles are described, of which the intracellular origin 
is not clear, but seems to be similar to that of exosomes because of their comparable size 
and buoyant density [30].

Shedding vesicles
Shedding vesicles are a heterogeneous populati on of membrane vesicles that are shed or 
bud from the cell membrane (Figure 1). Since they shed directly from the plasma membrane, 
one could expect the compositi on of shedding vesicles to be comparable to the membrane 
compositi on of the cells of origin. However, the targeti ng of proteins into shedding vesicles 
seems to be selecti ve, as it has been shown that specifi c proteins are included or excluded 
from the content or membrane of shedding vesicles [31,32], although the mechanism behind 
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this process remains vague. Some data point to the importance of cholesterol-rich micro 
domains, also called lipid raft s, in the biogenesis of shedding vesicles, which could indicate 
the selecti ve targeti ng of lipids. Del Conde et al. showed reduced shedding of vesicles aft er 
membrane cholesterol depleti on [33]. 

Cells can shed vesicles in resti ng states, but vesicle shedding is up-regulated aft er 
sti mulati on. Infl ux of Ca2+ induces shedding of vesicles in erythrocytes, which leads to the 
formati on of two populati ons of vesicles that have disti nct compositi ons, referred to as 
microvesicles and nanovesicles [34]. Adenosine triphosphate (ATP) derived from astrocytes 
sti mulates the formati on of membrane blebs in microglia, but the eventual shaping of 
membrane blebs into shedding vesicles is Ca2+-dependent [35]. Shedding vesicles can be up 
to 1 µm in size and sediment depending on their size between 10,000 and 200,000g (Table 
1). The buoyant density of shedding vesicles has not been determined [16].

Apoptoti c bodies
Apoptoti c bodies (Abs) are a special kind of vesicles that are formed aft er the inducti on 
of apoptosis. During apoptosis cells shrink and fi nally fragment into apoptoti c bodies 
[36]. A complete cell can also turn into an apoptoti c body. The bodies may contain DNA 
fragments, histones and organelles. Similar to shedding vesicles, apoptoti c bodies are a 
more heterogeneous populati on than exosomes and vary in size between 50 and 5000 nm 
[37,38]. Sedimentati on of apoptoti c bodies occurs between 1,200 and 100,000g, because 
of the heterogeneous nature of this vesicle subtype. Apoptoti c bodes are described to have 
buoyant densiti es between 1.16 and 1.28 cm3 [38].

Table 1. Biophysical characteristi cs of diff erent CMV subtypes

Characteristi c Shedding vesicles Exosomes Apoptoti c bodies
Intracellular origin Plasma membrane Multi vesicular bodies Not determined
Size Up to 1000 nm 40-100 nm 50-5000 nm
Sedimentati on 10,000-200,000g ≥100,000g 1,200-100,000g
Buoyant density Not determined 1.13-1.19 g/cm3 1.16-1.28 g/cm3

Appearance in 
electron microscopy Irregular shaped Cup-shaped Irregular shaped

References [9,20] [16,17] [37,38]

Isolati on and characterizati on methods
Valid isolati on and characterizati on methods are required for the use of CMVs in a 
pharmaceuti cal setti  ng. Diff erenti al centrifugati on followed by a fi nal ultra-speed 
centrifugati on step is the most widely used method to isolate CMVs. Additi onally, linear 
sucrose gradient centrifugati on is used to separate membrane vesicles based on buoyant 
density [39]. As both isolati on methods are rather ti me-consuming, new isolati on techniques 
are explored that allow simple and rapid isolati on of CMVs. 
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Chen et al. developed a method based on immunoaffi  nity, by which exosomes can be 
isolated from small volumes of cell culture supernatant or serum using a microvesicle-
chip coated with anti bodies against CD63, an exosomal marker that belongs to the family 
of tetraspanins [40]. The authors claim that this single step isolati on method is easy and 
rapid and specifi cally applicable for clinical use. Immuno-magneti c isolati on, a method in 
which exosomes are coupled to an anti body coated bead, was developed by Clayton et al. 
to routi nely isolate and analyze exosomes derived from anti gen-presenti ng cells (APCs) 
[41]. This method is based on the fact that exosomes derived from APCs bear major 
histocompati bility complex class II (MHCII) on their surface [29,42], which allows coupling to 
an anti -MHCII coated bead. Additi onally, subsequent fl ow cytometric analysis of the coupled 
exosomes is straightf orward and rapid [41]. For further functi onal applicati ons of exosomes 
this method may not be feasible however, as aft er capture the exosomes may be not fully 
functi onal anymore, and capture is not reversible by means that preserve exosome integrity. 
Another downside of immune isolati on is the use of anti bodies, because no general marker 
for CMVs has so far been described. Therefore, there is a chance that only a subpopulati on 
of CMVs is isolated, which may bias analysis. 

Another method for the isolati on of CMVs is fi ltrati on. Lamparski et al. found a 
signifi cant increase in exosome recovery, as determined by measuring the amount of MHCII 
molecules, when comparing ultrafi ltrati on with diff erenti al centrifugati on, which makes 
ultrafi ltrati on applicable for clinical grade isolati on of exosomes [43]. Merchant et al. isolated 
urinary exosomes for biomarker discovery and showed an enrichment of exosomes when 
using microfi ltrati on through a 0.1 µm fi lter compared to ultracentrifugati on [44]. Grant et al. 
used the same fi lter to separate exosomes from bigger shedding vesicles derived from blood 
plasma [45]. First, plasma was sonicated in order to prevent potenti ally present exosome 
clusters from co-isolati ng with shedding vesicles. Rood et al. compared three diff erent 
protocols in isolati ng urinary CMVs for biomarker identi fi cati on: nanomembrane fi ltrati on, 
ultracentrifugati on and ultracentrifugati on followed by size-exclusion chromatography (SEC) 
[46]. The latt er seemed to be the best isolati on method to prevent highly abundant urinary 
proteins disrupti ng the detecti on of urinary CMV markers. 

Many diff erent techniques are used to characterize CMVs, such as fl ow cytometry, 
Western blotti  ng, several microscopy techniques, nanoparti cle tracking analysis (NTA), 
dynamic light scatt ering (DLS) and mass spectrometry (MS). Most of these methods have 
detecti on limitati ons according to size, which is discussed in a review by van der Pol et al. 
[47]. One of the major challenges in CMV characterizati on is quanti fi cati on. Frequently, 
quanti fi cati on is based on the amount of CMV-associated protein; however this only gives 
a rough indicati on on the number of CMVs [39]. NTA has also been claimed to be useful for 
quanti fi cati on of nano-sized parti cles [47], but in practi ce this is not uncomplicated. Recently, 
Nolte-‘t Hoen et al. developed a fl ow cytometric method to analyze single vesicles [48]. This 
method is based on fl uorescent labelling of CMVs, which allows for both quanti tati ve and 
qualitati ve analysis of nano-sized vesicles such as exosomes. 
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Isolati on and purifi cati on of subtypes of CMVs remains technically diffi  cult, as there is a 
lack of discriminati ng markers between the subtypes. Exosomes are described to be 40-100 
nm in size; however shedding vesicles can be in a similar size range. The buoyant density of 
exosomes is described, while this is unknown for shedding vesicles. In almost all cases mixed 
populati ons of CMVs are isolated as complete purifi cati on of exosomes is not possible. To 
verify that the majority of the isolated CMVs are indeed exosomes, it is advised to test 
the 100,000g fl oated fracti ons on exosomal markers and the typical exosomal cup-shape 
appearance on electron microscopy. 

Compositi on
The compositi on of CMVs depends on (intra)cellular origin, cell status and conditi on and is 
of great importance for the development of CMV-inspired drug delivery systems regarding 
targeti ng, circulati on ti me, interacti on with the target cell and immune-tolerance. At present 
134 studies unravelling over 4,000 diff erent proteins and over 2,400 diff erent RNAs are 
described in ExoCarta, an exosome database for proteins and RNAs identi fi ed in exosomes 
from multi ple species and cells, which was developed in 2009 by Suresh Mathivanan and 
Richard J. Simpson [49]. Authors are invited to report their fi ndings in order to enlarge the 
database. Currently, the ExoCarta database is being extended with informati on on lipid 
content of exosomes. We consider ExoCarta a CMV database, as most of the ti me mixed 
populati ons of CMVs are isolated. In more than half of the studies from ExoCarta sucrose 
gradients and exosome markers were used to confi rm that exosomes were indeed present. 
However, this does not exclude the presence of membrane vesicles shed directly from the 
plasma membrane. In the next secti ons, common and cell-specifi c lipid, protein and RNA 
components of CMVs are described.

Lipid
In the profi ling of the lipid compositi on of CMVs liquid chromatography (LC) and 
mass spectrometry (MS) are the most commonly used techniques. Phospholipids 
like phosphati dylcholines, phosphati dylethanolamines, phosphati dylserines, 
prophati dylinositols and lysophosphati dylcholines have been identi fi ed in CMVs [50]. 
Additi onally, cholesterol, ganglioside GM3 and sphingomyelines have been found, and these 
lipids appear to be enriched in vesicles derived from a broad range of cell types [50,51]. 
This relati ve enrichment in these lipids resembles the compositi on of lipid raft s, however 
in contrast to lipid raft s where the protein content is lower than in the cell membrane, 
the protein content of vesicles is much higher. Interesti ngly, phosphati dylserine has been 
described as a canonical CMV lipid present on the surface. As phosphati dylserine is an 
important docking site for proteins involved in signalling and fusogenesis, phosphati dylserine 
may fulfi l more functi ons than bilayer formati on. At the same ti me, exosomes solubilized 
with octylglucoside and then reconstructed by dialysis to remove the proteins were unable 
to achieve fusion with cells, indicati ng that proteins play a key role in the fusion process [51]. 
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Carayon et al. described that both the lipid and the protein compositi on of exosomes 
shed by reti culocytes alters during the maturati on process [52]. This shows that the lipid 
compositi on of exosomes depends on cell status. For more detailed informati on on CMV 
lipidomics the reader is referred to a review by Subra et al. [50].  

Protein
According to ExoCarta, over 4,000 diff erent proteins were found in exosomes of diff erent 
sources [49]. Mass spectrometry and Western blotti  ng are the most commonly used 
techniques to unravel proteomics of CMVs. To illustrate the similariti es and diff erences in 
protein compositi on between CMVs derived from diff erent cell types, the most commonly 
reported protein families in tumour cells and immune cells, according to ExoCarta, are given 
in Table 2 and 3, respecti vely. Table 2 shows that the family of heat shock proteins (HSPs) is 
prominently present, being reported in CMVs derived from nine diff erent cancer cell lines. 
HSPs are present in all cell types and are up regulated when cells experience stress, such 
as elevated temperature. Their functi on is to monitor the proteins of the cell and transfer 
old proteins to proteasomes. Next to that, HSPs serve as chaperones for other proteins by 
regulati ng the folding process. HSPA8 is the most commonly present HSP in cancer CMVs. 
The reason why CMVs derived from cancer cells are rich in HSPs remains unclear. 

Histones are also commonly found in CMVs derived from cancer cells, which is 
surprising, as histones are described to be markers for apoptoti c bodies [53]. This suggests 
that in several experiments the CMV preparati ons contained these structures. Large numbers 
of cytoskeletal proteins are commonly found too, which could imply that vesicle structure 
is of importance for the functi on and stability of CMVs. Furthermore, proteins involved 
in membrane traffi  cking (rabs and annexins), scaff olding (tetraspanins), transmembrane 
transport (solute carriers), translati on (ribosomal proteins) and adhesion (integrins) were 
found in cancer cell-derived membrane vesicles. 

In Table 3 the most frequently found protein families in immune CMVs are shown. Most 
protein families are similar to the families found in tumour CMVs. Proteasomes were 
also found in cancer CMVs, but to a lesser extent than in immune CMVs. Proteasomes 
are protein complexes that bear the functi on to degrade old or damaged proteins. Major 
histocompati bility complexes were also abundantly detected on immune CMVs. 

For a recent overview of proteomics data from ExoCarta the reader is referred to 
Mathivanan et al. [70]. Although ExoCarta probably gives informati on on mixed populati ons 
of CMVs, there is not much known of the protein compositi on of shedding vesicles compared 
to that of exosomes. For more detailed informati on on proteomics of shedding vesicles 
we would like to refer to a review, in which the presence of metalloproteinases in cancer 
derived shedding vesicles is discussed [8]. Additi onally, Richard Simpson et al. reviewed 
current knowledge on protein components of shedding vesicles [71].
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Table 2. Most commonly found protein families in CMVs derived from cancer cells, according to 
ExoCarta [51,54–69]

Protein family Descripti on Detected in CMVs derived from
Heat shock proteins Protein traffi  cking BL, BlC, BT, BrC, C, Mel, Mes, N, P 
Histones DNA package BlC, C, P
Kerati ns Cytoskeleton BlC, C, Mel
Small GTPases
Rabs and G proteins Membrane traffi  cking BL, BlC, BrC C, Mel

Tubulins Cytoskeleton BlC,  BrC,  BT, C, Mes
Ribosomal proteins Translati on BlC, BT, C, P
Tetraspanins Scaff olding BL, BlC, BT, C, Mel, Mes, P, S
Acti ns Cytoskeleton BlC, BT, BrC, C, MB, Mel, Mes, N, P
Annexins Membrane traffi  cking BlC,  BrC, C, Mel, Mes 
Solute carriers Transmembrane transport BlC, C
ATPases ATP exchange BlC, C
Integrins Adhesion BlC, C, L, Mes, S
Myosins Cytoskeleton BlC, C, Mes

BL, basophilic leukaemia; BlC, bladder cancer; BT, brain tumour; BrC, breast cancer; C, colorectal 
cancer, L, lung cancer; MB, medulloblastoma; Mel, melanoma; Mes, mesothelioma; N, nasopharyngeal 
carcinoma; P, pancreati c adenocarcinoma; S, stomach cancer.

RNA
In 2007 Valadi et al. discovered the presence of RNA inside exosomes derived from mast 
cells and suggested that exosome-mediated transfer of both messenger RNAs (mRNAs) 
and micro RNAs (miRNAs) is a mechanism of geneti c exchange between cells [73]. This also 
suggests that the ability of exosomes to deliver nucleic acids to cells at a distance makes 
them ideal candidates as RNA delivery vehicles. 

Beside proteins and lipids, also RNA discoveries can be reported in ExoCarta [49]. 
At present, over 1,600 mRNAs and more than 700 miRNAs are described. In the majority 
of experiments microarrays were used to identi fy RNAs. Data on mRNA in CMVs of two 
studies are present in the database [64,73]. Ohshima showed the selecti ve sorti ng of Let-7 
miRNAs into exosomes by a metastati c gastric cancer cell line [69]. As CMVs are present in 
body fl uids such as urine, blood and seminal fl uid and diff er in compositi on and amount 
depending on the state of the (diseased) body [81,82], they bear great biomarker potenti al. 
Therefore, CMV biomarker discovery, especially in cancer, is a growing fi eld of research. As 
the number of CMVs found in plasma is elevated in cancer pati ents compared to healthy 
volunteers, a proporti on of these CMVs seems to derive from tumour cells [83]. Proteins 
and RNAs associated with tumour CMVs can plausibly give informati on on cellular origin 
and tumour status and therefore have potenti al to be used as diagnosti c and prognosti c 
markers. The biomarker potenti al of miRNAs in cancer diagnosis and prognosis is discussed 
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by Kosaka et al. [84]. The importance of exosomes in biomarker discovery for prostate 
cancer and possible other urinary diseases was investi gated by Duijvesz et al. [85]. Michael 
et al. observed that exosomes from saliva were a source of miRNA that could possibly give 
informati on on oral diseases like Sjögren’s syndrome [86]. CMVs probably have biomarker 
potenti al in a broad range of diseases. For more informati on on RNA components of CMVs 
the reader is referred to ExoCarta. 

Table 3. Most commonly found protein families in CMVs derived from immune cells, according to 
ExoCarta [25,28,38,72–80]

Protein family Descripti on Detected in CMVs derived from
Ribosomal proteins Translati on BC, MC
Histones DNA package BC, DC, MC
Proteasomes Protein degradati on BC, MC
Small GTPases
Rabs and G proteins Membrane traffi  cking BC, DC, MC

Major histocompati bility 
complexes Anti gen presentati on BC, DC, MC, TC

Heat shock proteins Protein traffi  cking BC, DC, MC

Solute carriers Transmembrane 
transport BC, MC

Annexins Membrane traffi  cking BC, DC, MC
Integrins Adhesion BC, DC, MC, TC
Tubulins Cytoskeleton BC, DC, MC
Tetraspanins Scaff olding BC, DC, MC, TC

BC, B cells; DC, dendriti c cells; MC, mast cells; TC, T cells.

Cell to cell communicati on
Previously, vesicle-like structures observed by electron microscopy were believed to be an 
artefact of the method [31]. Now it is becoming clear that not only soluble molecules, but 
also CMVs and their cargo seem to play a role in cell to cell communicati on. In 1980 Poste 
et al. were one of the fi rst to show that CMVs can be transferred from cell to cell, thereby 
mediati ng changes in the target cell [87]. A highly metastati c B16 subline was shown to 
shed vesicles able to transfer plasma membrane components to a poorly metastati c B16 
subline, thereby increasing the metastati c ability of the latt er. At that ti me it was thought 
that modifi cati on of the target cell was caused by transfer of membrane components, but 
we now know that RNAs can also be transferred from cell to cell via CMVs [73]. CMVs are 
described to be able to interact with their target cells via three diff erent mechanisms: (1) 
fusion and subsequent transfer of cargo, (2) endocytosis and release of cargo, (3) binding 
and signalling (e.g. presentati on of anti gens) [8,16,70]. Although in vivo evidence on this 
role of CMVs in cell-cell communicati on is limited due to technical issues, CMVs appear 
to facilitate cell-cell communicati on in diff erent physiological and pathological processes in 
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vitro such as cancer progression, immune responses and coagulati on. The role of CMVs in 
these processes will be briefl y described in the following secti ons.

CMVs and cancer progression
Cancer progression comprises diff erent aspects of tumourogenesis, including tumour 
growth and survival, evasion of immune surveillance, angiogenesis, invasion and metastasis, 
transfer of oncogenic material to other cells and drug resistance. CMVs are described to 
play a role in many processes concerning tumour progression, a subject that has extensively 
been reviewed over the past few years [88–93]. To give an example, Janowska-Wieczorek 
et al. showed that platelet-derived membrane vesicles are able to induce metastasis 
and angiogenesis in lung cancer by transfer of integrins to the lung cancer cells and by 
sti mulati on of the expression of metalloproteinases [94]. In vivo, the presence of platelet-
derived membrane vesicles during injecti on of lung cancer cells led to an increase in the 
amount of metastases developed by the animals. The same authors showed that the CMVs 
had an enhancing eff ect on the invasiveness of breast cancer cells [95]. Furthermore, CMVs 
derived from cancer cells were able to promote proliferati on of endothelial cells [7,96] and 
tumour growth by self-sti mulati on [97]. 

CMVs and immune responses
In 1996 Raposo et al. discovered that exosomes derived from B cells bear MHCII on their 
surface and are able to present anti gens directly to T cells [42]. Later, similar fi ndings were 
shown for other anti gen-presenti ng cells, such as dendriti c cells [25]. Exosomes are not 
only capable of presenti ng anti gens directly but are also able to transfer both the MHCII 
molecule and the anti gen to neighbouring DCs that can in turn present the anti gen to T cells 
[98]. Tumour-derived membrane vesicles can on one hand sti mulate the immune response 
by transferring tumour anti gens to DCs [67], but are on the other hand able to inhibit the 
response via inducti on of apoptosis [56,99] and inhibiti on of proliferati on of T cells [100], 
which eventually leads to tumour cell escape from immune surveillance. The role of CMVs, 
mainly exosomes, in immune responses has been reviewed extensively by the group of 
Théry [16,101] and by others [91,102,103].

CMVs and coagulati on
Blood cells such as platelets, monocytes and endothelial cells shed vesicles from their 
plasma membrane. As early as 1967 Wolf et al. reported the observati on of ‘platelet 
dust’, now commonly referred to as microparti cles, bearing procoagulant acti vity [1]. This 
acti vity is mostly due to the presence of phosphati dylserine (PS) and ti ssue factor (TF) 
on the surface of the microparti cles [14]. PS, normally found in the inner membrane of 
cells, is transferred to the outer membrane during the formati on of microparti cles [12]. 
The exposure of negati vely charged PS on the outer membrane of microparti cles leads to 
interacti on with positi vely charged domains of proteins belonging to the clotti  ng cascade. 
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TF is a transmembrane receptor that initi ates coagulati on [104]. Del Conde et al. showed 
the interacti on of TF-positi ve microparti cles with acti vated platelets and the transfer of TF 
to the latt er, which indicates that microparti cles also indirectly contribute to coagulati on 
[33]. Details on the role of CMVs in haemostasis and thrombosis can be found in two recent 
reviews [14,105].

Drug delivery potenti al 
A breakthrough in the understanding of the biological signifi cance of CMVs came from 
proteomic and transcriptomic profi ling of CMVs showing that they are natural vehicles of 
protein, mRNA and miRNA transport between cells [71,73]. These fi ndings gave rise to the 
hypothesis that the vesicles could be exploited for delivery of exogenous therapeuti c cargoes 
in vivo [106]. Advantages of CMV-based drug delivery systems over conventi onal drug delivery 
systems could be their ability to deliver functi onal RNA into cells, their natural stability in 
blood and their immune-tolerance in the case of pati ent-derived CMVs. Furthermore, CMVs 
may have natural targeti ng properti es. One approach for the exploitati on of CMVs in drug 
delivery is engineering of natural CMVs in order to target certain cell types using CMVs 
loaded with therapeuti c compounds. In another approach, essenti al characteristi cs of CMVs 
are being used to design nano-scaled drug delivery systems. Both approaches for the use of 
CMVs in drug delivery are discussed in the following secti ons.

Potenti al of CMVs as drug delivery systems – engineering of natural CMVs 
The work described in Alvarez et al. provided the fi rst proof-of-concept for biotechnological 
exploitati on of CMVs [107]. Immature dendriti c cells (DCs) were derived from mouse bone 
marrow, and used as a source of CMVs (i.e. exosomes), as they are devoid of lymphocyte 
sti mulatory molecules such as MHCII, CD80 and CD86. These were then loaded with 
exogenous siRNA for delivery, fi rst in vitro then in vivo. The brain was selected as a target 
ti ssue, as the blood brain barrier (BBB) has proven to be a major obstacle in the delivery of 
macromolecular drugs to the central nervous system. To ensure that systemically-injected 
exosomes targeted the brain in vivo, and to reduce exosome homing to ti ssues of drug 
clearance, a novel targeti ng strategy was devised, uti lizing the exosomal surface protein 
lamp2b to display a targeti ng pepti de derived from the Rabies Virus Glycoprotein (RVG), as 
this pepti de is known to bind nicoti nic acetylcholine receptor (AchR) present on neurons and 
the vascular endothelium of the BBB. By this method, the authors demonstrated specifi c 
delivery of siRNA to neurons in the brain, with up to 60% RNA and protein knockdown 
predominantly in the midbrain, cortex and striatum. As well as effi  cient and specifi c delivery 
of siRNA, these exosomes produced litt le or no toxicity or immunogenicity. 

A subsequent study by Zhuang et al. describes the use of exosomes to deliver 
anti -infl ammatory drugs to the brain through a non-invasive intranasal route [108]. The 
therapeuti c value of this approach was demonstrated with exosome-complexed curcumin 
in LPS-induced infl ammati on and experimental allergic encephalomyeti s (EAE), and with an 
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exosome-complexed stat3-inhibitor in a glioblastoma tumour model. Authors demonstrated 
that exosomes administered intranasally are potenti al delivery vehicles for small anti -
infl ammatory molecules, by increasing their biological stability and enabling them to bypass 
the BBB. This study represents further proof-of-concept for CMVs as drug delivery vehicles, 
with fast and selecti ve homing to the brain and highlights the wider potenti al of CMVs 
beyond oligonucleoti de delivery described in the Alvarez study, to include a potenti ally 
wider range of therapeuti c cargoes.

The realizati on of the full potenti al of CMVs in drug delivery hinges on the 
development of scalable approaches for the producti on of CMVs as well as the refi nement of 
targeti ng and loading methods and more importantly the establishment of a scalable source 
of well characterized CMVs. The use of embryonic stem cells (ESC) that can be diff erenti ated 
into DCs and induced pluripotent stem cells (iPS) that can be derived from pati ent skin 
fi broblasts and diff erenti ated into a chosen lineage holds great promise as a source of 
biocompati ble and immunologically tolerated CMVs [109,110]. Importantly, producti on 
of such CMVs to clinical grade standards requires stringent and powerful characterizati on 
and purifi cati on methods to ensure a homogeneous populati on devoid of other, potenti ally 
pathogenic, biological enti ti es. This can be achieved by large scale immunoaffi  nity capture 
based on desired CMV markers, including expression of the targeti ng moiety itself, or of 
MHCII molecules in the context of cell-free vaccines. Furthermore, promising results for the 
exploitati on of natural CMVs were already obtained in clinical trials in which the effi  ciency 
of dendriti c cell-derived exosomes as cancer vaccines was tested in metastati c melanoma 
pati ents [111] and in pati ents with advanced non-small cell lung cancer [112], indicati ng the 
feasibility of exosome producti on from pati ent-derived dendriti c cells. Pati ents from both 
studies showed tolerance to the therapy. 

In order to apply CMV-delivered therapy to a large number of disease conditi ons, 
it is criti cal to be able to load a variety of cargoes into CMVs including miRNA (e.g. tumour 
suppressor miR-7 and miR-128 replacement therapy in glioblastoma [113,114]), small 
molecule eff ectors (e.g. specifi c delivery of dopamine to neurons) and plasmids for stable 
shRNA expression. The expansion of the CMV cargo repertoire would also entail opti mizati on 
of loading methods, and the development of novel transfecti on reagents specially tailored 
for the delivery of oligos into nanoparti cles. Finally, the identi fi cati on of novel targeti ng 
moieti es, other than RVG, specifi c for the brain or other ti ssues of interest will further 
broaden the therapeuti c applicati ons of CMVs. Att racti ve candidates for targeti ng the brain 
include monoclonal anti bodies against receptors that are naturally expressed on the BBB 
[115], or adhesion molecules expressed on endothelial cells in the lining of blood vessels. 
Other ti ssues may be targeted by selecti on of ligands that bind ti ssue-specifi c receptors, 
or by varying the route of administrati on e.g. oral administrati on for targeti ng the gut. 
Technological advances permitti  ng, CMVs promise to revoluti onize the fi eld of drug delivery 
by enabling safe and eff ecti ve ti ssue-targeted drug delivery across otherwise impermeable 
biological barriers.
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Despite the exciti ng progress with the discovery of the drug delivery potenti al of CMVs, 
there exist a number of limiti ng factors in the clinical translati on of the research fi ndings so 
far. First, there is litt le understanding of how CMVs cross biological barriers. This criti cally 
limits the prospects of knowledge-based identi fi cati on of ti ssue-specifi c targeti ng moieti es. 
In the context of the BBB, it is also important to determine the mechanism through which 
CMVs cross this highly complex and impermeable barrier composed of endothelial cells, 
astrocytes and pericytes. It has been proposed that exosomes may be internalized into 
MVBs of recipient cells and then released again to be re-internalised into MVBs of secondary 
recipient cells, and so on [116]. Therefore by jumping from cell-to-cell via the MVB 
compartment, exosomes could, in theory, cross the multi ple layers of the BBB. In additi on, 
the observed eff ecti veness of RVG targeti ng on exosome brain homing suggests a role for 
receptor-mediated mechanisms. Second, given the published evidence for CMV-mediated 
spread of pathology [117], it would be important to further characterize CMVs by proteomic 
studies, in order to identi fy any endogenous cargoes that may mediate potenti al unwanted 
side eff ects, such as spread of oncogenes, prions, infl ammatory cytokines or viral parti cles. 
Furthermore, gene expression studies in CMV-treated cells would identi fy pathways, other 
than those targeted by the exogenous cargo, that are altered by CMV treatment. Third, 
clinical translati on is also hindered by the lack of suitable and scalable nanotechnologies 
for the purifi cati on and loading of CMVs. Current ultracentrifugati on protocols produce a 
heterogeneous mix of CMVs and macromolecular complexes. Therefore, novel purifi cati on 
methods based on the use of specifi c desired markers, such as the expression of the 
targeti ng moiety on the surface of CMVs, are required. In additi on, siRNA loading into CMVs 
is relati vely ineffi  cient and cost-ineff ecti ve, highlighti ng the need for the development of 
novel transfecti on reagents tailored for nanoparti cle applicati ons. 

In summary, the clinical applicati on of CMVs warrants bett er understanding of CMV 
biology and functi on, and the development of nanotechnologies for the specifi c purifi cati on 
of well-characterized clinical-grade CMVs and their loading with a variety of therapeuti c 
cargoes.

Potenti al of CMVs as drug delivery systems – arti fi cial CMVs
Despite the promising results with exosomes obtained using the biotechnological approach, 
this method has yet to overcome a number of technological hurdles before full clinical 
translati on. Furthermore, cell-based producti on is cost-ineff ecti ve and ti me-consuming and 
it remains to be seen whether suffi  cient material can be produced via this approach to deliver 
an eff ecti ve dose (or several doses, in the cases with a need for repeated administrati on) 
to pati ents. Moreover, from a pharmaceuti cal point-of-view, it is unclear whether batch-to-
batch variability can be eliminated. 

