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Abstract

Exosomes and microvesicles are two classes of submicroscopic vesicle released by cells into the

extracellular space. Collectively referred to as extracellular vesicles, these membrane containers

facilitate important cell-cell communication by carrying a diverse array of signaling molecules,

including nucleic acids, proteins, and lipids. Recently, the role of extracellular vesicle signaling in

cancer progression has become a topic of significant interest. Methods to detect and target

exosomes and microvesicles are needed to realize applications of extracellular vesicles as

biomarkers and, perhaps, therapeutic targets. Detection of exosomes and microvesicles is a

complex problem as they are both submicroscopic and of heterogeneous cellular origins. In this

Minireview, we highlight the basic biology of extracellular vesicles, and address available

biochemical and biophysical detection methods. Detectible characteristics described here include

lipid and protein composition, and physical properties such as the vesicle membrane shape and

diffusion coefficient. In particular, we propose that detection of exosome and microvesicle

membrane curvature with lipid chemical probes that sense membrane shape is a distinctly

promising method for identifying and targeting these vesicles.
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1. Introduction

1.1 Ferrying cargo with extracellular vesicles

Microvesicles and exosomes, collectively referred to as extracellular vesicles in this

Minireview, are submicron sized lipid containers released by cells. Both types of

extracellular vesicles have an aqueous, cargo-containing core surrounded by a roughly

spherical bilayer membrane. Arrival of the vesicles at a distant site and fusion with targeted

cells allows transport of cargo as diverse as nucleic acids (DNA, mRNA, and microRNA),

proteins, and lipids, facilitating important cell-cell communications.[1,2] Packaging the cargo

in lipid vesicles protects the contents from extracellular degradation and allows for more

precise targeting of the contents.[1,3] Packaging also provides temporal signaling control
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through the simultaneous delivery of an array of signaling molecules. Binding of vesicles to

target cells is a specific interaction that is likely dependent on receptor mediated association,

e.g., microvesicles originating from platelets interact with monocytes but not

neutrophils.[4,5] A recent increase in understanding of the role extracellular vesicles play in

normal, and pathologic, intercellular communication processes has made them a topic of

intense interest.[6–11] The list of normal physiologic roles for microvesicles and exosomes

continues to grow: microvesicles and exosomes have already been implicated in horizontal

genetic transfer, cytokine release, angiogenesis, transfer of receptors between cells, and

metalloproteinase release.[4]

1.2 Extracellular vesicle release, lipid composition, and shape

Although microvesicles and exosomes are structurally similar, they differ in cellular origin,

lipid composition, and size. At present, precise definitions of the distinctions and the

terminology used to describe these extracellular vesicles are still developing.[12] For

example, the hematology research community often uses the term microparticles instead of

microvesicles.[13,14] In general, microvesicles are described as being formed by outward

budding and fission of the plasma membrane, and as having a particle diameter of 100 –

1000 nm.[15] The lipid composition of microvesicles is by and large similar to that of the cell

membrane, but lacks the asymmetric distribution of lipids normally seen across the two

leaflets of the plasma membrane. In particular, the aminophospholipids, phosphatidyl-serine

and -ethanolamine, are no longer sequestered to the inner leaflet of the membrane, and are

instead homogenously distributed across the microvesicle bilayer membrane.[16,17]

Unlike microvesicles, exosomes are produced within the cell and are released through an

exocytosis event. Exosome production begins when the bilayer membrane of late endosomes

buds inward, filling the luminal space of the endosome with small luminal vesicles or

exosomes.[18,19] The vesicle filled endosome, now called a multivesicular body (MVB),

then fuses with the plasma membrane through a calcium dependent mechanism, releasing

the exosomes into the extracellular space (Figure 1).[20] Similar to microvesicles, exosome

membranes also contain an increased level of aminophospholipids compared to the outer

leaflet of the plasma membrane.[21] In addition, exosome membranes also contain the lipid

ceramide. Ceramide is produced by the hydrolysis of sphingomyelin by sphingomyelinases

within the endosome, and its production is an essential step in the sorting and production of

exosomes.[22] Exosomes are smaller and more homogenously distributed in size than

microvesicles, commonly being described as having a particle diameter of 30 – 100

nm.[22,23] When prepared for and viewed with an electron microscope, exosomes typically

display a cup-like shape.[24]

A significant feature of extracellular vesicles is their highly curved membrane surface.

