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Micrometer-sized plasma membrane vesicles (PMV) are
released from the cell surface upon exposure to formaldehyde
(FA) and dithiothreitol (DTT). This phenomenon was
recognized 30 years ago,[1–3] and the formation mechanism
(“blebbing”), and types of PMVs and formation methods
have been investigated to some degree.[4–6] It is believed that
PMVs are formed owing to weakening of the bonds between
the cytoskeleton and the plasma membrane followed by
volume expansion driven by intracellular pressure.[4, 7, 8] PMVs
are used in a number of applications, for example, as a source
of membrane and protein material for constructing vesicle–
nanotube networks,[9] and as model systems for studying
phase separation of proteins and lipids.[10] Investigations on
vesicle biogenesis,[11] the structure of the IgE receptor by
FRET,[12, 13] lateral diffusion of membrane proteins,[14] and
distribution of GPI anchored proteins[15] have also been
performed. It has also been shown that PMVs can be obtained
from excised endothelial tissue,[16] further expanding applica-
tion areas beyond the use of cell cultures. It is presumed that
plasma membrane (PM) proteins and lipids are extracted
during vesicle formation, and thus are uniformly present in
the PMV membrane, whereas the interior is filled with cytosol
but lacks cytoskeletal structures. However, no membrane
proteomic characterization has been performed on these
types of FA/DTT-generated vesicles.

There are, however, several reports of proteomic analyses
of various other types of cell-derived vesicles, for example,
secretory vesicles,[17, 18] clathrin-coated vesicles,[19] exo-
somes,[20, 21] and membrane microparticles (MMP).[22] Mem-
brane microparticles are formed, for example, after stimula-
tion with apoptotic or mitogenic stresses,[23] and their rich
membrane proteome has been well-characterized in lympho-
cyte membranes.[22]

Herein we develop a method for harvesting, purification,
and processing of PMVs recovered from the NG108-15 cell
line, with subsequent analysis of the membrane proteome
after solid-phase proteolytic digestion in a microfluidic

flowcell, and LC-MS/MS analysis of the resulting peptides.
The method is highly flexible in terms of digestion, labeling,
and derivatization, owing to the on-flowcell immobilization of
the sample. For example, fluorescent labels can be introduced,
or various alkylation and reduction reactions can be per-
formed. The on-flowcell method can presumably be applied
to other types of cell-derived vesicles as well. A total of 313
proteins were identified, of which 43 could be annotated to
the plasma membrane, another 49 were tentatively mem-
brane-associated, and the rest were of cytosolic origin. A total
of 93% of the membrane proteins were derived uniquely
from the plasma membrane pool.

To produce and purify PMVs in high yields, NG108-15
cells are grown to circa 80% confluency to obtain about
15 � 106 cells. The cell layer is then thoroughly washed with a
buffer solution to completely remove the culture medium, as
serum proteins would present a source of contamination in
proteomic analysis. Vesiculation is then induced by adding
vesiculation solution containing dithiothreitol (DTT) and
formaldehyde (FA) directly to the culture flask (Fig-
ure 1A, B). This formulation is known to produce PMVs in
23 different cell types.[2, 3, 12–14, 16,24, 25]

It has been observed that a single cell can shed up to ten
vesicles.[3] According to our observations, a single NG108-15
cell could produce three 10 mm-diameter PMVs in a time
window of 2 h. This amounts to about 300 mm2 membrane
area released from the PM of a single cell.

To estimate the increase of PMV yield at longer incuba-
tion times, PMV production from a confluent 25 cm2 flask of
WSS1 cells was observed using a Buerker cell counting
chamber. For this, samples were taken every hour and the
yield was calculated (Figure 2). Assuming a mean PMV
diameter of 5 mm, circa 15 cm2 membrane can be recovered
from a confluent 75 cm2 flask. After one hour of incubation,
1.83 � 106 PMVs with an average diameter of 5 mm were
already produced, and after 8 h of incubation, 1.96 � 107

PMVs had been produced, that is, a tenfold increase in total
PMV yield.

When estimating the PMV yield of CHO-K1 cells, it was
noted that the CHO-K1 cell line produced less membrane
material. This can be explained by the fact that CHO cells are
of smaller size, and thus may possess less excess membrane
material for PMV production. Membrane proteins are
present even in later PMV generations, as glycoproteins can
be readily detected by labeling using a wheat germ agglutinin-
conjugated dye (data not shown).

