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Essentials

• Platelet microparticles play a major role in pathologies,

including hemostasis and thrombosis.

• Platelet microparticles have been analyzed and classified

based on their ultrastructure.

• The structure and intracellular origin of microparticles

depend on the cell-activating stimulus.

• Thrombin-treated platelets fall apart and form

microparticles that contain cellular organelles.

Summary. Background: Platelet-derived microparticles

comprise the major population of circulating blood

microparticles that play an important role in hemostasis

and thrombosis. Despite numerous studies on the (patho)-

physiological roles of platelet-derived microparticles,

mechanisms of their formation and structural details

remain largely unknown. Objectives: Here we studied the

formation, ultrastructure and composition of platelet-

derived microparticles from isolated human platelets,

either quiescent or stimulated with one of the following

activators: arachidonic acid, ADP, collagen, thrombin or

calcium ionophore A23187. Methods: Using flow cytome-

try, transmission and scanning electron microscopy, we

analyzed the intracellular origin, structural diversity and

size distributions of the subcellular particles released from

platelets. Results: The structure, dimensions and intracel-

lular origin of microparticles depend on the cell-activating

stimulus. The main structural groups include a vesicle

surrounded by one thin membrane or multivesicular

structures. Thrombin, unlike other stimuli, induced for-

mation of microparticles not only from the platelet

plasma membrane and cytoplasm but also from intracel-

lular structures. A fraction of these vesicular particles

having an intracellular origin contained organelles, such

as mitochondria, glycogen granules and vacuoles. The size

of platelet-derived microparticles depended on the nature

of the cell-activating stimulus. Conclusion: The results

obtained provide a structural basis for the qualitative dif-

ferences of various platelet activators, for specific physio-

logical and pathological effects of microparticles, and for

development of advanced assays.

Keywords: blood microparticles; cellular microvesicles;

electron microscopy; platelet activation; platelets.

Introduction

Activation and apoptosis of cells, including platelets, are

accompanied by formation of extracellular microparticles

(MPs) [1]. Generation of MPs is a physiologic mechanism

and a pathogenic component in diseases [2–4]. Platelets

perform multiple functions, including their important par-

ticipation in hemostasis and thrombosis and many diverse

and important biological properties [5]. Platelet MPs

comprise the main fraction of circulating MPs in the

blood of healthy subjects and patients [6].

One of the properties of platelet-derived MPs is the

accelerating effect on thrombin formation that has been

shown to promote thrombotic disorders [7]. Furthermore,

platelet-derived MPs are involved in the immune

response, inflammation, angiogenesis, regeneration and

metastasis [4,8,9]. They can promote healing, act as pro-

inflammatory carriers and contribute to tumorigenesis

[10,11]. Multiple roles that platelet MPs play in health

and disease are a result of their variability in composition
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and structure. Because of their pathogenic potential, pla-

telet-derived MPs attracted attention as biomarkers

[12,13], but their detection depends on detailed knowledge

of their physical and biological properties. In this work,

we investigated mostly morphological aspects of forma-

tion of platelet-derived MPs in order to develop a system-

atic structural approach to complement flow cytometry.

Our identification and quantification of the multiplicity of

types of MPs provides a structural basis for the qualita-

tive difference of various platelet activators, for specific

physiological and pathological effects of MPs, for devel-

opment of advanced assays, and for the potential mecha-

nism of thrombocytopenia associated with thrombosis.

Materials and methods

Isolation and characterization of platelets

Platelets were isolated from healthy donors not taking anti-

platelet medications. Blood samples were collected follow-

ing informed consent under approval by the Ethical

Committee of the Kazan Medical Academy (Kazan,

Russia). All procedures were carried out in accordance

with the approved guidelines. Citrated blood was cen-

trifuged at 200 g for 10 min to obtain platelet-rich plasma

(PRP). Platelets were isolated from PRP by gel filtration

on Sepharose 2B (GE Healthcare, Uppsala, Sweden) equi-

librated with Tyrode’s buffer (4 mmol L�1 HEPES,

135 mmol L�1 NaCl, 2.7 mmol L�1 KCl, 2.4 mmol L�1

MgCl2, 5.6 mmol L�1 D-glucose, 3.3 mmol L�1

NaH2PO4, 0.35 mg mL�1 bovine serum albumin, pH 7.4).

