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Chapter 5
Calcifying Extracellular Vesicles: Biology,
Characterization, and Mineral Formation

Hooi Hooi Ng, Jessica E. Molina, and Joshua D. Hutcheson

Extracellular Vesicles in Physiological
and Pathological Calcification

Extracellular vesicles (EVs) are membrane-enclosed vesicles secreted from cells
that contain cellular-derived content such as lipids, proteins, and cytokines [1]. EVs
have received increased attention for their role as vehicles for intracellular commu-
nication as they have the ability to transfer content via membrane fusion to target
cells, thereby modulating various physiological and pathological processes in both
the target and parental cells. EVs incorporate into target cells through endocytosis,
pinocytosis, or phagocytosis [2]. Mammalian cells release a broad range of EVs
with diverse features. In the cardiovascular system, EVs have a myriad of physio-
logical roles, including regulation of inflammation and coagulation, as well as acti-
vation of endothelial cells and platelets [3-5]. These EV-mediated processes are
induced by stimulating the target cell surface receptors through bioactive ligands
and proteins. The transfer of content to target cells is tightly regulated by the lipid
composition in the EV membrane, and reports suggest that the phospholipid phos-
phatidylserine plays a major role to facilitate the membrane fusion process [6].

In physiological calcification, EVs known as matrix vesicles are enriched in
membrane proteins that regulate extracellular matrix mineralization (see Chaps. 16
and 17 for thorough discussions on bone mineralization). Some of the membrane
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proteins involved in these processes include the calcium-dependent phospholipid-
binding annexin protein (annexins I, II, V and VI), as well as enzymes such as
tissue non-specific alkaline phosphatase (TNAP) and ectonucleotide pyrophospha-
tase/phosphodiesterase-1 (ENPP1). These proteins and enzymes are essential to
maintain the balance of pyrophosphate and inorganic phosphate for the formation
of hydroxyapatite crystals and remodeling of the extracellular matrix [7]. The min-
eralization process is initiated by inhibition of pyrophosphate generated through
the cleavage of nucleotide triphosphates by ENPP1 [8]. Inorganic phosphates that
are derived from TNAP-mediated hydrolysis of pyrophosphate are loaded into
EVs via transmembrane phosphate transporter proteins and react with calcium
ions immobilized on the EV phospholipid bilayer. We have recently shown in
silico that negatively charged phosphatidylserine is important in immobilizing
positively charged calcium ions [9]. Phosphatidylserine-rich membrane of the EVs
coupled with annexin proteins sequesters calcium and phosphate, driving the
nucleation of immature minerals [10]. The phosphatidylserine-calcium-phosphate
complex functions as an intravesicular niche to form mature apatite. As mineral
matures and becomes increasingly crystalline, it can rupture the EV membrane and
fuse with the underlying cartilaginous matrix [11], which leads to early mineral-
ization events that are required for bone development and regeneration.

Calcifying EVs are reported to have a diameter in the range of 100-300 nm. In
models of medial calcification, calcifying EVs released from vascular smooth mus-
cle cells cultured in media with elevated calcium and phosphate have an average
diameter of ~140 nm [12, 13]. Conversely, vascular smooth muscle cells cultured in
a pro-calcific media that may recapitulate inflammation-driven intimal calcification
(with B-glycerophosphate and L-ascorbic acid) release EVs that appear larger in
size with a diameter of >150 nm. Minerals formed during early bone mineralization
have similar chemical properties to the minerals deposited during pathological cal-
cification, especially those found in medial and intimal layers of the coronary arter-
ies [14]. This observation suggests that EVs released during pathological calcification
may be underpinned by similar mechanisms that control bone mineralization.
However, the cellular derivation of calcifying EVs in cardiovascular tissues appears
different than those described in bone. One of the mechanisms by which calcifying
EVs are formed intracellularly involves the protein sortilin [15]. Sortilin is elevated
in calcifying arteries of both the human and murine atheroma and plays a vital role
in mineral formation in vitro. The presence of serum sortilin in circulation also pre-
dicts the presence and abundance of abdominal aortic calcification [16]. In accor-
dance with the risk predication power of cardiovascular calcification (Chap. 23), the
level of serum sortilin also predicts the rate of event-free mortality in 8-year follow-
up studies.