Highly curved membrane shapes, where curvature is defined as the reciprocal of the

membrane radius, are commonly found within cells.[25] These membranes organize and

compartmentalize organelles of complex shape such as the Golgi, and are the cargo of

intracellular motor proteins like kinesin. In the extracellular space, highly curved

membranes are less common. As most cells have diameters > 8 μm, submicron sized

extracellular vesicles represent uniquely curved lipid surfaces.[10] Curvature affects lipid
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ordering within the membrane. Mismatch between the curvature of the membrane and the

shape, or spontaneous curvature, of the lipids induces lipid-packing defects.[26–28] The holes

created by the lipid-packing defects expose the hydrophobic core of the bilayer membrane to

the aqueous phase (Figure 2). The defects are short-lived, but result in a net reduction of

lipid density in the curved region. Along with absolute size, these membrane-packing

defects are a characteristic feature of exosomes and microvesicles in the extracellular space,

and one that will be further explored as a targetable or detectable feature in this Minireview.

1.3 Extracellular vesicles promote cancer progression

Cancer cells have long been known to gain a competitive advantage by releasing factors that

modulate the extracellular environment to promote cancer growth and metastasis. There is

growing evidence that these factors are released via extracellular vesicles. Cultured

glioblastoma multiforme, melanoma, and breast cancer cells have all shown significantly

elevated release of microvesicles or exosomes.[29,30] Exosomes released from melanoma

cells have been shown to promote angiogenesis, matrix remodeling, and anergy in lymph

nodes, creating an optimal environment for metastatic cancer cells.[31] Colorectal cancer

cells have been shown to shed Fas ligand laden vesicles that reduce the ability of T-cells to

induce cancer cell apoptosis.[32]

Increased microvesicle and exosome levels have also been found in the blood of cancer

patients. Elevated levels of microRNA-containing microvesicles have been found in the

serum of patients with prostate cancer, and increased exosome levels were found in the

plasma of patients with lung adenocarcinoma and melanoma.[33–35] Higher levels of

circulating vesicles have also been correlated with a poorer prognosis in patients with gastric

cancer.[36] Increasing evidence of the role of extracellular vesicles in the progression of

cancer suggests that methods to detect, quantify, and modulate exosomes and microvesicles

may potentially have prognostic, diagnostic, and therapeutic value. With this goal in mind,

we discuss here current methods used to detect and target extracellular vesicles, and address

the applicability of the emerging field of membrane curvature and lipid sensing peptides to

this function.

2. Sensing the submicroscopic

2.1 Methods for detecting extracellular vesicles

Widely applied technologies used for detection of ultramicroscopic particles like exosomes

and microvesicles include electron microscopy, flow cytometry, dynamic light scattering

(DLS), and nanoparticle tracking analysis (NTA). Depending on the method used, the

reported absolute number of extracellular vesicles in a liter of blood can vary by as much as

five orders of magnitude.[37]

Each method mentioned above has advantages and drawbacks when used to detect

extracellular vesicles. Electron microscopy can directly show that vesicles exist in a sample,

but cannot provide quantitative data, and the fixation process can alter vesicle shape and

size.[38] Flow cytometry is typically limited to the identification of particles greater than 300

nm, preventing the detection of smaller microvesicles and all exosomes.[39] Recently

developed flow cytometry protocols have lowered this limit, but the detection of sub 100 nm
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particles, like exosomes, still remains an outstanding problem.[40] Challenges of detecting

extracellular vesicles with DLS include: 1) the low refractive index of vesicles, and 2) a bias

towards detection of larger particles when used with heterogeneous solutions.[38] This

makes it problematic to distinguish between microvesicles (>100 nm) and exosomes (<100

nm) in mixed solution.[41] NTA is perhaps the most promising method because it can

identify both microvesicles and exosomes and is not dependent on the refractive index of the

vesicles. However, without a fluorescently labeled antibody directed towards a vesicle

surface marker, or without use of a vesicle isolation method to reduce polydispersity of the

sample, there can be considerable intra-assay count variability.[38,42]