Platelets were used within 3 h after blood collection. Cell

viability was ~97% based on maintenance of the mitochon-

drial membrane potential (Dwm) determined by flow

cytometry using a Dwm-sensitive fluorescent dye Mito-

Tracker-DeepRed (Invitrogen, Waltham, MA, USA). In

addition, platelets’ functionality was assessed using flow

cytometry to determine their ability to express P-selectin

(CD62p) and active integrin aIIbb3 (determined by fibrino-

gen-binding capacity) before and after activation with

thrombin-receptor activating peptide (TRAP) (Bachem

Americas, Torrance, CA, USA) (Figure S1).

Flow cytometry of platelets and MPs

A total of 200 000 platelets in 150 lL Tyrode’s buffer

(without or with 2 mmol L�1 CaCl2) were incubated at

37 °C in the absence or presence of arachidonic acid, ADP,

collagen, thrombin or Ca2+-ionophore A23187. The stimu-

lants were added to platelets in various amounts to deter-

mine an MP-producing concentration (Figures S2 and S3).

After 15- or 60-min incubation, the samples were treated

with FITC-labeled AnnexinV (BioLegend, San Diego, CA,

USA) and anti-CD41-PE-labeled antibodies (Life Technol-

ogies, Frederick, MD, USA) for 5 min at room tempera-

ture in the dark. Then, 350 lL of the Ca2+-containing

AnnexinV-binding buffer (10 mmol L�1 HEPES, 140 mmol

L�1 NaCl, 2.5 mmol L�1 CaCl2, pH 7.4) was added and in

10 min 30 000 events were collected using a FacsCalibur

flow-cytometer (BD Biosciences, San Jose, CA, USA).

CD41-positive cells were gated in the platelet-specific dot-

plots. The upper limit of the MP quadrant gate in FSC-FL2

dot-plots was established using 1.0-lm beads (Thermo-

FisherSci, Eugene, OR, USA) and platelets were gated by

their binding of anti-CD41-PE-labeled antibodies (CD41-

positive MPs) (Figure S4A). The lower limit determined

with Fluorescent Nanobeads (Spherotech, Lake Forest, IL,

USA) was ~500 nm for the forward-scatter mode and

~220 nm for the side-scatter mode, which is consistent

with the literature [13,14]. Therefore, platelet-derived MPs

were identified as the events that contained a platelet-spe-

cific marker CD41 below the 1-lm size using FSC/FL

CD41 dot-plots (Figure S4C,D, quadrant Q2). Platelet

MPs that expressed phosphatidylserine were quantified as

CD41 positive and AnnexinV positive in dot-plot quad-

rants using CellQuest Pro and FlowJo software. At least

four independently isolated platelet preparations were

studied under each experimental condition.

Platelet activation for transmission electron microscopy

Platelets in Tyrode’s buffer containing or not contain-

ing CaCl2 (10 mmol L�1) were activated by adding

50 lmol L�1 arachidonic acid (Sigma-Aldrich, St. Louis,

MO, USA), 5 lmol L�1 ADP (Chrono-log Corp., Haver-

town, PA, USA), 5 lg mL�1 collagen (Renam, Moscow,

Russia), or 1 U mL�1 thrombin (Sigma-Aldrich, St. Louis,

MO, USA) (final concentrations), followed by incubation

at 37 °C for 15 or 60 min. Untreated platelets were incu-

bated for 15 or 60 min at 37 °C before examination and

used as a negative control. The final volume of each sample

was 560 lL containing ~80 9 106 cells mL�1. The 15-min

point has been empirically found to be the earliest time dur-

ing which all of the activators studied have induced a

remarkable release of MPs and platelet structural rear-

rangements. The 60-min time-point was used to ensure that

there were no specific time-dependent changes that were

not captured at 15 min [15].

