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Mineralization-competent cells, including hypertrophic chondrocytes, mature osteoblasts, and osteogenic-

differentiated smooth muscle cells secrete media extracellular vesicles (media vesicles) and extracellular vesicles

bound to the extracellular matrix (matrix vesicles). Media vesicles are purified directly from the extracellular

medium. On the other hand, matrix vesicles are purified after discarding the extracellular medium and subjecting

the cells embedded in the extracellular matrix or bone or cartilage tissues to an enzymatic treatment. 

media extracellular vesicles  matrix vesicles  cell-cell communication

1. Discovery of Matrix Vesicles

Lipid components in the mineralizing front of cartilage were revealed by Sudan Black B staining of growth plate

cartilage . Later, electron microscopy indicated the presence of 100–300 nm in diameter vesicular structures

at the site of epiphyseal cartilage in mice . Cartilage at an early stage of calcification of 1-month-old guinea pigs

and at proximal tibial-distal femoral epiphyses of 3-day-old rats showed the presence of roundish bodies, which

gradually become filled with crystallites . The first extraction of mineralizing vesicles was carried out using bovine

fetal or rabbit epiphyseal cartilages . A collagenase digestion of the epiphyseal cartilage, followed by several

differential centrifugations, was performed . An enriched amount of cholesterol, phosphatidylserine, and

sphingomyelin was found in mineralizing vesicles, as compared to the composition of plasma membranes 

. The isolated vesicles had high tissue-nonspecific alkaline phosphatase (TNAP) activity . The first

mineralizing vesicles were isolated directly from cartilage tissues and were released after collagenase digestion.

They were not extracted from either the extracellular medium or biological fluids. At that time, mineralizing vesicles

were referred to as matrix vesicles or collagenase-released vesicles . Since their initial discovery in the growth

plate cartilage, other mineralizing vesicles have been found at the first mineral deposit site during intramembranous

bone formation , in fracture callus , in developing dentin , in pathological calcification of valves , and in

osteosarcoma .

2. Discovery of Media Vesicles

The discovery of media (extracellular) vesicles has been reviewed elsewhere . Here, the researchers

briefly communicate work describing the occurrence of extracellular vesicles not bound to the extracellular matrix.

Early work on the clotting factors in human plasma indicated the presence of blood corpuscles, in addition to the
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thromboplastic agent, sedimented at 31,000× g . The material extracted from plasma and separated by

ultracentrifugation was enriched in phospholipids and showed coagulant properties resembling those of platelet

factor 3 . Around 1960, several pieces of evidence suggesting the occurrence of extracellular vesicles in

platelets  secreted by mammalian cells , as well as non-mammalian phagocytic cells  were collected by

means of electron microscopy. Extracellular synaptic vesicles at sites of the periaxonal space within the mouse

atrium were evidenced by electron microscopy . It was also discovered that extracellular vesicles can

contribute to neuronal signaling . Addition of the A23187 cation ionophore to human red blood cells induced a

discocyte to echinocyte morphological change and the release of extracellular vesicles enriched in 1,2-

diacylglycerol . Extracellular vesicles released from Ochromonas danica were evidenced by electron microscopy

in the early 1970s . It was not a fixation artifact since extracellular vesicles could be isolated . Similarly, other

microorganisms such as Candida , Corynebacterium , Acinetobacter , and trypanosoma cruzi  can

release extracellular vesicles. The first indication that these particles could mediate functional biological effects was

indicated by the discovery that major histocompatibility complex (MHC) class II-containing extracellular vesicles

from B lymphocytes could regulate the activity of T cells . Later, horizontal RNA transfer was reported between

extracellular vesicles and recipient cells . Extracellular vesicles were referred to by several names around this

time by groups working in different fields and it was often unclear exactly what these particles were . In this

respect, it is important to emphasize that exosomes are generated via the endocytic pathway, which correspond to

one subcategory of extracellular vesicles . Another category of extracellular vesicles which shed directly from

plasma membranes are called ectosomes . Since the sizes of ectosomes and exosomes may overlap and

sometimes no specific markers have been identified, they are collectively referred as extracellular vesicles .

3. How to Differentiate Matrix Vesicles and Media Vesicles

There is no perfect extraction method to isolate extracellular vesicles, and therefore the isolation step should be

accompanied by a biochemical analysis to fully characterize the extracellular vesicles and their functions .

Several pieces of evidence from studying mineralizing cells support the model that media vesicles are distinct from

matrix vesicles .