2.2 Brownian motion of extracellular vesicles

Both DLS and NTA rely on the relationship between particle size and diffusion coefficient

to determine the size of the extracellular vesicles in solution. This is described quantitatively

for a spherical particle in a low Reynolds number fluid by the Stokes-Einstein equation

where D is the diffusion coefficient, kB is Boltzmann’s constant, T is the temperature, η is

viscosity of the fluid, and r is the radius of the particle. The estimated diffusion coefficients

for microvesicles and exosomes in the extracellular environment are shown in Figure 3A. It

is important to note that the relative differences in the diffusion coefficient between different

vesicle sizes becomes more difficult to resolve as the vesicles become larger. For example,

going from a vesicle 30 nm in diameter to 130 nm in diameter changes the diffusion

coefficient by ~12 μm2/s, but from 900 nm to 1000 nm the diffusion coefficient changes by

only ~0.05 μm2/s. For experiments using NTA, it is therefore important to consider if the

minimum track length (how long a particle must be followed before the diffusion coefficient

is calculated) is long enough to properly resolve such differences in vesicle diffusion

coefficients. In general, and depending on the settings of the NTA instrument, particles with

diameters in the range of 1 μm or greater move too slowly to be accurately sized using

NTA.[38]

The calculated diffusion coefficients can also be used to estimate the average distance a

vesicle diffuses from its origin in a given time. The root-mean-square displacement (xrms)

for diffusion in the absence of an external force is given by

where t is time.[43] The behavior and presence of exosomes and microvesicles is arguably

best studied in blood.[44] Vesicles in the blood are subjected to large external forces from the

pulsatile flow of the circulation system that trump in scale any diffusive processes. Cases of

smaller external forces, where we can make the approximation of using the root-mean-

square displacement equation, do exist, such as paracrine signaling between nearby cells or
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in the sample chamber of an NTA instrument (Figure 3C). For these cases, Figure 3B

illustrates that smaller exosomes are able to diffuse greater distances in a given time, making

them the faster traveling and equilibrating vesicle.

2.3 Protein markers of extracellular vesicles

Up to this point, we have focused on identifiable biophysical characteristics of extracellular

vesicles. In addition to fundamental properties such as diffusion coefficient, exosomes and

microvesicles also display surface markers that can be used for quantification and detection.

The distinction between markers specific to exosomes or microvesicles is muddled by

variations in literature terminology previously mentioned, and challenges isolating and

identifying the separate populations of vesicles. Universal markers commonly used to

identify exosomes are better characterized, and include transmembrane proteins like

tetraspanins (CD9, CD63, CD81, and CD82) and MHC class I and II, and cytosolic proteins

like heat shock proteins (HSP-70 and HSP-90).[18,45,46] Source specific markers that

represent the proteome of the cell of origin can also be used for exosome identification. For

example, urinary exosomes of patient’s with non-small cell lung cancer were found to carry

proteins representative of their primary tumor.[47]

Detection of extracellular vesicle proteins is relatively straight forward using analytical

techniques like western blot or ELISA. However, soluble antigens may also be detected, and

it is not possible to distinguish vesicle sizes or concentrations with these techniques.[38]

Additionally, interindividual differences in exosome tetraspanin expression levels, in

particular CD63, may reduce the value of comparative studies.[48]

2.4 Targeting extracellular vesicle lipids

The final component of the extracellular vesicle surface is the bilayer lipid membrane. As

discussed earlier, the membranes of exosomes and microvesicles both contain rare lipids

(e.g. ceramide and aminophospholipids) and have highly curved surfaces that contain lipid-

packing defects. In the extracellular environment, these are unique traits that can be targeted

by membrane binding proteins. Here we will briefly discuss these proteins and their

applications to extracellular vesicle detection. For a broader and more comprehensive

summary of membrane binding proteins, see these other excellent reviews.[49–51]