Transmission electron microscopy of platelets

Immediately after incubation, the platelet suspension was

fixed in 2.5% glutaraldehyde in Tyrode’s buffer for 1.5 h

at room temperature and then centrifuged at 1500 g for

5 min. The precipitate was washed with Tyrode’s buffer

and then post-fixed with 1% osmium tetroxide in the

same buffer with sucrose (25 mg mL�1) for 2 h. The sam-

ples were dehydrated in ascending ethanol concentrations,

acetone and propylene oxide. The Epoxy-resin medium

was Epon 812 (Fluka, Buchs, Switzerland). The samples

were allowed to polymerize for 3 days at increasing tem-

perature of 37–60 °C. Ultrathin sections were cut using
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ultramicrotome-III (LKB, Bromma, Sweden) and stained

with saturated aqueous uranyl acetate (Serva, Heidelberg,

Germany) at 60 °C for 10 min and lead citrate (Serva) at

room temperature for 10 min. The specimens were exam-

ined using an electron microscope JEM-1200EX (JEOL,

Tokyo, Japan) at an operating voltage of 80 kV. The

ultrastructural changes at each experimental condition

studied were based on three independent platelet prepara-

tions with at least three samples processed from each cell

preparation. Not less than 40–50 ultrathin sections were

viewed and analyzed, followed by imaging of at least

150–200 cells at each experimental condition.

Preparation of platelets for scanning electron microscopy

To stimulate MP production, gel-filtered platelets were

incubated for 15 min at 37 °C with 1 U mL�1 thrombin.

After incubation, the platelets were fixed in 2% glu-

taraldehyde in 50 mmol L�1 sodium cacodylate buffer,

pH 7.4, containing 100 mmol L�1 NaCl, for 30 min at

room temperature. Fixed platelets were layered on a car-

bon filter (0.4-lm pore size) and centrifuged at 150 g for

15 min. The samples were rinsed three times with the

same buffer for 5 min, dehydrated in ethanol and dried

overnight in hexamethyldisilazane (EMS, Hatfield, PA,

USA). A thin (�15 nm) film of gold-palladium was lay-

ered on the samples using a sputter coater (Polaron

e5100; Quorum Technologies, Laughton, East Sussex,

UK). Micrographs were taken with a Quanta FEG250

(FEI, Hillsboro, OR, USA) scanning electron microscope.

Isolation of platelet-derived MPs for transmission electron

microscopy

Platelets were isolated as described above. To stimulate MP

production, platelets were incubated for 15 min at room

temperature with 15 lmol L�1 calcium ionophore A23187,

1 U mL�1 thrombin or 5 lg mL�1 collagen; collagen was

applied at 37 °C as well. After incubation, cells were

removed by centrifugation at 2000 g for 10 min, followed

by centrifugation at 7000 g for 10 min at room temperature

to remove cellular particulate material denser than MPs.

The supernatant containing MPs was collected and pre-

pared for electron microscopy. A 150-mesh formvar car-

bon-coated grid (EMS, USA) was placed on a 20-lL
sample drop for 3 min and blotted with a filter paper to

remove the excess liquid. The sample was stained by placing

the grid on a 20-lL drop of 2% uranyl acetate for 15–20 s

followed by blotting and air drying. The specimens were

examined in a Jem-1200EX electron microscope (Jeol).

Statistical analysis

Numerical data were analyzed using MS Office Excel

(Microsoft Corporation, 2010, Redmond, WA, USA) and

GraphPad Prism 5 software (GraphPad Software, Inc, La

Jolla, CA, USA). Averages were analyzed for statistical

significance using two-tailed unpaired t-tests for paramet-

ric data or the Mann–Whitney test for the data with non-

parametric data arrays.

Results

Formation of platelet-derived MPs assessed by flow

cytometry

Flow cytometry demonstrated that after 15 and 60 min of

platelet incubation the total number of CD41-positive

particles with size smaller than platelets (presumed plate-

let-derived MPs) was increased under the influence of

Ca2+-ionophore A23187 (Fig. 1A). The number of

AnnexinV-positive platelet-derived MPs that expressed
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Fig. 1. Flow cytometry of microparticles (MPs) formed after 15 min

(light bars) and 60 min (dark bars) incubation of platelets under var-

ious experimental conditions. (A) The number of CD41-positive pla-

telet-derived MPs normalized by the number of gated platelets. (B)