Sortilin directly modulates calcification potential by regulating the intracellular
trafficking of TNAP into the EVs, which serves to hydrolyze calcification inhibitors
(e.g., pyrophosphate) into free phosphate for mineralization. Once released into the
extracellular space, these TNAP-positive EVs begin the process of depositing
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Microcalcification genesis and growth
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Fig. 5.1 Microcalcification formation within vulnerable fibrous caps of atherosclerotic plaques
occurs in four stages. First, calcifying EVs accumulate in collage-poor regions. Second, the EVs
aggregate to form a larger structure. Third, the EVs merge as mineralization begins. Fourth, the
mature mineral grows from this nucleation niche. (Figure adapted from Ref. [17])

mineral in the vascular wall. We have previously reported that the formation of
microcalcification in human smooth muscle cells and a murine model of vascular
calcification occurs in four stages (Fig. 5.1) [17]. First, microcalcification is initi-
ated when calcifying EVs accumulate within collagen-poor regions of an athero-
sclerotic plaque. Second, interactions between these calcifying EVs lead to the
formation of aggregates. Third, the nucleation of calcium phosphate within EVs
leads to fusion of the EV membranes, forming microcalcifications. Finally, the
microcalcification grows through interactions with additional EVs. When formed
within a collagen-poor fibrous cap of an atherosclerotic plaque, these microcalcifi-
cations contribute to stress accumulation and the detrimental effects of plaque rup-
ture. Indeed, clinical data and in silico studies suggest that plaque stability can be
determined by calcification size and morphology of the fibrous cap collagen content
in atherosclerosis [18]. Based on these studies, we can better understand how calci-
fying EVs are initiated and formed during calcification and the implications on car-
diovascular morbidity. Future studies are needed to target these processes in order to
intervene at an early stage of mineral formation and potentially prevent or reverse
microcalcification.

It is clear that EVs are emerging as key players in the development of calci-
fication. It is, however, worth noting that EVs are highly complex and hetero-
geneous in nature and may exert opposite functional effects in the vasculature.
For example, endothelium-derived vesicles show both beneficial and harmful
effects through reducing neointima formation [19] and inducing endothelial
dysfunction [20], respectively. Therefore, additional efforts should be put in
place to standardize the methodologies used to characterize the multifaceted
aspect of EVs, so that data generated from these studies can be more compa-
rable. We and others have comprehensively reviewed the roles of EVs in cardio-
vascular calcification [21-25] and will summarize a few key mediators that are
commonly involved in the pathogenesis of vascular calcification in the follow-
ing section.
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Extracellular Vesicles in Vascular Calcification

It is well-established that vascular smooth muscle cell proliferation plays a vital role
in the development of the atherosclerotic plaque [26]. More recently, vascular
smooth muscle cell-derived EVs have been described as important mediators in
vascular calcification in late stages of atherogenesis [17, 27]. Proteomic analysis
reveals that intracellular contents of EVs released by vascular cells [28] show simi-
lar protein composition to those derived from chondrocytes and osteoblasts [29, 30].
Specifically, EVs derived from these cell types have comparable calcium binding
proteins, surface receptors, cytoskeletal proteins, and extracellular matrix compo-
nents. One of the calcium-dependent enzymes that cross-links with an extracellular
matrix protein, transglutaminase 2 (TGM2), was found to be upregulated in EVs
derived from the aorta of a rat model of medial calcification [31]. On the other hand,
osteoprotegerin (OPG), a crucial regulator of bone homeostasis, was found in EVs
derived from vascular smooth muscle cells, which also contained the calcium-
binding protein annexin A6 [32]. In this study, Schoppet et al. reported that OPG has
anti-calcification effects at physiological concentrations to inhibit the EV-driven
mineral nucleation and accumulation of hydroxyapatite on the vascular wall. The
initiation and rate of mineralization likely depend on the balance of factors within
EVs that promote and inhibit mineral formation.

Pathological changes in calcium homeostasis trigger significant alterations in EV
composition, including the formation of nucleating phosphatidylserine-annexin A6
and calcium-phosphate complexes, as well as a deficit in matrix gla protein, which
would otherwise inhibit calcification [12, 28]. TNAP is one of the key enzymes that
is involved in the pathogenesis of vascular calcification [15, 33]. However, the role
of TNAP in vascular smooth muscle cells-derived EVs under pro-calcific conditions
is controversial, as some studies reported increased in TNAP activity [34, 35],
whereas others reported no changes in TNAP activity after short-term treatment
[28]. These contradictory data suggest that the components within pro-calcific
media used and duration of experiments may be a crucial point to consider when
comparing EVs released under different calcifying conditions. Indeed, studies that
reported increased TNAP activity used the combination of B-glycerophosphate and
L-ascorbic acid to induce osteogenic differentiation, whereas studies that reported a
reduction in TNAP used a high calcium-phosphate media. A recent study that tested
the calcification potential of valve interstitial cells (VICs) under different calcifying
conditions yielded similar results to that of the smooth muscle cells [36]. Goto et al.
reported increased in TNAP activity in VICs cultured in media containing
[B-glycerophosphate and L-ascorbic acid, an effect that was also passage-dependent.
TNAP-dependent calcification was not observed in these primary VICs cultured in
high-phosphate media, and these observations are consistent with previous studies
in vascular cells. In short, vascular smooth muscle cell- or VIC-derived EVs play a
major role in pathological calcification when the balance between pro-calcific acti-
vators and anti-calcific regulators is lost. In addition to the role of vascular smooth
muscle cells and VICs, macrophages may serve as an important contributor to EVs
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that nucleate mineral. Particularly in the context of atherosclerosis, EVs are local-
ized to areas of mineral deposition, and this process is highly driven by inflamma-
tory cells and potentiates rupture of vulnerable plaques [37]. Macrophage-derived
EVs also play an important role in promoting microcalcification [38]. New et al.
found that the calcium-binding proteins SI00A9 and annexin A5 are upregulated in
calcifying macrophage-derived EVs, and these proteins interact with each other to
form a S100A9-annexin AS5-phosphatidylserine complex, which serves as a nucle-
ation site for hydroxyapatite. The exact changes that lead to EV-mediated phenom-
ena may depend on the extracellular cues that initiate calcification and the particular
cell phenotypes that respond to these cues.