We also estimated the rate of membrane release by
observing the growth time of one cell-attached PMV at room
temperature. Assuming the production of 3 PMVs, an
expansion by 5 mm in diameter (5 mm!10 mm) in 30 minutes
corresponds to a membrane release rate of about 8 mm2 min�1

per cell. For comparison, endocytosis rates are circa
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5 mm2 min�1 per cell.[26] It can be speculated that a cell can
release even more PMVs over a longer incubation period, as
after removal of the first PMV generation (ca. 12 h), an
additional incubation round of 12–24 h, using fresh vesicu-
lation solution, still yields a large amount of PMVs. However,
the third generation of PMVs, which was harvested 60 h after
the first incubation round, had a considerably smaller mean
diameter, indicating the depletion of available membrane
stores.

After vesiculation, the PMV-containing solution has to be
purified as it contains a range of substances which contam-
inate proteomic analysis. First, PMVs have to be separated
from other membranous particles, such as detached cells, and
cell debris. As PMVs are filled with cytosol and have a similar
size as cells, a large fraction will pellet together with cellular
material during centrifugation, hindering effective separation.

To avoid this problem, we
utilized the difference in
density of PMVs compared
to cells. The PMV solution
is carefully aspirated (Fig-
ure 1C), transferred into a
centrifuge tube, underlaid
with a high-density sucrose
phase, and centrifuged.
PMVs accumulate at, but
do not cross, the buffer/
sucrose phase boundary,
whereas cells pellet at the
bottom of the tube, ensuing
an almost complete separa-
tion of cells and PMVs (Fig-
ure 1D,E). An alternative
method to separate PMVs
and cells is to subject the
sample to a freeze–thaw
cycle. The sample is snap
frozen in liquid N2 and
thawed at 37 8C. This proce-
dure is repeated four times,
resulting in fragmentation
of PMVs to less than 1 mm,
simplifying purification by

differential centrifugation. It should be noted that soluble
proteins from the interior of cells are likely to be present in
the sample.

Additional contaminating material is soluble protein that
is supposedly released from cells during the vesiculation
procedure and from collapsed PMVs. The vesiculation agent
FA will also hamper the efficiency of the downstream
protease digestion owing to its protein crosslinking activity.
The next important step therefore is efficient dialysis of the
sample against buffer solution, for which we use a dialysis
membrane with a very high cutoff (1 MDa) to remove as
much interfering material as possible together with vesicu-
lation agents (Figure 1E,F).

After dialysis, the PMV sample undergoes a final proc-
essing step before digestion is performed (Figure 1G). First,
surface-exposed membrane proteins are reduced with DTT
and alkylated with iodoacetamide to break and protect
disulfide bonds, respectively, making more cleavage sites
available for digestion and to prevent protein aggregation.
Second, a washing step at high pH values disrupts non-
covalent protein–protein interactions, dissociating cytosolic
proteins from the membrane. Presumably, this treatment also
causes PMVs to disrupt,[27] and consequently, together with
extensive sonication, the cytosolic interior is released into the
PMV solution. To remove this additional contamination
source, the PMV membranes are pelleted by ultracentrifuga-
tion and the supernatant is removed. Finally, the membrane
pellet is rinsed and dispersed by sonication in ammonium
bicarbonate buffer and is ready for digestion.

Digestion is performed in-solution, as well as after PMV-
immobilization in a flowcell. For in-solution digestion, trypsin
is added to the processed PMV solution, and the peptides are

Figure 1. Formation, purification, and proteomic analysis of PMVs. A) A confluent cell layer is washed and
incubated with vesiculation solution. B) During incubation, PMVs are formed at the cell surface and bud off
into the solution. C) The PMV solution is carefully aspirated from the cell layer. D),E) The harvested PMV
solution is underlaid with a 2m sucrose solution with subsequent low-speed centrifugation. E),F) The upper
phase is collected and dialyzed against HEPES buffer using a large cutoff dialysis membrane. F),G) The
purified PMV solution is prepared for subsequent proteomic analysis. PMVs are exposed to reducing and
alkylating agents, sonicated, and washed to further remove soluble proteins. H), I) Processed PMVs are
immobilized on the flowcell surface by injecting the PMV solution with the inlet nozzle. J), K) After injection of
protease, surface-exposed domains of membrane proteins are cleaved and peptides are eluted from the chip
by the outlet nozzle. L) The eluted peptide sample is processed and analyzed by LC-MS/MS. M) Differential
interference contrast microscopy (DIC) image of a crude PMV solution corresponding to (D). N) DIC image
of a purified PMV solution after dialysis, corresponding to (F).

Figure 2. Number of PMVs (PMVtotal) produced by the WSS1 cell line
as a function of incubation time tinc.