An alternati ve approach to obtain membrane vesicles is to generate them syntheti cally. 
Endogenous CMVs consist of dozens of diff erent components, and it is possible that not all 
components are essenti al for their functi on as a carrier system. Careful characterizati on 
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of these components and their functi on would allow us to create syntheti c CMV mimics. 
Assuming these arti fi cial CMVs could be easily custom made, they would provide a 
controlled and clean drug delivery system. As the CMVs’ bilayer structure is reminiscent of 
a liposome, arti fi cial liposome-based systems are obvious candidates as starti ng materials 
for the creati on of CMV mimics. Just like CMVs, liposomes are microscopic phospholipid 
bubbles with a bilayered membrane structure. They have received a lot of att enti on during 
the past 30 years as pharmaceuti cal carriers of great potenti al [118]. However, liposomes 
that replicate the compositi on of natural CMVs provide an almost completely untapped 
source of potenti ally novel drug carriers. CMVs derived from diff erent cellular origins with 
diff ering lipid and protein compositi on are naturally able to target various cell types. To 
mimic CMVs natural targeti ng properti es, it is likely that liposomes would have to contain 
the specifi c lipid and protein subsets that are known to mediate cell targeti ng. 

Lipids
Knowledge on the lipid compositi on and organizati on of CMVs has dramati cally increased 
during the last years by development of novel analyti cal approaches in the fi eld of analyti cal 
lipidomics [50]. Although diff erences in lipid compositi on have been found in CMVs from 
diff erent cell types and/or intracellular origin [80,119,120], which might determine their 
fate and functi on in the body, criti cal components of CMVs seem to be a rigid lipid bilayer 
containing the lipids phosphati dylserine, sphingomyelin, ganglioside GM3 and cholesterol 
[51]. Interesti ngly, several lipids that are enriched in CMVs, such as sphingomyelin 
and ganglioside GM3 are not commonly used in current liposomal drug formulati ons. 
Nevertheless, advantages of the use of these lipids have already been identi fi ed. Liposomes 
with sphingomyelin are more stable in the circulati on. Sphingomyelin can form intermolecular 
hydrogen bonds with neighbouring cholesterol molecules, resulti ng in greater stability 
and a decreased ability of plasma proteins to insert into the liposomal membranes [121]. 
Sphingomyelin/cholesterol liposomes encapsulati ng vincristi ne, an anti neoplasti c agent, 
have already been evaluated in phase II clinical studies, which demonstrated that they are 
acti ve and well tolerated in relapsed diff use large B cell lymphoma [122]. Furthermore, 
gangliosides and sphingomyelin have been shown to act synergisti cally to diminish the 
rate and extent of clearance of liposomes by macrophages in vivo [123]. Yokoyama et al. 
compared ganglioside GM3 liposomes to dipalmitoylphosphati dylglycerol (DPPG) liposomes 
for their interacti on with blood components and showed decreased adsorpti on of albumin 
on the GM3 liposomes as well as increased stability [124]. The authors also suggested that, 
giving the affi  nity of GM3 for mouse melanoma B16 cells [125], GM3 liposomes may be 
useful as carrier system for anti -cancer drugs.

Recently, in an interesti ng study performed by Marti nez-Lostao et al., an att empt 
to replicate the lipid compositi on of natural exosomes has been described [126]. Based 
on a study performed by the same group, in which a drasti c decrease in the number of 
exosomes carrying bioacti ve APO2L/TRAIL was observed in synovial fl uid from pati ents 
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with rheumatoid arthriti s [127], the eff ecti veness of APO2L/TRAIL conjugated with arti fi cial 
lipid vesicles was evaluated in a rabbit model of anti gen-induced arthriti s (AIA). Lipid 
vesicles with a size and compositi on similar to those of natural exosomes were prepared 
with a mixture of phosphati dylcholine (PC), sphingomyelin, ovine wool cholesterol and 
1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiaceti c acid)succinyl] (nickel 
salt) (DOGS-NTA). The APO2L/TRAIL was conjugated with the liposomes by formati on of 
a stable coordinati on complex between a recombinant APO2L/TRAIL-His10 and the Ni2+-
NTA-containing lipid. Associati on of APO2L/TRAIL to the liposomes increased its bioacti vity 
and resulted in more eff ecti ve treatment of AIA compared with the soluble, unconjugated 
protein, as shown by reduced synovial hyperplasia and infl ammati on in joints.

Proteins
Other contributors to cell binding and fusion that may be important to mimic in arti fi cial 
CMVs are proteins such as lactadherin, integrins and syndecan proteoglycans that can target 
specifi c cell types. Phosphati dylserine (PS) and lactadherin are two characteristi c molecules 
of CMVs. Transfer of CMV cargo between cells can involve interacti on between PS residues 
exposed on the CMV surface and the cellular plasma membrane of various cell types, 
including tumour cells [20] and endothelial cells [7]. Lactadherin, also known as milk fat 
globule epidermal growth factor-8 (MFG-E8), is a common opsonin. It contains a PS-binding 
domain and an Arg-Gly-Asp (RGD) moti f in the epidermal growth factor domain, which binds 
to αvβ3 integrins. In an att empt to show that angiogenic endothelial cells that over express 
αv-integrins are capable of phagocytosis, Fens et al. prepared lactadherin-opsonized, PS-
exposing arti fi cial membrane vesicles (MVs) and showed pronounced uptake by human 
umbilical vein endothelial cells (HUVECs) [128]. MVs exposing egg phosphati dyl glycerol 
(EPG), a phospholipid that also bears a negati ve charge but lacks a recogniti on signal for 
lactadherin, were not taken up in the presence of the opsonin. These results suggest that 
lactadherin-opsonized, PS-exposing arti fi cial MVs can be used to deliver drugs to phagocyti c 
cell types, including angiogenic endothelial cells. 

Integrins are a family of cell surface receptors involved in cell-cell and cell-matrix 
interacti ons [129]. Integrins have also been identi fi ed on exosomes derived from various 
sources, including plasma [130] and urine [131], which suggests that they may also assist in 
the binding of exosomes to cells. The possibility of preparing integrin-liposomes has already 
been demonstrated by Zheng et al., who incorporated the α5β1 integrin receptor into 
liposomes and showed clear, integrin-specifi c, adhesion to fi bronecti n-coated plates [132]. 
Interesti ngly, incorporati on of ganglioside GM3, which is also found in exosomal membranes, 
into liposomes within a certain opti mal range resulted in signifi cant enhancement of 
adhesion [132]. Further research has to reveal whether integrins can mediate targeti ng of 
liposomes to certain cells or ti ssues.

It is also possible to coat liposomes with multi ple proteins when more than 
one molecule appears criti cal for the functi on of the CMV that is mimicked, as clearly 
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demonstrated by De La Pena et al., who used arti fi cial exosomes as tools for clinical 
immunology [133]. To create a comprehensive, arti fi cial anti gen-presenti ng cell system for 
expanding anti gen-specifi c T cells, they coated liposomes (consisti ng of PC : cholesterol : 
1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000] 
(DSPE-PEG):1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N [maleimide(polyethylene 
glycol)-2000] (DSPE-PEG-Mal) 2:1:0.08:0.02) with an opti mized number of MHC Class 
I pepti de complexes and a range of ligands, including Fab anti body regions against T cell 
receptors LFA1 for adhesion, CD27 and CD28 for early acti vati on, 4-1BB for late acti vati on 
and CD40L for survival. This system was able to acti vate and expand functi onal anti gen 
specifi c T cells. According to the authors, this non-cell based system can overcome tumour 
and viral immune evasion and suppression mechanisms.

Taken together, these studies indicate that incorporati on of lipids and proteins that 
are commonly found in natural CMVs is a promising strategy for improving current liposomal 
drug delivery systems. In-depth characterizati on of diff erences in compositi on of CMVs 
derived from diff erent cell types, of diff erent intracellular origin or formed under diff erent 
conditi ons is likely to provide clues on which components are crucial for the effi  ciency of 
CMVs to deliver nucleic acids or proteins to other cells. Studies on the ability of diff erent 
CMVs to target cells in vitro and in vivo will shed light on the biodistributi on profi les, 
targeti ng behaviour and cellular uptake mechanisms of these vesicles. Furthermore, the 
fi nding that certain CMVs (i.e. exosomes) display decreased acti vati on of the complement 
system by expression of CD55 and CD59, permitti  ng increased survival in the extracellular 
environment [134], might provide new opportuniti es to formulate stable, immunologically 
inert and long-circulati ng liposomes. Thus, mimics of natural CMVs provide an enti rely novel 
class of drug carriers with great potenti al to outperform current state-of-the-art syntheti c 
systems.  

Concluding remarks and future perspecti ves
CMVs are endogenous carriers transporti ng biologicals. They have created excitement in 
the drug delivery fi eld, because they appear to have multi ple advantages over current 
arti fi cial drug delivery systems. Further studies are needed to characterize these vesicles 
and defi ne their possibiliti es. Realizati on of the full potenti al of CMVs in drug delivery 
depends on the development of scalable approaches for the producti on of CMVs as well 
as the refi nement of targeti ng and loading methods. Dendriti c cell-derived membrane 
vesicles have proven to be safe in diff erent clinical trials, however next to safety, target 
ti ssue, disease state, compositi on of the vesicles and their behaviour in vivo is of utmost 
importance. In order to be able to mimic CMVs, more knowledge on ti ssue homing of CMVs 
is necessary in order to unravel the crucial components for organ and cell-specifi c targeti ng 
behaviour. The components of CMVs that are essenti al for a long circulati on, reduced non-
specifi c uptake, release of biologicals inside the cells and low immunogenicity need to be 
identi fi ed. This knowledge could contribute to the design of arti fi cial, CMV-inspired, nano-
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sized drug delivery systems that combine the att racti ve characteristi cs of CMV with scalable 
producti on and limited pharmaceuti cal complexity, both in terms of characterizati on and 
stability. Both biotechnological and arti fi cial approaches are promising for the development 
of a potenti ally novel generati on of drug carriers based on CMVs and may each be most 
appropriate for parti cular applicati ons. 
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Abstract
Extracellular vesicles (EVs) have emerged as important mediators of intercellular 
communicati on. Through juxtacrine signaling or by transfer of biomolecules, EVs can 
provoke a phenotypic response in recipient cells. To investi gate their interacti on with target 
cells using techniques such as fl ow cytometry and microscopy, EVs are generally labeled 
with fl uorescent labels. EVs consist of an aqueous lumen that contains proteins and RNA, 
enclosed by a lipid membrane with membrane proteins. These diff erent EV components 
can be fl uorescently labeled. Upon uptake by recipient cells, each EV component might 
have a disti nct intracellular fate, which determines the patt ern of cellular staining. Hence, 
it is important to consider the labeling strategy that is opti mal for each specifi c research 
objecti ve. In this report, we compared a lipid membrane label, a surface protein label and a 
luminal label with regard to visualizing and tracking of EVs.

EVs derived from A-431 cells were labeled with lipid membrane label PKH67, surface 
protein label Alexa Fluor 488/546 NHS or one of the luminal labels Calcein AM and Cell 
Tracker Deep Red (CTDR). Gel-fi ltrati on chromatography was used to purify the EVs from 
unincorporated label. We used fl ow cytometry to characterize individual vesicles and to 
assess the uptake of EVs by endothelial cells. Fluorescence microscopy of single or multi -
labeled EVs was used to visualize the cellular traffi  cking of the diff erent labels.

In this report we demonstrate the feasibility of EV labeling using lipid membrane-, 
surface protein- and luminal labels. High-resoluti on fl ow cytometry showed individual labeling 
of EVs, although the fl uorescence intensity of the EVs varied amongst the diff erent labels. 
We observed ti me-dependent uptake of EVs by endothelial cells and confocal microscopy 
showed a punctate cellular distributi on aft er uptake, suggesti ng that EVs were localized in 
endosomal compartments. When we labeled EVs with multi ple labels simultaneously, we 
observed a partly overlapping cellular distributi on of the diff erent labels. In conclusion, this 
report provides a basis for further research on the pathways used by EVs to enter cells and 
on the fate of the lipid membrane, surface protein and luminal content of EVs aft er uptake.
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Introducti on
Extracellular vesicles (EVs) are nano-sized, lipid membrane-enclosed parti cles released 
by most, if not all, cells. They consti tute a form of intercellular communicati on under 
physiological and pathophysiological circumstances. Because of their role in intercellular 
communicati on, EVs have received increasing att enti on over the past few years [1]. Through 
juxtacrine signaling or by transfer of biomolecules, EVs can provoke a phenotypic response in 
recipient cells. Endocytosis has been described to be the main pathway for EV internalizati on 
by cells [2–5]. However, no consensus has been reached on specifi c endocytosis pathways 
that are involved. In additi on, these pathways may vary for diff erent donor cells of EVs, may 
vary for diff erent recipient cells and may even vary between diff erent combinati ons of EV 
donor and recipient cells. Moreover, in additi on to endocytosis, direct fusion with the plasma 
membrane has been suggested to be a mechanism through which EVs deliver their cargo to 
recipient cells [6,7]. Fusion might be a more effi  cient way for functi onal transfer of luminal 
content, such as mRNA and miRNA. Without consensus on the mode of cellular interacti on 
of EVs with cells, it is not surprising that even less is known on the intracellular fate of EVs 
and their lipid, RNA and protein content [8]. To investi gate the intracellular fate of molecular 
components, several techniques may be used, for which, in many cases, fl uorescent labeling 
of EVs is indispensable. Three strategies for EV labeling can be disti nguished:

(1) Lipid membrane labeling: Because of the lipidic vesicle bilayer, lipid membrane 
labeling is oft en used, in which hydrophobic labels such as PKH are incorporated 
(Figure 1, left  panel) [3,4,9–11]. As these lipid membrane labels are not covalently 
linked to the EV membranes, spontaneous transfer of the label might occur. In 
additi on, EV behavior might be infl uenced since the label may change surface 
properti es. Furthermore, purifi cati on of EVs from unincorporated label is diffi  cult 
because in aqueous media hydrophobic molecules tend to form micelles with 
similar physical characteristi cs as EVs. An important advantage of membrane 
labeling is that with this method, all subsets of EVs are stained, as it is directed 
towards a common denominator of all EV types: the lipid membrane. 

(2) Surface protein labeling: Fluorophores conjugated to reacti ve chemical moieti es 
can be used to make covalent bonds to reacti ve groups present on the EV surface, 
generally proteins. For example, N-hydroxy succinimidyl ester (NHS) groups that 
interact with amines, can be used to label proteins present in and on the lipid 
membrane of EVs (Figure 1, middle panel) [4,12]. This strategy can also be 
considered a general labeling approach, as all EV types contain membrane proteins, 
although the absolute levels might diff er amongst EV subsets. One potenti al issue 
with surface protein labeling is that the conjugati on of label might infl uence EV-
cell interacti on since EV surface proteins are known to play an important role in 
this process [2]. Furthermore, as contaminati on of the EV sample with proteins 
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or protein aggregates can occur, protein contaminants will also be fl uorescently 
labeled and may potenti ally interfere with EV analyses.

 
(3) Luminal labeling: Membrane permeant labels such as Calcein AM can be used to 

label the lumen of EVs [3,13]. Once the label has entered the EV, it will be hydrolyzed 
by esterases present in the EV lumen. Its hydrolyzed form, Calcein, is fl uorescent 
and membrane impermeable. In this way, the label will be trapped inside EVs. It is 
however unclear whether all subtypes of EVs bear esterase acti vity.

Because the EV components each might have disti nct intracellular fates, labeling only one of 
the components might give a misrepresentati on of the fate of the subvesicular components. 
In this report, we labeled EVs using three diff erent labeling approaches, lipid membrane, 
surface protein and luminal labeling, and evaluated the eff ects of the diff erent strategies on 
apparent EV uptake and intracellular traffi  cking.

Membrane labeling

Lipophilic dyes e.g. PKH, DiD EV permeant dyes e.g. Calcein AM

Protein labeling

NHS dyes e.g. Alexa Fluor NHS

Luminal labeling

Figure 1 Three strategies to label extracellular vesicles with a fl uorescent label
Extracellular vesicles (EVs) are composed of a lipid membrane surrounding an aqueous core. Diff erent 
components of EVs can be fl uorescently labeled. Using lipophilic labels such as PKH or DiD, EV 
membranes can be labeled. An additi onal strategy is to label proteins present in the EV membranes 
using labels acti vated with NHS (N-hydroxy-succinimidyl-ester) groups. NHS labels will react with 
free amines and thereby label EV surface proteins. Luminal labeling of EVs can be achieved using 
EV permeant labels such as Calcein AM. Esterases present in the EV interior will hydrolyze the label, 
making the molecule fl uorescent and membrane impermeable, which leads to retenti on of the 
fl uorescent label inside the lumen of EVs.
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Materials & methods
Cell culture
A-431 cells (epidermoid carcinoma, ATCC) were cultured in Dulbecco’s Modifi ed Eagle 
Medium (DMEM, Gibco) containing 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium 
pyruvate and 1500 mg/L sodium bicarbonate. Medium was supplemented with 10% (v/v) 
fetal bovine serum (FBS, Gibco) and 100 units/ml penicillin and 0.1 mg/ml streptomycin. 
Human Umbilical Vein Endothelial Cells (HUVECs, Lonza) were cultured in EBM-2 medium 
supplemented with EGM-2 Bulletkit (Lonza) and were cultured up to passage 7. Cells were 
kept in culture at 37°C in a humidifi ed atmosphere containing 5% CO2.  

Extracellular vesicle isolati on
30% (v/v) FBS in DMEM was depleted from EVs by spinning at 100 000 x g for 15-17 h using 
a JA-30.50 Ti rotor (Beckman Coulter). Supernatant was fi ltered through a 0.22 µm bott le 
top fi lter (Millipore) before diluti on in DMEM to prepare culture medium. A-431 cells were 
grown for 48 h in EV-depleted medium. Conditi oned medium was spun at 300 x g for 10 min 
and 2000 x g for 10 min before fi ltering through a 0.22 µm bott le top fi lter. Supernatant was 
spun at 100,000 x g for 70 min. EV pellets were washed once in phosphate-buff ered saline 
(PBS, Sigma), spun at 100,000 x g for 70 min and fi nally resuspended in PBS. Mock pellets 
(MPs) were obtained in the same way using non-conditi oned EV-depleted medium.

Extracellular vesicle labeling
EVs in a soluti on of 38% PBS and 62% Diluent C (v/v) were diluted 1:1 (v/v) in Diluent C 
containing 15 µM PKH67 (Sigma-Aldrich) by adding EVs to the label. Sample was mixed 
using a vortex and incubated for 5 min at room temperature (RT). Alexa Fluor NHS labels 
(Life Technologies) were solubilized in dimethyl sulfoxide (DMSO) and added to EVs in 
PBS/0.1M NaHCO3 (pH 8.3) in a fi nal concentrati on of 1% DMSO and 0.1 mg/ml label. EVs 
were incubated at 37°C for 1 h. Calcein AM and CTDR (Life Technologies) were solubilized 
in DMSO in a 100X concentrati on and added to EVs in PBS in fi nal concentrati ons of 500 
µM and 200 µM, respecti vely. EVs were incubated at 37°C for 1 h. When EVs were labeled 
with multi ple labels, luminal or surface protein labeling (or a combinati on) was performed 
fi rst, aft er which the EVs were concentrated using a 100 kD cut off  centrifugal sample 
concentrator (Vivaspin, Sartorius) to a volume that could be used for the PKH67 labeling. EV 
starti ng material was equal for each labeling reacti on.

Gel fi ltrati on chromatography
Labeled EVs or MPs were injected onto a Sepharose CL-4B column (12 cm length, 1.6 cm 
width), followed by an injecti on of PBS to fl ush the injecti on loop. The total volume of EVs or 
MPs and the second PBS injecti on was equal for all conditi ons. Column was connected to an 
ÄKTA liquid chromatography system comprising a UV-detector (GE Healthcare). Column was 
run on PBS at 2 ml/min reaching a maximum column pressure of 0.4 mPa. 0.5 ml fracti ons 
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were collected and 200 µl of each fracti on was transferred to a black 96-wells plate to 
measure fl uorescence using a SpectraMax microplate reader (Molecular Devices).  

Immuno blot analysis
Column fracti ons were diluted 9 ti mes in PBS and spun at 100,000 x g for 70 min using a SW40 
rotor (Beckman Coulter). Pellets were resuspended in SDS loading dye. Total samples were 
subjected to gel electrophoresis under reducing conditi ons using a 4-12% Bis-Tris pre-cast 
gel (NOVEX, Invitrogen). Proteins were blott ed onto a polyvinyl difl uoride (PVDF) membrane 
(Millipore Merck). Membrane was blocked for 2 h at RT in Odyssey blocking buff er (LI-COR) 
1:1 (v/v) diluted with 50 mM tris-buff ered saline (TBS). Membranes were stained overnight 
at 4°C with XP® rabbit monoclonal anti body (mAb) against EGFR (D38B1, Cell Signaling), 
rabbit mAb against CD9 (EPR2949, Abcam) and rabbit polyclonal anti body against Floti llin-1 
(Cell Signaling). Anti bodies were diluted 1:1000 in Odyssey blocking buff er (LI-COR) 1:1 (v/v) 
diluted with TBS + 0.1% Tween-20 (TBS-T), except for the Floti llin-1 anti body (1:500). Aft er 
washing with TBS-T, membranes were incubated for 1 h at RT with Alexa Fluor 680 and 
800-conjugated secondary goat anti -rabbit or -mouse anti bodies (Life Technologies, 1:5000 
diluti on). Blots were imaged using Odyssey imager and analyzed using LI-COR soft ware.

Flow cytometry analysis of human umbilical vein endothelial cells aft er EV 
uptake 
HUVECs were seeded at a density of 25,000 cells/well in 48-well plates. Aft er 48 h, EVs were 
added. Aft er 0.5, 1, 2 or 4 h, HUVECs were washed with PBS, harvested using trypsin/EDTA 
and subsequently fi xed in 0.2% paraformaldehyde (PFA). Fluorescence intensity of the cells 
was analyzed using a BD FACSCanto ll fl ow cytometer (BD Bioscience). 

High resoluti on fl ow cytometry analysis of extracellular vesicles
Column fracti ons were diluted 1:500 in PBS to be analyzed using the BD Infl ux fl ow cytometer 
(BD Biosciences), previously opti mized to analyze individual EVs [14]. In brief, the fl ow 
cytometer was triggered on the fl uorescent signal of the fl uorescently labeled EVs excited 
by a 488 nm laser. On the same fl uorescent channel, thresholding was applied. 100 and 
200 nm fl uorescent polystyrene beads (Fluorsphere beads, Life Technologies) were used to 
calibrate the system. Each measurement took 30 sec, corresponding to 21 µl sample. Data 
was analyzed using Flowing Soft ware  2.5.1 (Turku Centre for Biotechnology).  

Confocal microscopy analysis aft er pulse-chase uptake of EVs
Round cover glasses (12 mm in diameter) were treated with 0.5% (w/v) glutaraldehyde 
(Sigma-Aldrich) for 2 h at RT and were subsequently washed in 96% ethanol. Aft er placing 
the cover glasses in 24-well plates, they were incubated with 0.5% (w/v) gelati n (Merck) for 
2 h at 37°C. Wells were washed with PBS and HUVEC were seeded at a density of 40,000 
cells/well. Aft er 48 h, EVs were added for 4 h. Cells were washed 2 ti mes with PBS and 
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fresh culture medium was added. Aft er an additi onal 1, 4 or 24 hours, cells were washed 
with PBS and fi xed in 1% PFA at 4°C overnight. Cells were washed and stained with 1 µg/
ml DAPI (4’,6-diamidino-2-phenylindole, Sigma-Aldrich) for 5 min at RT. Cells were washed 
and cover glasses were mounted onto objecti ve glasses using FluoSave (Calbiochem). Cells 
were imaged using a LSM 510 confocal laser scanning microscope (Zeiss) and images were 
processed using LSM Image Browser (Zeiss).

Results
A-431 EVs were isolated using a combinati on of fi ltrati on and diff erenti al centrifugati on. EVs 
were subsequently labeled with one of three labels, PKH67, Alexa Fluor 488 NHS or Calcein 
AM (Figure 1). PKH67 is a lipid membrane label and is the most oft en used label in the EV 
fi eld [3,4,9–11]. Alexa Fluor 488 NHS is an Alexa Fluor label coupled to an NHS-ester. NHS is a 
reacti ve group that covalently links to amine group in proteins. Calcein AM is a luminal label 
that can pass the EV membrane and enter the lumen, where it will become trapped aft er 
hydrolysis by esterases [13]. A mock pellet (MP) was used to investi gate the behavior of the 
fl uorescent labels in a protein rich environment in absence of EVs. MPs were obtained by 
subjecti ng unconditi oned culture medium to the same procedure as used for EV isolati on. 
MPs were subsequently labeled in the same way as EVs.

When labeling EVs with fl uorescent labels, in most cases, an excess of fl uorescent 
label is used, making purifi cati on of EVs from free, unincorporated label an important step. 
For this purpose, density gradient centrifugati on could be used, but this is a very laborious 
method. Therefore, in this report we used gel-fi ltrati on chromatography, which is based 
on size diff erences between EVs and contaminati ng labels or proteins [15]. To verify this 
purifi cati on method, both labeled EVs and MPs were injected onto a Sepharose CL-4B 
column and 0.5 ml fracti ons of up to 45 ml eluti on volume were collected. UV absorbance 
was measured during eluti on (Figure 2A). In the EV samples, UV signal was detected in the 
7-8 ml fracti ons, while this peak was absent in the MP chromatograms. In the 25-30 ml 
fracti ons, UV signal was observed for both the EV and the MP samples, likely corresponding 
to free protein that was co-isolated with EVs during ultracentrifugati on. Because of the 
smaller size of these proteins, their column retenti on is increased compared to EVs. The 
membrane protein epidermal growth factor receptor (EGFR) and EV markers Floti llin-1 and 
CD9 were detected in the 7-8 ml fracti ons (Figure 2B), confi rming the presence of EVs. Using a 
fl uorometer, we determined fl uorescence values for all fracti ons (Figure 2C-E). For all labels, 
a substanti al fl uorescent signal was detected in the EV fracti ons, indicati ng that fl uorescent 
labeling of the EVs was successful. As expected, we did not detect any fl uorescent signal 
in the 7-8 ml fracti ons of the MP samples. In the case of Alexa Fluor 488 NHS and Calcein 
AM labeled EVs and MPs, an additi onal fl uorescent peak was detected aft er 20 ml eluti on, 
suggesti ng that free label eluted from the column in later fracti ons, together with free 
protein. This peak was absent when PKH67-labeled samples were injected onto the column.
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Figure 2 (left ) Gel-fi ltrati on chromatography separates EVs from free fl uorescent label
A-431 EVs were labeled with PKH67, Alexa Fluor 488 NHS or Calcein AM. Mock pellets (MPs) 
underwent the same labeling procedure. MPs were obtained by subjecti ng unconditi oned medium 
to the same procedure as described for conditi oned medium. Aft er labeling, EVs and MPs were 
subjected to gel-fi ltrati on using a Sepharose CL-4B column. (A) UV chromatograms of EV and MP 
purifi cati ons. UV signals were detected in 7-8 and 25-30 ml fracti ons, corresponding to EVs and 
free proteins, respecti vely. (B) Western blot analysis showed the presence of EGFR and EV markers 
Floti llin-1 and CD9 in 6.5-9 ml fracti ons of purifi ed EVs. (C-E) Fluorescence chromatograms of EVs and 
MPs labeled with PKH67, Alexa Fluor 488 NHS or Calcein AM. In all EV chromatograms, a fl uorescent 
peak was detected in the 7-8 ml fracti ons, which was not detected in the MP chromatograms. In the 
Calcein AM and Alexa Fluor 488 NHS chromatograms for both EVs and MPs a second fl uorescent peak 
was detected in the 25-30 ml fracti ons.

 

Flow cytometry was used to analyze the fl uorescence intensity of individual EVs aft er labeling 
with one of the three diff erent labels. For this purpose, a high-resoluti on fl ow cytometric 
method developed by Nolte-‘t Hoen et al. [14] was used. The fl ow cytometry platf orm used 
was triggered on the fl uorescent signal derived from the EVs aft er excitati on of the labels 
using a 488 nm laser. On the same fl uorescent channel thresholding was applied to be 
able to disti nguish fl uorescently labeled EVs from non-fl uorescent noise signals. Only EVs 
with a fl uorescent signal exceeding the threshold were analyzed and counted. Gel-fi ltrati on 
chromatography fracti ons between 6.5 and 10 ml were analyzed. The number of events 
detected in 21 µl of each of the diluted fracti ons is depicted in Figure 3A. The highest 
numbers of events were detected in the fracti ons of Alexa Fluor 488 NHS-labeled EVs. More 
than two ti mes and more than four ti mes lower numbers of events were detected in the 
fracti ons with PKH67-labeled and Calcein AM-labeled EVs, respecti vely. No events were 
detected in MP samples (data not shown), indicati ng that no free label was retained within 
the EV fracti ons or that free label could not trigger an event. Mean fl uorescent intensity 
(MFI) of Calcein AM-labeled EVs was about twice as high as of EVs labeled with PKH67 or 
Alexa Fluor 488 NHS (Figure 3B). 