Methods to Analyze Extracellular Vesicle Properties

Recent interest in EV research has led to the advent of various characterization
methods to identify EVs released from cells under physiological and pathological
conditions. Despite the advances in methodologies to characterize EVs, uncertainty
remains in regard to the most appropriate methods of data collection and interpreta-
tion due to the small size and complex nature of EVs. In this chapter, we will review
the strengths and weaknesses associated with each of the commonly used method-
ological approaches for the identification of calcifying EVs. In particular, we detail
the different methods used for structural analysis of EVs, which can be used in
conjunction with conventional physical characterization methods. These fundamen-
tal analyses are important in the classification of EVs into subgroups, which can
lead to further characterization using techniques such as mass spectroscopy.
Through extensive characterization and understanding of the biological functions of
these calcifying EVs, potential therapeutic strategies will soon become available by
targeting the probable source of mineral formation.

Physical Analysis of Extracellular Vesicles
General Characterization of Extracellular Vesicles

Electromagnetic radiation and its interaction with biological constructs have proven
to be an essential tool in research used to study molecular properties of macromo-
lecular structures. Both absorption and scattering by characteristic determinants in
molecules result in changes in the energy level or frequency of light. Specifically,
analysis of scattered light through subsequent light polarization, angular allocation,
and intensity can be used to identify physical properties of matter [39]. Light scat-
tering techniques can be used to study particles in either dynamic or static states.
Studying particles in their dynamic state, through a technique known as dynamic
light scattering (DLS), offers a sensitive technique for particle detection. Particles in
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a solution constantly move due to a random walk motion that becomes apparent at
small length scales and through subsequent interaction with neighboring solvent
particles. The random walk phenomenon, known as Brownian motion, is related to
particle size. Time-dependent measurements in the intensity of scattered light from
the particles can determine their hydrodynamic radius based upon Brownian motion
relationships [40]. In DLS measurements, incident light exposure on a particular
sample leads to light scattering from all particles within the sample. The summation
of scattered light gathered from each particle is recorded as a net intensity value. As
the particles move, this net intensity fluctuates at a rate dependent on the particle
size [40]. Larger particles diffuse at a slower rate, resulting in less fluctuation in net
intensity. An autocorrelation function, measuring net intensity at different time
intervals, is then used to determine the translational diffusion coefficient (D) for the
particles in solution. This diffusion coefficient is incorporated into the Stokes-
Einstein relationship (Eq. 5.1) to determine the average hydrodynamic radius (R),)
of the particles within the solution, when both the viscosity (1) and absolute tem-
perature (7) of the solution are known [40].

_ kT
671nR,

(5.1)

DLS also allows for determination of particle zeta potential, an indication of
surface charge. A voltage applied across a sample will result in particle movement.
Negatively and positively charged particles move with faster velocities toward posi-
tive and negative electrodes, respectively, with the velocity proportional to the mag-
nitude of the particle charge. The particle velocity measured by changes in the DLS
frequency can be used to calculate the electrophoretic mobility of the particle,
which is then applied to Henry’s equation for zeta potential measurements [41].
This size characterization technique has been used to study both time- and
temperature-dependent calcification through the precipitation of primary calcipro-
tein particles (CPPs) to an insoluble, crystalline structure [42, 43]. These studies
looked at fetuin-A as a natural inhibitor of calcification and evaluated the endoge-
nous capacity of the protein to limit the progression of calcification. While one
group was working to create a more accessible light scattering technique for clinical
use, both groups show similar results in their analysis of these CPPs. In relation to
both intensity of the subsequent light and measured hydrodynamic radius of parti-
cles, a clear distinction was made as the CPPs transitioned from their soluble and
smaller state to an insoluble precipitate structure [42, 43].