Membrane binding proteins encompass a variety of proteins, from random coils to those

with complex secondary structures. Compared to a protein-protein binding interface that can

have complex three-dimensional tertiary and quaternary structure, the membrane-protein

interface can be thought of as planar regions of discrete interaction regimes: the hydrophobic

core, the electrostatically charged phosphate and lipid head groups, and the hydrophilic

solvent. Three interaction regime regions, and two interfaces between them, leave open the

possibility for many membrane recognition mechanisms.

The most conventional protein-membrane interaction mechanism is the recognition of rare

lipid head groups by a folded protein domain in a lock and key like mechanism.[50,52] A well

known example is annexin V, which recognizes the lipid phosphatidylserine using folded

domain repeats that bind the lipid head group through coordinated Ca2+ ions.[52] Membrane

binding through coordinated divalent cations, Ca2+ or Zn2+, is a common mechanism for
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folded protein domains.[52] Among the lipids found in the extracellular environment,

phosphatidylserine carries an uncommon net negative charge. Although most other lipids

have ionic character, they are zwitterionic and do not have a net charge.[21] Fluorescently

labeled annexin V is commonly used to detect the exposure of phosphatidylserine on the

outer membrane leaflet of apoptotic cells.[53] As discussed earlier, extracellular vesicles also

contain phosphatidylserine in their outer membrane leaflet. Annexin V has been used in

methods to quantify exosome and microvesicle phosphatidylserine levels, for a filtration and

flow cytometry based microvesicle counting assay, and to inhibit exosome signaling by

blocking exosome-cell membrane fusion.[18,54,55]

2.5 Probes for extracellular vesicle membrane curvature

The next examples include proteins that can sense membrane curvature. Membrane

curvature sensors are proteins that bind the membrane with varying affinity based on the

membrane’s shape. Curvature sensing occurs through many motifs, including, but not

limited too: electrostatic interaction with clustered anionic lipids, well structured protein-

membrane shape matching, insertion of hydrophobic residues or loops into membrane

defects, and curved membrane induced protein folding.[49,51] Proteins/peptides can also

actively induce membrane curvature, altering the shape of the membrane. The distinction

between a protein that induces membrane curvature and one that senses it is likely as

dependent on the concentration of the protein as it is on its physical properties.[50] The outer

membrane of extracellular vesicles is positively curved, or convex, so we focus here on

examples of sensors for these surfaces.

Three recent cases show how truncation or structural modification of a known membrane

binding protein can lead to a curvature sensing peptide. Myristoylated alanine-rich C kinase

substrate (MARCKS) is an intracellular protein that normally functions to sequester free

PIP2 lipids on the interior leaflet of the plasma membrane.[56] In its active form, the lysine

rich effector domain of MARCKS binds PIP2 through a non-specific electrostatic

interaction.[56] Truncation of MARCKS to just its effector domain results in a 25 amino acid

unstructured peptide.[57] This peptide, MARCKS-ED, preferentially binds

phosphatidylserine enriched and exosome sized (< 100 nm diameter) synthetic liposomes

and isolated extracellular vesicles.[57] Electrostatic attraction between positively charged

peptide lysine residues and negatively charged phosphatidylserine lipid head groups, as well

insertion of five bulky hydrophobic phenylalanine residues into lipid-packing defects, likely

explains this behavior.[57] Phenylalanine insertion would be entropically favorable; it would

exclude the solvent from the membrane defect and remove the need for a solvation shell to

form around the hydrophobic peptide residues.