The number of Annexin V+/CD41+ double-positive MPs formed

under various experimental conditions normalized by the number of

Annexin V+/CD41+ double-positive MPs formed after 15 min incu-

bation of control untreated platelets. The stimulants were applied at

the following concentrations: 50 lmol L�1 arachidonic acid,

5 lmol L�1 ADP, 1 U mL�1 thrombin, 5 lg mL�1 collagen,

15 lmol L�1 Ca2+-ionophore A23187. The results are presented as a

mean � SEM. *P < 0.05.
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phosphatidylserine increased significantly in the platelet

preparations treated with arachidonic acid and ADP after

15 min of incubation (Fig. 1B). In 60 min the number of

MPs was insignificantly different compared with the

untreated platelets, probably because of a relatively high

level of spontaneous MP release by ‘resting’ platelets. In

the presence of Ca2+ the MP production increased with

most stimulants (Figure S2B), including AnnexinV-posi-

tive and CD41-positive vesicles (Figure S3B); however,

Ca2+ did not change dramatically the relative MP pro-

duction by various stimuli. Taken together, the results of

flow cytometry demonstrate that preparations of isolated

human platelets, either untreated or treated with activa-

tors, contain platelet-derived MPs, which were further

studied using electron microscopy.

Ultrastructural characterization of resting and activated

platelets, the source of MPs

In resting platelets, the average diameter for the round-

shaped cell was 2–4 lm and for the elliptical cells it

was 3–4 lm along the long axis and 0.8–1.5 lm along

the short axis, which corresponds to the reported

dimensions [16]. The a-granules, dense granules, lyso-

somes, peroxisomes, mitochondria and glycogen gran-

ules were visualized; the open canalicular system (OCS)

was displayed as vacuoles and numerous convoluted

tunnels (Figs. 2A, 3A,B and S5A,B). Platelet activation

was associated with characteristic morphological

changes that depended on the nature of the stimulus.

Arachidonic acid or ADP at 15 min (Fig. 2B,C) or

60 min (Figure S5C,D) induced moderate invaginations

and protrusions of the plasma membrane and enlarge-

ments of the lumen of the OCS with formation of

intracellular vacuoles that contained various inclusions,

such as a-granules, d-granules, membrane components

and loose-grained inclusions.

The most significant structural changes were observed

after incubation of platelets with thrombin (Figs. 2D

and 3C–F). The plasma membrane formed deep invagi-

nations and folds, followed by formation of amoeba-like

platelets and further breakdown of the platelet bodies

into fragments. The cytoplasm of the cells became more

electron-dense compared with the untreated cells, and

almost did not contain secretory granules. The whole

platelet body was penetrated with tortuous and narrow

OCS exiting to the cell surface. The fragments of disin-

tegrated platelets were diverse in size and shape and

contained various intracellular components, including

cellular organelles (Fig. 5D). Similar ultrastructural

changes were detected after 15 or 60 min of incubation

with thrombin (Figs. 3C,D and S5E). The observed

effects of thrombin were Ca2+ independent, so that the

invaginations of the plasma membrane and fragmenta-

tion of cell bodies occurred in the presence of Ca2+ as

well (Fig. 3E,F).

Formation of platelet MPs

When transmission electron micrographs of platelets were

analyzed with special attention to extracellular structures,

a substantial number of MPs produced by resting and

activated cells were revealed (Table 1). As a result of pla-

telet activation with arachidonic acid or ADP after

15 min of incubation, a significant increase of the number

of MPs was observed (2.7- and 2.5-fold, respectively),

compared with untreated platelets. The average number

of MPs per 100 cells continued to grow and after 60 min

of incubation increased by about 2-fold for arachidonic

acid and ADP compared with 15 min. The biggest

increase of MP formation was observed in control

untreated platelets, in which the number of MPs at

60 min rose almost 4-fold compared with the 15-min

time-point, suggesting a marked spontaneous release of

MPs over time.

Most MPs formed spontaneously or induced by the

activators were located on or near the plasma mem-

brane, forming blebs and knobs that were likely to be

captured in the process of being released into the extra-

cellular space. MPs that are seemingly at various stages

of formation and peeling from the platelet surface can

be used to piece together a plausible sequence of events

(Fig. 4A). An early step is protrusion of the plasma

membrane; then the contact area between the MP and

platelet body is reduced, and the edges of the convex

membrane merge and get constricted, thus leading to

formation of a spherical bubble. Finally, new MPs get

separated and released from the platelet body (Fig. 4B).

Similarly, nascent MPs were visualized on the tip of a

pseudopod formed as a result of progressive protrusion

of the plasma membrane (Fig. 4D). Of course, without

Z-plane images we may only surmise a sequence of

events based on the overall logic of the MP formation

process.