While DLS measurements provide an efficient and rapid means of analyzing
average properties of monodisperse nanoparticles, it is limited in characterization of
heterogeneous particles, such as EVs released by cells. DLS sensitivity can only
distinguish particles that differ in size by a factor of 3, restricting its utility in dif-
ferentiating different populations of EVs that have similar size characteristics [44].
Measuring the intensity of scattered light from all the particles within the solution
can lead to bias measurements for large particles whose fluctuations in intensity are
much lower than smaller particles. Moreover, the use of the Stokes-Einstein
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relationship to determine the hydrodynamic radius of particles within a sample
assumes these particles are of a spherical shape [45].

In short, DLS measurements serve as a general data collection tool that provides
average properties of EVs suspended in a media but cannot yield an accurate quan-
titative measure of EV heterogeneity within a sample. Nonetheless, DLS can be
used as a preliminary tool to validate the presence and general characteristics of EVs.

Particle-by-Particle Analysis of Extracellular Vesicles

Nanoparticle tracking analysis (NTA) uses similar methodologies as DLS measure-
ments to determine hydrodynamic size of particles based on Brownian motion [44].
NTA is preferred over DLS measurements, due to the fact that it is capable of dis-
tinguishing the hydrodynamic size properties of each particle in a solution by calcu-
lating the mean squared displacement of light scattered from individual particles,
rather than average intensity fluctuations analyzed by DLS in a frame-by-frame
analysis [44]. This technique not only allows for the determination of individual
particle characteristics but also provides visualization of these particles in the solu-
tion. Since the volume of the imaging window is known, the number of particles
visualized at any given time also provides a measure of EV concentration within a
sample. In addition to providing concentration data, NTA has other obvious advan-
tages over DLS measurements, with the most important being the removal of bias
and increased sensitivity for polydisperse samples [44, 46]. NTA has been used to
characterize calcifying EVs released from vascular smooth muscle cells cultured in
pro-calcific media to evaluate the relationship between EV aggregation and mineral
growth [12, 15, 17, 35, 38] (Fig. 5.2). This is particularly important, as information
on aggregation of EVs will determine their fusion mineralization capacity of either
forming microcalcification or macrocalcification.
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It is, however, worth noting that the accuracy of NTA in particle measurement
remains challenging because of the nature of the technique by which particle dis-
placement is calculated. Once a particle diffuses from the field of view, it can no
longer be analyzed [46], and relatively low abundance EV populations may not be
counted at a significantly high numbers to allow statistically meaningful analyses of
properties. This may be a particular problem for analysis of calcifying EV samples,
which may represent a small portion of the total EV population in a sample that
consists of exosomes, microvesicles, and microparticles.

Flow cytometry (FCM) techniques have recently been developed for EV analy-
ses, and several studies have shown the potential of this technique in analyzing dif-
ferent EV populations [47, 48]. Conventionally, FCM is used to quantitatively assess
cells based on their chemical and physical properties [49], and this technique has
recently taken its turn into the growing field of EV research. The use of FCM for EV
analysis is feasible, as the necessary machinery is already utilized in most laborato-
ries for cell sorting. However, this technique is limited by its sensitivity to collect
scattered light from smaller particles, as the setup is only able to reach 200 nm in size
[50]. Researchers have worked to normalize FCM measurements for EV detection
through a high-sensitive approach which increased concentration detection as well
as the detection limit [51], but is it enough for such a novel field of research knowing
that EV size can reach a lower limit of around 30 nm? An alternative look at FCM
moved from the use of light scattering to properties determined by fluorescence. This
enhanced technology which was successfully used by Brussaard et al. in the detec-
tion of different viruses offered up to a 50x increase in concentration of detected EV's
than conventional methods dependent solely on light scattering [52, 53].

More recently, tunable resistive pulse sensing (TRPS) emerged as a powerful
technique to provide particle-by-particle characterization of size and charge proper-
ties. It uses the Coulter principle to provide a highly sensitive system for quantita-
tive particle-by-particle characterization (Fig. 5.3). The Coulter principle, originally
developed to determine size and concentration of cells in hematological analyses,
measures the impedance of nonconductive particles as they disrupt an electric cur-
rent within a conductive medium. TRPS incorporates a two-compartment setup,
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Fig. 5.3 Schematic diagram showing the tunable resistive pulse sensing (TRPS) technology that
utilizes the Coulter principle to measure EV size and charge properties
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divided by a nano-sized pore with electrodes on either side. A voltage is applied to
the system with electrolyte solution in each compartment to induce a current through
the pore. Particles diluted within electrolyte solution are placed in the upper fluid
well compartment. Both applied pressure and electrophoretic mobility result in par-
ticle translocation through the pore, increasing the resistivity of the pore to current
flow [54]. The current disruption is proportional to the size and charge properties of
each particle.