Media vesicles have been isolated by using a variety of published protocols  (Figure 1A). Ultracentrifugation,

polyethylene glycol precipitation, total exosome isolation reagent, and an aqueous two-phase system with and

without repeat washes or size exclusion chromatography have been assessed for their ability to extract

extracellular vesicles . Among these methods, size exclusion chromatography and ultracentrifugation were

favored for overall efficiency . Although there are variations in sample purity between isolation methods,

scalability, and yield, ultracentrifugation represents the most common method but remains not specific. Further

specificity could be gained after ultracentrifugation by using affinity chromatography or a combination of size

exclusion chromatography with ultrafiltration to maximize both yield and purity . One of the hallmarks of the

mineralization process is the presence of tissue non-specific phosphatase (TNAP) activity of the cells and of

extracellular vesicles . The expression of TNAP in media vesicles and in matrix vesicles could be compared to

further substantiate their differences. Briefly, extracellular medium is harvested and centrifuged at 1000× g for 30
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min at 4 °C to remove cells and bigger debris. A second centrifugation, which is optional, can be performed at

20,000× g for 30 min to isolate large-sized media vesicles along with smaller debris (smaller debris can be

removed by a successive step based, for instance, on chromatography). The final centrifugation step is performed

at 100,000× g for a time ranging from 30 min to 2 h. The pellet obtained at this stage contain small- and medium-

sized media vesicles. The pellet is resuspended preferably in ice-cold synthetic cartilage lymph, which is a buffer

matching the electrolyte composition of the extracellular milieu in cartilage and bone tissues. This is not the case

for most media vesicle studies. However, buffer composition has been optimized to obtain the most stable matrix

vesicles . To compare media vesicles and matrix vesicles, the same buffer should be used. In this respect, most

of the findings concerning the comparisons of properties of media vesicles and matrix vesicles are from mineral-

competent cells. The synthetic cartilage lymph contains 1.42 mM Na HPO , 1.83 mM NaHCO , 12.7 mM KCl, 0.57

mM MgCl , 100 mM NaCl, 0.57 mM Na SO , 5.55 mM glucose, 63.5 mM sucrose, and 16.5 mM 2-{2-hydroxy-1,1-

bis (hydroxymethyl) ethyl} amino)-propanesulfonic acid (pH 7.4) .

Figure 1. (A) Isolation of media vesicles. Cells and the extracellular matrix are discarded. The extracellular

medium is subjected to two–three centrifugation steps to obtain either the large-sized vesicles or small- and

medium-sized vesicles. Extracellular vesicles anchored to the collagenous matrix (i.e., matrix vesicles) remain

mostly attached to the extracellular matrix and only a small population can be extracted. (B) Isolation of matrix

vesicles. The extracellular medium is discarded. Cells and the extracellular matrix are washed with synthetic

cartilage lymph . An enzymatic digestion, for instance, with collagenase, is performed to degrade the collagen

fibers and release matrix vesicles. After several centrifugation steps, matrix vesicles are obtained. * = optional step.

Abbreviations: SUR = supernatant; PEL = pellet.
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Most matrix vesicles with high TNAP activity are released from fully differentiated and mineral competent cells,

while undifferentiated cells release extracellular vesicles with little TNAP activity . Matrix vesicles are released

from hypertrophic chondrocytes . Hypertrophic chondrocyte differentiation is associated with high

TNAP activity, and the synthesis and secretion of type X collagen followed by type II collagen by proliferating and

pre-hypertrophic chondrocytes . Expression of type I collagen by hypertrophic chondrocytes might be

associated with differentiation into osteoblast-like cells . Matrix vesicles correspond to mineralizing

cartilage, where the growing cartilage is replaced by bone, while articular cartilage matrix vesicles originate from

normal cartilage that does not undergo matrix mineralization except in pathologic conditions such as osteoarthritis

. Articular matrix vesicles from normal cartilage show low TNAP activity, however during osteoarthritis

chondrocytes can become hypertrophic and fully mineralized. They release articular matrix vesicles which can

induce pathologic calcium crystal deposition in articular cartilage matrix . The release of matrix vesicles by

osteoblasts is stimulated in osteogenic medium containing ascorbic acid and beta-glycerophosphate . TNAP

activity of Saos-2 cells increased with the duration of the treatment with osteogenic factors which coincided with the

amount of released matrix vesicles . Matrix vesicles have been isolated by the collagenase-digestion method 