To study the uti lity of the various labels to measure cellular interacti on, EV 
fracti ons from both EVs and MPs were incubated with human umbilical vein endothelial 
cells (HUVECs) for 4 hours. Fluorescence intensity of the cells was determined using fl ow 
cytometry. A-431 tumor cell-derived EVs and HUVECs were used as a model, because of 
their known functi onal interacti on (16). Figure 4A-C shows that HUVEC became fl uorescent 
when incubated with the EV fracti ons for all three labels but not when incubated with 
the same fracti ons of the MP samples. This supports the fl uorescent data showing that 
the EV fracti ons do not contain unincorporated label that is able to stain cells. In order to 
investi gate the EV uptake over ti me, EV fracti ons were pooled, concentrated and incubated 
for 0.5 to 4 hours with HUVECs. Aft er washing, fl uorescence intensity of HUVECs was 
determined using conventi onal fl ow cytometry. We observed a ti me-dependent uptake 
of EVs (Figure 4D). Fluorescence intensity values diff ered amongst cells treated with EVs 
labeled with diff erent labels, which could be att ributed to diff erent intrinsic fl uorescence 
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characteristi cs of the labels, the molar rati o of labels added per EV and the eff ects of the 
labels on EV-cell interacti on. 
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Figure 3 High resoluti on fl ow cytometry analysis of fl uorescently labeled EVs 
A-431 EVs were labeled with PKH67, Alexa Fluor 488 NHS or Calcein AM and were purifi ed from free 
label using gel-fi ltrati on chromatography. EVs in the 6.5-10 ml fracti ons were analyzed with high 
resoluti on fl ow cytometry using the BD Infl ux that was triggered for detecti on based on fl uorescence 
(Nolte-‘t Hoen et al.[14]). (A) # of events per 21 µl of each of the diluted fracti ons detected by the 
fl ow cytometer. (B) Mean fl uorescence intensity of the EVs for each fracti on. Mock pellets underwent 
the same labeling, purifi cati on and fl ow cytometry analysis procedures, but did not show any events 
compared to background measurements using PBS (data not shown).

Next, we used confocal microscopy to evaluate the intracellular fate of the diff erent EV 
components. For this purpose we used PKH67, Alexa Fluor 546 NHS and Cell Tracker Deep 
Red (CTDR) to label the EVs, which we could combine at a later stage because of their 
disti nct excitati on and emission wavelengths. CTDR is a luminal label with similar esterase-
based trapping characteristi cs as Calcein AM. In additi on, CTDR contains a succinimidyl ester 
group. For the Alexa Fluor 546 NHS and CTDR labels we fi rst confi rmed that gel-fi ltrati on 
chromatography could be used to separate the EVs from unincorporated label (Suppl. Figure 
1). Aft er 4 hours of incubati on with EVs, HUVECs were washed with PBS. Aft er an additi onal 
1, 4 or 24 hours, cells were fi xed, stained with DAPI and prepared for confocal microscopy. In 
this experiment, intensiti es of the labels should not be compared because of the diff erences 
in molecular brightness, fi lter sets and lasers. At every ti me point, we observed a punctate 
uptake patt ern, comparable in intracellular distributi on for all the three labels used (Figure 
5). The punctate patt ern indicates that the EVs were localized in endosomal compartments, 
suggesti ng uptake by endocytosis and not fusion with the plasma or endosomal membrane. 
Fusion would have led to the release of EV contents including CTDR, whereas the lipid label 
would have been retained at the cell surface or in endosomal compartments. Over ti me, 
fl uorescence intensiti es remained constant as well as the intracellular distributi on of the 
signals of the various fl uorescent labels. 
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Figure 4 Fluorescently labeled EVs are taken up by endothelial cells
A-431 EVs were labeled with PKH67, Alexa Fluor 488 NHS or Calcein AM. Mock pellets (MPs) underwent 
the same labeling procedure. MPs were obtained by subjecti ng unconditi oned medium to the same 
procedure as described for conditi oned medium. Aft er labeling, EVs and MPs were subjected to gel-
fi ltrati on using a Sepharose CL-4B column. (A-C) Fracti ons from 8-11.5 ml were incubated with human 
umbilical vein endothelial cells (HUVECs) for 4 hours aft er which the mean fl uorescence intensity 
of the cells was determined using fl ow cytometry. (D) EV fracti ons were pooled and incubated with 
human umbilical vein endothelial cells (HUVECs) for 0.5, 1, 2 or 4 hours. Aft er washing with PBS, 
fl uorescence intensity of HUVECs was analyzed using fl ow cytometry.

In order to compare the fates of the diff erent labels and thus the diff erent EV components 
in a single experimental set-up, we labeled EVs with multi ple labels simultaneously, and 
performed a similar pulse-chase experiment. When EVs were labeled with Alexa Fluor 546 
NHS and PKH67, a partly overlapping fl uorescent signal (yellow) was seen aft er 1 and 24 hours 
(Figure 6A). However, the signal was also partly segregated as red and green fl uorescent 
spots could be identi fi ed where the signal was not co-localized. A similar phenomenon was 
observed when Alexa Fluor 546 NHS was combined with CTDR (yellow) (Figure 6B) and 
when all three labels were used collecti vely (white) (Figure 6C). 
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Figure 5 Internalized EVs show punctate patt ern in endothelial cells 
Human umbilical vein endothelial cells (HUVECs) were incubated with fl uorescently labeled EVs. Aft er 
4 hours, unbound EVs were washed away and uptake was followed for an additi onal 1, 4 or 24 hours. 
Internalized EVs were imaged using confocal microscopy. 
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Figure 6 Fluorescent signals partly overlap aft er uptake of EVs containing multi ple labels
Human umbilical vein endothelial cells (HUVECs) were incubated with EVs labeled with multi ple 
labels simultaneously. Aft er 4 hours, unbound EVs were washed away and uptake was followed for 
another 1 or 24 hours. The internalized EVs were imaged using a confocal microscope.(A) Uptake of 
EVs labeled with both Alexa Fluor 546 NHS and PKH67. (B) Uptake of EVs labeled with both Alexa Fluor 
546 NHS and Cell Tracker Deep Red (CTDR). CTDR signal is shown in green to improve visualizati on 
of co-localizati on. (C) (next page) Uptake of EVs labeled with Alexa Fluor 546 NHS, PKH67 and CTDR 
simultaneously. Arrows show co-localizati on of diff erent labels.
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Discussion
Extracellular vesicles play a role in several physiological and pathological processes, and have 
been demonstrated to elicit eff ects in immune responses [16], tumor progression [17,18] 
and cardiac repair [19]. In some cases, EVs can provoke a response by binding to receptors 
on the target cell, thereby acti vati ng corresponding intracellular signaling cascades. In 
other cases, eff ects on target cells are induced through EV-mediated transfer of biological 
content, including proteins, mRNA and miRNA [20,21]. EVs seem to be mainly taken up by 
endocytosis, although the exact mechanism by which they gain cellular entry is likely to 
diff er amongst EV subtypes and target cells [8]. In additi on, fusion has been described to 
be a mechanism for EVs to transfer their cargo [6,7]. In order to investi gate uptake of EVs 
by target cells, EVs are oft en labeled with fl uorescent labels. Three diff erent EV labeling 
strategies can be disti nguished: lipid membrane, surface protein and luminal labeling. Each 
EV component might have a diff erent intracellular distributi on. Therefore, we investi gated 
the functi onality of lipid membrane, surface protein or luminal labels for studying tumor cell 
extracellular vesicle behavior (Figure 1). 

We show that gel-fi ltrati on chromatography can be used to separate EVs from 
unincorporated label (Figure 2). For the surface protein and luminal labels, it was shown 
that unincorporated labels have longer column retenti on ti mes than EVs. For the membrane 
label PKH67 however, it remains unclear when the unincorporated label was eluted from the 
column. Hydrophobic labels such as PKH67 tend to form micelles, in which the fl uorescent 
molecules are packed very ti ghtly, which could lead to quenching of the fl uorescent signal. 
This could be a possible explanati on for the lack of signal for unincorporated PKH67 using 
simple fl uorimetric measurements. However, using high-resoluti on fl ow cytometry, which 
is a very sensiti ve method, we did not detect unincorporated PKH67 in the 7-8 ml fracti ons 
of the control mock pellet (Figure 3), indicati ng that free PKH67 did not end up in the same 
fracti ons as EVs. An alternati ve explanati on for the lack of signal could be that all PKH67 
molecules incorporated in the EV membranes and that no free label was present aft er 
labeling. 

EV-mediated transfer of RNA molecules can provoke a phenotypic response in 
recipient cells [20,21]. For RNA molecules to functi on, they need to be delivered in the 
cytoplasm of the recipient cell. In order to track the fate of the EV lumen, in which RNAs 
are located, luminal labels can be used. Calcein AM is a membrane permeable label that 
becomes fl uorescent and membrane impermeable once hydrolyzed by esterases. Gray et al. 
showed that Calcein AM was able to stain EVs derived from multi ple cell types [13]. Using 
permeabilizati on they demonstrated that this label could disti nguish between intact EVs 
and debris, which was not the case for lipid membrane label PKH26 [13]. It must be noted 
that EVs in this work had a size ranging between 760 and 2500 nm and were isolated using 
centrifugati on at 16,100 x g, while EVs in our work were pelleted at 100,000 x g and were 
around 100-150 nm in size [22]. Despite the smaller size of EVs in our study, and consequently 
the limited intravesicular volume and amount of esterases of our EV preparati ons, we were 
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able to successfully stain (part of) our tumor cell-derived EVs with Calcein AM. 
High-resoluti on fl ow cytometry was used to measure the fl uorescence intensity of 

each individual EV at one excitati on wavelength. EV labels were excited using a 488 nm laser 
beam and on this fl uorescent channel thresholding was applied. Consequently, only EVs 
with a fl uorescent signal exceeding the threshold were analyzed and counted. The number 
of events detected and the mean fl uorescence of the events are depicted in Figure 3. Based 
on fl uorescence acti vated parti cle detecti on, the highest number of EVs was detected in the 
sample with Alexa Fluor 488 NHS-labeled EVs. Alexa Fluor 488 NHS may therefore be the 
brightest label for the used laser and fi lter setti  ngs and/or may have resulted in the largest 
number of fl uorophores per EV. As a consequence, Alexa Fluor 488 NHS-labeled EVs may 
be more easily detected above the fl uorescence threshold than EVs labeled with the other 
two labels. 

Interesti ngly, mean fl uorescence intensity (MFI) of the Calcein AM-labeled EVs that 
passed the threshold was higher than the MFI of Alexa Fluor 488 NHS- or PKH67-labeled EVs. 
It is possible that a subpopulati on of tumor cell EVs bears high esterase acti vity while other 
populati ons bear no acti vity at all. This could explain the very brightly labeled populati on of 
EVs and the absence of an EV populati on with intermediate fl uorescent intensiti es.

For microscopy studies, we switched from Calcein AM to Cell Tracker Deep Red (CTDR) 
in order to be able to combine the luminal label with Alexa Fluor 546 NHS and PKH67. We 
must note however, that these luminal labels diff er in a sense that Calcein AM becomes 
soluble aft er hydrolysis, while CTDR, according to the manual, is able to covalently link with 
proteins, even when the molecule is not hydrolyzed. This means that CTDR could associate 
with both soluble proteins and internal domains of membrane proteins once entering the 
EV. Next to that, it could interact with proteins on the outside of the EVs, which should be 
taken into account when interpreti ng cellular staining by CTDR labeled EVs.

In order to compare the fates of the diff erent components of EVs aft er uptake, we 
labeled the EVs with multi ple labels simultaneously. Because all labels require specifi c labeling 
conditi ons and buff ers, multi ple labeling was a compromise. Faille et al. also double labeled 
EVs to detect a possible fragmentati on of platelet microparti cles (PMPs) aft er internalizati on 
[3]. They were able to check the labeling effi  ciency by conventi onal fl ow cytometry because 
of the larger EV size and found that only 48% of the PMPs were positi ve for both labels. This 
should be taken into account when interpreti ng data of multi ple labeled EVs. 

At 1 hour and 24 hours aft er a pulse of 4 hours, we observed only partly overlapping 
fl uorescent signals in the cells (Figures 5 and 6). This suggests that either not all EV subtypes 
were labeled with all labels, or that the diff erently labeled components had disti nct 
intracellular fates and that part of the EVs stayed intact during internalizati on. Tian et al. 
labeled tumor cell-derived EVs with protein label TAMRA-NHS and lipid label DiD [12]. They 
observed separati on of the signals aft er 12 hours of uptake by the same tumor cells. The 
lipid label was mostly recycled back to the plasma membrane, while the protein label ended 
up in lysosomes. Faille et al. labeled PMPs with both PKH26 and Calcein AM and aft er 90 min 
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of uptake by endothelial cells, they observed a partly overlapping fl uorescent signal of both 
labels [3]. They concluded that as Calcein did not diff use inside the cell and co-localized with 
the PMP membrane, fusion had not occurred. We also did not observe diff usion of luminal 
label inside the cytoplasm of the cells, indicati ng that fusion is not the most prominent 
interacti on mode of EVs. However, it might be possible that only a small percentage of the 
EVs is able to fuse with the endosomal or plasma membrane of the target cell and that this 
signal is overshadowed by the strong fl uorescent signal of EVs that remained in endosomal 
compartments. 

In conclusion, this report shows the feasibility of labeling EVs using three diff erent 
strategies: lipid membrane, surface protein and luminal labeling. Furthermore, this report 
provides a basis for further research on the fate of the diff erent EV components.
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Supplemental fi gure 1 Gel-fi ltrati on chromatography separates EVs from Alexa Fluor 546 NHS and 
Cell Tracker Deep Red
A-431 EVs were labeled with Alexa Fluor 546 NHS or Cell Tracker Deep Red and were purifi ed from 
free label using gel-fi ltrati on chromatography. Shown are the fl uorescence chromatograms of both 
purifi cati ons.
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Abstract
In additi on to soluble factors such as hormones and cytokines, cells use extracellular vesicles 
(EVs) to communicate with their environment. EVs have received increasing att enti on in the 
past few years, especially because of their ability to functi onally transfer RNA and proteins 
from one cell to another. However, the mechanisms that allow EVs to accomplish this 
transfer remain to be elucidated. It has been hypothesized that EVs transfer cargo through 
direct fusion with the plasma membrane or through fusion with the endosomal membrane 
aft er endosomal uptake.

In this report we describe a lipid mixing assay for investi gati ng EV fusion with cells. 
In this assay, the self-quenching lipid dye R18 is incorporated in vesicle membranes. Upon 
diluti on of R18 by lipid mixing of the labeled membrane with the unlabeled cell membrane, 
R18 fl uorescence increases due to dequenching. In order to compare fusogenic properti es 
of diff erent types of vesicles, we incorporated R18 in membranes of EVs and syntheti c 
vesicles, i.e. liposomes.

Our results highlight the complexity and limitati ons of using the R18 lipid mixing 
assay to investi gate fusogenic properti es of EVs. Several experimental parameters, including 
the fusion buff er and the test tube used, were shown to have an infl uence on the outcome 
of the assay. Since the infl uence of these parameters on the assay changed when liposomes 
were used, fi rm conclusions cannot be drawn when comparing EVs with liposomes. In this 
report, considerati ons for using the R18 lipid mixing assay to investi gate fusogenic properti es 
of EVs are described.
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Introducti on
In additi on to soluble factors such as hormones and cytokines, cells use extracellular 
vesicles (EVs) for intercellular communicati on [1]. EVs are nanoparti cles composed of a lipid 
membrane enclosing an aqueous core fi lled with soluble proteins and RNA molecules, such 
as messenger RNA (mRNA) and microRNA (miRNA). In their role as communicati on vehicles, 
EVs are involved in (patho)physiological processes, such as immune regulati on, cancer 
progression and ti ssue repair [2–4]. By transferring RNA and protein, EVs may provoke a 
response in recipient cells [5–8]. However, the mechanisms that allow EVs to functi onally 
deliver their cargo remain to be elucidated. It has been hypothesized that EVs have fusogenic 
properti es [9,10]. EV fusion may occur either directly at the plasma membrane, or at the 
endosomal membrane aft er endosomal uptake. Previously, researchers have claimed that 
EVs derived from dendriti c and melanoma cells are capable of fusing with their parental 
cells [11,12]. However, whether this is the case for all EVs within a populati on, whether 
this is a mechanism used by all EV types, and which EV components are responsible for the 
fusogenic behavior of EVs is currently unknown. 

The ability of EVs to transfer their luminal cargo to the cytosol of recipient cells 
is especially interesti ng for the drug delivery fi eld, since molecules such as RNA and 
(recombinant) proteins are promising therapeuti cs, but are diffi  cult to deliver to their 
site of acti on. Current drug delivery systems may potenti ally benefi t from incorporati ng 
EV components (lipids, proteins or combinati ons) that are responsible for the fusogenic 
properti es of EVs [13,14]. Here, we explored the feasibility of using the R18 lipid mixing 
assay for investi gati ng the fusogenic properti es of EVs. R18 (octadecyl rhodamine B chloride) 
is a dye that can be incorporated into lipid membranes in quenching amounts. Once the 
labeled membrane fuses with an unlabeled membrane, R18 fl uorescence increases due to 
dequenching. The R18 lipid mixing assay has oft en been used to study fusion of viruses with 
biological membranes [15,16]. Although this method only shows lipid mixing of membranes 
and additi onal assays are required to proof fusion, it could provide initi al informati on on 
fusogenic behavior of EVs. In this report, we describe the challenges we encountered when 
using the R18 lipid mixing assay to examine the fusogenic properti es of EVs and describe 
considerati ons for its use in the future.
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Materials and methods
Cell culture
The mouse dendriti c cell line D1 was cultured as described before [17]. In brief, D1 cells 
were cultured in petri dishes (Greiner) in Iscove’s Modifi ed Dulbecco’s Medium (IMDM, 
Gibco), supplemented with 30% (v/v) supernatant of NIH/3T3 fi broblast cells, 50 µM 
2-mercaptoethanol (Sigma), 2 mM GlutaMAX (Gibco), 8.5% (v/v) fetal bovine serum (FBS, 
Gibco) and 100 units/ml penicillin and 0.1 mg/ml streptomycin (Gibco). NIH/3T3 were 
cultured for 3-4 days ti ll 90% confl uency in IMDM supplemented with 10% (v/v) FBS, 2 
mM GlutaMAX and 100 units/ml penicillin and 0.1 mg/ml streptomycin. Supernatant was 
harvested and fi ltered using a 0.22 µm bott le top fi lter (Millipore) before use. Cells were 
kept in culture at 37°C in a humidifi ed atmosphere containing 5% CO2. 

EV isolati on
NIH/3T3 supernatant or 30% (v/v) FBS in IMDM was depleted from EVs by spinning at 100,000 
x g for 15-17 h using a JA-30.50 Ti rotor (Beckman Coulter). Supernatant was fi ltered using 
a 0.22 µm bott le top fi lter (Millipore) before diluti on in IMDM to prepare complete culture 
medium. D1 cells were seeded in EV-depleted medium (2.5 x 106 cells/59 cm2 petri dish). 
Aft er 48 h, conditi oned medium was spun at 300 x g for 10 min, at 2000 x g for 10 min and 
subsequently at 10,000 x g for 30 min. Supernatant was spun at 100,000 x g for 70 min. EV 
pellets were washed once in phosphate-buff ered saline without Ca2+ and Mg2+ (PBS, Sigma), 
spun at 100,000 x g for 70 min and fi nally resuspended in PBS. Protein concentrati on in the 
EV pellets was quanti fi ed using MicroBCA (bicinchoninic acid) analysis (Thermo Scienti fi c) 
according to the manufacturer’s instructi ons.

Liposome preparati on
Liposomes that mimic the lipid compositi on of EV membranes were prepared by dissolving 
egg phosphati dylcholine (PC, Lipoid), egg phosphati dylethanolamine (PE, Lipoid), egg 
sphingomyelin (SM, Lipoid), bovine milk ganglioside GM3 (Avanti  lipids) and cholesterol 
(Sigma) in chloroform:methanol (1:1, v/v) in a molar rati o of 3.5 : 3.0 : 1.0 : 0.5 : 2.0, 
respecti vely. For the control liposomes, 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 
Lipoid) and 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol (DPPG, Lipoid) were dissolved 
in the same organic solvents in a molar rati o of 1:1. Lipid fi lms were prepared using the 
Rotavapor R-3 (BÜCHI). Liposomes were formed by rehydrati ng the lipid fi lm with PBS, 
to a fi nal concentrati on of 5 mM total lipid. Liposomes were sized by extrusion through 
polycarbonate membrane fi lters (Whatman) with decreasing pore size (fi nal pore size of 
100 nm), using the Liposofast LF-50 (Avesti n). Final liposome size was around 150 nm as 
determined by dynamic light scatt ering using a Malvern CGS-3 multi angle goniometer 
(Malvern Instruments).
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R18 labeling
Octadecyl rhodamine B chloride (R18) (Invitrogen) was dissolved in ethanol to a fi nal 
concentrati on of 1 mM. R18 soluti on was diluted 2000 ti mes when added to vesicles. EVs 
were labeled with 0.05 nmol R18 per µg protein and liposomes with 5.0 or 10.0 mol% R18, 
as indicated. Directly aft er additi on of the dye, samples were mixed thoroughly using a 
vortex.  Aft er 1 h incubati on at room temperature, EVs were purifi ed from unincorporated 
R18 dye using PD-10 desalti ng columns (GE Healthcare) or ultracentrifugati on at 100,000 x 
g, as indicated.

R18 lipid mixing assay
D1 cells (20,000 cells/well), vesicles (D1 EVs, 1-5 µg protein/well) or liposomes, (1-4 nmol 
lipid/well) were transferred to a black 96-well plate (Greiner). Cells were allowed to grow 
for 24 h before additi on of D1 EVs. When fi rst D1 EVs or liposomes were added to the plate, 
fl uorescent signal was allowed to stabilize for 3 min before additi on of D1 cells, as described 
in the Results and discussion secti on. Assay was performed in PBS without Ca2+ and Mg2+ 
(Sigma) or in Hank’s Balanced Salt Soluti on (HBSS) containing 1.3 mM Ca2+, 0.9 mM Mg2+ and 
11.1 mM glucose (Invitrogen). R18 fl uorescence (550 nm excitati on and 590 nm emission 
wavelength) was measured every 30 sec using a SpectraMax microplate reader (Molecular 
Devices) set at 37°C. During measurement, plate was gently shaken. Fluorescent signal 
detected at t=0 was normalized to 1 arbitrary unit (A.U.). At the end of the assay, Triton 
X-100 and sodium dodecyl sulfate (SDS) were added to the wells in fi nal concentrati ons 
of 0.6 and 1%, respecti vely. Percentage fl uorescence dequenching (% FD) was calculated 
using the formula: % FD = (F-Fi) / (Fmax-Fi) x 100, where Fi is the fl uorescent signal at the 
start of the experiment (aft er additi on of cells), F is the fl uorescent signal before additi on of 
surfactants and Fmax is the fl uorescent signal aft er additi on of surfactants.

Results and discussion
Extracellular vesicles (EVs) are able to functi onally transfer molecules, including RNAs, to 
recipient cells [5–8]. It has been hypothesized that EVs fuse with the plasma membrane 
or with endosomal membranes aft er endocytosis in order to achieve cytosolic delivery of 
their content [9,10]. Therefore, current drug delivery systems may potenti ally benefi t from 
incorporati ng EV components (lipids, proteins or combinati ons) that are responsible for the 
fusogenic properti es of EVs [13,14]. Here, we explored the feasibility of using the R18 lipid 
mixing assay to study fusion of EVs with cells.

Because it has been described that mouse dendriti c cells exchange miRNAs via 
fusion of EVs with cells [11], we used the mouse dendriti c cell line D1 and EVs derived 
from these cells as a model for investi gati ng the fusogenic properti es of EVs. EVs derived 
from D1 cells were isolated using diff erenti al centrifugati on and were subsequently labeled 
with R18. To confi rm quenching of the dye, fl uorescent signals of diff erent batches of EVs 
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were determined before and aft er additi on of Triton X-100 and SDS. We found that R18 
fl uorescence increased 5-15 ti mes aft er additi on of surfactants (data not shown). This shows 
that R18 was successfully quenched inside EV membranes, which is a prerequisite for the 
R18 lipid mixing assay. 

To investi gate possible fusion of D1 EVs with D1 cells, D1 cells were seeded in a black 
96-well plate and allowed to adhere for 24 hours. Before adding R18 labeled D1 EVs, cell 
culture medium was replaced by PBS, fresh cell culture medium or cell culture medium 
without serum to assess the infl uence of buff er on the assay. As a control, EVs were added 
to the same buff er in the absence of cells. Aft er additi on of EVs, R18 fl uorescence was 
measured for 60 minutes at 37°C. We observed a stable fl uorescent signal when EVs were 
added to cells in PBS or to PBS only (Figure 1A).
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Figure 1 Presence of serum leads to dequenching of R18 fl uorescence in EVs 
EVs derived from D1 dendriti c cells were isolated using diff erenti al centrifugati on and subsequently 
labeled with 0.05 nmol R18 dye/µg EV protein. Ultracentrifugati on was used to purify the EVs from 
unincorporated R18 dye. D1 cells were seeded in a black 96-well plate. Before adding R18 labeled D1 
EVs to the wells, cell culture medium was replaced by PBS (A), fresh cell culture medium (B) or cell 
culture medium without serum (C). As a control, EVs were added to the same buff ers in the absence 
of cells. Aft er additi on of EVs, fl uorescence was measured for 60 minutes at 37°C. Aft er 60 minutes, 
surfactants Triton X-100 and sodium dodecyl sulfate (SDS) were added to completely dilute the dye. 
Fluorescent signal detected at t=0 was normalized to 1 arbitrary unit (A.U.). 
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Figure 2 HBSS buff er leads to spontaneous dequenching of R18 fl uorescence in liposomes
EVs derived from D1 dendriti c cells were isolated using diff erenti al centrifugati on. Liposomes that 
mimic the lipid compositi on of EVs (EV mimics) and control liposomes were prepared using lipid 
fi lm hydrati on and were sized by extruding through fi lters with decreasing pore sizes. Liposomes 
were labeled with 10 mol% R18 dye. PD-10 desalti ng columns were used to purify the vesicles from 
unincorporated R18 dye and to change the buff er to Hank’s Balanced Salt Soluti on (HBSS). R18 
labeled D1 EVs (A), EV mimics (B) and control liposomes (C) were added to a black 96-well plate. 
Aft er 3 minutes (at fi rst arrow), 0.3 x 106 or 0.6 x 106 D1 cells in HBSS were added to the wells and 
fl uorescence was measured for another 60 minutes at 37°C. Aft er 60 minutes, Triton X-100 and SDS 
were added for complete dequenching of the dye. Fluorescent signal detected at t=0 was normalized 
to 1 arbitrary unit (A.U.). 

In contrast, when EVs were added to cells in cell culture medium, we observed an increase 
in fl uorescence over ti me (Figure 1B), suggesti ng lipid mixing. However, surprisingly, we 
saw an equivalent fl uorescence increase in the absence of cells. This suggests that R18 
fl uorescent signal in EVs dequenched in the presence of cell culture medium only. When 
using serum-free cell culture medium in the same experimental setup, the fl uorescent 
signal was stable over ti me, both in the presence and absence of cells (Figure 1C). This 
indicates that serum was responsible for the dequenching eff ect observed when performing 
the lipid mixing assay in cell culture medium. Although the reason for this phenomenon is 
unclear, one possible explanati on is that R18 might have bound to serum components via 
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hydrophobic interacti ons, leading to removal of R18 from the EV membrane and therefore 
to dequenching of the R18 fl uorescent signal. 

Since serum interfered with accurate determinati on of dequenching, we next 
decided to use a more clean system, using Hank’s Balanced Salt Soluti on (HBSS) containing 
Ca2+, Mg2+ and glucose (based on Montecalvo et al [11]). In order to compare EVs with 
simplifi ed vesicle systems, liposomes that mimic the lipid compositi on of EVs (‘EV mimics’) 
were prepared. EV mimics had a lipid compositi on based on EV lipidomics [12,18] and 
comprised phosphati dylcholine (PC), phosphati dylethanolamine (PE), sphingomyelin (SM), 
ganglioside GM3 and cholesterol. All lipids used were neutrally charged except for GM3, 
which was negati vely charged. This made the liposomes overall slightly negati vely charged, 
similar to what has been described for EVs [19,20]. As a control, we prepared liposomes 
consisti ng of PC and phosphati dylglycerol (PG), which were highly negati vely charged and 
are not fusogenic [21]. 
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Figure 3 PEG 8000 stabilizes R18 fl uorescence in EV mimics
EV mimics were labeled with 5 mol% R18 dye. Increasing amounts of PEG 8000 were added to R18 
labeled EV mimics. Liposomes were added to a black 96-well plate and fl uorescence was measured 
for 30 minutes at 37°C. Aft er 30 minutes, triton and SDS were added for complete dequenching of the 
dye. Fluorescent signal detected at t=0 was normalized to 1 arbitrary unit (A.U.). 

R18 labeled D1 EVs in HBSS were added to a black 96-well plate. Aft er 3 minutes, D1 cells 
in HBSS were added to the well and fl uorescence was measured for 60 minutes at 37°C. We 
observed fl uorescence dequenching (FD) of 10.2 ± 1.2 and 11.2 ± 1.4% when 0.3 x 106 or 
0.6 x 106 cells were added, respecti vely (Figure 2A, black and dashed line), suggesti ng that 
lipid mixing took place. As a control, we added HBSS alone. When HBSS alone was added 
we observed a stable signal for about 35-40 minutes, aft er which the fl uorescent signal 
destabilized and dequenched abruptly (Figure 2A, grey line). We performed the same assay 
with control liposomes (Figure 2B) and EV mimics (Figure 2C). When 0.3 x 106 or 0.6 x 106 
D1 cells were added, stable fl uorescence was observed for the control liposomes, while for 
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the EV mimics we observed 10.3 ± 0.7 and 13.0 ± 0.7% FD, respecti vely. However, when only 
HBSS was added, we observed an even higher increase in fl uorescence (20.3 ± 0.9% FD for 
EV mimics and 17.8 ± 2.8% FD for control liposomes), reaching a plateau aft er 20 minutes, 
similar for both liposome types. These results suggest that R18 incorporated in liposome 
membranes dequenched over ti me, even when no cells were present. We hypothesized 
that liposomes, in the absence of cells, interact with the plasti c walls of the wells, leading to 
dequenching of R18 fl uorescence. 