Three different aspects of particle measurements using TRPS can be modified
throughout sample reading to ensure maximum sensitivity and accuracy in particle
detection. (i) Increasing the voltage applied to the system will increase the current,
allowing higher resistivity for particles of smaller sizes. (ii) Increasing the pressure
within the system will accelerate particle flow, allowing more accurate measure-
ment of particles from a larger sample pool. (iii) Applying stretch to the nanopore
can adapt the measurement to different particle sizes and help prevent blockages.
Duration of the current disruption serves as an indicator of charge for each particle.
Absolute calculation of zeta potential is also possible from the particle transit time
using the Smoluchowski approximation (Eq. 2) [54, 55]. Particle translocation
through the nanopore depends on electrophoretic mobility and convective mobility
due to pressure applied to the system. The relative contribution of electrophoretic
and convective mobility can be measured using calibration particles of a known size
and charge prior to sample velocity measurements at a constant voltage (V) and
pressure (P), providing the constant values, ', and v',,,. Determination of cali-
bration particle translocation time can be compared to those time-dependent mea-
surements obtained from the sample at different points within the pore. This will
provide a particle’s respective velocity relative to its intrinsic and pressure-driven
movement. The summation of these velocity values (V’X sample ) 18 @veraged respective
to each particle at that point. The zeta potential of both the calibration particles
(&1 car) and of the pore itself (&,) are known constants and are taken into account
during this approximation, as well.

i P v
i _ Zx(vxSample _vxCalP)/(vxCulV)
éxample - Z gne! Cal + ém
X

The limitations of TRPS include the short lifespan of the nanopore and difficul-
ties related to choosing the correct nanopore for heterogeneous biological samples.
Nanopore sizing is a critical determinant of the range of EVs that can be measured.
Therefore, heterogeneous EV samples must be separated by size (e.g., through size
chromatography column-based approaches) and measured using size-appropriate
nanopores. Biological samples are also prone to aggregation, which can lead to
blockage of the nanopore, preventing proper particle-by-particle analysis. The
inclusion of nonionic detergents in the electrolyte solution may help prevent aggre-
gation of particles in biological samples.

Adaptation of TRPS methods in newer resistive pulse sensing (RPS) technolo-
gies has increased sensitivity in particle analysis. A recently developed RPS
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technology uses a multifunctional nanopipette that simultaneously measures
changes in ionic current and potential through the similar translocation mechanism
unique to TRPS analysis but utilizes a nanopipette system that may enhance con-
trollability and reduce blockages [56].

In short, TRPS offers the most accurate quantification of small EVs based upon
the Coulter principle, but the technique remains technically challenging and labori-
ous compared to NTA. As TRPS and related techniques continue to develop, physi-
cal properties such as size, charge, and concentration of EVs may provide new
information on characteristics of EVs released under various conditions (healthy vs
diseased). This may contribute to therapeutic advances that can target these EVs to
treat vascular calcification.

Structural Analysis of Extracellular Vesicles

The analyses discussed in the previous section have begun to elucidate size and
charge characteristics of EVs, but they do not provide direct visualization of EV
structure. The smallest EVs are around 30 nm in diameter, smaller than the resolu-
tion limits of a standard light microscope. The limitations in light microscopy lie in
the consolidation of diffracted light from smaller particles that have a higher index
of refraction at the visible light range, resulting in a blurred image [57]. The discov-
ery that moving matter acts similarly to light, a phenomenon described as the wave-
particle duality, led to the development of microscopy techniques using electron
emission [58]. Due to electron mass being considerably larger than that of a photon,
the corresponding wavelength is much lower (based on the matter-wave equation),
resulting in lower level diffraction of smaller-sized samples, easy consolidation of
light, and resolution below 0.05 nm. All electron microscopy techniques allow for
the structural determination of EVs, but methods differ in both sample preparation
and output image. Deciding which technique is best for EV analysis is dependent on
the purpose of study [59].

Transmission electron microscopy (TEM) analyzes electrons that were able to
pass through a specimen. Sample preparation for TEM involves fixation and dehy-
dration of EVs, thus losing their natural conformation. After dehydration, the sam-
ples are sectioned into nanometer-sized films and placed on a carbon-coated grid for
imaging, which provides the structural analysis of the EVs. TEM offers a higher-
resolution image by capturing not only transmitted electrons for structural determi-
nation but also those scattered, thus increasing the contrast of the output image. On
the other hand, scanning electron microscopy (SEM) offers topographic image of
EVs by collecting electrons scattered from the surface. We have previously visual-
ized calcifying EVs released from smooth muscle cells cultured under pro-calcific
conditions that mimic those observed in calcified human plaques (Fig. 5.4) [17].
SEM, though similar in sample preparation with fixation and dehydration, does not
necessitate the sectioning required for TEM. One limitation of SEM is the produc-
tion of false ring-like images that can interfere with accurate structural and
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Fig. 5.4 Aggregation of EV and calcification within a calcified human carotid artery plaque. (a)
Density-dependent color SEM shows calcifying EVs composing mineral (dense, orange features)
in human atheroma. Bar = 2 pm. (b) Magnified image of a large calcification within human ath-
eroma (a, white rectangle). Bar = 500 nm. (¢) Calcifying EVs seeded into a three-dimensional
collagen hydrogel recapitulate these structures. Bar = 500 nm. White arrows depict dense, orange
features of calcium phosphate-rich calcifying EVs. (Figure adapted from Ref. [17])

concentration analyses. Both TEM and SEM require dehydration and fixation of
EVs prior to analysis, which can deform the EVs and hinder final size verification.
These limitations, while apparent, are known sources of error that should be
accounted for during data analysis.