Under various conditions of platelet activation MPs

were produced not only from the surface of the platelet

body or from pseudopods, but also from the OCS. Fig-

ure 4(C) shows formation and release of an MP into the

extracellular space from a canal of the OCS. When platelets

were treated with thrombin, proliferation of the canals of

the OCS along with rearrangement of the cytoskeleton led

to deep invaginations of the plasma membrane and frag-

mentation of the cytoplasm, followed by disintegration of

the platelet (Figs. 2D, 3C–F, 4D and 5D).

Consistent with the data obtained by transmission elec-

tron microscopy, the results of scanning electron micro-

scopy demonstrated that control platelets had a discoid

shape (Fig. 4E), whereas activated platelets aggregated

and underwent dramatic morphological changes, such as

loss of the discoid shape and formation of pseudopodia.

Most importantly, activated platelets displayed knobs and

blebs on their surface, confirming production of MPs

from the plasma membrane (Fig. 4F).
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Structural heterogeneity of platelet MPs

Platelet-derived MPs released spontaneously or after acti-

vation turned out to be quite heterogeneous in structure.

Altogether they could be segregated into the following

groups: (i) electron-transparent MPs with contents con-

fined with a single membrane, (ii) multivesicular MPs (i.e.

large vesicles containing multiple smaller vesicles inside);

and (iii) electron-dense MPs containing various organelles

(Fig. 5). We observed formation of all these types of MPs

in activated platelets, but control untreated platelets did

not form type 3 MPs. The most common MPs had a

single membrane and were electron transparent. These

MPs originated from the plasma membrane and had the

greatest variation in size, ranging from 0.2 lm (Fig. 4B)

to 2 lm (Fig. 2D). Multivesicular particles were com-

posed of several small vesicles inside a common mem-

brane or without any visible membrane, perhaps as a

result of aggregation of the smaller vesicles. The internal

microvesicles could be located close to each other or

loosely packed, if they were within a larger vesicle

(Figs. 3C and 5B,C). The multivesicular MPs could con-

tain up to 10–15 individual vesicles. The most remarkable

heterogeneity was observed in thrombin-activated
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Fig. 2. Representative transmission electron micrographs of control untreated platelets (A) and platelets incubated with 50 lmol L�1 arachi-
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indicate microparticles (MPs). Magnification bars = 1 lm.
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platelets that formed all of the structural variants of MPs

(Figs. 2D, 3C,D and 5D). After stimulation by thrombin,

the cellular fragments were confined by the plasma mem-

brane and contained cytoplasm, including various cellular

components and organelles. Figure 5(D) shows platelet

fragments containing a mitochondrion, and a-granule or

glycogen granules.

Dimensions of platelet-derived MPs

In the electron micrographs of platelet preparations we

observed MPs between 50 and 2000 nm in size but the

vast majority (typically > 80%) were within the 50–
500 nm range. The size of MPs did not depend on their

structural organization and whether they originated from

the plasma membrane or intracellular structures. MPs

confined within a single membrane might be as large as

1500–2000 nm, whereas some of them were much smaller

(700–1000 nm). We detected very small vesicular particles

(50–70 nm) inside a large particle (Fig. 5B). The electron-
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alone (C, D) and 1 U mL�1 thrombin in the presence of 10 mmol L�1 CaCl2 (E, F) for 15 min (A, C, E) and 60 min (B, D, F) at 37 °C. The
arrows point at microparticles (MPs). Magnification bars = 1 lm.

Table 1 Number of microparticles (MPs) produced by untreated and

activated platelets

Activator

No. of MPs/100 platelets

15 min 60 min

Control (no activator)† 8.8 � 2.6

(n* = 300)

34.3 � 2.4

(n = 200)

Arachidonic acid (50 lmol L�1)† 23.9 � 0.6

(n = 300)

44.3 � 4.5

(n = 200)

ADP (5 lmol L�1)† 21.9 � 4.7

(n = 300)

42.9 � 4.8

(n = 200)

Thrombin (1 U mL�1)‡ – –

*n values represent the number of cells analyzed in the micrographs at

a relatively low magnification of 8000–10 0009. †All the averages

(mean � SD) are significantly different compared with the corre-

sponding control (within the columns) and between 15 and 60 min of

incubation (within the rows); the MP-producing activities of various

triggers (within the columns) are incomparable because the effects are

dose dependent (see Figs S2 and S3). ‡Quantification of MPs per num-

ber of platelets in thrombin-treated platelets was impossible because

most platelet bodies fell apart into organelle-containing particles.
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dense particles originating from disintegration of the

platelet body (Figs. 2D, 3C,D and 5D) were within 100–
1000 nm, which is the canonical size range for platelet-

derived MPs [17].