Another example, C2BL3C, is a 12 amino acid long peptide that was cyclized using “Click”

chemistry.[58] The peptide is based on a Ca2+ dependent membrane inserting loop of the

membrane fusion protein synaptotagmin-I. Truncation and cyclization of the membrane

inserting loop created a more rigid peptide that selectively binds highly curved synthetic

liposomes and blood derived exosomes in a calcium independent manner.[58] Although the

mechanism of its curvature sensing remains unknown, the low net charge of C2BL3C

suggests a lipid-packing defect stabilization mechanism.[58] The final modification example
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is a derivative of the cationic peptide bradykinin. In this case, a truncated bradykinin

monomer showed modest curvature sensing; however, trimerization (conjugation of three

monomers to a flexible linker backbone) significantly increased the peptides’ affinity for

highly curved and charged surfaces.[59] A synergetic combination of electrostatic attraction

and membrane structure scaffolding from the peptides’ claw-like shape may explain this

curvature sensing behavior.[59]

These protein truncation, cyclization, and multimerization models illustrate how a simplified

scaffold can maintain or gain new membrane curvature sensing properties relevant to

extracellular vesicle detection. Compared to annexin V, short, easily synthesized curvature

sensing peptides such as these are advantageous because they allow for easier chemical

modification, conjugation, and preparation. Future in vivo or in vitro applications will

require consideration of the peptides’ biological activity. For example, are the peptides

present at concentrations sufficient to damage cells through induction of membrane

curvature or other biological activity?

3. Outlook

In this Minireview, we have touched on the basic biology of extracellular vesicles, their

importance as a signaling entity in normal and pathologic processes, and addressed bio-

physical and -chemical detection methods. Major barriers to our growing understanding of

exosome and microvesicle biology include finding reliable methods for quantification,

isolation, and modulation. Identifying universal characteristics of submicroscopic particles

of heterogeneous origin and content is a challenging task. Outlined characteristics include

lipid and protein composition and physical properties such as diffusion coefficient and

membrane curvature. As physical properties represent a sum of the vesicle parts, they are

arguably more universal. Membrane curvature sensing peptides are a unique class of

molecules that can sense the physical state of the membrane. Along with the peptides

mentioned, many potential future scaffolds exist for extracellular vesicle curvature sensing

probes. These include naturally occurring proteins that sense, and in some cases induce,

membrane curvature, such as the BAR domains, the ALPS motif of ArfGAP1, or α-

synuclein.[60–63] The development of new tools for extracellular vesicle detection will help

address basic questions, such as how exosomes and microvesicles signal their target cells,

and will also provide scaffolds for new biotechnological tools. Potential biomedical

applications include quantifying circulating vesicles as a novel cancer biomarker and

inhibiting the extracellular vesicle dependent signaling pathways that promote cancer

growth and metastasis.
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Figure 1.
Extracellular vesicle release and contents. Microvesicles bud directly from the plasma

membrane. Exosomes, formed by inward budding of late endosomes, are held in

multivesicular bodies (MVB) within the cell. Fusion of the MVBs with the cell membrane

releases the exosomes into the extracellular space. Microvesicles and exosomes contain a

diverse array of cargo, including lipids, transmembrane and globular proteins, DNA,

mRNA, and microRNA. All represented membranes are phospholipid bilayers.
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Figure 2.
Membrane curvature induces lipid-packing defects in regions of positive curvature. Top

view of a 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC) bilayer membrane

induced to curve by gradual lateral compression during molecular dynamics simulation.

Lipid packing defects, as measured by solvent accessible surface area, are mapped to the

surface as black dots. Lipid head groups are shown in orange and red, and hydrocarbon tails

in white and blue. The region of negative curvature, in the area of y ≈ −20, shows few

packing defects. Figure adapted with permission.[27]
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Figure 3.
Extracellular vesicle size dependent diffusion and displacement. A) Diffusion coefficients of

exosomes (solid red) and microvesicles (dashed blue) as given by the Stokes-Einstein

equation. B) Root-mean-square displacement of exosomes (dashed only lines) and

microvesicles (dashed with dotted lines) through an aqueous extracellular environment. C)

Representative image of ~100 nm particles visualized using a NTA instrument (NanoSight

LM14). Red lines are the diffusional displacement of the particles tracked by the NTA

software. Each particle is associated with two numbers, the upper number represents the
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particle size as calculated using the Stokes-Einstein equation and the lower number

represents the particle’s track length.
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