Cryo-electron microscopy (cryo-EM) provides a more realistic imaging tech-
nique for EVs, by utilizing a different fixation method that avoids dehydration and
preserves the natural structure [60]. Through the cryo-immobilization technique,
water is cooled to a glass-like state with liquid ethane, allowing for particles to
remain hydrated [59]. TEM and cryo-TEM are often coupled with immunogold
labeling, allowing for further quantification to identify specific surface proteins,
verifying the presence of a particular subgroup of EVs [61]. In the context of vas-
cular calcification, calcifying EVs that mediate mineralization contain TNAP,
which can be targeted and labeled using this technique to confirm their pres-
ence [27].

Atomic force microscopy (AFM) is another common technique used to gain
topographic information on EVs. While SEM and TEM techniques involve the
direct interaction of an electron beam with the sample, AFM uses laser light to study
the deflection of a cantilever coupled with a sharp tip interacting along the surface
of particles [62]. Additionally, stiffness of the particles can be obtained through
AFM measurements. As the cantilever moves closer to the surface of the particles,
molecular forces (e.g., Van der Waals forces) increase the strength of the interaction
between the EV surface and the tip. The displacement curve obtained during retrac-
tion of the cantilever can be used to determine the stiffness of the particle [63].
Rastering the cantilever across the EV surface results in a high-resolution 3D image,
as well as the radius determination [62]. Sample preparation for AFM is straightfor-
ward and only involves immobilization of the sample along a mica surface [62, 64].
Though this can disrupt the natural state of the EV, embedding molecules that inter-
act with EV surface proteins can mitigate deformation and allow for accurate size
determination [62]. Moreover, similar to immunogold labeling for TEM, the mica
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surface for AFM can be modified to include antibodies from which EVs can specifi-
cally bind. This enhances quantification of differential subgroups of EVs within a
sample defined by unique surface proteins [62].

In short, these techniques provide a means for EV structural analyses. As dis-
cussed previously, during NTA and DLS analyses, EVs are assumed to be spherical.
While less high-throughput, the methods discussed here do not require a priori
assumptions about EV shape, and additional structural analyses using these micros-
copy techniques can help validate assumptions made in the indirect measurements
of EV properties.

Biomolecular Analysis of Extracellular Vesicles

The ultimate goal of EV research is usually to determine biomolecular function.
Beyond characterizing EV size and structure, methods are needed to analyze EV
content. Of particular interest for calcifying EVs is the analysis of proteins and lipid
moieties involved in mineralization. Insight into the molecular drivers of mineral-
ization may ultimately lead to the discovery of relevant therapeutic targets.

Mass spectroscopy (MS) is one of the most common screening techniques used
to identify the mass-to-charge ratio of ions within a sample, and the use of this tech-
nique, specifically high-throughput MS, has been used in protein analysis of EVs
[65]. The use of MS in clinical settings has evolved greatly from drug testing, to
newborn screening, to identification of blood-borne infections, to most recently pro-
viding a real-time look at cancerous tissue during surgery [66]. This screening tech-
nique can essentially be used to determine the presence of EVs and the specific
lipidomic or proteomic profiles of these EVs, which will provide important clues on
their biological functions. For example, MS is used as an unbiased tool to identify
proteins that are enriched in calcifying EVs using common gene ontology database
[35]. Functional annotation of these specific proteins can be applied to further clas-
sify these EVs into subgroups and identify their distinct roles in vascular calcifica-
tion. Additionally, MS also allows for the determination of cellular derivation and
mechanisms of calcifying EV formation from the vascular smooth muscle cells [13,
15]. Data obtained from mass spectroscopy can also be used as biomarkers in the
future based on the specific subgroups of lipid or protein that are misregulated under
pro-calcific conditions.