Transmission electron microscopy of isolated MPs was

used to analyze the morphology and size of several hun-

dred platelet-derived MPs (Fig. 6). MPs generated by

non-activated platelets were all circular and smooth

(Fig. 6A). MPs from platelets activated with Ca2+-iono-

phore and collagen also had a circular shape but were

more heterogeneous (Fig. 6B,D). The MPs from throm-

bin-activated platelets were relatively small (50–100 nm)

and were either spherical or elongated with a rough sur-

face and thin offshoots (Fig. 6C).

The size distributions of platelet-derived MPs are

shown in Fig. 7. MPs from the quiescent platelets varied

within 30–500 nm in size, with a major peak at

71 � 36 nm and a shoulder peaking at 168 � 72 nm

(Fig. 7A). Asymmetry of the histogram towards the

higher numbers indicates the presence of a fraction of
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MPs that were 150–200 nm and more in diameter. MPs

from platelets activated with Ca2+-ionophore were highly

heterogeneous and displayed three peaks at 76 � 26 nm,

199 � 38 nm and 312 � 32 nm (Fig. 7B), reflecting an

increase of the fraction of large MPs that were not seen

in the resting platelets. Collagen induced formation of an

even more heterogeneous population of MPs in a broad

range of sizes with peaks at 73 � 44 nm, 199 � 38 nm

and 312 � 106 nm (Fig. 7C). By contrast, activation of

platelets with thrombin was accompanied by an increase

of the fraction of small particles peaking at 72 � 40 nm

(Fig. 7D), which presumably comprise exosomes as

opposed to the larger particles, which are likely to repre-

sent ectosomes [18]. The exosomes and ectosomes are two

main types of extracellular vesicles that are distinct by the

mechanism of formation and their size. The ectosomes

are the MPs that are formed from the plasma membrane

and have a size within 0.1–1 lm and the exosomes origi-

nate from intracellular membranous structures and have

a size of 50–100 nm [19].

It is noteworthy that the histograms presented in

Fig. 7 do not include MPs larger than 500 nm,

whereas in the platelet preparations, we observed MPs

up to 1000–1500 nm in size. This difference could be

potentially attributed to a methodological issue,

namely, the larger MPs might be removed during cen-

trifugation at 7000 g. To test this possibility, we ana-

lyzed the composition of the precipitate after

centrifugation at 7000 g (Figure S6A), which turned

out to contain very small relatively homogeneous parti-

cles �120 nm in size. The supernatant contained signif-

icantly larger particles that were heterogeneous in size
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Fig. 5. Transmission electron micrographs demonstrating structural variability of platelet-derived microparticles (MPs). (A) MPs with a single

membrane. (B) Multivesicular MPs. (C) MPs of various morphological structures. (D) MP-like structures formed during thrombin-induced

fragmentation of a platelet. Arrows indicate MPs. Magnification bars = 0.5 lm.
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(Figure S6B) and presumably had a low physical density

(consistency) that made them float rather than settle. There-

fore, the centrifugation did not remove larger MPs but,

instead, eliminated the fraction of heavy small homogeneous

particles, probably comprising secretory d-granules that

have a size of about 150 nm [16].

To compare the structure of circulating MPs with

those formed in vitro, we analyzed the morphology of

MPs isolated from plasma of a healthy donor and

patients with diseases associated with activation of plate-

lets as well as other blood cells and endothelium (Fig-

ure S8). The size distribution of MPs from normal

plasma was in general agreement with MPs from resting

platelets (Fig. 7A). The size distribution of MPs isolated

from the plasma of patients with (pro)thrombotic

conditions (disseminated intravascular coagulation,

heparin-induced thrombocytopenia and systemic lupus

erythematosus) was consistently shifted towards the

higher dimensions, suggesting that ‘pathological’ MPs are

distinct from ‘normal’ MPs.