 (Figure 1B). Briefly, tissues (for instance, growth plates and epiphyseal cartilage from 17-day-old chicken

embryos) are cut into 1–3 mm thick slices and washed with synthetic cartilage lymph. In the case of cells (for

instance, osteoblast and chondrocyte cultures), the extracellular medium is discarded, and the cells embedded in

the collagenous matrix are washed with synthetic cartilage lymph. The osseous and cartilage tissues or cells are

vortexed in synthetic cartilage lymph containing 1 mM CaCl  and 100–200 U of type-I collagenase from

Clostritidium histolyticum at 37 °C for 180 min. Since the quality of the commercial collagenase is variable, the

amount of the collagenase to be adjusted can be determined by measuring TNAP activity of the matrix vesicles .

Indeed, scientists have taken advantage of this to define matrix vesicle purity as having TNAP activity that is a

minimum of two-fold greater than that of the plasma membrane fraction . From this stage, either a three-step

centrifugation  or a two-step centrifugation  is usually performed. The collagenase-digested sample is filtered

through a nylon filter and centrifuged at 600× g for 30 min at 4 °C to remove cells and fragments of the extracellular

matrix. The pellet is discarded, and the supernatant is subjected to an optional centrifugation step at 20,000× g for

30 min at 4 °C to remove membrane debris. Then, the supernatant is ultracentrifuged at 80,000× g for 60 min at 4

°C. The final supernatant is removed, while the pellet, containing matrix vesicles, is washed three times with

synthetic cartilage lymph to remove collagenase and calcium. Matrix vesicles shall not be frozen—however they

can be stored at 4 °C up to five days  to preserve their original enzymatic activity, including those of TNAP, P

and Ca transporters, and other membrane proteins. The freezing thaw process can induce membranous defects

which can leak ions and/or other soluble particles. Cryoprotectant, as sucrose or trehalose, can be added  to

preserve the integrity of extracellular vesicles . The collagenase-digestion method provides a relatively high

amount of matrix vesicles displaying a TNAP specific activity of around 15 to 30 μmole min  mg  .

Alternatively, trypsin , trypsin/collagenase , liberase/blendzyme-1 , hyaluronidase , and

hyaluronidase/collagenase  can be used to release matrix vesicles from the extracellular matrix (Table 1).

Collagenase digestion is among the most used digestion method to isolate matrix vesicles which can yield a high

ratio of alkaline phosphatase activity in matrix vesicles compared to that in media vesicles or plasma membrane

(Table 1). The collagenase and hyaluronidase digestion, which removed the surface collagens on the matrix
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vesicles, induced a loss of calcium uptake  (Table 1). In contrast collagenase and trypsin digestion, which

maintained a part of surface collagens on matrix vesicles, preserved the calcium uptake  (Table 1). The process

of trypsin digestion resulted in the release of matrix vesicles from the extracellular matrix, exhibiting an alkaline

phosphatase activity six times greater than that of the plasma membrane.  (Table 1). Liberase and blendzyme1,

which is gentle digestion, was the less efficient method to release matrix vesicles than the other digestion methods,

as indicated by the lower ratio of alkaline phosphatase in matrix vesicles as compared to that in media vesicles 

(Table 1).

Table 1. Properties, ratio of TNAP activity of matrix vesicles (MVs): Media extracellular vesicles (media EVs),

mineralization assay, and determination of apatite in the lumen of matrix vesicles subjected to different types of

enzymatic digestion. * refers to the ratio of TNAP activity of matrix vesicles:basolateral membranes and ** refers to

the ratio of TNAP activity of matrix vesicles: plasma membranes. IR = infrared; ND = not determined.
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Digestion Properties Samples Ratio
TNAP Mineralization Apatite in References

Process     Activity Assay Lumen  

      MVs:
Media EVs      

    Growth plate
From 4 to

6
YES YES (IR)

   
cartilage
chicken

       

Collagenase Widely used Primary
From 8 to

12
YES ND

    Chondrocytes        

    Saos2 cells
Around 16

*
YES YES (IR)