An increasing body of evidence from metabolomics analyses suggests that lipids
play an important role in directing the physiological and pathophysiological func-
tions of EVs. EVs derived from various sources are enriched in sphingomyelin,
cholesterol, phosphatidylserine, and glycosphingolipids [67]. Analysis of these
lipid species will help us to characterize the specific lipid composition in the EV
bilayer and contribute significantly to our knowledge about the distinct lipid profiles
that are essential in maintaining the structural and physical constituents of EVs
released under pro-calcific conditions. In brief, EV lysis and lipid extraction meth-
ods are typically carried out in a single step through liquid-liquid phase extraction.
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Analysis of the lipid species is achieved with lysis and extraction using a 4:1 tetra-
hydrofuran/water phase, followed by the separation of phospholipids and glyco-
phospholipids by diethyl ether and water partitioning [68]. Additionally, EV lipids
may be extracted by the Bligh and Dyer liquid-liquid phase extraction method,
whereby most lipid species are dissolved in the organic layer of a chloroform/meth-
anol/water (1:1:1 by volume) solution [69]. Lipid species from the organic phase are
then separated and analyzed by gas chromatography (GC)-MS, liquid chromatogra-
phy (LC)-MS, or direct infusion electrospray ionization into a high-resolution mass
spectrometer. Due to the complexity and heterogeneity of EVs, accurate mass mea-
surement is often ambiguous for the identification of specific lipid or metabolite
species. To overcome the issue, additional analysis from MS experiments is often
supplemented by obtaining the elution time (compared to known standards), frag-
mentation (tandem MS), ion mobility measurements, and relative isotope intensities
[70, 71]. Analyses of these distinct lipid compositions present in the EV's will inform
us about the stability of these vesicles in various extracellular environments. This
may contribute to our knowledge about the specific lipids that confer the stability of
EVs in vascular calcification, which is important for future clinical applications that
involve liposomal drug delivery method. To ensure sufficient information is gath-
ered regarding a particular subgroup of EVs, robust analyses of the particles such as
quantification methods, biodistribution, circulating levels, and their pharmacokinet-
ics must first be established.

In addition to lipid [72] and protein analysis, mass spectroscopy has the ability
to identify possible genomic profile [73] of the EVs as well, which is typically
determined by next-generation sequencing. Collectively, mass spectroscopy repre-
sents a powerful and reliable tool for biomolecular analysis of EVs, which would
help to advance the field by identifying specific properties of calcifying EVs that
participate in mineralization.

Analysis of Extracellular Vesicle Mineralization

Chapter 11 provides a thorough discussion on methods to visualize and analyze
mineral properties. In this section, we briefly discuss methods to analyze and quan-
tify EV-mediated mineralization. The properties discussed in the previous sections
(size, charge, and biomolecular content) provide insight into the properties of EVs
that may be important in directing calcification. However, analyses of these proper-
ties do not directly assess the mineralization potential of EVs. Assays for mineral-
ization in cell cultures and tissue sections are well established and involve the
utilization of colorimetric or fluorescent dyes that bind calcium or phosphate.
Traditionally, alizarin red S staining of calcium and von Kossa staining of phosphate
provide visualization of calcified regions in cultures and tissues and allow for quan-
tification through light absorbance measurements of extracted dye. A method utiliz-
ing the color change that occurs when o-cresolphthalein complex 1 reacts with free
calcium has also been used to quantify calcium extracted from mineralized tissue
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Collagen, Calcification

Fig. 5.5 Imaging of a near-infrared fluorescent calcium mineral probe (red fluorescence) shows
increased mineralization from (a) day 14 to (b) day 21 in smooth muscle cells cultured in pro-
calcific media. (¢) High-resolution images show calcifications forming within a collagen (green
fluorescence) network. Bar = 1 pm. (Figure adapted from Ref. [17])

and cultures using hydrochloric acid [17, 34, 38]. More recently, the development
of fluorescent probes specific to calcium phosphate-based minerals has yielded
higher-resolution, and more sensitive, assessment of mineral abundance and mor-
phology (Fig. 5.5) [17, 35]. Longitudinal injection of fluorescent probes into mouse
models has also provided a means to track changes in both bone and cardiovascular
mineral formation over time [17, 74, 75]. Adaptation of these established assays to
measure mineralization directly from EVs, however, is often not straightforward
due to EVs’ small size.

Similar to difficulties in measurement of the physical and biomolecular proper-
ties of EVs, limited starting material and small size present complications when
trying to measure mineralization directly from EVs. Initial studies into EV mineral-
ization relied solely on static characterization of associations between mineral and
EVs within calcified tissues using electron microscopy (as discussed in section
“Structural Analysis of Extracellular Vesicles”). Early seminal studies in the
dynamic mechanisms of EV calcification used EVs isolated from mineralized tissue
by protease digestion of the extracellular matrix [76, 77]. Nascent mineral scatters
light at 340 nm. By suspending isolated EVs in a high calcium-phosphate solution
and monitoring absorbance at 340 nm over time, the relative mineralization poten-
tial of EVs can be measured. EV samples with higher potential exhibit an increase
in absorbancy at 340 nm at earlier time points compared to those with lower miner-
alization potential. Similar studies have used fluorescent mineral dyes [35] or the
colorimetric o-cresolphthalein complex 1 method [38] to measure mineral forma-
tion in suspended EVs, which allow for a lower amount of starting material and
measurement of EV mineral from cell culture samples. These methods, however,
are not conducive to visualize EV-directed mineralization.