In order to prevent the interacti on of liposomes and EVs with the plasti c of the wells, 
we added hydrophilic polymer polyethylene glycol with molecular weight 8000 (PEG 8000) 
in the assay. We observed that additi on of 0.0001% or higher amounts of PEG 8000 in the 
assay stabilized the fl uorescent signal of R18 present in membranes of EV mimics (Figure 3).
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Figure 4 PEG 8000 does not prevent dequenching of R18 fl uorescence in EVs
Liposomes were labeled with 5 mol% R18 dye. PD-10 desalti ng columns were used to purify the 
vesicles from unincorporated R18 dye and to change the buff er to Hank’s Balanced Salt Soluti on 
(HBSS). R18 labeled D1 EVs (A), EV mimics (B) and control liposomes (C) were added to a black 96-well 
plate. Aft er 3 minutes (at fi rst arrow), 0.5 x 106 or 1.0 x 106 D1 cells in HBSS were added to the wells 
and fl uorescence was measured for an additi onal 60 minutes at 37°C. Aft er 60 minutes, Triton X-100 
and SDS were added for complete dequenching of the dye. Fluorescent signal detected at t=0 was 
normalized to 1 arbitrary unit (A.U.). 
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Therefore, we next performed the fusion assay by adding D1 cells to EVs or liposomes in 
the presence of 0.0001% PEG 8000. For EVs, the fl uorescent signal remained unaltered 
when cells were added (Figure 4A). When only HBSS was added, the signal was stable for 15 
minutes, aft er which it destabilized and dequenched, reaching a plateau fl uorescent signal 
aft er 30 minutes. R18 fl uorescent signal in the EV mimics was stable when only HBSS was 
added, but increased linearly with respecti vely 13.9 ± 6.3 and 19.1 ± 1.6% when 0.5 x 106 
or 1.0 x 106 cells were added (Figure 4B), suggesti ng lipid mixing. Fluorescent signal of the 
control liposomes remained stable aft er additi on of HBSS or cells (Figure 4C). 

Without PEG8000 added to the assay, we observed fl uorescent dequenching when 
D1 cells were added to D1 EVs (Figure 2A). However, our negati ve control conditi on, EVs in 
buff er without cells, also showed abrupt fl uorescent dequenching aft er 15 and 35 minutes, 
in the absence and presence of PEG respecti vely (Figure 2A and Figure 4A). To our surprise, 
this was only seen in HBSS buff er and not in PBS (Figure 1A). In other reports, the cell-
free negati ve control conditi on showed stable EV R18 fl uorescence in HBSS [11] and MES 
(4-morpholineethanesulfonic acid) buff er [12]. This discrepancy cannot be readily explained, 
but might be a result of the diff erent EV types used. 

Our simplifi ed vesicles, the EV mimics and control liposomes, showed spontaneous 
R18 fl uorescence dequenching in HBSS buff er, but the fl uorescent signal remained stable 
when PEG8000 was added to the assay (Figure 3). In theory, R18 fl uorescence dequenching 
can only take place when R18 dye is diluted. In our set-up, we hypothesized that R18 in 
the liposome membranes was able to interact with the plasti c wall of the well, which was 
prevented by adding hydrophilic polymer. R18 fl uorescence in the EV membranes however 
dequenched in HBSS also in the presence of PEG8000, which suggests that in EVs, alternati ve 
mechanisms led to R18 fl uorescence dequenching. 

When serum was present in the assay, we observed spontaneous dequenching of R18 
fl uorescence in EVs (Figure 1). Although serum was not used by others in lipid mixing assays 
with EVs, our data show the importance of using appropriate controls when performing the 
R18 lipid mixing assay in the presence of serum.

Conclusion
Our data suggest that the stability of R18 membrane inserti on is not equal in all membranes. 
Therefore, it is diffi  cult to compare properti es of diff erent EV types or compositi ons using 
the R18 lipid mixing assay. In additi on, the buff er used in the assay infl uences the outcome. 
We recommend to incorporate a cell-free control conditi on for each vesicle type, to assess 
non fusion-related destabilizati on or dequenching of the fl uorescent signal. In conclusion, 
the R18 lipid mixing assay is a straightf orward method that does not require specialized 
equipment or personnel, but one needs to be cauti ous when using this assay to evaluate 
and compare fusogenic properti es of diff erent vesicle types. 
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Abstract
In the last few years it has become clear that, in additi on to soluble molecules such as growth 
factors and cytokines, cells use extracellular vesicles (EVs) for intercellular communicati on. 
For example, EVs derived from cancer cells interact with endothelial cells, thereby aff ecti ng 
angiogenesis and metastasis, two essenti al processes in tumor progression. In most studies 
that focus on EV-cell interacti on, the associati on of EVs with target cells is investi gated under 
stati c conditi ons. However, the use of dynamic fl ow conditi ons is considered more relevant, 
especially when studying EV binding and uptake by endothelial cells. Here, we describe 
the use of a perfusion system to investi gate the interacti on of EVs with endothelial cells 
under dynamic fl ow conditi ons. As proof of principle, we assessed the interacti on of tumor 
cell-derived EVs with endothelial cells under fl ow in the presence of heparin, a previously 
described inhibitor of EV uptake.
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1. Introducti on
Cells release nano-sized vesicles that are used for intercellular communicati on both in vitro 
and in vivo. These vesicles are found in bodily fl uids including blood, urine, spinal fl uid, breast 
milk, semen and saliva. They consist of a phospholipid membrane interspersed with proteins 
and contain biomolecules derived from the cell of origin. Diff erent vesicle subtypes can be 
discriminated based on their intracellular origin, and include exosomes and microvesicles. 
However, in experimental practi ce, it is diffi  cult to disti nguish between vesicle subgroups 
due to overlapping properti es including size and protein content. Therefore, researchers in 
the fi eld have adopted the general name extracellular vesicles (EVs) [1]. 

Since the discovery that EVs play a role in various (patho)physiological processes, the 
EV research fi eld has expanded dramati cally. It is becoming clear that, in additi on to soluble 
factors such as growth factors and cytokines, cells use EVs for intercellular communicati on. 
For example, EVs modulate immune reacti ons [2], aff ect ti ssue repair [3] and infl uence 
tumor progression [4], for example by aff ecti ng the formati on of blood vessels.

The formati on of new blood vessels out of pre-existi ng ones, a process called 
angiogenesis, is essenti al to tumor growth. EVs derived from diff erent cancer cell types 
have been shown to acti vate endothelial cells, thereby driving them to a more angiogenic 
phenotype [5,6]. Furthermore, tumor cell-derived EVs are able to promote metastasis 
through preparati on of metastati c niches in distant organs [7,8]. Thus, tumor cell EVs 
interact with cells in the tumor environment, such as endothelial cells. 

The interacti on of fl uorescently labeled EVs with target cells is typically studied using 
fl ow cytometry and fl uorescence microscopy. In most experiments uptake and binding is 
studied under stati c conditi ons. However, the use of dynamic fl ow conditi ons is considered 
more relevant, especially when studying EV interacti on with endothelial cells. Therefore, 
when studying the interacti on of (tumor) EVs with the vessel wall, a perfusion set-up is 
preferred over a stati c system.

In the protocol proposed here, fl uorescently labeled tumor cell-derived EVs 
are perfused over endothelial cells in order to investi gate their binding and uptake. We 
describe methods for isolati on of EVs from culture supernatant, EV labeling, preparati on 
of an endothelial cell layer, the experimental set-up of the perfusion experiment and the 
quanti fi cati on of EV binding and uptake using fl ow cytometry. These methods provide 
opportuniti es to investi gate the interacti on of EVs with the vessel wall in diff erent disease 
or acti vati on states of the endothelium, in the presence of medicine and under infl uence of 
diff erent shear rates. 



Chapter 5

76

2. Materials
2.1. Isolati on of EVs from cell culture supernatant

1. Human epidermoid carcinoma cell line A-431 (ATCC).
2. DMEM (Dulbecco’s Modifi ed Eagle Medium) high glucose cell culture medium, 

supplemented with 10% FBS (fetal bovine serum), 100 units/ml penicillin and 0.1 
mg/ml streptomycin.

3. 175 cm2 culture fl asks.
4. EV-free FBS (see Note 1).
5. 0.45 µm bott le top fi lter (Nalgene, VWR Internati onal).
6. 100-kD centrifugal concentrators (Amicon, Merck Millipore).
7. HiPrep 16/60 Sephacryl S-400 HR (GE Healthcare).
8. Liquid chromatography system (e.g. ÅKTA-FPLC, GE Healthcare).
9. Phosphate buff ered saline without CaCl2 and MgCl2 (PBS), pH 7.1-7.5.
10. 0.5 M NaOH.
11. 20% Ethanol.

2.2. Fluorescent labeling of EVs
1. Cell Tracker Deep Red (CTDR, Life Technologies), 1.5 µg/µl (2 mM) in dimethyl 

sulfoxide (DMSO).
2. Vortex mixer.
3. Heati ng block for 1 ml tubes.

2.3. Preparati on of CL-4B Sepharose size-exclusion column
1. Sepharose CL-4B.
2. Column 12 cm in length, 1.6 cm in width (XK 16/20 column, GE Healthcare).

2.4. Purifi cati on of EVs aft er labeling
1. 100-kD centrifugal concentrator (Amicon, Merck Millipore).

2.5. Preparati on of EV-containing perfusion buff er
1. EV quanti fi cati on system (e.g. NTA (Nanoparti cle Tracking Analysis, NanoSight) or 

TRPS (Tunable Resisti ve Pulse Sensing, IZON)).
2. EGM-2 HUVEC medium (EBM-2 medium completed with EGM-2 kit, Lonza).
3. 50 µg/ml heparin in PBS (Sigma-Aldrich).

2.6. Preparati on of fl ow perfusion chamber
1. Silicon sheet (0.0125 cm thickness) containing 0.2 cm x 3 cm (W x H x L) perfusion 

channel and vacuum channels.
2. Perspex frame containing in- and outlet tubing holders.
3. 60°C incubator.
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2.7. Preparati on of an endothelial cell layer
1. Human Umbilical Vein Endothelial Cells (HUVECs) (Lonza).
2. Glass cover slips (24 x 50 mm).
3. 96% Ethanol.
4. Slide tray plate, 4 well, non-treated (e.g. PAA).
5. 1% Gelati n in water, autoclaved.
6. 0.5% Glutaraldehyde in water, fi ltered.
7. 1 M Glycine in water, fi ltered.

2.8. Experimental set-up and perfusion experiment
1. Syringe pump (e.g. Harvard apparatus 22)
2. Fluorescent microscope (e.g. Zeiss Observer Z1, Zeiss).
3. Imaging soft ware (e.g. Zeiss Effi  cient Navigati on (ZEN), Zeiss).
4. Syringes.
5. In- and outlet tubings.
6. Clamp.
7. Vacuum pump.
8. Carboxyfl uorescein succinimidyl ester (CFSE, Sigma-Aldrich), 10 mM in DMSO.

2.9. Flow cytometry analysis 
1. Trypsin/EDTA (Life Technologies), 0.05% in PBS. 
2. Paraformaldehyde (PFA, Sigma-Aldrich), 0.2% in PBS.
3. Flow cytometer (e.g. FACS Canto, BD Biosciences).
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3. Methods
3.1. Isolati on of EVs from cell culture supernatant

EVs are isolated from cell media supernatant using a combinati on of ultrafi ltrati on
and size-exclusion chromatography.
1. Culture A-431 cells (see Note 2) in complete cell culture medium in 30 x T175 

fl asks at 37°C, 5% CO2. 
2. Replace medium with EV-free medium (see Note 1), 24-48 hours before cells 

reach 90-95% confl uency.
3. Harvest the supernatant when cells are 90-95% confl uent.
4. Centrifuge supernatant at 300xg for 10 min at 4°C to remove cells.
5. Pour supernatant onto a 0.45 µm fi lter and fi lter under vacuum pressure.
6. Concentrate supernatant ti ll 4-5 ml using 100-kDa centrifugal concentrators.
7. Connect the S-400 column to a liquid chromatography system to control fl ow rate 

and pressure (see Note 3).
8. Before use, fl ush column with PBS.
9. Inject total sample onto column.
10. Collect fracti ons containing EVs (see Figure 1) and pool.
11. Concentrate sample ti ll 400 µl using a 100-kDa centrifugal concentrator.
12. Aft er use, fl ush S-400 column with 0.5 M NaOH.
13. Store column in 20% ethanol at 4°C to prevent contaminati on.
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Figure 1 Extracellular vesicle purifi cati on using size-exclusion chromatography
UV absorbance chromatogram showing disti nct fracti ons aft er EV purifi cati on using size-exclusion 
chromatography.

3.2. Fluorescent labeling of EVs
From this step on, keep EVs protected from light.
1. Add 4 µl of Cell Tracker Deep Red 1.5 µg/µl in DMSO to 400 µl EV soluti on (see 

Note 4).
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2. Vortex soluti on.
3. Incubate EVs with the dye for 60 min at 37°C.

3.3. Preparati on of CL-4B Sepharose size-exclusion column
1. Use CL-4B Sepharose to pack a 12 cm long and 1.6 cm wide column, according to 

the manufacturer’s instructi ons. Connect the column to a liquid chromatography 
system to control fl ow rate and pressure.

2. Before use, fl ush column with PBS.
3. Aft er use, fl ush column with 0.5M NaOH.
4. Store column in 20% ethanol at 4°C to prevent contaminati on.

3.4. Purifi cati on of EVs aft er labeling
1. Inject EV sample onto the column.
2. Collect fracti ons containing EVs (see Figure 1) and pool.
3. Concentrate sample ti ll 350 µl using a 100-kDa centrifugal concentrator.

3.5. Preparati on of EV-containing perfusion buff er
1. Determine EV concentrati on in the sample using NTA or TRPS (see Note 5).
2. Dilute or concentrate (using a 100-kDa centrifugal concentrator) the sample to a 

fi nal concentrati on of 1010 EVs/ml in EGM-2 HUVEC medium (see Note 6). Right 
before the start of the experiment, add heparin in a fi nal concentrati on of 0.25 
µg/ml (Note 7).

3.6. Preparati on of fl ow perfusion chamber
The chamber consists of a perspex frame that contains the in- and outlet of the
channel formed by a silicon sheet which is placed on the frame (Figure 2C,D). 
1. One day before the experiment, pre-wet the silicon sheet with water and att ach it 

to the perspex frame in such a way that the channel is aligned with in- and outlet. 
2. Dry chamber overnight in a 60°C incubator.

3.7. Preparati on of an endothelial cell layer
In this protocol, Human Umbilical Vein Endothelial Cells (HUVECs) are used (see Note 

8).
1. Sterilize glass cover slips (24 x 50 mm, 12.5 cm2) using 96% ethanol.
2. Transfer each cover slip to a well in a slide tray plate and wash with PBS.
3. Add 0.9 ml 1% gelati n onto each coverslip, incubate for 20 min at 37°C, 5% CO2.
4. Add 1.8 ml 0.5% glutaraldehyde to each coverslip, incubate for 20-60 min at room 

temperature.
5. Aspirate all liquid without touching the glass.
6. Add 1.8 ml 1M glycine to each coverslip, incubate for 20 min at room temperature.
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7. Aspirate all liquid without touching the glass.
8. Add 1.8 ml PBS to each coverslip.
9. Aspirate all liquid without touching the glass.
10. Seed cells (0.5 ml/coverslip), incubate for 45 min at 37°C, 5% CO2. To obtain a 

confl uent monolayer, seed confl uent HUVECs 2 days before the experiment in a 
1:2 diluti on in EGM-2 (see Note 9).

11. Add 3 ml additi onal EGM-2 to each well.

3.8. Experimental set-up and perfusion experiment
The order of events in this set-up (Figure 2) is important to prevent air bubbles from
entering the perfusion chamber.
1. Remove air bubbles underneath the silicon sheet by applying pressure. 
2. Adjust pump setti  ngs (see Note 10) to a fl ow rate of 30 µl/min (100 sec-1).
3. Adjust soft ware and microscope setti  ngs to preferred exposure ti me, recording 

setti  ngs and magnifi cati on.
4. Connect correct syringe to the outlet tubing and fi ll tubing with EGM-2 HUVEC 

medium. Connect outlet tubing to chamber and syringe to syringe pump. Make 
sure that air is removed from both outlet tubing and syringe.

5. Place a drop of EGM-2 HUVEC medium on the chamber channel to remove air 
from inlet and to avoid air when placing cells.

6. Cut inlet tubing to such length that internal volume is 150 µl (Note 11).
7. Fill inlet tubing with EV sample using a syringe, clamp tubing (see Note 12), 

remove syringe and connect the inlet tubing to the chamber. Keep sample in a 
heati ng block at 37°C (see Note 13). 

8. Place coverslip on the drop of EGM-2 HUVEC medium with cells facing the 
chamber (see Note 14).  

9. Connect vacuum and check if glass is ti ghtly fi xed to the silicon sheet.
10. Remove clamp from inlet tubing.
11. Start pump. 
12. Dry outside of chamber and place it on the microscope.
13. Check the fl ow by focusing on the EVs. 
14. Capture a video or take a ti me lapse of pictures of the cells. Make sure cells stay 

in focus throughout the experiment.
15. Aft er 25 min of perfusion, transfer inlet tubing (Note 15) to tube containing EGM-

2 HUVEC medium and 50 µM carboxyfl uorescein succinimidyl ester (CFSE) (Note 
16).

16. Aft er 7 min of perfusion, stop fl ow to stain the cells stati cally for 3 min.
17. In our experience, perfusion can be performed up to 1 hour. Perfusion ti me is 

limited by loss of cell viability. Always examine the morphology of the cells when 
considering experiment length.
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Figure 2 Set-up of the perfusion experiment
(A, B) Picture and schemati c overview of experimental set-up. (C) Picture showing the perfusion 
chamber placed on the microscope. (D) Picture showing details of the perfusion chamber. The chamber 
consists of a perspex frame that contains the in- (D3) and outlet (D4) of the perfusion channel (D1), 
formed by a silicon sheet (D7) which is placed on the frame. The channel in the chamber we use is 0.2 
cm x 0.0125 cm x 3 cm (W x H x L). A glass cover slip (D6) containing cells is placed over the channel. 
Vacuum (D2 vacuum channel, D5 vacuum tubing) is applied to the chamber to close the system.
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3.9. Flow cytometry analysis
1. Transfer cover slip with cells to a well in a slide tray plate fi lled with 6 ml PBS to 

wash cells.
2. Transfer cover slip to an empty well and add 1 ml trypsin/EDTA to the cover slip. 
3. Incubate slide tray plate for 3 min at 37˚C.
4. Neutralize trypsin using 4 ml EGM-2 HUVEC medium and wash cells off  the cover 

slip and well.
5. Transfer cells to 15 ml tubes.
6. Centrifuge cells at 300xg for 3 min at 4˚C. 
7. Resuspend cells in 200 µl 0.2% paraformaldehyde (PFA) and store at 4˚C ti ll fl ow 

cytometry analysis.
8. Analyze CTDR fl uorescence of CFSE-positi ve cells using fl ow cytometry.
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4. Notes
1. Fetal Bovine Serum (FBS) naturally contains EVs. Therefore, FBS is depleted from EVs by 

centrifuging a 30% soluti on of FBS in culture medium for 15-17 hours at 100,000xg at 
4°C. Aft er sedimentati on of the EVs, the supernatant is fi ltered through a 0.22 µm fi lter 
and stored at -20°C unti l use. Upon use, the FBS is further diluted in culture medium.

2. In this protocol EVs derived from A-431 human epidermoid carcinoma cells are used, 
but may be replaced by other types of EVs.

3. If a liquid chromatography system is not available, a table-top pump may be used to 
control fl ow rate. To determine peak fracti ons, UV or fl uorescent measurements may be 
performed using a spectrofl uorometer.

4. Diff erent dyes may be used for EV labeling. Membrane protein, lipid and luminal dyes 
are available. The dye described in this method is able to enter the EV lumen. Luminal 
esterases can hydrolyze the dye, thereby trapping it inside the lumen. In additi on, the 
dye is conjugated to an NHS ester, which reacts with free amines. This leads to covalent 
coupling of the dye to proteins. When choosing a dye, consider the lasers and fi lters of 
the microscope and fl ow cytometer and the brightness of the label.

5. NTA and TRPS provide an esti mati on of the number of EVs in a sample. The concentrati on 
of EVs needed depends on the brightness of the dye used.

6. In this protocol EGM-2 HUVEC medium is used as perfusion buff er. Other buff ers may 
also be considered, including plasma and even full blood. 

7. In this protocol, heparin, a previously reported EV uptake inhibitor, is used to 
demonstrate the proof of principle.

8. Diff erent types of endothelial cells may be used in this method. Depending on the 
research questi on, primary cells derived from the microvasculature or aorta may be 
considered. Endothelial cell lines may also be used. In order to mimic a specifi c (disease) 
state, endothelial cells may be sti mulated with cytokines, lipopolysaccharides or drugs 
before the experiment.

9. A confl uent layer of endothelial cells is required for the cells to be able to resist fl ow.
10. The following setti  ngs can be adjusted in most syringe pumps: diameter of the syringe, 

fl ow directi on and fl ow rate. The syringe inner diameter and the pump setti  ng determine 
the fl ow rate of the system. Therefore, calibrate the syringe pump before use. Diff erent 
fl ow rates lead to diff erent shear rates, depending on the size of the channel. The 
formula to convert fl ow rate to shear rate can be found in Figure 3. A shear rate of 300 
sec-1 and 1600 sec-1 mimic venous and arterial shear rate, respecti vely.

11. An inlet tubing volume of 150 µl is used, therefore it takes 5 min to change buff ers in the 
chamber.

12. Clamping the inlet tubing is important to prevent air from entering the chamber.
13. Step 8 to 14 need to be performed quickly to prevent stati c vesicle binding to the cells 

before perfusion starts.
14. Do not move the cover slip once placed on the chamber to prevent the silicon sheet 
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from scraping the monolayer of cells.
15. When transferring the inlet tubing to a new buff er while perfusing, make sure that air 

does not enter the tubing. 
16. Cells in the perfusion channel are stained with CFSE in order to be able to disti nguish 

them from non-perfused cells on the cover slip. It is advised to add CFSE to the EGM-2 
HUVEC medium right before use.

Figure 3 Formula to convert fl ow rate to shear rate 
This formula can be used to calculate the shear rate from the fl ow rate and the dimensions of the 
channel used.



Interacti on of extracellular vesicles with cells under physiological fl ow conditi ons

85

5. Proof of principle: Results and discussion
The interacti on of extracellular vesicles (EVs) with target cells is typically studied under 
stati c conditi ons. However, fl uids in organisms are constantly moving, which is likely to 
infl uence the interacti on of EVs with cells. Shear stress has been shown to aff ect expression 
of genes in human umbilical vein endothelial cells (HUVECs) [9,10]. For instance, the surface 
expression of adhesion receptors changed [10]. Also, the force applied by moving fl uids puts 
more stringent demands on EV-cell binding that needs to be suffi  ciently rapid and strong to 
sustain the force. Therefore, we believe it is more relevant to use dynamic fl ow conditi ons 
when studying interacti ons of EVs with endothelial cells. This report describes a method to 
assess the interacti on of EVs with endothelial cells under physiological fl ow conditi ons.

In the method described, A-431 EVs were isolated using ultrafi ltrati on and size-
exclusion chromatography and were subsequently labeled with a fl uorescent dye. HUVECs 
were grown ti ll confl uency on a cover slip, which was used to assemble a perfusion chamber. 
The perfusion chamber was placed on a microscope to monitor the conditi on of the cells 
during perfusion. In our experiments, we used a fl ow rate of 30 µl/min, which corresponds 
to a shear rate of 100 sec-1. This is 3 ti mes lower than the shear rate found in veins. Before 
and aft er 30 min of perfusion bright fi eld pictures of the cells were taken (Figure 4), which 
showed that the cells only slightly changed morphology during perfusion. Our experience is 
that cells in less confl uent areas seem to vesiculate and demonstrate altered morphology to 
a higher extent, as shown in the second set of pictures of Figure 4. This shows the importance 
of using a confl uent cell layer for perfusion experiments (Note 9).

In theory, the fl uorescence microscope could be used to quanti fy the binding and 
uptake of EVs. However, the focal plane of the microscope alters over ti me and between 
experiments. Therefore, we used fl ow cytometry to quanti fy binding and uptake of EVs. 
To make this quanti fi cati on more sensiti ve, only cells in the perfusion chamber, that 
theoreti cally could have interacted with EVs, were analyzed. In order to disti nguish them 
from other cells on the cover slip, cells located in the perfusion channel were labeled with 
carboxyfl uorescein succinimidyl ester (CFSE) by adding this dye to the perfusion buff er. 
Subsequently, fl ow cytometry was used to gate for the CFSE positi ve cells.

In order to show the usability of our perfusion method, we performed a proof of 
principle experiment with heparin, a previously described inhibitor of EV binding and 
uptake. EVs are thought to use heparan sulfate proteoglycans (HSPG) for internalizati on 
[11]. Blocking of HSPGs on either EVs, recipient cells or both by heparin, inhibits EV binding 
and uptake [11,12] . A-431 EVs were labeled with Cell Tracker Deep Red (CTDR) and perfused 
over HUVECs in the absence or presence of 0.25 µg/ml heparin. We observed a signifi cant 
inhibiti on of EV binding and uptake of about 40-50% when heparin was present (Figure 5). 
A similar result (30-53% reducti on in uptake) was obtained when incubati ng tumor cell-
derived EVs with HUVECs under stati c conditi ons in the presence of 20 µg/ml heparin [12]. 
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Figure 4 Bright fi eld pictures of HUVEC before and aft er 30 min of perfusion
HUVEC were grown on glass cover slips ti ll confl uency. Cover slips were subsequently used to assemble 
a perfusion chamber. Bright fi eld pictures were taken before and aft er 30 min of perfusion at 30 µl/
min in the absence (-) or presence (+) of 0.25 µg/ml heparin. Each set of pictures represents one 
experiment.
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Figure 5 Heparin inhibits interacti on of EVs with HUVEC under physiological fl ow conditi ons
A-431 EVs were labeled with Cell Tracker Deep Red (CTDR) and perfused over HUVECs in EGM-2 
HUVEC medium at 30 µl/min for 30 min in the absence (-) or presence (+) of 0.25 µg/ml heparin. 
HUVECs in the perfusion channel were labeled with CFSE and analyzed using fl ow cytometry. Mean 
CTDR fl uorescence and percentage of CTDR positi ve cells was depicted in the graphs. N=3. * p<0.05, 
** p<0.01.

It would be very interesti ng to investi gate EV-endothelial cell interacti on in a more complex 
fl uid such as blood. In blood vessels, red blood cells (RBCs) align in the center of the 
bloodstream, pushing other cells such as leukocytes and platelets to the RBC-free layer 
located on the vessel wall. In order to interact with the vessel wall, parti cles such as EVs also 
need to localize to this RBC-free layer. However, nanospheres in the same size range of EVs, 
have limited access to the vessel wall because they retain in the RBC core, fi lling the spaces 
between RBCs [13]. It would be interesti ng to investi gate whether the same holds for EVs.

In conclusion, the data described in this report show the potenti al of our method to 
be used in research on the infl uence of various mediators and conditi ons on the physiological 
interacti on of EVs with cells. It also demonstrates that EV-cell interacti on can withstand fl ow 
conditi ons. 
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Abstract
Extracellular vesicles (EVs) are widely studied for their role in cell-to-cell communicati on 
and disease, and have potenti al as biomarkers and drug delivery vehicles. Red blood cells 
(RBCs) in healthy people shed EVs, but elevated numbers are shed in pati ents with blood 
disorders or parasiti c infecti ons. EVs contain both membrane and intraluminal proteins, 
which aff ects their mechanical properti es and thereby likely their functi oning. Here, we use 
atomic force microscopy for the mechanical characterizati on of RBC EVs from two healthy 
donors and a pati ent with spherocytosis. RBCs were sti mulated with Ca2+ ionophore to shed 
EVs, which were subsequently isolated using diff erenti al centrifugati on. We show that the 
EVs are packed with membrane proteins, yet their response to indentati on agrees well with 
previously observed and theoreti cal behavior for a fl uid lipid bilayer. The bending modulus is 
shown to be ~15 kbT, agreeing well with the bending modulus of the RBC membrane. Finally, 
we investi gated EVs from a pati ent with spherocytosis due to ankyrin defi ciency. We show 
that these vesicles have a diff erent protein compositi on and a signifi cantly lower bending 
modulus of ~7 kbT. These results have important implicati ons for the mechanism and 
eff ects of EV budding and could be related to the reported sti ff ening of RBCs of hereditary 
spherocytosis pati ents.
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Introducti on
Extracellular vesicles (EVs) are released by many cell types in vitro and in vivo and are 
present in most body fl uids. They originate either from internal cellular organelles called 
multi vesicular bodies (i.e. exosomes) or are shed directly from the plasma membrane 
(i.e. microvesicles) [1,2]. They are suggested to play a prominent role in cell-to-cell 
communicati on as intercellular transport vehicles carrying proteins and RNAs [3]. They have 
also been suggested to play a role in immune responses [4] and cancer progression [5,6]. 
EVs from red blood cells (RBCs) are released both in vivo and under blood bank storage 
conditi ons [7]. A human red blood cell typically sheds 20% of its membrane area over its 
lifeti me [8]. RBC EVs have been suggested to postpone the clearance of RBCs by the immune 
system [9] and play a role in blood clotti  ng [10]. In pati ents with RBC disorders or infecti ons 
such as malaria, the number of EVs is oft en elevated [11,12]. During malaria infecti on, RBC 
EVs were demonstrated to facilitate communicati on between malaria parasites [13,14]. 
Finally, EVs were put forward as a potenti al biomarker for dengue virus infecti ons [15].