Collagenase
and

MVs without Growth plate ND
Calcium
uptake

Calcium
uptake

hyaluronidase
surface

collagens
cartilage
chicken

  was impaired
was

impaired
 

Collagenase
and

MVs with
surface

Growth plate ND
Calcium
uptake

Calcium
uptake

trypsin
attached
collagens

cartilage
chicken

  was optimum
was

optimum
 

Hyaluronidase Used for
Non

mineralizing
ND ND ND

  articular articular        
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Although collagenase digestion is often used to release the cells from the extracellular matrix, enzymatic digestion

may alter/damage surface protein expression of the matrix vesicles. For instance, the main collagen identified in

matrix vesicles from growth plate cartilage is collagen type VI, which is consistent with the resistance of this type of

collagen to the collagenase digestion . Only three peptides corresponding to cartilage specific collagen type X

are identified from proteomic analysis . Generally, the quality of matrix vesicles is assessed by TNAP activity, an

ability to form apatites inside MVs, turbidity measurements, and morphological assessment by electron microscopy

. As a result of matrix vesicles not being lysed during isolation, their native conformation remains intact. Thus,

they remain right side out, with the ectoenzyme TNAP facing outward . Each digestion method displays a

different efficiency to release matrix vesicles and/or maintain their physical and biochemical properties .

One essential function of matrix vesicles is to initiate apatite formation and to deposit it onto collagen fibers 

. Several pieces of evidence support that matrix vesicles are strongly bound to the extracellular matrix. Northern

blot and immunohistochemical analyses on matrix vesicles from chondrocytes revealed an increase in annexin A5

and type I collagen . Annexin A5 is highly enriched in matrix vesicles and was found to bind to native type I, II,

and X collagens . Neutral metalloproteases 2, 9, and 13  were found in matrix vesicles, which

would suggest that the initiation of matrix vesicle-induced mineralization is coupled with the degradation of the

inhibitory proteoglycan matrix . Matrix vesicles are anchored within the extracellular matrix via integrin binding to

type II collagen .

4. Matrix Vesicles and Media Vesicles from Smooth Muscle
Cells

Vascular calcification occurs when vascular smooth muscle cells or circulating cells differentiate to an osteogenic-

like phenotype, synthesize an extracellular matrix, and form apatite . Histologic, ultrastructural, and cytochemical

techniques indicated that extracellular vesicles are involved in arterial medial calcification  but they are distinct

from their bone counterparts . Extracellular vesicles released by vascular smooth muscle cells are at the sites of

medial vascular calcification  and can be involved in atherosclerosis-related vascular

calcification . Extracellular vesicles can communicate with cells and organs to regulate vascular calcification

and may serve as therapeutic methods in vascular calcification . In this respect, it is essential to make a clear

distinction between matrix vesicles and media vesicles. Matrix vesicles extracted after a collagenase digestion 

 and media vesicles isolated without collagenase digestion, both from vascular smooth muscle cells

cultured in an osteogenic medium , have distinct characteristics both at molecular and

functional levels. Proteomic profiles of matrix vesicles and media vesicles from MOVAS cell line are distinct .

Matrix vesicles from vascular smooth muscle cells are enriched in endosomal CD63 as compared to media

Digestion Properties Samples Ratio
TNAP Mineralization Apatite in References

Process     Activity Assay Lumen  

      MVs:
Media EVs      

  chondrocytes chondrocytes        

Trypsin   MG-63 cells
Around 6

**
ND ND

Liberase and
Gentle
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MC3T3-E1
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to 0.8

ND ND
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vesicles, which are enriched in CD81 and CD9 . Matrix vesicles induced calcification of recipient vascular

muscle cells, while media vesicles appear to be less efficient  probably due to the enriched amount of fetuin

(which inhibits calcification) in media vesicles. Media vesicles from vascular smooth muscle cells are of exosomal

origin . This is supported by the presence of phosphatidylserine on the outside layer leaflet of media vesicles

. It was proposed that phosphatidylserine exposure on the external surface of extracellular vesicles together

with annexin A6 could drive the mineralization process , although direct experimental evidence of apatite

formation induced by media vesicles released by vascular smooth muscle cells is lacking. TNAP-enriched matrix

vesicles released from vascular smooth muscle cells subjected to collagenase contained more minerals with higher

Ca/P ratio than the less TNAP-enriched vesicles isolated without collagenase treatment. These findings suggest a

role for collagen in promoting calcification induced by TNAP in atherosclerotic plaques . To explain why

osteoporosis can contribute to vascular calcification—a calcification paradox—it was reported that extracellular

vesicles from aged bone matrix during bone resorption can favour the adipogenesis of bone marrow mesenchymal

stem/stromal cells and increase vascular calcification . So far it is still unclear if such extracellular vesicles

could originate from osteoclasts within the aged bone matrix. This opens the possibility that osteoclasts can

release matrix-vesicles and media vesicles with distinct properties than those released from osteoblasts and from

smooth muscle cells.
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