Interactions with collagen fibers dictate mineral patterning by EVs in both physi-
ological bone mineralization and pathological vascular calcification. Studies by
Chen et al. used the known associations between calcifying EVs and collagen to
measure EV-mediated mineral formation on collagen-coated coverslips using the
o-cresolphthalein complex 1 method [34]. Building upon these studies, we seeded
EVs from human coronary artery smooth muscle cells cultured in pro-calcific media
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Labelled EVs

Fig. 5.6 (a) Structured illumination super-resolution microscopy shows fluorescently labeled EVs
aggregating to build a (b, ¢) microcalcification. Bar = 500 nm. Arrows depict the near-infrared
labeled EVs. (Figure adapted from Ref. [17])

on three-dimensional collagen hydrogels to visualize and quantify mineralization
potential [17]. The mineral formed within the hydrogels recapitulates aspects of
mineral observed in calcified atheroma, and fluorescent labeling of the EVs with
CellTracker™ dyes enabled super-resolution optical imaging of calcifications
formed from the merger of individual EVs (Fig. 5.6). The collagen fibers trap and
dictate EV associations, serving as a scaffold for mineral morphology. The size and
shape of microcalcifications within atherosclerotic plaques determine the accumu-
lation of local stresses that can destabilize the plaque [18]. Subsequent plaque rup-
ture results in artery occlusion and tissue infarction. Therefore, quantification of
mineral formation and associated morphologies can provide insight into the patho-
logical consequences of EV-mediated calcification and therapeutic strategies to
reduce cardiovascular morbidity.

Future Perspectives

EVs are vectors that have important roles in the biological system which could
modify the pathophysiological mechanisms during the progression of vascular cal-
cification, by releasing either good or harmful mediators. The characterization of
EVs released into cell culture media serves as an invaluable step to study the bio-
logical functions of these vesicles under pro-calcific conditions in a controlled envi-
ronment and reproducible manner. This fundamental knowledge gained from
in vitro study will provide us with meaningful information on the cellular activation
of these EVs during disease progression and could be used as diagnostic or prognos-
tic biomarkers in the future. In this chapter, we have outlined several common anal-
yses used to characterize EVs. It is, however, worth mentioning that there remains
the need to overcome some of the common technical challenges to quantify EVs.
While extensive efforts have been made to accurately measure both the EV concen-
tration and protein content [78], there is still an unmet need to standardize the EV
isolation procedures across laboratories. Hence, a strong research effort is necessary
to establish procedures for EV isolation in order to compare the downstream
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analyses of different EV subgroups. This is especially important for allowing com-
parison of biological data to define EV dosage for clinical trial purposes. A combi-
nation of physical and biomolecular analysis of EVs may represent a major
breakthrough in the field to define the concentration, size, and charge of EVs, as
well as the protein and/or lipid content in these vesicles under pro-calcific condi-
tions. This would give us valuable information on the dosage to use for clinical
applications by titrating the concentration of EVs relative to the protein ratio. As
outlined above, the opportunity to employ highly sensitive and accurate methodolo-
gies to characterize EVs continues to emerge in the field, and this will certainly help
with advancement in the understanding of EV biology. Of note, a better understand-
ing of EV biology together with standardized methods for EV isolation and quanti-
fication, functional characterization, as well as establishing potency assays will
immensely enhance the future promise for EV-based diagnostic and therapeutic
applications for the treatment of vascular calcification.

At present, the limitations of using EV-based diagnostics or therapeutics as a tool
for clinical purposes include its applicability in vivo, particularly in the area of cal-
cification. Despite the enormous promise of EVs as therapeutic vectors that can be
delivered to different targeted locations within the body system, it requires labori-
ous engineering expertise to optimize the interaction of these EVs with target cells
[79]. Moreover, a majority of the current knowledge is derived from studies done
in vitro, or with supraphysiological concentrations of EVs that are irrelevant to clin-
ical scenarios observed in patients with vascular calcification. Hence, with the hope
to better understand the roles of EVs in vivo, new methods are needed to delineate
the mechanisms by which EVs are released temporally and spatially within the
vascular wall, as well as from circulating cells. Furthermore, as detailed in section
“Biomolecular Analysis of Extracellular Vesicles”, proteomic and lipidomic map-
ping using matrix-assisted laser desorption/ionization (MALDI) approaches in
intact tissue may provide vital information on biomolecular changes in EVs during
the progression of calcification. In summary, various methods to assess the charac-
teristics of EVs released in vascular calcification represent a potential path toward
future therapeutic avenues that reduce cardiovascular morbidity and mortality.
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