Hereditary spherocytosis (HS) is one of the most common RBC disorders in the 
western world and is  accompanied by increased vesiculati on. Vesiculati on may be caused by 
a reduced linkage between the membrane and the underlying cytoskeletal spectrin network 
and leads to loss of RBC membrane [11,16–18]. Reduced membrane surface area results in 
the formati on of spherocytes. Spherocytes are less deformable, which causes these cells 
to be retained and cleared by the spleen. However, the underlying mechanism by which 
decreased linkage between membrane and cytoskeleton leads to increased vesiculati on is 
sti ll poorly understood. Studying the mechanical properti es of EVs from pati ents with HS 
could provide insight into the vesiculati on process. Furthermore, mechanical properti es of 
EVs could also provide informati on on their behavior, such as their interacti on with cells 
[19–22]. At present, however, characterizati on of EVs is sti ll challenging. Due to their small 
size their mechanics remain elusive. Therefore, a proper mechanical characterizati on of RBC 
EVs is criti cal.

Recently, we showed that the mechanics of small (30 – 200 nm) syntheti c vesicles, 
i.e. liposomes, can be well described by a quanti tati ve model based on Canham-Helfrich 
[23,24] theory (Vorselen et al., unpublished data). However, the mechanical properti es of 
natural vesicles could be infl uenced by both membrane proteins and intraluminal proteins. 
The high percentage of area occupied by membrane proteins in the RBC membrane (~20 
%) was previously suggested to make membranes more rigid and less fl uid [25]. This would 
mean that natural vesicles have a nonzero shear modulus and can be bett er described as 
thin elasti c shells, and hence potenti ally show typical behavior thereof, such as buckling 
[26]. Moreover, thin shell behavior could be caused by the spectrin network, which is known 
to provide shear resistance to the RBC membrane [27–29]. Furthermore, nano indentati on 
studies with vesicles reconstructed from yeast membranes [30] and infl uenza viruses [31] 
both suggested that membrane proteins result in a large increase of the bending modulus 
of vesicles. 
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In this study, we use atomic force microscopy (AFM) nano-indentati on for mechanical 
characterizati on of RBC EVs. The RBC membrane is one of the best characterized 
biomembranes [32] and the EVs from RBCs are exclusively microvesicles [11], providing a 
rather homogeneous sample. We use quanti tati ve image analysis and show that RBC EVs 
stay in a rather spherical shape upon adhesion to the sample surface. Protein analysis 
and imaging of collapsed vesicles show that vesicles are packed with membrane proteins. 
Surprisingly, most parti cles behave as expected for empty liposomes with a fl uid bilayer and 
the bending modulus of healthy control RBC EVs is similar to previously reported values for 
liposomes (Vorselen et al., unpublished data). We fi nd that the bending modulus of RBC 
EVs is ~15 kbT, which also corresponds well to bending moduli found in studies of the RBC 
membrane [33–35]. Finally, we compare these results with EVs derived from RBCs from 
a pati ent with HS due to a mutati on in the ANK1 gene. This revealed that these pati ent-
derived EVs have an altered protein compositi on and a signifi cantly soft er bending modulus. 
The lower bending modulus of released EVs could directly relate to the increased rate of 
vesiculati on in HS pati ents.

Materials & Methods
Blood smears
Blood from healthy donors and pati ent was collected in EDTA (ethylenediaminetetraaceti c 
acid) tubes. Pati ent blood was collected during regular controls at the outpati ent clinic. 
Informed consent was obtained from all individuals, and procedures were performed in 
agreement with the declarati on of Helsinki. Smears were prepared manually by spreading a 
drop of blood on a glass slide and were stained using May-Grünwald (J.T.Baker) and Giemsa 
(Merck) staining. Smears were imaged using a Axio Scope.A1 microscope (Zeiss). 

Red blood cell deformability
Blood from healthy donors and the pati ent was collected in EDTA (ethylenediaminetetraaceti c 
acid) tubes. Deformability was measured using the Laser Opti cal Rotati onal Cell Analyzer[55] 
(LORCA, RR Mechatronics, Zwaag, NL). 

Red blood cell sti mulati on and subsequent isolati on of EVs
Blood from healthy donors and the pati ent was collected in heparin tubes. PEGG eluti on 
columns (GE Healthcare) were fi lled with cellulose (1:1 w/w α-cellulose and cellulose type 
50 in 0.9 % NaCl). Aft er washing the column with 0.9 % NaCl, 4.5 ml of whole blood was 
applied on top of the cellulose. Columns were centrifuged for 5 min at 50 x g, washed with 
5 ml 0.9% NaCl, and centrifuged again to elute the RBCs. RBCs were washed with saline and 
resuspended in Ringer’s buff er (32 mM HEPES, 125 mM NaCl, 5 mM KCl, 1 mM MgSO4, 1 
mM CaCl2, 5 mM glucose, pH 7.4) to yield a fi nal hematocrit of 40%. RBCs were sti mulated 
with 4 µM Ca2+  ionophore (A23187, Sigma) for 20-22 hours, while tumbling at room 
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temperature. RBCs were centrifuged for 10 min at 1000 x g. Supernatant was diluted 10 
ti mes in PBS (Phosphate buff ered saline: 10 mM phosphate, 150 mM sodium chloride, pH 
7.3 – 7.5, Sigma) and centrifuged again to remove residual RBCs. Big parti cles were depleted 
by centrifugati on for 10 min at 10,000 x g. Supernatant of 10,000 x g pellet was spun for 70 
min at 100,000 x g to pellet EVs. EVs were washed once in PBS. All EV isolati on steps were 
performed at 4 °C. 

Ghost membrane preparati on
Washed RBCs were diluted 1:10 in hypotonic phosphate buff er (1.4 mM NaH2PO4, 5.7 mM 
Na2HPO4) supplemented with protease inhibitor cocktail (Roche) and were incubated for 2 
hours at 4 °C while gently tumbling. Ghost membranes were spun down at 43,000 x g for 
10 min, without brake. Membranes were washed ti ll pellet was transparent and free of 
hemoglobin. Ghost membranes were resuspended in hepes buff ered saline (HBS, 10mM 
Hepes, 150mM NaCl, pH 7.4).

Electrophoresis and immunoblotti  ng
Proteins were quanti fi ed using BCA (bicinchoninic acid) analysis (Thermo Scienti fi c) and 
equal protein amounts were subjected to gel electrophoresis, as indicated. Proteins were 
either blot onto PVDF membranes (Merck Millipore) or stained in the gel using PageBlue 
(Life Technologies). Anti bodies for western blot were purchased from Sigma and Abcam. 
Blots and gels were imaged using an Odyssey imager (LI-COR). 

Lipid extracti on and quanti fi cati on
Lipids were extracted from the samples using the Bligh and Dyer method [56]. Samples were 
diluted 7 ti mes in a 2:1 methanol:chloroform soluti on. Samples were vortexed, aft er which 
chloroform and disti lled water were added ti ll a fi nal rati o of 1:1:1 chloroform:methanol:water. 
Next, samples were vortexed and spun for 15 min at 4,000 x g (4°C). The bott om layer, 
containing the lipids, was collected and lipids were dried under nitrogen. Lipids were 
reconsti tuted in 2:1 chloroform:methanol. Amount of phosphate was determined using the 
Rouser method [57]. Briefl y, samples were dried by heati ng ti ll 200°C. Perchloric acid was 
added and samples were heated ti ll 200°C for 45 min. Samples were cooled down, 1.25% 
hepta-ammoniummolybdate and 5% ascorbic acid were added and samples were heated ti ll 
80°C for 5 min. Absorbance was measured at 797 nm. A calibrati on curve of phosphate was 
used to interpolate the phosphate concentrati on in the samples. 

Thin-layer chromatography
TLC was performed according to Yao and Rastett er [43]. A TLC plate (silica on aluminum, Sigma) 
was washed with methanol and dried for 30 min at 150°C. A full length predevelopment was 
performed in methyl acetate:1-propanol:chloroform:methanol:0.25%KCl (25:25:25:10:9) 
followed by drying for 30 min. 1.5 µg lipid per lane was applied to the chromatogram. 
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Chromatogram was run halfway using the solvent used for predevelopment. Chromatogram 
was dried and run totally using Hexane:diethyl ether:aceti c acid (75:23:2). Chromatogram 
was dried for another 30 min and fi nally totally developed using hexane. Detecti on was 
done by applying 10% copper sulfate hydrate in 8% phosphoric acid, followed by heati ng at 
200°C. Standard lipids were purchased from Lipoid. 

AFM experiments
EVs were adhered to poly-L-lysine coated glass slides in PBS. Slides were fi rst cleaned in a 
96% ethanol, 3% HCl soluti on for 10 minutes. Aft erwards they were coated for 1 hour in a 
0.001% poly-L-lysine (Sigma) soluti on, rinsed with ultrapure water, and dried overnight at 
370 C. They were stored at 7 0C for maximum 1 month. For fi gure panel 1A vesicles were 
att ached to APTMS (Sigma) coated glass slides. Aft er cleaning of the glass slides as above, 
glasses were coated in 5 minutes in 0.2% APTMS soluti on (in ethanol). Slides were then 
stored in ethanol and rinsed with ultrapure water just before use. A 50 µL drop of vesicle 
soluti on was incubated on the glass slide. Vesicles were imaged in PeakForce TappingTM 
mode on a Bruker Bioscope catalyst setup. Force set point during imaging was 100 pN - 200 
pN. Nano-indentati ons were performed by fi rst making an image of a single parti cle, then 
indenti ng it unti l 0.5 nN and subsequently higher forces (2-10 nN) at a velocity of 250 nms-1 
unti l the surface was reached. Finally, another image was made to check for movement or 
collapse of the vesicle. Importantly, both before and aft er the vesicle indentati on, the ti p 
was checked for adherent lipid bilayers by pushing on the glass surface unti l a force of 5 nN. 
Tips used were silicon nitride ti ps with a nominal ti p radius of 15 nm on a 0.1 N/m canti lever 
by Olympus (OMCL-RC800PSA). Individual canti levers were calibrated using thermal tuning. 

AFM image analysis
Both images and force curves were processed using home-built MATLAB soft ware. Size and 
shape were analyzed from line profi les through the maximum of the vesicle along the slow 
scanning axis. Circular arcs were fi t to the part of the vesicle above half of the maximum 
height to obtain the radius of curvature, from which the ti p radius (15 nm, as provided 
by the manufacturer) was subtracted. To fi nd the deformati on of the centre of the vesicle 
(εapex) due to imaging forces, the height obtained from FDCs was compared with the height 
obtained from images. The change of Rc can be approximated by 2.5 εapex, for relati vely 
small deformati ons (< 0.15 Rc) (Vorselen et al., unpublished data). Since we observed large 
deformati ons due to the imaging force (up to 0.4 Rc), we applied a quadrati c correcti on:

where Rcd is the measured deformed radius of curvature. This correcti on performs bett er 
for simulated larger deformati ons (Suppl. Fig. 8). We also used the previously used linear 
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approximati on, which did not aff ect the main conclusions of this work (data not shown). For 
calculati on of R0 a minimum radius of the contact curvature of 5 nm was assumed, since a 
sharper contact angle would be unphysical [58].

AFM FDC analysis
Canti lever response was measured on the sample surface and fi tt ed linearly. The resulti ng fi t 
was subtracted from the measured response when indenti ng vesicles, to obtain FDCs. Contact 
point was found by using a change point algorithm [59] and occasionally manually adjusted. 
Before fi tti  ng, FDCs (10k data points) were smoothed (moving average with window length 
of ~10 points). Sti ff ness of the liposomes was found by fi tti  ng a straight line in the interval 
between 0.02 – 0.1 Rc. To fi nd the infl ecti on point, FDCs were smoothed further (moving 
average with window length of ~40 points and Savitzky-Golay-fi lter with window length ~20 
data points). Then, the derivati ve was taken numerically and the locati on of the maximum 
was obtained. For fi nding the tether force a step fi tti  ng algorithm based on the change point 
algorithm was used. Only clear force plateaus were included. Standard errors of the mean 
for tether forces were determined by 1000 bootstrapping repeti ti ons. For the dimensionless 
fi t in fi gure 5E an interpolati ng functi on through 13 calculated theoreti cal pairs of values was 
created in Mathemati ca. The sum of the squared Euclidian distance between the logarithm 
of the resulti ng curve and the logarithm of individual data points was then minimized. 
Confi dence intervals were esti mated using the bias corrected percenti le method with 500 
bootstrapping repeti ti ons, for which a set of observed value combinati ons equal in size to 
the original data set was randomly drawn and fi tt ed.  

Nanoparti cle Tracking Analysis (NTA) 
EVs were sized by recording 5 videos of 60 sec using the NanoSight LM10 system (Malvern 
Instruments). A camera level of 11 was used and videos were recorded at 22°C. Analysis of 
the videos was performed using the NTA 2.0 soft ware, using default setti  ngs. Threshold was 
set at 5.
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Results
To study the mechanical properti es of EVs released by RBCs, it is fi rst essenti al to image the 
vesicles at high resoluti on to fi nd their geometry and centre. RBCs derived from healthy 
volunteers were treated with Ca2+ ionophore to sti mulate EV formati on. RBC EVs were 
subsequently att ached to poly-l-lysine coated surfaces and imaged using atomic force 
microscopy (Fig. 1A). Due to electrostati c interacti ons with the surface, vesicles spread 
onto the surface. High resoluti on imaging revealed that EVs stay in a fairly spherical shape 
and have a homogeneous appearance. We applied a correcti on for the ti p shape (Fig. 1B) 
and a correcti on for deformati on due to applied imaging forces (See materials & methods). 
Subsequently we quanti fi ed the shape of EVs by measuring the height over the radius of 
curvature. For our 2 donor samples this rati o was 1.44 ± 0.03 (SEM, N = 72) and 1.62 ± 
0.07 (SEM, N = 55) (Fig. 1C), indicati ng some spreading onto the surface. The diff erence in 
spreading between the samples can be att ributed to either surface preparati on or variati on 
between the two donors. Next we calculated the initi al radius of the vesicles, assuming 
surface area conservati on, fi nding 88 ± 2 nm (SEM, N = 72) and 88 ± 3 nm (SEM, N = 55) (Fig. 
1D). This is slightly higher than the average radius found during nanoparti cle tracking analysis 
(NTA), which gave R0 = 71 ± 1 nm (Fig. 1D, inset). However, the mode of the distributi ons 
found by NTA (69 ± 1 nm) is similar to the peak in the observed radii by AFM.
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Figure 1 Geometry of adherent RBC EVs
(A) Topography image showing RBC EVs bound on a glass slide. (B) Line profi le through slow axis of a 
single vesicle (in black). In red the fi tt ed spherical arc and in dashed red the approximated vesicle shape 
aft er ti p correcti on. (C) Average shape of vesicles defi ned by their height over radius of curvature. 
Error bars indicate standard error of the mean. Reference shapes are shown in black for H/Rc equals 
0.5, 1 and 1.5. D) Size distributi on of vesicles. R0 is the calculated radius of the vesicle while in soluti on. 
Black lines show Gaussian fi ts. Inset shows the size distributi on derived from NTA, where Ci is the 
number concentrati on in parti cles per ml. Displayed is the mean (black line) ± SD (grey lines) of three 
independent measurements. Mean radius of the vesicles is 71 ± 1 nm (SEM, 5 movies of 3 separate 
diluti ons).

The mechanical behavior of the vesicles was studied by analyzing force indentati on curves 
(FDCs), which were obtained during indentati on experiments. The curves were obtained by 
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moving to the centre of the EV and applying a force of 2-10 nN. Typically, FDCs revealed linear 
behavior and a subsequent fl att ening. Finally, two disconti nuiti es can be observed, which 
correspond to the penetrati on of both lipid bilayers (Fig. 2A). Some vesicles showed a much 
soft er response, but with similar characteristi cs (Fig. 2B). A linear response is consistent with 
an elasti c response dominated by the physical properti es of the membrane and indicate that 
the interior of the vesicle is not packed with polymerized proteins, in which case a Hertz-like 
behavior with a superlinear force-indentati on response (exponent α of the FDC 1.5) would 
be expected.

Figure 2 Typical FDCs on RBC EVs
(A) A force indentati on curve (FDC) showing an initi al linear elasti c response. The arrow marks a subtle 
fl att ening of the FDC. Then an abrupt increase in sti ff ness occurs, followed by two break events, aft er 
which the glass surface (identi fi ed as a verti cal line) is reached. The two break events correspond to 
the penetrati on of the lipid bilayers and the fi rst one is typically larger than the second. (B) Similar 
behavior, but a much soft er response. Inset shows the smoothed data zoomed on the initi al regime, 
where we can see that the initi al linear response soft ens (black arrow). Also note that this response is 
fully reversible. (C) A FDC with a large disconti nuity, aft er which the parti cle is ruptured (in blue). All 
FDCs were obtained with EVs from donor 1 RBCs.

Someti mes large irreversible break events could be observed (Fig. 2C), which usually led 
to collapsed EVs. Previous reports on liposomes and natural vesicles have described a 
complete recovery aft er such experiment, with no detectable change in the geometry of 
the vesicles [30,36]. Here, we observed EV collapse in ~40% of cases for both donors. The 
other EVs were either similar to before indentati on or more fl att ened. Typical collapsed EVs 
are shown in Figure 3. Some collapsed EVs appear as fl at structures, with heights of 15-35 
nm (Fig. 3A, Suppl. Fig. 1). Other EVs show elevated halo like edges (Suppl. Fig. 1), with 
similar maximum heights. Yet other EVs show partly elevated fl at structures (Fig. 3B) or 
more complex structures (Fig. 3C,D). We compared the height of these structures with that 
of the lipid bilayer, which we measured when it was partly exposed at 4.1 ± 0.2 nm (SEM, N 
= 9), indicati ng that the observed structures are much larger. In fact, the recorded structures 
resemble proteins and aggregates thereof observed on the RBC inner cell membrane [37,38]. 
Their height corresponds well to previous observati ons of proteins sti cking out up to 10 nm 
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above the inner membrane [37]. This suggests that the vesicles in Figure 3B-D break at 
least parti ally open and expose their inner membrane, whereas the vesicle in Figure 3A 
likely stayed intact. The ruptured EVs show that the membrane of RBC EVs is crowded with 
proteins. 

To investi gate the protein content, RBC and EV proteins were subjected to gel 
electrophoresis. Protein analysis using whole RBC lysates is diffi  cult because of the excessive 
amounts of hemoglobin. RBC ghosts are commonly used instead. RBC ghosts consist of the 
RBC membrane and proteins associated with the membrane. RBC ghosts can be isolated 
using hypotonic shock. In that way, hemoglobin levels are reduced dramati cally and 
membrane associated proteins are enriched. In additi on, RBC lysates were used to identi fy 
hemoglobin and other cytosolic proteins. RBC proteins have been studied extensively, which 
makes protein identi fi cati on possible without immune staining [39]. From electrophoresis 
we see that hemoglobin and band 3 are present in the EVs, as well as small amounts of 
protein 4.1 and 4.2 (Fig. 3E). In contrast to previous observati ons [40–42], we also fi nd small 
amounts of spectrin. Acti n however, seems to be absent in the EVs. Furthermore, we fi nd 
that membrane protein stomati n is enriched in EVs compared to RBCs, which agrees with 
previous fi ndings [42]. This indicates that the EVs do have a disti nct protein content compared 
to their donor cells, and that they do contain cytoskeletal elements and membrane proteins 
that might play a role in their mechanical properti es.

We also identi fi ed and quanti fi ed the lipids in RBC EVs, with thin layer chromatography. 
Using the method developed by Yao and Rastett er [43], we were able to separate and 
visualize seven (phospho)lipids classes. Analysis revealed that lipid compositi on of EVs was 
very similar to the nati ve RBC membrane (Suppl. Fig. 2). 

The mechanical properti es of 72 EVs were obtained from donor 1 (Suppl. Fig. 3), 
and of 55 EVs from donor 2 (Fig. 4A). Recently, we investi gated the mechanical behavior 
upon indentati on of liposomes and found excellent correspondence with a Canham-Helfrich 
theory [23,24] based indentati on model (Vorselen et al., unpublished data). A signature 
of this behavior is a fl att ening of the FDC. This marks the onset of formati on of an inward 
directed lipid tether, and occurs at an indentati on of 0.35 – 0.40 Rc, where Rc is the radius of 
curvature of the vesicle. This is in contrast to a thin shell model, which predicts buckling as 
soft ening of the response, which is expected to occur at smaller (~ 0.05 Rc) indentati ons for 
shells with the geometry of a vesicle [30]. We determined the infl ecti on point of the FDCs 
of the two donor samples from the peak in the derivati ve of smoothed FDCs (Fig. 4B, inset). 
The obtained distributi ons were centered close to the predicted value by our quanti tati ve 
model based on Canham-Helfrich theory: 0.39 ± 0.02 Rc (SEM, N = 64, in 8 cases no fl att ening 
was observed) and 0.41 ± 0.02 Rc (SEM, N = 53, in 2 cases no fl att ening was observed) (Fig. 
4B). The good correspondence with our model suggests that the bending behavior of the 
RBC EVs is dominated by a fl uid membrane and that the membrane skeleton and membrane 
proteins are not giving the membrane shear resistance. The EV sti ff ness was found by fi tti  ng 
the linear response for indentati ons up to 0.1 Rc (Fig. 4C). 
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Figure 3 Pictures of collapsed EVs and their protein content
(A-D) AFM topography images showing collapsed EVs. (A) Flat structure with mean height ~22 nm. 
(B-D) Collapsed EVs exhibiti ng partly free bilayer (indicated with white asterisks). B) Elevated part has 
mean height ~26 nm. (C,D) Collapsed parti cles showing more complex structures. Scale bar in each 
panel is 50 nm. (E) EV, ghost and RBC proteins were subjected to SDS-PAGE, by loading 10 µg protein 
per lane. Aft er running, proteins were stained and protein patt erns were compared with patt erns 
known from literature. In this way, we were able to identi fy 9 well-known RBC proteins, which are 
diff erenti ally present in the three samples.
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The two donor samples had diff erent sti ff ness; respecti vely 10.9 ± 0.5 mN/m (SEM, N = 
72) and 5.8 ± 0.4 mN/m (SEM, N = 55). Interesti ngly, donor 2 marks one of the soft est EVs 
measured when compared with previous studies [30,36] (Vorselen et al., unpublished data). 
During spreading onto the surface an osmoti c pressure is built up over the EV membrane, 
sti ff ening the response of the EV. EVs derived from donor 2 spread less on the surface than 
the ones derived from donor 1, giving the possibility that osmoti c pressure diff erences can 
explain the sti ff ness diff erences. 
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Figure 4 Mechanical characterizati on of RBC EVs
(A) Indentati on behavior of 55 EVs from donor 2 RBCs in a density plot. Colors indicate density of 
data points at a specifi c positi on (blue and red indicate low respecti vely high density). Curves are 
shown ti ll the fi rst disconti nuity occurred. (B) Infl ecti on point of the FDCs. Curves were smoothed (in 
black, inset) and their derivati ve was determined (blue curve, inset). Main panel shows the locati on of 
fi rst peak of the derivati ve. Black lines show Gaussian fi ts. Red arrow indicates theoreti cally predicted 
value for a fl uid vesicle. (C) Histogram of sti ff ness obtained by linearly fi tti  ng FDCs between 0.02 – 0.1 
Rc. (D) Dimensionless pressure versus dimensionless sti ff ness. Theoreti cal predicti on is based on an 
adaptati on of Canham-Helfrich [23,24] theory to describe mechanics of small vesicles (Vorselen et al., 
unpublished data). Data was fi tt ed to the theoreti cal predicti on with the bending modulus κ as single 
parameter, giving κ = 15 for the two donors combined.
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To esti mate the pressure over the membrane, also the retrace of indentati on curves was 
analyzed. A tether, marked by a force plateau with force Ft, was detected during the retrace 
in ~68% of FDCs from donor 1 EVs (Ft = 129 ± 6 pN, SEM, N = 49) and ~45% of FDCs from donor 
2 EVs (Ft = 98 ± 10 pN, SEM, N = 25) (Suppl. Fig. 4). The lower amount of detected tethers in 
donor 2 could either be due to less adhesion to the ti p or small membrane tensions, leading 
to tether forces below our force resoluti on. The tether force equals 

, with σ the tension in the membrane and  the bending modulus of 
the membrane[44–46]. We can subsequently esti mate the pressure in the membrane using 
the Young-Laplace equati on: , with  the osmoti c 
pressure diff erence over the membrane. We used our recently proposed model to fi t the 
bending modulus of the vesicles, while taking into account the pressure (as derived from Ft), 
radius of curvature and sti ff ness of the vesicles (Vorselen et al., unpublished data). This gave 
similar bending moduli for the two donor samples:  = 15 (13 – 16, 68% bootstrapping 
confi dence interval) kbT and  = 17 (13 – 34, 68% bootstrapping confi dence interval) kbT 
(Suppl. Fig. 5). Since there was no signifi cant diff erence in bending modulus between donor 
1 and 2, we combined the data of the two donors for the fi nal esti mate:  = 15 (13 – 
17, 68% bootstrapping confi dence interval) kbT (Fig. 4D). Furthermore, we investi gated EVs 
derived from non-sti mulated RBCs to exclude a large eff ect of the Ca2+ sti mulati on of the 
RBCs on the released EVs, (Suppl. Fig. 5), which resulted in a similar bending modulus of 17 
(13 – 24, 68% bootstrapping confi dence interval) kbT. Together, these results show that we 
can use this approach to esti mate the bending modulus of RBC EVs.
Finally, we compared the mechanical properti es of RBC EVs from healthy donors with RBC 
EVs from a pati ent with hereditary spherocytosis (HS). Dominantly inherited HS oft en is 
caused by mutati ons in the genes encoding ankyrin and band 3 (reviewed by Da Costa et 
al. [18]). In this pati ent HS is caused by heterozygosity for a novel 4 base pair inserti on in 
ANK1 (c.5201_5202insTCAG p.Thr1734fs). This 4 base pair inserti on results in a shift  of the 
reading frame, leading to a truncated ankyrin protein with, likely, defi cient functi on. Ankyrin 
truncati on likely results in a disturbed cytoskeletal network and its connecti on to the plasma 
membrane. In turn this leads to increased vesiculati on and hence reduced rati o of surface 
area to volume, resulti ng in spherocyti c cells (Fig. 5A). Such RBCs are poorly deformable, 
more prone to lysis and will be cleared prematurely from the blood circulati on, leading to 
hemolyti c anemia. Reduced deformability was shown using laser diff racti on ektacytometry 
(Fig. 5B). RBCs from the ankyrin-defi cient pati ent were sti mulated with Ca2+ ionophore to 
induce EV formati on. The pati ent EVs were compared with EVs derived from wild type RBCs. 
Interesti ngly, we found reduced levels of α1-spectrin, ankyrin and acti n in EVs from ankyrin-
defi cient RBCs, while expression of these proteins is equal between healthy and ankyrin-
defi cient RBCs (Fig. 5C). Tubulin levels, however, were increased in EVs from ankyrin-
defi cient RBCs, which refl ects the expression of tubulin in the RBCs. The increased levels of 
tubulin in the RBCs from the HS pati ent could be due to high reti culocyte levels as seen in 
this pati ent. During maturati on to erythrocytes, reti culocytes lose their tubulin [47]. Overall, 
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the protein content of the ankyrin-defi cient EVs had a disti nct patt ern when compared with 
the healthy donor sample (Suppl. Fig. 6). The changed protein compositi on might infl uence 
the mechanical properti es of EVs derived from ankyrin-defi cient RBCs.
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Figure 5 Characterizati on of RBCs and EVs derived from a spherocytosis pati ent 
(A) Blood smears stained with a May-Grünwald Giemsa stain. Arrows show typical spherocytes. (B) 
Elongati on index of RBCs under increasing shear stress. Pati ent RBCs are less deformable under shear 
stress than RBCs from a healthy donor. (C) 30 µg RBC or EV protein was subjected to electrophoresis. 
Aft er blotti  ng the proteins, α1-specti n, ankyrin, band3, β-tubulin and β-acti n were detected using 
immunoblotti  ng. (D) Comparison of the bending modulus of EVs from two healthy donors and the 
pati ent. Error bars mark 68% confi dence intervals determined by bootstrapping. 
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We repeated the mechanical measurements for the HS pati ent derived EVs. These EVs show 
similar size (R0 = 93 ± 3 nm, SEM, N = 74), however they appear somewhat more fl att ened 
than the two donor samples with H/Rc = 1.32 ± 0.03 nm (SEM, N = 74). In total 74 parti cles 
were indented (Suppl. Fig. 3). The infl ecti on point of these EVs lies at 0.33 ± 0.01 Rc (SEM, 
N = 71, 3 EVs did not show a fl att ening of the FDC), somewhat earlier than for the donor 
samples, but close to the expected value for vesicles consisti ng of a fl uidic membrane (~ 
0.37 Rc). Their sti ff ness lies between the sti ff ness of the two healthy donor samples, with 
7.6 ± 0.5 mN/m (SEM, N = 74). In ~45% of cases a membrane tether could be detected 
with an average force plateau at 81 ± 6 pN (SEM, N = 33) (Suppl. Fig. 4). The tether force is 
signifi cantly lower than for the two healthy donor samples, whereas the spread out shape 
would suggest high pressurizati on and hence high tension in the membrane. This suggests a 
lower bending modulus of the membrane. Indeed, the bending modulus of pati ent derived 
EVs is signifi cantly lower than of EVs derived from both healthy donors with 7 (5 – 8, 68% 
bootstrapping confi dence interval) kbT (Fig. 5D and Suppl. Fig. 7). Hence, the mechanical 
properti es of the HS pati ent derived EVs are signifi cantly diff erent compared to healthy 
donor derived EVs, which could have signifi cant impact on the role and functi on of these 
EVs.
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Discussion
In this study we investi gated the mechanical properti es of EVs from RBCs. We previously 
introduced an adaptati on of the Canham-Helfrich [23,24] theory to describe indentati on 
of small (< 200 nm) vesicles (Vorselen et al., unpublished data). Here, we show that this 
model is not only applicable for liposomes, but can also describe the mechanical behavior 
of natural vesicles, in this case EVs derived from RBCs. Furthermore, this study illustrates 
the importance of pressurizati on due to deformati on on the surface. The two healthy donor 
samples have a sti ff ness that is a factor 2 apart, yet taking into account the diff erent levels 
of deformati on and hence pressurizati on, the bending moduli are not signifi cantly diff erent. 
The HS pati ent derived EVs have an intermediate sti ff ness, but here we demonstrate that 
the bending modulus of these vesicles is signifi cantly lower. 