Discussion

Although flow cytometry confirmed the ability of platelets

to form MPs, this method generally does not detect parti-

cles smaller than 300–400 nm [13,14] that comprise a sub-

stantial portion of MPs. In addition, flow cytometry does

not provide information on the structure of MPs

[17,20,21], which can be gleaned only from electron

microscopy. The latter was used here to study the intra-

cellular origin of platelet MPs and their structural diver-

sity. Variants of electron microscopy have been used to

study the ultrastructure of MPs, including cryo-electron

microscopy, as well as negative staining or immuno-gold

labeling techniques [2,20,22]. In this work, we used a

combination of transmission and scanning electron micro-

scopy to characterize platelet-derived MPs with respect to

the structure of resting and differentially activated cells.

Even untreated platelets produce MPs (Figs. 3B, 4B

and S5A,B), for which there are two mutually non-exclu-

sive explanations. First, isolated platelets are inevitably

A B

C D

Fig. 6. Transmission electron micrographs of negatively stained isolated platelet-derived microparticles (MPs). MPs isolated from a preparation

of untreated platelets (A); MPs isolated from a preparation of platelets activated with 15 lmol L�1 Ca2+-ionophore A23187 (B), 1 U mL�1

thrombin (C) and 5 lg mL�1 collagen (D). Magnification bars = 0.5 lm.
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exposed to physical and chemical influences that can acti-

vate the cells. Alternatively, the process of MP formation

may be a function of cells in conditions of physiological

quiescence [23]. Platelet-derived MPs circulating in the

blood of healthy subjects are abundant enough to have

significant effects on formation and properties of fibrin

clots [24].

To mimic physiological activation and enhance MP

production, platelets were treated with various stimuli. In

agreement with the literature [25–27], we observed a clas-

sical subcellular organization of resting platelets and well-

known morphological signs of their activation (Fig. 2B–
D). Notably, the effects of arachidonic acid and ADP

were relatively mild and similar to each other (Fig. 2B,C),

whereas thrombin, a strong platelet activator, caused pro-

found structural rearrangements of the cells right up to

their breakdown (Figs. 2D, 3C,D, 5D and S5E). This

finding suggests that thrombin-induced fragmentation of

platelets may be a mechanism for apoptotic [21] or non-

apoptotic cell death, resulting in elimination of activated

platelets from the blood. So far, the reduced platelet

counts in thrombotic states, such as disseminated

intravascular coagulation [28], heparin-induced thrombo-

cytopenia [29] or thrombotic thrombocytopenic purpura

[30], have been related mainly to platelet consumption.

Therefore, platelet disintegration induced by thrombin

may be an under-appreciated mechanism for thrombocy-

topenia associated with thrombosis.

By their intracellular origin, cell-derived MPs are usu-

ally segregated into ectosomes from the outer cell mem-

brane [31] and exosomes from internal membranous

structures [32,33]. The exosomes are generally smaller

than ectosomes (50–100 nm vs. 100–1000 nm, respec-

tively). We found that most frequently MPs were formed

from the plasma membrane (Figs. 4A and 5A,C); alterna-

tively, we observed formation of MPs primarily derived

from intracellular structures (Fig. 4C). Moreover, in his-

tograms we observed relatively distinct fractions of MPs

50–100 nm and > 200 nm in size (Figs. 7 and S7). Thus,

our study confirms that this classification is applicable to

platelet-derived MPs.

With various platelet stimulants we have identified a

number of structural variants of MPs that allowed segre-

gating them into three main groups, namely individual

single-layered, multivesicular structures and membrane-

confined particles with organelles inside (Fig. 5). The

latter structures, in addition to cytosol, could contain

mitochondria, cytoskeletal elements, glycogen granules
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Fig. 7. Size distributions of microparticles (MPs) isolated from

untreated platelets (A) and platelets activated with 15 lmol L�1

Ca2+-ionophore (B), 5 lg mL�1 collagen (C) and 1 U mL�1 throm-

bin (D). Dimensions were determined with ImageJ using electron

micrographs of isolated negatively stained MPs. The total number of

MPs in each group (n = 200) is taken as 100%.
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and small vacuoles. MPs have been shown to serve as

carriers of various bioactive molecules, to convey them to

other cells and impart new biological properties to them

[9]. Our study as well, as others [1], has demonstrated the

ability of platelet MPs to carry encapsulated cellular

organelles, which provides a basis for the intercellular

exchange of mitochondria or mitochondrial DNA, which

has great functional consequences [34].