The large percentage of membrane area occupied by membrane proteins (20-25%), 
recently raised questi ons regarding the fl uidity of natural membranes, both for synapti c 
vesicles [48] and the RBC membrane [25]. Surprisingly, the mechanical behavior we observed 
corresponds well to the theoreti cal behavior of a vesicle consisti ng of a fl uid lipid bilayer 
without protein. Furthermore, behavior corresponds well to that previously observed for 
liposomes. Even the bending modulus of the EVs of the two donors in this study is similar 
to the bending modulus of liposomes with complex lipid mixture (designed to mimic the 
RBC lipid compositi on) obtained previously (Vorselen et al., unpublished data). This suggests 
that membrane proteins in RBC EVs only have a small impact on the bending behavior 
of the membrane and the mechanical behavior is in fact dominated by the lipids. This is 
diff erent than the conclusions by Calo et al. [30], who suggested that membrane proteins 
have a strong infl uence on mechanics of small vesicles. However, their conclusions are 
based on comparison of diff erent studies, whereas our comparison is based on experiments 
conducted under the same conditi ons and using identi cal analysis. 

For two healthy donor RBC EVs, we found that the bending modulus is ~15 kbT. Our 
esti mate is comparable to the bending modulus found for the RBC membrane using fl icker 
spectroscopy [33–35]. However the bending modulus of the RBC membrane has been 
esti mated higher using micropipett e aspirati on (~40 kbT)[49] and opti cal tweezers (~60 
kbT) [50]. The variety in observed values for the RBC membrane makes it impossible to tell 
whether RBC EVs have a lower or equal bending modulus to the RBC membrane. However, 
we fi nd that EVs from a pati ent with HS due to ankyrin defi ciency show a ~2 ti mes lower 
bending modulus than both donor derived samples. RBCs from pati ents with HS are less 
deformable (Fig. 5B) and sti ff er than healthy RBCs [18]. It was previously found that the 
rate of vesiculati on is increased in HS pati ents [11] and this is thought to be the primary 
cause of the rounding and sti ff ening of their RBCs, which ulti mately leads to the clearance 
of HS RBCs from the circulati on and results in hemolyti c anemia [11,16–18]. Excreti on of the 
soft er part of the membrane could leave behind the part of the membrane with a higher 
bending modulus, contributi ng to the sti ff ening of the RBCs, which is fully consistent with 
higher bending modulus esti mates from the membrane of spherocytes [35]. In this way 



Mechanics of extracellular vesicles released by red blood cells 

107

the excreti on of EVs with low bending modulus reported here, is an, to our knowledge, 
unknown factor that could contribute to sti ff ening of spherocyti c RBCs. 

Finally, our results give some insight in the vesiculati on process in HS. The suggested 
mechanisms for membrane shedding by RBCs are clustering of membrane proteins driving 
curvature generati on [41,42,51] and/or a result of a balance between bending of the 
membrane and stretch of the spectrin cytoskeleton [51–53]. The weaker linkage of the 
membrane with the underlying cytoskeleton in HS likely causes loss of organizati on in the 
membrane. This is supported by the observati on that diff usion of membrane proteins is 
faster in RBCs from pati ents with HS [54]. Loss of organizati on of the membrane could give 
room to accumulati on of specifi c membrane proteins that lower the bending modulus 
locally and hence the energy barrier for vesicle formati on. In this way the loss of membrane 
linkage in spherocytosis could lead to increased vesiculati on.   
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Supplemental fi gure 1 Additi onal structures of collapsed EVs
(A-D) AFM topography images showing collapsed EVs. (A-B) Flat structures with mean height ~15 nm 
respecti vely  ~26 nm. (C-D) Elevated halo-like edges with maximum height 15-20 nm. Panel A,B,C show 
collapsed EVs from donor 2, panel D shows a collapsed EV from donor 1. White asteriks indicates partly 
free bilayer. 
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Supplemental fi gure 2 Lipid content of RBC EVs
RBC and EV lipids were extracted using the Bligh and Dyer method [56]. (A) Lipids were subjected to 
thin-layer chromatography and compared with seven lipid standards. (B) Chromatogram dots were 
quanti fi ed using home-built MATLAB soft ware. Briefl y, boxes were drawn around each lane. The sum 
of intensity along the verti cal axis (minus the background observed between the lanes) was then 
fi t using a multi modal (6) Gaussian. The area under the Gaussians was then used to esti mate the 
percentages. The fi rst two Gaussians were taken together, since both correspond to cholesterol. 
Lipid compositi on was comparable in all samples. Chol: cholesterol; PE phosphati dylethanolamine; 
PI: phosphati dylinositol; PS: phosphati dylserine; GM3: monosialodihexosylganglioside 3; PC: 
phosphati dylcholine; SM: sphingomyelin. 
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Supplemental fi gure 3 FDC density plots
Indentati on behavior of (A) 72 EVs from donor 1 RBCs, (B) of 21 EVs from RBCs (a third donor) (in 
this case RBC EVs were not sti mulated with Ca2+ ionophore), and (C) of 74 EVs from pati ent RBCs in 
density plots. Colors indicate density of data points at a specifi c positi on (blue and red indicate low 
respecti vely high density). Curves are shown ti ll the fi rst disconti nuity occurred.
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Supplemental fi gure 4 Distributi on of tether forces observed during retracti on of the AFM ti p 
Box plots in which the median is marked by the white line in the box; 1st and 3rd quarti les are marked 
by the ends of the boxes; whiskers extend to 1.5 x the distance between the median and the 1st and 
3rd quarti le respecti vely. Outliers are visualized as individual data points. White cross and errorbars 
indicate mean and SEM as determined by bootstrapping (1000 repeti ti ons). For determinati on of the 
mean outliers with a tether force above 0.25 nN were excluded, which did not signifi cantly change the 
results (data not shown). Diff erences between the 3 samples are all signifi cant (P < 0.05).
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Supplemental fi gure 5 Bending modulus derivati on for healthy donors
(A) Black x marks the fi tt ed value from the original data sets. The distributi on shown in the boxplots 
is provided by bootstrapping, in which an equal amount to the original data points (N = 49, 25, 74 for 
Donor 1, 2 and combined respecti vely) of value pairs were drawn and fi tt ed. Median is marked by the 
white line in the box; 1st and 3rd quarti les are marked by the ends of the boxes; whiskers extend to 1.5 
x the distance between the median and the 1st and 3rd quarti le respecti vely. Outliers are visualized 
as individual data points. Inset shows outliers above 40 kbT, which were only present for donor 2 (N 
= 76). There are no signifi cant diff erences between any pair of donor 1, donor 2 and the combined 
data. (B) Dimensionless pressure versus dimensionless sti ff ness for 18 non-sti mulated vesicles from 
a third donor. Treatment of red blood cells and isolati on of vesicles was identi cal to donor 1 & 2 and 
the pati ents, except that no Ca2+ ionophore was added to the Ringer’s buff er. Theoreti cal predicti on 
is based on an adaptati on of Canham-Helfrich [23,24] theory to describe mechanics of small vesicles 
(Vorselen et al., unpublished data). Data was fi tt ed to the theoreti cal predicti on with the bending 
modulus  as single parameter, giving  = 17 (13 – 24, 68% confi dence interval obtained by 
bootstrapping).
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Supplemental fi gure 6 Protein content of spherocytosis pati ent derived RBC EVs 
RBC and EV proteins were subjected to SDS-PAGE, by loading 10 µg protein per lane. Aft er running, 
proteins were stained and protein patt erns were compared with patt erns of RBC EVs from a healthy 
donor. Protein patt erns found in the pati ent EVs diff er from that found in EVs from a healthy donor, 
especially around 20 and 40 kD. Identi ti es of diff erenti ally expressed proteins are however unknown.
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Supplemental fi gure 7 Pressure sti ff ness relati onship
(A)  For κ is 15 kbT (best fi t of kappa for donor derived vesicles) and (B) for κ is 7 kbT (best fi t for 
pati ent derived vesicles). Density plots, with darker colors corresponding to higher density for donor 
derived (purple) and pati ent derived (green) vesicles. Thin lines of various colors connect points of 
equal densiti es (darker lines correspond to higher density). Densiti es were calculated by the number 
of data points in a circle of fi xed area in log space around a point. Theoreti cal curve is shown in red.
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Supplemental fi gure 8 Deformati on correcti on 
(A) Deformati on in the centre of the vesicle divided by the (deformati on corrected) radius of curvature. 
A linear approximati on used earlier was suggested to be accurate ti ll 0.15 Rc. Red area marks data 
points for which the approximati on has become inaccurate, which is a large fracti on of especially the 
data for Donor 2 and the HS Pati ent, which were imaged at 200 pN. (B) Deformati on of the apex versus 
decrease in the radius of curvature (Rcd = deformed radius of curvature), both measured as fracti on of 
the undeformed radius of curvature Rc (Figure adapted from Vorselen et al., unpublished data). Data 
is simulated from a model taking only into account the angle of the applied force (see inset). Since 
the feedback only measures forces normal to the surface, higher forces are exerted on the side of the 
vesicle. The grey line is the linear approximati on (slope = 2.5) used in Vorselen et al. (unpublished 
data). The red line is a quadrati c fi t to the simulated data points: y = 2.46x2 -2.69x + 1, and is used for 
deformati on correcti on in this study. 
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Abstract
Aims
Extracellular vesicles (EVs) are att racti ve candidates for biomarker research, because their 
content refl ects the parental cell status. This study aimed to examine whether tumor cell-
derived EVs mirrored the cellular changes caused by treatment with cetuximab, a therapeuti c 
anti body that blocks acti vati on of epidermal growth factor receptor (EGFR).

Materials and methods
A-431 cells were treated with cetuximab for 48 hours. EVs were isolated using diff erenti al 
centrifugati on and protein content was analyzed using Western Blotti  ng.

Results 
EV levels of EGFR and phospho-EGFR were reduced aft er cetuximab treatment, refl ecti ng 
similar changes in the parental cells. In additi on, cetuximab was found associated with EVs.

Conclusions
EVs could serve as biomarkers to monitor cetuximab treatment. Associati on of cetuximab 
with EVs might infl uence its behavior.
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Introducti on
Due to overexpression or mutati ons, epidermal growth factor receptor (EGFR, also known 
as ErbB1 or HER1 in humans) is overacti ve in several cancer types. Hyperacti vity of EGFR 
leads to excessive growth of tumors and is associated with poor prognosis [1,2]. EGFR is 
a validated target for cancer therapy and several molecular-specifi c therapeuti c strategies 
have been developed to target the receptor including blocking of EGFR by anti bodies or 
obstructi ng its downstream signaling acti vity by inhibiti on of intracellular kinases. Currently, 
a number of inhibitors are in clinical use to treat EGFR-overexpressing tumors. Cetuximab 
(C-225) is a monoclonal anti body that binds EGFR and thereby competes with its natural 
ligand epidermal growth factor (EGF) [3]. This leads to growth inhibiti on [4–6] and anti body-
dependent cellular cytotoxicity (ADCC) facilitated by immune cells [7,8]. In additi on, 
cetuximab treatment can reduce angiogenesis and metastati c behavior [9]. Cetuximab is 
prescribed for pati ents with metastati c colorectal and head-and-neck cancer and is most 
eff ecti ve in tumors that are characterized by EGFR overexpression and expression of wild-
type Ras [10–12].

In response to stressors, including drugs, cells release extracellular vesicles (EVs). 
EVs are membrane parti cles released by many, if not all, cells. Over the past few years, 
EVs have received a lot of att enti on because of their role in cell-cell communicati on. EVs 
released from tumor cells bear oncogenic proteins and are described to aff ect the tumor 
environment, a phenomenon that has been reviewed extensively [13,14]. 

Eff ects of drugs on EV release have been described previously. For example, a 
paclitaxel formulati on induced EV formati on by red blood cells [15]. Similarly, rituximab 
sti mulated EV release by lymphoma cells [16]. In additi on to aff ecti ng the number of released 
vesicles, vesicle content might also be altered following drug treatment. The content of EVs 
has been shown to mirror the status of their donor cell [17]. For example, EVs derived from 
EGFR-positi ve tumor cells such as A-431 cells also bear excessive amounts of EGFR [18]. This 
makes them att racti ve candidates for biomarker research and shows the potenti al of EVs 
isolated from biofl uids to monitor treatment. In this report, EVs derived from cetuximab-
treated tumor cells were analyzed to examine whether EVs mirrored the cellular changes 
caused by cetuximab treatment. 
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Materials and methods
Cell culture
The epidermoid cell line A-431 (ATCC) was cultured in Dulbecco’s Modifi ed Eagle Medium 
(DMEM, Gibco) containing 4 mM L-glutamine, 4500 mg/L glucose, 1 mM sodium pyruvate 
and 1500 mg/L sodium bicarbonate. The medium was supplemented with 10% (v/v) 
fetal bovine serum (FBS, Gibco) and 100 units/ml penicillin and 0.1 mg/ml streptomycin. 
Human Umbilical Vein Endothelial Cells (HUVEC, Lonza) were cultured in EBM-2 medium 
supplemented with EGM-2 Bulletkit (Lonza). All cell lines were kept in culture at 37 °C in a 
humidifi ed atmosphere containing 5% CO2. Tests for mycoplasma infecti on were carried out 
regularly and were consistently found to be negati ve.

Cell viability analysis
A-431 cells were seeded in 96-well plates (4000 cells/well) in regular culture medium and 
left  to grow overnight. The following day, medium was replaced by serum-free medium 
containing 20 ng/ml recombinant human epidermal growth factor (EGF, Sigma-Aldrich) and 
cetuximab (C-225, Erbitux®, Merck) in concentrati ons up to 2560 µg/ml for 48 h. Medium 
was then replaced with culture medium containing MTS/PMS soluti on (Promega) according 
to the manufacturer’s recommendati ons and incubated for 1 h at 37°C aft er which the 
absorbance was measured at 490 nm using a plate reader. Cell viability was displayed as the 
percentage of viable cells that received treatment compared to non-treated cells.

Extracellular vesicle isolati on
A-431 cells were grown for 48 h in serum-free medium containing 20 ng/mL EGF in the 
absence or presence of 100 µg/mL cetuximab. Conditi oned supernatant was spun at 300 
x g for 10 min and 2000 x g for 10 min before fi ltering through a 0.22 µm bott le top fi lter 
(Millipore). Supernatant was spun at 100 000 x g for 70 min using a JA- 30.50 Ti rotor 
(Beckman). EV pellets were washed once in PBS, and resuspended in PBS for analysis or 
experiments.

Nanoparti cle Tracking Analysis (NTA)
EVs were diluted 1000 to 10 000 ti mes in PBS and quanti fi ed by recording 5 videos of 60 sec 
using the NanoSight LM10 system (Malvern Instruments) with the camera level set at 16. 
Video analysis was performed using the NTA 3.0 soft ware, with the threshold set at 5.

Immunoblot analysis
Aft er washing with cold PBS, cells were lysed in radioimmunoprecipitati on assay (RIPA) 
buff er (Teknova) supplemented with HALT protease and phosphatase inhibitor cocktail 
(Thermo Fischer Scienti fi c) for 30 min on ice. Lysates were centrifuged at 4 °C for 15 min 
at 14 000 x g, and the obtained supernatant was stored at −20 °C. Protein concentrati on 
in the EV pellets and cell lysates was quanti fi ed using MicroBCA (bicinchoninic acid) 
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analysis (Thermo Scienti fi c) according to the manufacturer’s instructi ons. Equal volumes of 
vesicle pellets and equal protein quanti ti es of cell lysates (5 µg/lane) were subjected to 
gel electrophoresis under reducing conditi ons using 4-12% Bis-Tris pre-cast gels (NOVEX, 
Invitrogen). Proteins were transferred onto a polyvinyl difl uoride (PVDF) membrane 
(Millipore Merck). Membranes were blocked for 2 h at room temperature (RT) in Odyssey 
blocking buff er (LI-COR) 1:1 (v:v) diluted with 50 mM tris-buff ered saline (TBS). Membranes 
were stained overnight at 4 °C with the following primary anti bodies purchased from Cell 
Signaling: XP® rabbit monoclonal anti body (mAb) against EGFR (D38B1), XP® rabbit mAb 
against phosphorylated tyrosine residue (Tyr) 1068 of EGFR (D7A5), rabbit mAb against Akt 
(C67E7), XP® rabbit mAb against phosphorylated serine residue (ser) 473 of Akt (D9E), rabbit 
mAb against p44/p42 MAP kinase (Erk 1/2, 137F5), XP® rabbit mAb against phosphorylated 
threonine residues (Thr) and Tyr of p44/p42 MAP kinase (Erk 1/2, D13.14.4E), mouse mAb 
against β-Acti n (8H10D10), or purchased from Abcam: rabbit polyclonal (pAb) against 
TSG101, mouse mAb against Alix (3A9) and rabbit mAb against CD9 (EPR2949). Anti bodies 
against lamin A/C, ATP5A and Tom20 were kindly provided by Bas van Balkom (University 
Medical Center Utrecht, the Netherlands). All anti bodies were diluted 1:1000 in Odyssey 
blocking buff er (LI-COR) 1:1 (v:v) diluted with TBS + 0.1% Tween-20 except anti -phospho-Akt 
(1:500). Aft er washing with TBS-T, membranes were incubated for 1 h at RT with Alexa Fluor 
680 and 800-conjugated secondary goat anti -rabbit or mouse anti bodies (Life Technologies, 
1:5000 diluti on).

Surface expression of EGFR
A-431 cells were harvested using trypsin/EDTA, washed once in PBS and diluted in FACS 
buff er (1% FBS in PBS) to a fi nal concentrati on of around 2 500 000 cells/ml. Cells were 
stained with Alexa Fluor 647-anti -EGFR (EGFR.1, BD Bioscience) or an isotype control 
anti body (eBMG2b, eBioscience) for 15 min on ice. Both anti bodies were diluted 1:60. 
Cells were washed in FACS buff er and surface expression of EGFR was analyzed using fl ow 
cytometry (BD, FACS Calibur).

Sucrose gradient centrifugati on
EVs of cetuximab-treated A-431 cells were subjected to sucrose gradient centrifugati on by 
loading the EVs on top of a gradient of 0.4 – 2.5 M sucrose in PBS. Gradient was spun for 
15-17 h at 200 000 x g using a SW40 rotor (Beckman Coulter). 12 fracti ons of 1 ml were 
collected from the gradient. Fracti ons were diluted 4 ti mes in PBS and spun at 100 000 x g 
for 70 min. Pellets were resuspended in sample buff er and subjected to gel electrophoresis. 
Cetuximab was detected by Western Blotti  ng using a goat anti body directed at human Fc-
region of IgG (polyclonal, Invitrogen). 

MAPK/Akt pathways in HUVEC
HUVECs were seeded in 6-well plates (200 000 cells/well) in regular medium and left  to grow 
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overnight. Cells were starved for 1 h in EBM-2 medium (Lonza) before additi on of A-431 
EVs (per well EVs were added isolated from culture supernatant derived from 3.75 175 cm2 
confl uent fl asks). Aft er 3 h of incubati on, cells were washed with PBS and sti mulated for 10 
min with 20 ng/ml EGF in EBM-2 medium. Cell lysates were obtained and were subjected to 
immunoblot analysis as described in 2.5. Blots of three separate experiments were imaged 
and quanti fi ed using Odyssey imager and soft ware (LI-COR). Two separate blots were 
prepared for each experiment: one for total proteins and one for phosphorylated proteins. 
Band intensiti es were quanti fi ed and corrected for background. Subsequently, intensiti es 
were normalized using the intensiti es of the corresponding acti n bands, aft er which pMAPK/
MAPK rati os were calculated. These rati os were fi nally normalized to the rati o calculated for 
the “No EVs + EGF” conditi on of the same experiment. 

Stati sti cal analysis
To assess signifi cance, data in Figure 2 were analyzed using Student’s t tests. A one-way 
ANOVA, followed by Tukey’s multi ple comparisons test was used to analyze the data in 
Figure 5. P-values less than 0.05 were considered signifi cant. 

Results
Cetuximab is prescribed for pati ents with colorectal or head-and-neck cancer whose 
disease has progressed aft er receiving chemotherapy [19]. In general, an initi al dose of 
400 mg/m2 is used, followed by weekly maintenance infusions of 200 mg/m2, leading to 
sustained plasma levels of  200 -1000 nM (about 31-155 µg/ml) cetuximab [20]. To opti mize 
cetuximab concentrati ons for in vitro experiments to study its eff ect on EVs, A-431 cells were 
treated with increasing concentrati ons of cetuximab for 48 hours in serum-free medium 
supplemented with EGF. Cell viability was reduced in a concentrati on-dependent manner 
(Figure 1). Based on these results and plasma levels observed in pati ents, a concentrati on 
of 100 µg/ml was selected for subsequent experiments, in which the cells retained > 80% 
metabolic acti vity compared to non-treated (NT) cells. 

In some tumor types, cetuximab treatment does not only inhibit proliferati on, 
but also induces apoptosis [21,22]. To exclude apoptosis in our experiments, which could 
contaminate our EV preparati on with apoptoti c bodies, cetuximab-treated cells were 
analyzed for phosphati dylserine (PS) exposure. Exposure of this phospholipid is one of the 
earliest events in apoptosis [23]. Aft er staining with FITC-Annexin V and subsequent analysis 
using fl ow cytometry, it was found that cells treated with 100 µg/ml cetuximab showed 
equal binding of Annexin-V compared to NT cells. In both conditi ons, less than 4% of the 
cells were found to be positi ve for Annexin-V (data not shown). This demonstrates that 
cetuximab-treated cells did not express higher levels of PS compared to NT cells, indicati ng 
that 100 µg/ml cetuximab does not induce apoptosis in A-431 cells.
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Figure 1 Cetuximab dose-dependently inhibits A-431 cell viability 
A-431 cells were treated with increasing concentrati ons of cetuximab for 48 hours in serum-free 
medium supplemented with EGF. Cell viability was determined using a MTS assay. Results are 
presented as mean (± SEM) percentage viability compared to non-treated (NT) cells of a representati ve 
experiment performed in sextuplicate. 

Cetuximab competes with EGF for binding to EGFR [3]. This leads to reduced phosphorylati on 
of EGFR and ulti mately to diminished proliferati on of cetuximab-treated cells [4–6]. EVs 
derived from cetuximab-treated cells were analyzed to examine whether EV compositi on 
mirrored the cellular changes induced by cetuximab treatment. This could potenti ally 
enable the use of tumor cell-derived EVs isolated from biofl uids as liquid biopsies of the 
tumor to monitor treatment and/or predict outcome. Aft er treati ng A-431 cells for 48 
hours with 100 µg/ml cetuximab, EVs were isolated using diff erenti al centrifugati on. The 
amount of parti cles and their protein content were determined using nanoparti cle tracking 
analysis (NTA) and bicinchoninic acid (BCA) assay, respecti vely. NTA is one of the most well-
standardized methods to quanti fy EVs [24–26]. Cetuximab treatment did not aff ect the 
quanti ty of parti cles or protein in the EV pellet (Figure 2A and B). Moreover, EV size was 
not aff ected (Figure 2C). However, the levels of a number of vesicle proteins did change 
aft er treatment with cetuximab (Figure 3A). EGFR and phospho-EGFR (pEGFR) levels were 
reduced aft er cetuximab treatment when considering full length EGFR at 175 kD. However, 
in the cetuximab conditi on, an extra EGFR band appeared around 130 kD. This molecular 
weight shift  of EGFR was seen in both EVs and cells and also observed for the phosphorylated 
form of EGFR. When looking at the cell surface expression of EGFR, decreased levels were 
observed aft er cetuximab treatment (Figure 3B) in line with previous studies that have 
demonstrated EGFR downregulati on following cetuximab treatment [27]. Levels of both Akt 
and pAkt were reduced as well (Figure 3A). When considering levels of well-established EV 
markers, a modest reducti on of Alix, TSG101, and β-Acti n in EVs aft er cetuximab treatment 
was observed (Figure 3A), while CD9 decrease was much more prominent. This did not 
refl ect CD9 levels in the cell, as cellular CD9 levels remained the same aft er cetuximab 
treatment. In additi on, we showed the absence of nuclear and mitochondrial markers lamin 
A/C, ATP5A and Tom20 (Suppl. Figure 1), indicati ng that the EVs were not contaminated with 
apoptoti c material.
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Figure 2 Cetuximab treatment does not infl uence quanti ty and size of EVs released by A-431 cells
A-431 cells were treated with 100 µg/ml cetuximab for 48 hours. EVs were isolated using diff erenti al 
centrifugati on and characterized. Protein in the pellet was quanti fi ed using a BCA assay (A). 
Nanoparti cle tracking analysis (NTA) was used to determine parti cle number (B) and size (C). Bar 
graphs show mean ± SD of three independent experiments. Histograms show mean ± SD of one 
representati ve experiment. NT (non-treated), Cet (cetuximab-treated), ns (not signifi cant).



Cetuximab treatment alters the content of extracellular vesicles 

127

A B

C
et

Cells

N
T

EVs

EGFR

pEGFR

Alix

TSG101

CD9

β-Actin

175kD

175kD

95kD

42kD

20kD

47kD

NT Cet

C
et

N
T

Akt

pAkt

60kD

60kD

Figure 3 Cellular changes aft er cetuximab treatment are refl ected in EV compositi on
A-431 cells were treated with 100 µg/ml cetuximab for 48 hours. (A) Cell lysates were collected and 
EVs were isolated using diff erenti al centrifugati on. Equal volumes of vesicular protein and equal 
amounts of cellular proteins (5 µg/lane)  were subjected to gel electrophoresis. Proteins were detected 
using immunoblotti  ng. Similar results were obtained in three separate experiments. (B) Cell surface 
expression of EGFR was determined using fl ow cytometry. Open histogram: isotype control, closed 
histogram: EGFR specifi c anti body. NT (non-treated), Cet (cetuximab-treated).

Previously, it has been reported that tumor cell-derived EVs can act as decoys for 
therapeuti c anti bodies, thereby reducing tumor cell sensiti vity to immunotherapy [16,28] In 
additi on, tumor cells can expulse drugs through EV shedding which has also been shown to 
contribute to drug resistance [29,30]. To investi gate whether EVs in our set-up associate with 
cetuximab, EVs derived from cetuximab-treated cells were subjected to gel electrophoresis 
and cetuximab was immunoblott ed. Since cetuximab is a chimeric anti body containing 
a human constant region, an anti body directed against human Fc can be used to detect 
cetuximab. As a reference, diff erent quanti ti es of cetuximab were loaded on the same blot. 
Figure 4A shows that cetuximab was indeed present in the vesicle sample derived from 
treated A-431 cells. Approximately 0.001 – 0.01% of total cetuximab added ended up in 
the vesicle pellet. Based on the concentrati on range of cetuximab on the blot and NTA EV 
quanti fi cati on, we calculated the number of cetuximab molecules present per vesicle. In the 
EV sample used for blotti  ng (~18 µl), 0.05-0.5  µg cetuximab was found, which is 0.33 – 3.33 
pmol, corresponding to 2 x 1011 – 2 x 1012 molecules cetuximab. Using NTA, we determined 
an EV concentrati on of 3.25 x 109 EV/µl for this sample. Thus, in total, 5.9 x 1010 EVs were 
present. The esti mated amount of cetuximab molecules per vesicle is therefore 3-30. 
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Figure 4 Cetuximab is associated with EVs derived from cetuximab-treated cells
(A) Equal volumes of EVs were subjected to gel electrophoresis. The presence of cetuximab in the 
EV pellet was shown using immunoblotti  ng (left  panel). The cetuximab concentrati on range gives an 
esti mati on of the amount of cetuximab present in the samples (right panel). NT (non-treated), Cet 
(cetuximab-treated). (B) EVs from cetuximab-treated A-431 cells were subjected to density gradient 
centrifugati on by loading the vesicles on top of a sucrose gradient. Expression of cetuximab and CD9 
in the fracti ons was analyzed using immunoblotti  ng.

To check whether cetuximab was associated with EVs, EVs from cetuximab-treated A-431 
cells were subjected to sucrose gradient centrifugati on. Fracti ons were subsequently 
analyzed for cetuximab presence using immunoblotti  ng. Cetuximab was mostly found 
in the fracti ons with densiti es ranging from 1.10-1.21 g/ml (Figure 4B). It is known that 
vesicles reside in this density range aft er sucrose gradient centrifugati on [31]. Analysis of 
CD9 confi rmed the presence of EVs in these fracti ons. Only traces of cetuximab were found 
in the bott om fracti ons of the gradient, indicati ng that a majority of cetuximab molecules 
found in the pellet was associated with EVs.

Associati on with EVs could have implicati ons for the behavior of cetuximab. To test 
whether EV-associated cetuximab was functi onal, A-431-derived EVs were incubated with 
starved human umbilical vein endothelial cells (HUVECs). HUVECs are commonly used  as 
model for angiogenic endothelium, such as found in tumors, and have previously been 
shown to internalize A-431 EVs [18]. Aft er incubati on with EVs, HUVECs were sti mulated 
with EGF which acti vated MAPK and Akt pathways (Figure 5). In the presence of EVs derived 
from non-treated A-431 cells, levels of phosphorylated MAPK and Akt did not change. When 
HUVEC were incubated with EVs derived from cetuximab-treated A-431 cells however, a 
reducti on in acti vati on of MAPK and Akt kinases was observed, while there were no signs 
of toxicity. EVs from treated A-431 cells were able to inhibit EGF-dependent acti vati on of 
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HUVEC, as compared to EVs from non-treated A-431 cells. This indicates that EV-associated 
cetuximab retains its functi on. 
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Figure 5 EVs from cetuximab-treated A-431 cells reduce HUVEC reacti vity to epidermal growth factor
HUVECs were starved for 1 hour. Then, cells were incubated with EVs from A-431 cells for 3 hours. Aft er 
sti mulati on with 20 ng/ml EGF for 10 min, the cells were lysed. Cell lysates (5 µg protein/lane) were 
used for gel electrophoresis. Levels of (phospho-)Akt, (phospho-)MAPK and acti n were determined 
using Western Blotti  ng (A) and (phospho-)MAPK levels were subsequently quanti fi ed (B). Levels were 
corrected for acti n expression on the same blot and phospho-MAPK/MAPK rati o was calculated. Data 
are shown as the mean of 3 independent experiments +/- SEM, normalized to the mean of the “No 
EVs + EGF” conditi on. The blot is representati ve for 3 independent experiments. NT-EVs: EVs from non-
treated cells, Cet-EVs: EVs from cetuximab-treated cells. **p < 0.01.
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Discussion
Extracellular vesicles (EVs) play a role in intercellular communicati on in health and disease. 
Tumor cell-derived EVs have been shown to aff ect the tumor environment [13,14] and might 
infl uence the interacti on of drugs with tumor cells [16,28]. Vice versa, drugs could also aff ect 
vesicle release [15,16] which highlights the potenti al of EVs found in biofl uids to be used as 
'liquid biopsies' for monitoring and/or predicti ng treatment outcome [17].

In this report, we show that cetuximab treatment of EGFR-positi ve A-431 cells does 
not infl uence the quanti ty or size of released EVs (Figure 2) but does result in an altered 
EV compositi on (Figure 3A). Protein analysis of EVs following cetuximab treatment of cells 
showed a reducti on in levels of both phospho- and total full-length EGFR. Also the levels 
of its downstream target Akt and its acti ve form pAkt were reduced in EVs aft er cetuximab 
treatment. This implicates that EVs could potenti ally be used as biomarkers to monitor 
cetuximab treatment or predict treatment outcome. This potenti al was previously reported 
by van der Mijn et al. for erloti nib, a kinase inhibitor that targets EGFR [32]. Phosphorylati on 
status of kinases in cells was refl ected in the phosphorylati on status of kinases in EVs. In cell 
lines, decreased phosphorylati on of both Erk1/2 and Akt was observed in both cells and 
EVs aft er erloti nib treatment. In plasma derived EVs, total Akt levels seemed to correlate 
with the response to sorafenib/metf ormin treatment, administered to pati ents bearing 
tumors with mutated KRAS. Ragusa and colleagues described the eff ect of cetuximab 
on the microRNA (miRNA) content of vesicles released from a cetuximab-resistant and a 
cetuximab-responsive cell line [33]. The miRNA expression in EVs was signifi cantly diff erent 
aft er cetuximab treatment in responsive cells, whereas miRNA expression was unchanged 
in resistant cells. This implicates that resistance to treatment might be refl ected in the 
miRNA content of EVs. Our results demonstrate that the phosphorylati on status of EGFR on 
circulati ng tumor cell-derived EVs could be used to monitor the eff ecti veness of cetuximab 
treatment.

We observed a reducti on in cell surface expression of EGFR aft er cetuximab treatment 
(Figure 3B). The reduced cellular surface expression of EGFR was refl ected in the levels of full-
length EGFR in EVs (Figure 3A). However, we did not see a clear reducti on in total EGFR levels 
in the cell lysates. Jaramillo et al. showed that cetuximab binding mediates endocytosis of 
EGFR, but at a slower rate than EGF binding does [27]. In their study, cetuximab treatment led 
to a signifi cant reducti on in EGFR surface expression and a relati vely slow down regulati on 
of total EGFR. Incubati on of A549 cells with 10 nM cetuximab for 24 hours led to a reducti on 
in total EGFR of around 40%. Although we used higher concentrati ons of cetuximab and a 
longer incubati on ti me, we only see a small reducti on in total EGFR levels, which could be 
a result of diff erences in EGFR expression between cell lines. In additi on to reduced levels 
of full-length EGFR in the EVs aft er cetuximab treatment, we observed a massive reducti on 
in vesicular CD9 levels (Figure 3A). CD9 is able to physically and functi onally interact with 
EGFR in tumor cells [34]. We postulate that EGFR down regulati on leads to reduced levels 
of CD9-EGFR complexes, resulti ng in reduced levels of both EGFR and CD9 in EVs. We also 
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observed a diff erence in molecular weight of CD9 in EVs compared to cells (Figure 3A). This 
phenomenon has previously been described for Alix, which is also proposed as EV marker 
protein. Low molecular weight Alix  (70-75 kD) was found in both vesicles and cells, while 
high molecular weight Alix (95 kD) was only found in EVs [35]. This was not observed for 
TSG101. The cause of the preferenti al localizati on of high molecular weight Alix and low 
molecular weight CD9 in EVs remains to be determined. 

We detected a 130 kD degradati on product of EGFR in both cells and EVs aft er 
cetuximab treatment (Figure 3A). In EV research, serum-free medium is oft en used as 
collecti on medium in order to obtain EVs that are not contaminated with EVs derived from 
FBS. It has been described that incubati on of cells in serum-free Opti MEM led to a higher 
EV yield, however when cells were incubated in serum-free DMEM, increased apoptosis 
was observed [36]. The fact that we did not detect high PS surface levels aft er 48 hours 
indicates that supplementi ng DMEM with EGF is benefi cial for the conditi on of the cells 
and that incubati on in this medium does not lead to cellular stress per se. Liao and co-
workers described that cetuximab binding to EGFR initi ates receptor internalizati on and 
alters its intracellular traffi  cking [37]. It was demonstrated that aft er binding, EGFR gets 
transported to the endoplasmati c reti culum (ER), where it is extracted from the lipid 
membrane by translocon Sec61. This soluble non-membranous EGFR was subsequently 
found in the nucleus. In additi on to full-length EGFR, degradati on products of EGFR with 
molecular weights of 130 and 150 kD were detected. Truncati on was described to be a result 
of ectodomain loss [37]. The loss of ectodomains could explain our observati on of 130 kD 
EGFR molecules, as we used a detecti on anti body that recognizes the cytoplasmic domain 
of EGFR (D38B1, Cell Signaling). Aft er extracti on of EGFR from the lipid bilayer, it has been 
suggested that heat shock protein 70 (HSP70) serves as a chaperone, to keep EGFR soluble 
[37]. Heat shock proteins are commonly found in EVs [38]. We speculate that the interacti on 
of soluble EGFR with HSP70 may have induced the loading of soluble truncated EGFR into 
EVs. 

We observed that EVs are able to associate with cetuximab (Figure 4). The 
phenomenon of therapeuti c anti bodies binding to EVs has been described previously. In 
certain types of human breast carcinoma HER2 is overexpressed on the cells and high levels 
are detected on EVs [28]. Trastuzumab acti vity was inhibited by the presence of HER2-
positi ve EVs. In a similar way, CD20-positi ve B-cell lymphoma vesicles bound rituximab, 
thereby shielding the target cells for the treatment [16]. Half of the plasma rituximab found 
in humans who received the immunotherapy was bound to vesicles, which could contribute 
to drug-resistance. Expulsion of small molecule drugs through EVs has also been shown 
and has been proposed as a mechanism for drug-resistance. Human melanoma cells were 
described to eliminate cisplati n using EVs, leading to reduced cytotoxicity of the drug [39]. 
The amount of cisplati n was quanti fi ed by mass spectrometry, varied between 0.9 and 1.8 
ng cisplati n/mg EV protein and was infl uenced by the pH of the culture medium. Ovarian 
cancer cells released cisplati n in various ways and a small fracti on of cisplati n was exported 
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in EVs [29]. Resistant cells released more EVs than sensiti ve cells, which also contained more 
cisplati n. In another report, EV shedding was also implicated as a drug effl  ux mechanism 
[30]. Doxorubicin accumulati on in EVs and drug-resistance of six cell lines correlated to the 
rate of vesicle shedding. In our experiments, A-431 cells produced a high number of EGFR-
bearing EVs. Nevertheless, only 0.001-0.01% of the total cetuximab was found back in the 
vesicle preparati on (Figure 4). Although EV numbers in vivo are unknown, we believe that 
in this model it is unlikely that cetuximab associati on with EVs could signifi cantly contribute 
to drug-resistance. However, we do show that EV-bound cetuximab is able to inhibit Akt 
and MAPK pathways in endothelial cells (Figure 5), demonstrati ng that EV-associated 
cetuximab retains its functi on. EVs can travel far distances in the body to reach their target 
cells. Cetuximab associati on with EVs might change the distributi on and kineti cs of the drug, 
leading to off -target eff ects and reduced effi  cacy. 

Conclusions
This report shows that cetuximab treatment alters the protein content of EVs, mirroring the 
status of their parental cell. This implicates that EVs have potenti al as biomarkers to monitor 
treatment effi  cacy and possibly predict outcome. In additi on, cetuximab is able to associate 
with EVs, thereby retaining its functi on. This might have implicati ons for the distributi on, 
targeti ng and kineti cs of the drug.

Summary points

• Epidermal growth factor receptor (EGFR) is overexpressed in many tumor types and is 
found on extracellular vesicles (EVs)

• Cetuximab is a monoclonal anti body that blocks EGFR acti vati on, leading to inhibiti on 
of tumor growth

• EVs are promising novel biomarkers, because they refl ect the status of their parental 
cells

• Cetuximab treatment of A-431 cells leads to altered protein content of EVs, refl ecti ng 
changes in the parental cells

• Cetuximab was found associated with EVs
• EV-associated cetuximab reduced EGF-mediated acti vati on of kinases in human 

umbilical vein endothelial cells
• Associati on of cetuximab with EVs could lead to altered distributi on, kineti cs and 

targeti ng of the drug
• EVs could serve as biomarkers to monitor cetuximab treatment



Cetuximab treatment alters the content of extracellular vesicles 

133

Financial disclosure/Acknowledgements
The work of SMvD, PV and RMS on extracellular vesicles is supported by ERC Starti ng Grant 
260627 ‘MINDS’ in the FP7 Ideas program of the EU. PV is supported by a VENI Fellowship (# 
13667) from the Netherlands Organisati on for Scienti fi c Research (NWO). RvdM is supported 
by funding from the European Union’s Horizon 2020 research and innovati on programme 
under the Marie Sklodowska-Curie grant agreement No 660426. Funding sources were not 
involved in designing the research or writi ng of the report.

References

1.  Rokita M, Stec R, Bodnar L, et al. Overexpression of epidermal growth factor receptor as a 
prognosti c factor in colorectal cancer on the basis of the Allred scoring system. Onco. Targets. 
Ther. 6, 967–976 (2013).

2.  Galizia G, Lieto E, Orditura M, et al. Epidermal Growth Factor Receptor (EGFR) Expression is 
Associated With a Worse Prognosis in Gastric Cancer Pati ents Undergoing Curati ve Surgery. 
World J. Surg. 31(7), 1458–1468 (2007).

3.  Li S, Schmitz KR, Jeff rey PD, Wiltzius JJW, Kussie P, Ferguson KM. Structural basis for inhibiti on of 
the epidermal growth factor receptor by cetuximab. Cancer Cell. 7(4), 301–311 (2005).

4.  Fan Z, Lu Y, Wu X, Mendelsohn J. Anti body-induced epidermal growth factor receptor dimerizati on 
mediates inhibiti on of autocrine proliferati on of A431 squamous carcinoma cells. J. Biol. Chem. 
269(44), 27595–27602 (1994).

5.  Peng D, Fan Z, Lu Y, Deblasio T, Scher H, Mendelsohn J. Anti -epidermal growth factor receptor 
monoclonal anti body 225 up-regulates p27KIP1 and induces G1 arrest in prostati c cancer cell line 
DU145. Cancer Res. 56(16), 3666–3669 (1996).

6.  Meira DD, Nóbrega I, de Almeida VH, et al. Diff erent anti proliferati ve eff ects of matuzumab 
and cetuximab in A431 cells are associated with persistent acti vity of the MAPK pathway. Eur. J. 
Cancer. 45(7), 1265–1273 (2009).

7.  Kimura H, Sakai K, Arao T, Shimoyama T, Tamura T, Nishio K. Anti body-dependent cellular 
cytotoxicity of cetuximab against tumor cells with wild-type or mutant epidermal growth factor 
receptor. Cancer Sci. 98(8), 1275–1280 (2007).

8.  Kawaguchi Y, Kono K, Mimura K, Sugai H, Akaike H, Fujii H. Cetuximab induce anti body-dependent 
cellular cytotoxicity against EGFR-expressing esophageal squamous cell carcinoma. Int. J. Cancer. 
120(4), 781–787 (2007).

9.  Huang S, Li J, Harari PM. Molecular Inhibiti on of Angiogenesis and Metastati c Potenti al in Human 
Squamous Cell Carcinomas aft er Epidermal Growth Factor Receptor Blockade 1. Control. 1(May), 
507–514 (2002).

10.  Lièvre A, Bachet JB, Le Corre D, et al. KRAS mutati on status is predicti ve of response to cetuximab 
therapy in colorectal cancer. Cancer Res. 66(8), 3992–3995 (2006).

11.  Hotz B, Keilholz U, Fusi A, Buhr HJ, Hotz HG. In vitro and in vivo anti tumor acti vity of cetuximab in 
human gastric cancer cell lines in relati on to epidermal growth factor receptor (EGFR) expression 
and mutati onal phenotype. Gastric Cancer. 15(3), 252–264 (2012).

12.  Moroni M, Veronese S, Benvenuti  S, et al. Gene copy number for epidermal growth factor 
receptor (EGFR) and clinical response to anti EGFR treatment in colorectal cancer: a cohort study. 
Lancet Oncol. 6(5), 279–286 (2005).

13.  Vader P, Breakefi eld XO, Wood MJA. Extracellular vesicles: emerging targets for cancer therapy. 
Trends Mol. Med. 20(7), 385–393 (2014).

14.  Milane L, Singh A, Matt heolabakis G, Suresh M, Amiji MM. Exosome Mediated Communicati on 
within the Tumor Microenvironment. J. Control. Release. 219, 278–94 (2015).



Chapter 7

134

15.  Vader P, Fens MH, Sachini N, et al. Taxol ® -induced phosphati dylserine exposure and microvesicle 
formati on in red blood cells is mediated by its vehicle Cremophor ® EL. Nanomedicine. 8(7), 
1127–1135 (2013).

16.  Aung T, Chapuy B, Vogel D, et al. Exosomal evasion of humoral immunotherapy in aggressive 
B-cell lymphoma modulated by ATP-binding cassett e transporter A3. Proc. Natl. Acad. Sci. U. S. A. 
108(37), 15336–15341 (2011).

17.  Montermini L, Meehan B, Garnier D, et al. Inhibiti on of Oncogenic Epidermal Growth Factor 
Receptor Kinase Triggers Release of Exosome-like Extracellular Vesicles and Impacts Their 
Phosphoprotein and DNA Content. J. Biol. Chem. (2015).

18.  Al-Nedawi K, Meehan B, Kerbel RS, Allison AC, Rak J. Endothelial expression of autocrine VEGF 
upon the uptake of tumor-derived microvesicles containing oncogenic EGFR. Proc. Natl. Acad. Sci. 
106(10), 3794 (2009).

19.  ImClone LLC. ERBITUX (Cetuximab) [Internet]. Available from: www.erbitux.com.

20.  Baselga J, Pfi ster D, Cooper MR, et al. Phase I studies of anti -epidermal growth factor receptor 
chimeric anti body C225 alone and in combinati on with cisplati n. J Clin Oncol. 18(4), 904–14 
(2000).

21.  Liu B, Fan Z. The monoclonal anti body 225 acti vates caspase-8 and induces apoptosis through 
a tumor necrosis factor receptor family-independent pathway. Oncogene. 20(28), 3726–3734 
(2001).

22.  Huang S-M, Bock JM, Harari PM. Epidermal Growth Factor Receptor Blockade with C225 
Modulates Proliferati on, Apoptosis, and Radiosensiti vity in Squamous Cell Carcinomas of the 
Head and Neck. Cancer Res. 59(8), 1935–1940 (1999).

23.  Marti n SJ, Reutelingsperger CP, McGahon a J, et al. Early redistributi on of plasma membrane 
phosphati dylserine is a general feature of apoptosis regardless of the initi ati ng sti mulus: inhibiti on 
by overexpression of Bcl-2 and Abl. J. Exp. Med. 182(5), 1545–1556 (1995).

24.  Erdbrügger U, Lannigan J. Analyti cal challenges of extracellular vesicle detecti on: A comparison of 
diff erent techniques. Cytom. Part A. (9), n/a–n/a (2015).

25.  Maas SLN, de Vrij J, van der Vlist EJ, et al. Possibiliti es and limitati ons of current technologies for 
quanti fi cati on of biological extracellular vesicles and syntheti c mimics. J. Control. Release. 200, 
87–96 (2015).

26.  Gardiner C, Ferreira YJ, Dragovic RA, Redman CWG, Sargent IL. Extracellular vesicle sizing and 
enumerati on by nanoparti cle tracking analysis. J. Extracell. vesicles. 2 (2013).

27.  Jaramillo ML, Leon Z, Grothe S, Paul-Roc B, Abulrob A, O’Connor McCourt M. Eff ect of the anti -
receptor ligand-blocking 225 monoclonal anti body on EGF receptor endocytosis and sorti ng. Exp. 
Cell Res. 312(15), 2778–2790 (2006).

28.  Ciravolo V, Huber V, Ghedini GC, et al. Potenti al role of HER2-overexpressing exosomes in 
countering trastuzumab-based therapy. J. Cell. Physiol. 227(2), 658–667 (2012).

29.  Safaei R, Larson BJ, Cheng TC, et al. Abnormal lysosomal traffi  cking and enhanced exosomal 
export of cisplati n in drug-resistant human ovarian carcinoma cells. Mol. Cancer Ther. 4(10), 
1595–1604 (2005).

30.  Shedden K, Xie XT, Chandaroy P, Chang YT, Rosania GR. Expulsion of small molecules in vesicles 
shed by cancer cells: Associati on with gene expression and chemosensiti vity profi les. Cancer Res. 
63(15), 4331–4337 (2003).

31.  Thery C, Zitvogel L, Amigorena S, Théry C, Zitvogel L, Amigorena S. Exosomes: compositi on, 
biogenesis and functi on. Nat. Rev. 2(8), 569 (2002).

32.  Mijn JC Van Der, Sol N, Mellema W, et al. Analysis of AKT and ERK1/2 protein kinases in extracellular 
vesicles isolated from blood of pati ents with cancer. J. Extracell. Vesicles. 1, 1–11 (2014).

33.  Ragusa M, Statello L, Maugeri M, et al. Highly skewed distributi on of miRNAs and proteins between 
colorectal cancer cells and their exosomes following Cetuximab treatment : biomolecular , 
geneti c and translati onal implicati ons ABSTRACT : 1(2) (2014).

34.  Murayama Y, Shinomura Y, Oritani K, et al. The tetraspanin CD9 modulates epidermal growth 



Cetuximab treatment alters the content of extracellular vesicles 

135

factor receptor signaling in cancer cells. J. Cell. Physiol. 216(1), 135–143 (2008).

35.  Khatua AK, Taylor HE, Hildreth JEK, Popik W. Exosomes packaging APOBEC3G confer human 
immunodefi ciency virus resistance to recipient cells. J. Virol. 83(2), 512–521 (2009).

36.  Li J, Lee Y, Johansson HJ, Mäger I, Vader P, Nordin JZ, Wiklander OP L, J, Wood MJ AS. Serum-
free culture alters the quanti ty and protein compositi on of neuroblastoma-derived extracellular 
vesicles. J Extracell Vesicles. 1, 1–12 (2015).

37.  Liao H-J, Carpenter G. Cetuximab/C225-induced intracellular traffi  cking of epidermal growth 
factor receptor. Cancer Res. 69(15), 6179–6183 (2009).

38.  Azmi AS, Bao B, Sarkar FH. Exosomes in cancer development, metastasis, and drug resistance: a 
comprehensive review. Cancer Metastasis Rev. 32(3-4), 623–642 (2013).

39.  Federici C, Petrucci F, Caimi S, et al. Exosome Release and Low pH Belong to a Framework of 
Resistance of Human Melanoma Cells to Cisplati n. PLoS One. 9(2), e88193 (2014). 

Supplemental fi gures
C

et

Cells

N
T

EVs

C
et

N
T

Alix

β-Actin

95kD

42kD

20kDTom20

ATP5A

Lamin A
Lamin C

69kD
62kD

53kD

Supplemental Figure 1 EVs from non-treated and cetuximab-treated A-431 cells do not contain 
detectable levels of lamin A/C, ATP5A or Tom20
A-431 cells were treated with 100 µg/ml cetuximab for 48 hours. Cell lysates were collected and EVs 
were isolated using diff erenti al centrifugati on. 5 µg cellular or vesicular protein was subjected to gel 
electrophoresis. Proteins were detected using immunoblotti  ng. Lamin A and C are nuclear and ATP5A 
and Tom20 are mitochondrial proteins, which were found in the cells but not in the EVs. NT (non-
treated), Cet (cetuximab-treated).
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Summarizing discussion 
About a decade ago, researchers discovered that extracellular vesicles (EVs) can functi onally 
transfer mRNA and miRNA molecules from one cell to another, thereby changing the 
phenotype of recipient cells [1–4]. The idea of EVs being involved in cell-cell interacti on, has 
changed the way we look at intercellular communicati on. We now know that, next to soluble 
factors such as hormones and cytokines, cells can send EVs to deliver messages across the 
body. In their role as communicati on vehicles, EVs play a role in several (patho)physiological 
conditi ons [5–8], making them att racti ve candidates for therapeuti c interventi on. For 
example, interfering in EV-mediated intercellular communicati on was shown to reduce 
cancer progression [9,10]. Besides being potenti al targets for treatment, EVs are att racti ve 
diagnosti c and prognosti c biomarkers, since their content mirrors the status of parental cells 
[11,12]. Moreover, EVs are readily accessible from body fl uids, enabling their use as ‘liquid 
biopsies’. 

The ability of EVs to functi onally transfer biomolecules from one cell to another has 
caught the att enti on of the drug delivery fi eld. Biomolecules such as RNA and (recombinant) 
proteins are very promising therapeuti cs, but their clinical applicati on can be hindered 
because of ineffi  cient delivery of these molecules to their site of acti on. For RNA, this is 
especially challenging as their site of acti vity is in the cytosol of target cells. 

Therefore, many researchers nowadays are inspired by EVs in drug delivery. The 
research described in this thesis aimed at expanding the knowledge on EV cargo delivery by 
developing methods for the characterizati on of EVs and their interacti on with cells.

We discussed two approaches for exploiti ng EVs in drug delivery in Chapter 2. One approach 
is focused on the use of endogenous EVs as drug delivery vehicles, by decorati ng them with 
targeti ng moieti es and loading them with therapeuti c (bio)molecules. Although progress 
has been made on using endogenous EVs for drug delivery [13–15], technical hurdles such 
as scalable producti on of EVs and batch-to-batch variability need to be overcome before full 
clinical translati on [16]. Also the loading of therapeuti c molecules aft er the EVs are formed 
is diffi  cult without compromising vesicle integrity. The second approach for developing EV-
based drug delivery systems is incorporati ng EV components, that are important for effi  cient 
cargo delivery, into existi ng drug delivery systems. In order to achieve this, thorough 
understanding of EV behavior, in parti cular of their interacti on with cells, is required. In 
additi on, the EV components that are crucial for cytosolic delivery of cargo need to be 
unraveled.

To study their interacti on with target cells, EVs are oft en fl uorescently labeled to track 
their cellular interacti on and uptake. Most popular are fl uorescent lipid labels, such as 
PKH67 and DiD [17–19]. In additi on, researchers use surface protein [20,21] and luminal 
[22,23] labels to track EVs. Each labeling strategy has its benefi ts and limitati ons, which 
we discussed in Chapter 3. Since each EV component may have a diff erent intracellular 
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fate aft er EV uptake, diff erent labels may provide diff erent informati on on the molecules 
that are important for cellular interacti on and uptake. In chapter 3, we labeled EVs derived 
from A-431 cells using lipid membrane, surface protein and luminal fl uorescent labels. Using 
confocal microscopy, we observed a punctate cellular distributi on of fl uorescent signal in 
endothelial cells aft er EV uptake. This indicates that EVs were internalized via endocytosis 
and subsequently remained in endosomal compartments. Indeed, endocytosis is considered 
to be the main cellular internalizati on route for EVs [24]. When we labeled EVs with multi ple 
labels simultaneously, we observed a partly overlapping distributi on of fl uorescent signals, 
indicati ng that at least a fracti on of EVs stayed intact for up to 24 hours. The remainder 
of the fl uorescent signal was segregated. Separati on of the fl uorescent labels could have 
diff erent causes. One possible explanati on is that not all EVs incorporated all three labels. 
An additi onal possible explanati on is that diff erent EV components indeed have disti nct 
intracellular fates. One of our expectati ons, based on the observed eff ects of RNA delivered 
by EVs, was that luminal label could be visualized in the cytosol. The fact that we did not 
observe release of luminal label in the cytosol, does not mean that no functi onal delivery 
of luminal contents had taken place. It may be hypothesized that, within a populati on of  
EVs, only a small fracti on of EVs is able to functi onally transfer luminal content. This limited 
transfer of EV content might not be picked up in our experimental set-up and more sensiti ve 
methods might be required. The observati on that EV subpopulati ons with diff erent lipid, 
protein and RNA profi les, can have disti nct functi ons, was recently shown by several groups 
[25–28] and supports our hypothesis that disti nct EV subpopulati ons may be bett er able 
to deliver their content, while others may be less able to achieve this. For example, one 
could envision a small percentage of EVs bearing a parti cular miRNA as a subpopulati on 
that is able to functi onally deliver this parti cular miRNA to a specifi c target cell type. This 
of course would require a high level of control of loading specifi c miRNAs into EVs by the 
producing cell. At the same ti me, however, Heusermann et al. claimed that the majority of 
the EVs that are taken up needs to represent a functi onal populati on [29]. This is based on 
the calculati ons that would indicate that, although only a few copies of siRNA or miRNA is 
needed for the silencing eff ect [30], a very small percentage of the EVs carries a copy of a 
parti cular miRNA [31]. Consequently, a signifi cant fracti on of the content of the EVs needs 
to be delivered functi onally to reach eff ecti ve concentrati ons of miRNAs inside cells [29]. To 
unravel the currently unknown mechanisms of EV loading and cargo release inside cells, it 
is clear that more sensiti ve and robust methods to separate EV subpopulati ons need to be 
developed. 

A proposed mechanism for cargo transfer from EVs to the cytosol of target cells is fusion at 
the level of the cell membrane [32,33]. We did not observe evidence for fusion at this level, 
in our experiments in chapter 3. Again, the fracti on of EVs that parti cipates in fusion may 
be too small to detect this phenomenon by these methods. Another way to study fusion 
of membranes is to study lipid mixing, the fi rst step in the fusion process. The rate and 
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extent of lipid mixing can be determined by incorporati ng the self-quenching dye R18 in 
membranes and measuring the fl uorescence dequenching when lipid mixing of the labeled 
membrane with an unlabeled membrane takes place. In Chapter 4, we labeled EVs with 
R18 and monitored the R18 fl uorescent signal upon interacti on of the EVs with cells for 60 
minutes. We mainly focused on direct fusion of EVs with the plasma membrane, because 
fusion with endosomal membranes requires endosomal uptake of EVs and possibly fusion 
of early endosomes with acidic late endosomes, which may require longer incubati on ti mes. 
We discovered that the R18 dequenching assay presents a challenging experimental set-up. 
The R18 label can dequench when the environment changes and when hydrophobic binding 
sites become available during experimental manipulati ons. Once the challenges using the 
R18 lipid mixing assay, as described in chapter 4, are overcome, one could use this assay to 
assess EV lipid mixing not only with the cell membrane but also with endosomal membranes 
by extending the EV-cell incubati on ti mes. This intracellular site of cell fusion may be more 
relevant, since endocytosis has been described to be the main cellular entrance route of EVs 
[24,29]. EV fusion with an endosomal membrane close to the endoplasmati c reti culum (ER) 
may facilitate immediate functi onal delivery of RNAs, since the ER has been reported to be 
a site for translati on and RNA interference [34].