There are few morphological studies on cellular MPs

that, in addition to commonly observed ‘bubbles’,

describe a variety of MP-like structures. Electron micro-

scopy showed that some pseudopodia of activated plate-

lets contained terminal complex multivesicular structures

of an unknown nature [35]. Another study [36]

described MPs obtained from the supernatant of

washed platelets after stimulation by thrombin. These

MPs had heterogeneous structures of varying size,

shape and density; some of them had multilamellar

membranes and contained dense membrane-enclosed

granules as well as other structures resembling mito-

chondria. Our results are consistent with the published

data on the structural heterogeneity of platelet MPs.

However, unlike the earlier publications, our work

defines their intracellular origin, extends the morpholog-

ical variability of platelet-derived MPs and provides

detailed structural characteristics of various types of

MPs produced by resting and activated platelets.

Importantly, our results support a notion regarding the

qualitative difference and specificity of each platelet

stimulant, leading to production of multifunctional MPs

with various structures and compositions. We have con-

firmed and complemented earlier data showing that var-

ious platelet stimulants induce formation of MPs with

distinct phospholipid [37] and protein [38,39] composi-

tion that underlies their role as intercellular transmitters

of biological information [40].

Platelet MPs have been shown to be very diverse in

size, varying from 0.1 lm [41] to 1 lm [20]. Our results

are generally consistent with the published dimensions of

MPs, but with an important addition, namely that the

size of platelet MPs depends mainly on the nature of the

activating stimulus and the intracellular origin. For exam-

ple, the MPs from Ca2+-ionophore-activated platelets are

larger and represent ectosomes, whereas MPs from

thrombin-activated platelets had a substantial population

of small and very small particles comprising exosomes.

The size of MPs is critically important for the develop-

ment of new reliable and sensitive assays for MPs, which

are necessary to help alleviate the confusion in this field.

In conclusion, our study has shown structural hetero-

geneity of platelet-derived MPs and established a link

between the nature of cell-activating stimuli, MP mor-

phology and the intracellular source of their formation.

We propose the morphological classification of platelet

MPs based on their detailed structure, dimensions and

mechanisms, the intracellular sources of their formation,

and the presence of inclusions and organelles inside MPs.

Specifically, we have characterized three main structural

groups of MPs: (i) MPs surrounded by one thin mem-

brane, (ii) MPs with multivesicular structure, and (iii)

MPs containing cellular organelles. The results obtained

are important for understanding the multiplicity of types

of MPs and provide a structural basis for the qualitative

difference of various platelet activators, for specific physi-

ological and pathological effects of MPs and for develop-

ment of advanced assays.
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Fig. S1. Functionality of isolated platelets was assessed

by the ability to express P-selectin and active integrin

aIIbb3 in response to stimulation.

Fig. S2. Flow cytometry data showing the number of

CD41-positive microparticles (MPs) normalized by the

number of gated platelets after 15 min incubation of pla-

telets in the absence and presence of various amounts of

activators without (A) or with (B) 2 mmol L�1 CaCl2.

Fig. S3. The number of Annexin V+/CD41+ double-posi-

tive MPs formed after 15 min incubation of platelets in

the absence and presence of various amounts of activators

without (A) or with (B) 2 mmol L�1 CaCl2.

Fig. S4. Flow cytometry of platelets and platelet-derived

MPs.

Fig. S5. Representative transmission electron micrographs

of untreated platelets and platelets activated by arachi-

donic acid, ADP and thrombin for 60 min at 37 °C.
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Fig. S6. Negatively stained granular structures isolated

from a platelet preparation treated with ADP.

Fig. S7. Size distributions of microparticles (MPs) iso-

lated from platelets activated with collagen at room tem-

perature and 37 °C.
Fig. S8. Size distributions of microparticles (MPs) iso-

lated from the plasma of a healthy subject and the plasma

of patients with documented disseminated intravascular

coagulation (DIC), heparin-induced thrombocytopenia

(HIT) and systemic lupus erythematosus (SLE).
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