In most studies, EV associati on with cells is investi gated under stati c conditi ons. This may 
overesti mate the in vivo cellular interacti vity of EVs as, in a stati c set-up, the cells are 
conti nuously exposed to high concentrati ons of EVs and have limited opportunity to deny 
uptake. Bodily fl uids, in contrast, are constantly moving, which is likely to infl uence EV-
cell interacti on. Therefore, we developed a method to investi gate binding and uptake of 
EVs by cells under dynamic fl ow conditi ons. The method, which was described in Chapter 
5, makes use of a fl ow perfusion chamber covered with endothelial cells, connected to a 
pump system. Aft er perfusing fl uorescently labeled EVs over a single layer of endothelial 
cells, the fl uorescence intensity of the cells was determined using fl ow cytometry analysis. 
A proof of principle experiment was performed by adding heparin, a known inhibitor of EV 
uptake under stati c conditi ons [35,36], to the perfusion buff er. We observed that heparin 
also inhibits uptake of EVs under physiological fl ow conditi ons. This underlines that the 
developed method is suitable for investi gati ng the infl uence of diff erent mediators and 
cellular conditi ons on the physiological interacti on of EVs with cells. 

In the previous chapters we have evaluated techniques to study the interacti on and uptake 
of EVs by cells based on EV compositi on. Additi onally, mechanics of EVs, and nanoparti cles 
in general, play a role in their interacti on with cells [37]. In Chapter 6 we used atomic force 
microscopy to determine the mechanical behavior of EVs derived from red blood cells 
(RBCs). Surprisingly, we found that the bending modulus of RBC EVs derived from healthy 
donors was similar to the bending modulus found for liposomes with a lipid compositi on 
mimicking that of RBCs. This suggests that EV mechanics are mainly dominated by lipids 
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and aqueous core and that membrane and luminal proteins only play a minor role. We 
also determined the bending modulus of RBC EVs derived from a pati ent with hereditary 
spherocytosis (HS), which is a red blood cell disorder associated with increased vesiculati on 
and decreased deformability of RBCs [38]. In this pati ent, HS was caused by a mutati on 
in the gene encoding ankyrin, which is a protein that connects the RBC cytoskeleton with 
the plasma membrane. We found that the bending modulus of the RBC EVs derived from 
the HS pati ent was about two ti mes lower than the bending moduli found for RBC EVs 
derived from healthy donors. These diff erent mechanics could infl uence RBC EV functi on 
and could provide informati on on the vesiculati on process. Release of the soft er part of 
the RBC membrane could leave behind a membrane that is sti ff er, which is typical for RBCs 
of HS pati ents. The infl uence of a lower bending modulus on RBC EV behavior may be an 
interesti ng topic for future research. 

Apart from their att racti veness as drug delivery systems, EVs are also interesti ng from a 
diagnosti c viewpoint. Since the compositi on of EVs mirrors the status of donor cells [11,12], 
EVs are promising biomarkers. The fact that EVs are found in body fl uids, and can be obtained 
via minimally invasive ‘liquid biopsies’, makes them even more att racti ve candidates for 
biomarker research. In Chapter 7, we treated A-431 tumor cells which abundantly express 
the oncogenic epidermal growth factor receptor (EGFR) with cetuximab, a therapeuti c 
anti body directed against EGFR. Subsequently, we analyzed the EVs derived from cetuximab-
treated cells and compared them with EVs derived from non-treated cells. EV size and 
quanti ty was not aff ected by the treatment, but the levels of a number of EV proteins did 
change. For example, both EGFR and phosho-EGFR levels were reduced in EVs derived 
from treated A-431 cells. This indicates that EVs could serve as biomarkers to monitor 
cetuximab treatment. The current challenge is to translate these fi ndings on Western 
blot to analyses that are amenable to routi ne diagnosti c tests. Even for cells that express 
abundant copies of a parti cular membrane protein, detecti on of such a protein on the EV 
surface is not straightf orward. The small size of EVs implies that even for abundant proteins 
only a small number of copies will be present, which presents challenges for detecti on.  A 
possible soluti on may be the capture of multi ple vesicles on the surface of larger beads for 
fl uorescent detecti on by conventi onal fl ow cytometry. However, the fl uorescent signal from 
one bead may originate from multi ple EVs containing a small number of membrane proteins 
or from a small amount of EVs containing a high number of membrane proteins, which 
makes data interpretati on challenging. 

Future perspecti ves
This thesis describes the progress and challenges in the characterizati on of EVs and their 
behavior, in parti cular their interacti on with cells, with a focus on EV applicati ons in 
therapeuti cs and diagnosti cs. Currently, diff erent EV-based diagnosti c tools are being 
developed [39]. Therefore, we believe that EVs will have an expanding role as diagnosti c and 
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prognosti c biomarkers in the near future. Although the therapeuti c EV fi eld has expanded 
rapidly, we sti ll do not know what mechanisms underlie the ability of EVs to transfer 
cargo. Before EVs can be applied as drug delivery systems, a bett er understanding of this 
phenomenon is required. Future research should be focused on developing techniques to 
bett er track delivery of EV cargo in order to unravel which pathways are involved in this 
process. Parti cular emphasis should be given to separati on of EV subpopulati ons that could 
provide insight into the EV components that are important in functi onal delivery. This thesis 
provides insights in the caveats that are encountered in unraveling the interacti on of EVs 
with target cells and provides tools to further analyze their acti vity. Thereby, this thesis may 
contribute to the clinical development of EV-based therapeuti cs.
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Nederlandse samenvatti  ng
Communicati e tussen cellen
Ons lichaam is opgebouwd uit ongeveer 100 biljoen (een 1 met 14 nullen) cellen en deze 
cellen moeten met elkaar communiceren om ervoor te zorgen dat ze als één geheel 
kunnen functi oneren. Dit doen ze op verschillende manieren. Cellen kunnen bijvoorbeeld 
signaalstoff en zoals hormonen afgeven aan hun omgeving. Vervolgens binden deze 
signaalstoff en op het oppervlak van andere cellen, waardoor deze worden aangezet tot 
bepaald gedrag. Ze gaan zich bijvoorbeeld delen, of weer andere signaalstoff en maken en 
afgeven. Cellen kunnen ook met elkaar communiceren door direct aan elkaar te binden. 
Recent is er een nieuwe manier van communiceren tussen cellen ontdekt. Cellen zijn in staat 
om kleine pakketjes naar elkaar te versturen. Deze pakketjes noemen we extracellulaire 
membraanblaasjes (in het Engels extracellular vesicles en afgekort EVs genoemd). EVs zijn 
bolvormige blaasjes, bestaande uit water omringd door een membraan opgebouwd uit 
vett en. EVs bevatt en naast vett en ook andere stoff en, zoals eiwitt en en kleine stukjes RNA 
(ribonucleïnezuur). RNA lijkt op DNA, het molecuul waarin onze geneti sche eigenschappen 
liggen opgeslagen. RNA is betrokken bij de omzetti  ng van deze geneti sche eigenschappen 
naar eiwitproducti e in de cel. EVs zijn gemiddeld 100 nanometer in doorsnede, wat betekent 
dat ze ongeveer 1000 keer zo klein zijn als de dikte van een mensenhaar. Er zijn dus zeer 
gevoelige technieken nodig om EVs te kunnen bestuderen.  

Verschillende onderzoeksgroepen hebben laten zien dat cellen EVs gebruiken om 
stoff en zoals RNA naar elkaar te transporteren en dat deze manier van communiceren een 
rol speelt in verschillende (ziekte)processen in ons lichaam. Zo kunnen kankercellen via EVs 
schadelijke stoff en uitwisselen. Ook ti jdens ontstekingsreacti es en wondherstel worden EVs 
gebruikt door cellen voor onderlinge communicati e. Omdat EVs een rol spelen in ziekte en 
gezondheid en te vinden zijn in onder andere ons bloed, zijn het aantrekkelijke kandidaten 
voor de ontwikkeling van nieuwe therapieën en voor de ontwikkeling van nieuwe methodes 
om ziektes te diagnosti ceren. 

Leren van extracellulaire membraanblaasjes
RNA moleculen hebben, vanwege hun invloed op de producti e van eiwitt en in cellen, 
potenti e als medicijn. Het is echter moeilijk om RNA moleculen op de juiste plek in het 
lichaam binnenin de juiste cellen af te leveren. Omdat ze heel groot zijn en negati ef geladen, 
kunnen ze niet via de darmen het lichaam binnenkomen, wat betekent dat RNA in een 
pil zo goed als uitgesloten is. Als we RNA inspuiten in het bloed, wordt het vrijwel direct 
afgebroken door enzymen, eiwitt en die stoff en onder andere in stukjes kunnen knippen. Dit 
betekent dat RNA verpakt moet worden in een beschermend verpakkingsmateriaal, ook wel 
een drug delivery (geneesmiddelafgift e) systeem genoemd. Drug delivery systemen zijn ook 
nodig om de RNA moleculen af te leveren binnenin de cel, want de moleculen zijn zelf niet 
in staat om de celmembraan, de membraan die de cel omringt, te passeren. 

Op de één of andere manier zijn EVs in staat om RNA moleculen in cellen af te leveren. 
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Het mechanisme hierachter is niet volledig bekend, maar er wordt wel veel onderzoek naar 
gedaan. Als we kijken naar het systeem, dan zien we dat het in EVs verpakte RNA zowel de 
EV membraan als de celmembraan moet passeren om het binnenste van de cel te bereiken. 
Als we een vergelijking trekken met het versturen van postpakketjes (‘EVs’), dan moeten 
de pakketjes in het huis (‘de cel’) worden afgegeven en vervolgens moeten ze worden 
‘uitgepakt’ zodat het RNA in het huis gebruikt kan worden. We weten niet waar en wanneer 
de postpakketjes worden uitgepakt zodra ze in het huis zijn afgeleverd. Door te kijken naar 
hoe EVs RNA afl everen in cellen en welke eigenschappen van de EVs hierbij een rol spelen, 
zouden bestaande RNA afgift esystemen verbeterd kunnen worden.

Naast dat we kunnen leren van EVs voor het verbeteren van therapieën, kunnen we 
EVs gebruiken als biologische informati ebron (‘biomarker’) in de diagnose van ziektes. EVs 
worden door alle cellen in ons lichaam gemaakt en afgegeven, dus ook door zieke cellen. 
Omdat EVs erg lijken op de cel van herkomst, bevatt en EVs die door zieke cellen zijn gemaakt 
bepaalde moleculen, zoals eiwitt en of RNA, die ons iets kunnen vertellen over de ziekte. 
Een voordeel is dat EVs gevonden worden in onder andere bloed en urine, waardoor ze 
gemakkelijk van een pati ënt verkregen kunnen worden.

Dit proefschrift 
Dit proefschrift  gaat over de karakterisering van extracellulaire membraanblaasjes en 
hun gedrag, met name ti jdens hun interacti e met cellen. Hierin staat de ontwikkeling van 
methodes om dit te onderzoeken en de mogelijke toepassingen van EVs in therapie en 
diagnosti ek centraal.

In Hoofdstuk 2 hebben we twee mogelijkheden voor het gebruik van EVs in drug delivery 
(‘medicijnafgift e’) beschreven en bediscussieerd. Eén mogelijkheid is het toepassen van 
EVs als drug delivery systeem door er medicijnen in te verpakken en ze aan de buitenkant 
aan te passen zodat ze een voorkeur krijgen om aan zieke cellen te binden. Een andere 
mogelijkheid is om de voordelige eigenschappen van EVs te gebruiken in bestaande drug 
delivery systemen. Daarvoor is diepgaande kennis over de interacti e van EVs met cellen en 
de eigenschappen van EVs die hierin een rol spelen van belang. 

In Hoofdstuk 3 hebben we beschreven dat we EVs gelabeld hebben met fl uorescente 
vlaggetjes, zodat we ze konden volgen met een microscoop terwijl ze een interacti e 
aangingen met cellen. Dit is te vergelijken met een Track & Trace systeem zoals we dat 
kennen voor postpakketjes. We hebben onderzocht of het uitmaakt waar de vlaggetjes aan 
gehangen worden, aan de inhoud of aan het verpakkingsmateriaal. Het lijkt niet echt uit te 
maken, waardoor we hebben geconcludeerd dat in de meeste gevallen de EVs intact blijven 
en hun inhoud niet vrijkomt in de cel. Kan het zijn dat een groot deel van de postpakketjes 
onuitgepakt eindigt in de prullenbak? Dit zou wel vreemd zijn, want de eff ecten die 
verschillende onderzoeken laten zien suggereren dat de EV inhoud wél vrijkomt binnenin 
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de cel. Onze suggesti e is dat er maar een klein gedeelte van een grote hoeveelheid EVs in 
staat is om hun inhoud af te leveren binnenin de cel en dat we gevoeligere methodes nodig 
hebben om dat kleine gedeelte op te pikken. Vervolgonderzoek zou zich ook kunnen richten 
op het karakteriseren van verschillende populati es van EVs, om zo op zoek te gaan naar de 
kleine fracti e die in staat is om zijn inhoud binnenin cellen af te leveren.

Het mechanisme achter het afl everen van de EV inhoud binnenin de cel is onbekend, maar 
een theorie is dat het verpakkingsmateriaal van de pakketjes versmelt met de muur van het 
denkbeeldige huis, zodat de inhoud direct wordt afgegeven aan de binnenkant van het huis. 
Als we het hebben over twee biologische membranen, in dit geval de EV membraan en de 
celmembraan, praten we over membraanfusie. In Hoofdstuk 4 hebben we een methode 
beschreven waarin we EVs hebben gelabeld met een speciaal fl uorescente vlaggetje, 
genaamd R18, die kan meten of de EV membraan nog intact is. Hiermee kan membraanfusie 
onderzocht kan worden. Tijdens dit onderzoek zijn we erachter gekomen dat het fl uorescente 
signaal van het R18 label in de EVs niet stabiel was en beïnvloed werd door onder andere 
de vloeistof en de testbuisjes die gebruikt werden. Deze technische problemen hebben we 
besproken in hoofdstuk 4 en zullen opgelost moeten worden voordat deze R18 test gebruikt 
kan worden om membraanfusie tussen EVs en cellen verder te onderzoeken.

In de meeste gevallen wordt de interacti e van EVs met cellen onderzocht in testbuisjes met 
vloeistof die sti lstaat, terwijl alles in ons lichaam constant in beweging is (denk maar aan ons 
bloed). In Hoofdstuk 5 hebben we een nieuwe methode beschreven om de interacti e van 
EVs met cellen onder constante fl ow (vloeistofstroom) te onderzoeken. Hiervoor hebben we 
gebruik gemaakt van een pompsysteem die de vloeistof, waarin zich fl uorescent gelabelde 
EVs bevinden, constant langs een laag van cellen pompt. Aan het eind van het experiment 
wordt de fl uorescenti e van de cellen gemeten door middel van fl ow cytometrie, een 
techniek waarmee iedere cel individueel geanalyseerd kan worden. In dit hoofdstuk hebben 
we laten zien dat de ontwikkelde methode geschikt is om de interacti e van EVs met cellen te 
onderzoeken onder dynamische vloeistofstroom conditi es. 

De mechanische eigenschappen van EVs, bijvoorbeeld hoe elasti sch of sti jf ze zijn, zouden 
invloed kunnen hebben op hoe ze zich gedragen ten opzichte van cellen. In Hoofdstuk 6 
hebben we laten zien dat de mechanische eigenschappen van EVs die door rode bloedcellen 
worden gemaakt kunnen worden bepaald met behulp van atoomkrachtmicroscopie. 
We hebben gevonden dat de buigmodulus, die aangeeft  hoe sti jf deeltjes zijn, van rode 
bloedcel EVs gelijk is aan die van zelfgemaakte membraanblaasjes (liposomen) met dezelfde 
vetsamenstelling. Deze resultaten suggereren dat eiwitt en, die veel gevonden worden in 
rode bloedcel EVs, maar helemaal afwezig zijn in liposomen, weinig invloed hebben op de 
sti jfh eid van membraanblaasjes, wat erg verrassend is. We hebben de buigmodulus van EVs 
van gezonde rode bloedcellen vergeleken met die van EVs van rode bloedcellen afk omsti g 
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van een pati ënt met erfelijke sferocytose, een ziekte die bloedarmoede veroorzaakt. De 
buigmodulus van de EVs van de zieke rode bloedcellen was twee keer lager dan die van EVs 
afk omsti g van gezonde rode bloedcellen, wat betekent dat de EVs van de pati ënt zachter zijn 
dan die van gezonde personen. De invloed van deze verlaagde buigmodulus op het gedrag 
van rode bloedcel EVs is een mooi onderwerp voor toekomsti g onderzoek.

Zoals pakketjes van Bol.com wit met blauw zijn en die van Zalando wit met oranje, hebben 
ook EVs kenmerken van hun afzender. Dit betekent dat als cellen ziek zijn, dit mogelijk te 
zien is aan de EVs die ze maken. In Hoofdstuk 7 hebben we onderzoek beschreven waarin 
we kankercellen hebben behandeld met een anti -kanker-medicijn gericht tegen het eiwit 
epidermaal groeifactorreceptor (EGFR) en hebben onderzocht of de EVs na behandeling 
veranderden. De EV groott e en het aantal EVs veranderde niet, maar de eiwitsamenstelling 
wel. Zo was de hoeveelheid EGFR eiwit en zijn geacti veerde vorm verminderd in de EVs 
afk omsti g van de behandelde cellen ten opzichte van de EVs afk omsti g van onbehandelde 
cellen. Dit laat zien dat EVs zouden kunnen dienen als ‘biomarker’ om het verloop van 
behandelingen te volgen. 

Conclusies
Kennis over EVs kan bijdragen aan de ontwikkeling van nieuwe therapieën en nieuwe 
manieren om ziektes te diagnosti ceren. Dit proefschrift  beschrijft  de stand van zaken en 
uitdagingen rondom de karakterisering van EVs en hun interacti e met cellen en biedt tools 
voor het onderzoek hiernaar. Op deze manier levert dit proefschrift  aanknopingspunten 
voor het verdere onderzoek naar het gedrag van EVs, wat uiteindelijk kan leiden tot de 
implementati e van EVs in de kliniek.
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PhD, je kunt ‘t! Aida, thanks for your suggesti ons for our visit to Porto last summer. I think 
we will have to go back some ti me to fi nish the list! Jerney, heerlijk hoe jij los kunt gaan 
op feestjes. Ook op het lab ben je een gezellige verschijning! Top hoe je samen met Silvie 
acti viteiten (taartencompeti ti e, spellen) bedenkt om de sfeer nóg leuker te maken! Silvie, 
het was leuk om samen de tekst voor Sanders liedje te schrijven en het daarna in te zingen! 
Bedankt voor de gezelligheid die je brengt bij borrels, feestjes en koffi  epauzes. En natuurlijk 
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voor je hulp bij het bestellen van kweekmedium, als het weer eens bijna op was. Karen, 
bedankt voor jouw meedenken ti jdens de maandagmorgen en later -middag meeti ngs. En 
natuurlijk voor je prachti ge rol in de fi lm die Sander maakte voor mijn bruiloft . Anil, you 
are a funny guy. Thank you for dancing at parti es and I wish you the best of luck with your 
family and career! Pim, wat ben jij een grappig fi guur. Het was alti jd lachen als jij er was door 
jouw gekke verhalen en acti es. Bedankt voor alle gezelligheid en natuurlijk de potjes die 
we geschaakt hebben. Succes in Zuid-Afrika! Stephanie, meid, wat hebben wij lekker lopen 
te kletsen te doen de laatste ti jd, heerlijk. Ik hoop dat je heel veel succes loopt te hebben 
met je project, maar dat loopt vast helemaal goed te komen! Arjan, bedankt voor je hulp 
met de perfusies, het is een leuk hoofdstuk en een mooie publicati e geworden! Ivar, als ik 
aan jou denk komen de volgende dingen in me op: de dansworkshop bij het LKCH feest, dat 
je katjelam was op het feest van Ray en de lunch met kerst toen het LKCH verlaten was. Je 
bent een fi jne collega en ik wens je veel succes met je project! Tesse, ik heb bewondering 
voor de snelheid waarmee jij jouw PhD gaat afronden. Je zag er nooit gestresst uit, maar 
was alti jd in voor een praatje. Succes met de laatste loodjes! Annet, jij weet alti jd alles als 
eerst en dat komt volgens mij omdat je alti jd zoveel belangstelling hebt voor anderen (en 
omdat je gewoon heel nieuwsierig bent...).Het is alti jd gezellig met jou! Zonne, je bent een 
harde werker, en dat moet ook wel als je je PhD moet afronden in 3 jaar! Ik hoop dat je er 
wat ti jd bij kunt krijgen. Heel veel succes! Maaike, bedankt voor alle gezelligheid ti jdens 
vrijdagmiddagborrels, feestjes, etentjes, barbecues, noem maar op. Jij bent alti jd in voor 
een feestje! Arnold, wat was het leuk om met jou samen paranimf te zijn! Het maken van 
het fi lmpje en regelen van cadeaus liep gesmeerd. Natuurlijk wil ik je ook bedanken voor alle 
hulp die je me gegeven hebt op het lab. Sara and Virginia, Italian girls, thank you for your 
nice contributi on to Sanders movie and all the best in your projects! Jessica en Mirjam, in 
de kamer naast jullie konden we regelmati g het gelach horen dat jullie samen produceren. 
Ik wens jullie veel succes met het afronden van jullie projecten! Linglei, you are a very happy 
person. I wish you all the best with your bacterial vesicles! Liesbeth, Tesy, Sandra en Leida, 
bedankt voor de goede sfeer op het lab! Harry en Cor, bedankt voor jullie hulp en advies op 
EM gebied. Uiteindelijk hebben die plaatjes mijn proefschrift  niet gehaald, maar het blijft  
een mooie techniek! Rolf, Suus, Flip, Joost en Coen, bedankt voor jullie nutti  ge bijdrage 
aan de vrijdagmorgenmeeti ngs en natuurlijk voor alle gezelligheid! Ruud, bedankt voor 
de gezelligheid op het CKL! Arno, zonder jou hadden we regelmati g zonder kweekfl essen 
gezeten. Bedankt voor het vooruit bestellen en het meedenken! Michel, bedankt voor je 
hulp bij account/computer/soft ware problemen. In oktober klop ik weer bij je aan! Tineke! 
Wat was het heerlijk om met jou te dansen en zingen in het lab (met de deur open of dicht). 
Blijf vooral jezelf (lekker gek)! Tante Anita, wat was het leuk om collega's te zijn! Mooi hoe jij 
me van mijn bloedprik angst af hebt geholpen. En prachti g hoe je mij speelde in het fi lmpje 
voor ons trouwen.

Als er iemand is die zich als een ti jger vastbijt in haar taken, dan ben jij het Joukje. Bedankt 
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voor het in de gaten houden van de voortgang van allerlei procedures. Door jou komt het 
alti jd op z'n pootjes terecht! Ook wil ik je nog speciaal bedanken voor het slaan op Roys 
(nep)billen voor het fi lmpje voor ons trouwen, dat beeld zal ik niet snel vergeten.
Gerard, het is bewonderenswaardig hoe je de afdeling runt, ondanks alle verschillen in 
onderzoeksgroepen, afdelingen en mensen. Mooi dat je naast alle taken die je hebt ook ti jd 
maakt voor een rol in verschillende fi lmpjes voor collega's. Bedankt dat je voorzitt er was van 
de beoordelingscommissie en plaats wil nemen in mijn oppositi e.

Tijdens mijn onderzoek heb ik verschillende studenten mogen begeleiden, wat erg 
leerzaam en leuk was. Sjoerd, Eduard, Renata en Pauline, bedankt voor jullie bijdrage aan 
de verschillende projecten! Eduard, leuk dat we elkaar nog tegenkomen op congressen en 
barbecues. Succes met de viesicles! Renata, thanks for starti ng the project on fl uorescent 
labeling of EVs. And off  course thanks for the nice ti mes we had in and outside the lab!

Ik wil ook graag de oud collega’s van het LKCH bedanken: 
Bert, Thijs, Claudia (ik gebruik het keukenschort nog steeds!), Marije, Esther, Grietje, 
Simone, Eszter, Eelo, Peter Paul, Vivian, Maarten, Agon, Livia (thanks for touching while 
talking. Or talking while touching?) and Pavla (remember the ti ghts accident on the island?). 
Bedankt voor de goede werksfeer!

Verder kijken dan je eigen vakgebied, dat hebben we zeker gedaan toen we een samenwerking 
aangingen met de biofysica groep van de VU. Gijs en Wouter, bedankt dat jullie dit project 
met ons wilden doen! Wouter, ook bedankt voor het beoordelen van mijn proefschrift . 
Daan, ons gezamenlijke project was een leuke en leerzame ervaring. Het was ook een hele 
uitdaging, maar het resultaat mag er zijn! Bedankt voor al je geduld bij het uitleggen van de 
AFM data. Heel veel succes in Stanford!

Lola and Margaret, thank you for the collaborati on on perfusing EVs over cells, which led to 
a nice publicati on. Thanks for the ‘gezelligheid’ when you were in the Netherlands! 

Esther en Ger, bedankt voor de samenwerking rondom hoofdstuk 3. Het was zeker nutti  g 
om de Infl ux te gebruiken om de gelabelde vesicles te meten en de data met jullie te 
bediscussiëren. Esther, bedankt ook voor het beoordelen van mijn proefschrift . 

Ook wil ik alle EV fanati ekelingen uit Utrecht bedanken voor de leuke meeti ngs en de 
gezelligheid op congressen: Niek (het was leuk om samen de EV-AIO meeti ng Utrecht te 
organiseren), Vera (het was gezellig om samen een kamer te delen ti jdens congressen!), 
Krijn (we komen elkaar vast tegen in het onderwijs!), Marijke (succes in Maastrig), Olivier 
(ik vind nog steeds dat je had moeten ingrijpen in Gotenburg) en Tom (PE kan meerdere 
dingen betekenen). En niet te vergeten Els en Marian! Dames, bedankt voor de leuke ti jd 
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bij jullie op de kamer en bedankt voor alle belangstelling voor mijn onderzoek daarna! Els, 
bedankt dat je me ti pte om bij Farmacie te gaan praten en bedankt voor de maandelijkse 
lunchafspraken. Zullen we die er in houden?

Bas, bedankt voor alle gezelligheid ti jdens de congressen/meeti ngs en natuurlijk voor het 
lenen van je anti lichamen! Toch vind ik dat je Griekenland nog een kans moet geven...

Aris, thank you for reviewing my thesis. Sorry you cannot make it to my defense. Many 
thanks for all the nice conversati ons we had during the ISEV conferences. 

(Oud-) Collega’s van Biofarmacie, Kristel, Lies, Erik, Jan-Jaap, Emmy en Amr, bedankt voor 
alle gezelligheid. Lies en Erik, het krat bier is trouwens voor jullie, de challenge durf ik toch 
niet aan. Bovendien was het een afspraak gemaakt in beschonken toestand, dus die is 
waarschijnlijk niet rechtsgeldig.

Wim, bedankt voor het beoordelen van mijn proefschrift . Ik beloof dat ik de studenten veel 
zal leren over infecti es, maar ze niet zal veroorzaken!

Ik wil ook graag mijn nieuwe collega’s bij Farmacologie bedanken. Ferdi, bedankt dat je me 
de mogelijkheid hebt gegeven ti jdens de afronding van mijn project ervaring op te doen in 
het lesgeven. Fijn dat ik dit de komende ti jd bij jullie mag blijven doen! Ling, my talkati ve 
neighbor, PhD student, thanks for always sharing your cookies and tea with me. Collega-
docenten, bedankt dat jullie me wegwijs hebben gemaakt in het lesgeven bij Farmacie!

Lieve familie, mam, pap, Marti n, Paula, Arjen, Dianne, Lien, Walter, Oma Blaauw, Bert, 
Riet, Dorien, Sjors, Tristan, Elena, Alec, Elbert, Marieke en Oma Vink, bedankt voor jullie 
liefde en onvoorwaardelijke steun! Pap, het was leuk om het met jou te hebben over mijn 
onderzoek! Mam, bedankt voor het lezen van mijn Nederlandse samenvatti  ng. Het is er 
zeker beter op geworden! Elbert, bedankt voor je hulp bij het ontwerpen van de omslag 
van mijn proefschrift . Lieve neefj es en nichtjes, Tristan, Elena, Alec en Lien, bedankt voor de 
afl eiding die jullie mij gegeven hebben! 

Lieve Wouter, wat ben ik blij dat ik jou naast me heb! Bedankt dat je naar mijn verhalen 
luistert en met me meedenkt. Ik geloof dat ik mijn promoti eonderzoek te vaak heb gebruikt 
als excuus voor het laten staan van de afwas. Sorry, ik ga mijn best doen mijn leven te 
beteren! Ik hou van jou.
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