Angewandte
Chemie

1657Angew. Chem. Int. Ed. 2009, 48, 1656 –1659 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


separated from the membranes by low-cutoff filtering. This
method is fast and simple, but has the disadvantage that
cytosolic proteins in the sample may cause clogging of the LC
columns in subsequent analyses, and that it is difficult to
maintain the membrane protein fraction. The latter method
uses the lipid-based protein immobilization (LPI) flowcell
technology. The working principle of the flow cell is based on
solid-phase immobilization of PMVs, allowing for simple
buffer/reagent exchange, and sample handling (Figure 1 H–
L). The PMV solution is injected into the flowcell, where
membranes and also proteins adhere to the surface. Injection
of the trypsin solution initiates digestion of protein domains,
which are exposed on the surface of immobilized PMVs
(Figure 1J). As some soluble protein contaminants are
immobilized and many are washed out during repeated
washing cycles without sacrificing the membrane protein
fraction, the flowcell also provides a purification step yielding
clean peptide fractions. Finally, the peptides are eluted and
analyzed by LC-MS/MS.

To determine the subcellular origin of the PMV mem-
brane, we investigated the subcellular location of the mem-
brane proteins found therein. Five independent PMV samples
were analyzed, resulting in a total of 313 protein identifica-
tions. According to the sources we use to annotate membrane
association and subcellular location, 43 PMV proteins (14%)
are anchored to the membrane by at least one a-helical
domain or a lipid anchor (Supporting Information, Table S1),
and 49 (16%) are associated with the membrane by other
interactions. 40 of the anchored membrane proteins are
located to the PM (93%), of which 32 proteins (74 %) are
unique to the PM (Figure 3). For the remaining 221 proteins
we could not identify any membrane association, and
presume that these are soluble proteins originating from
inside PMVs.

Among the identified membrane proteins, GTPases and
G-Proteins are predominantly found. Amino acid transport-
ers, ion transporters, and proteins responsible for cell
adhesion and growth are also represented (Figure 4). Notably,

putative plasma membrane-cytoskeletal crosslinking proteins
were also identified, indicating that the vesiculation process
might cause dissociation of these proteins from the cytoskel-
eton. It is possible that highly hydrophobic integral mem-
brane proteins that do not have large trypsin-cleavable loops
outside the membrane are missed using the current digestion
technique. Furthermore, reversing the crosslinking effect of
formaldehyde[28] might help to optimize tryptic cleavage, and
could result in a greater number of identified (membrane)
proteins. However, the most important improvement to the
method would be to optimize downstream analysis of the
yielded peptides. For example, 1D-SDS-PAGE in combina-
tion with LC-MS/MS or even 2D-LC-MS/MS would most
likely yield much more data than presently achieved.

In our PMV analyses, we could identify 221 soluble
proteins, many of them ribosomal and cytosolic, which
originate from the PMV interior. Presumably, these are
released during the processing steps after dialysis of the PMV
sample. The first sonication step causes the micrometer-sized
PMVs to disrupt and reseal, releasing the cytosolic interior.
Ribosomes appear to be abundant in the PMV solution, and
owing to their large size, they cannot be removed by dialysis
and are likely to be pelleted together with the processed PMV
membranes in the ultracentrifugation step. Furthermore, as
the membrane pellet undergoes an additional sonication step
just prior to digestion, additional release of cytosolic proteins
might occur, which could add to the soluble protein count in
the obtained result. Further optimization, including fine-
tuning of centrifugation steps to remove ribosomal proteins,
or finding alternatives to the last sonication step, might bring
these contamination sources down to a minimum. However, it
should be noted that a proteomic analysis of the PMV interior
can be extremely useful for other purposes, such as inves-
tigation of membrane protein activities coupled with cytosolic
proteins, which go beyond the focus of this article.

It appears that membrane proteomic methods based on
analyzing the plasma membrane protein content directly from
vesicles yield much higher purity[22] than traditional methods
for analyzing mammalian PM proteomes.[29–34] The difficulties
in membrane proteome analysis arise primarily from the
presence of membrane proteins in subcellular compartments
and in the plasma membrane. Many membrane proteins are

Figure 3. Identified membrane proteins in purified PMVs. 40 out of 43
membrane proteins are annotated to the PM (i.e.93%). Of these, 32
membrane proteins are uniquely located to the plasma membrane.

Figure 4. Classes of PM proteins found in PMVs.
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therefore assigned to multiple cellular locations, as was
observed by protein correlation profiling.[35] Various methods
have been developed to isolate PMs for proteomic stud-
ies,[36–38] for example, affinity enrichment,[39–41] but what all
these methods share in common is the problem of contam-
ination, in which other organelles still account for 30–40% of
identified membrane proteins, hampering identification of
unique PM proteins.[40, 42–44]

Besides by formation of PMVs, cells can also release
plasma membrane in the form of microparticles. It is there-
fore interesting to highlight some of the main differences
between these two vesicle types. Microparticles are shed upon
a number of stress conditions, including apoptosis.[22] Such
stimulation induces a cascade of cellular processes whereby
the proteome of microparticles is believed to depict a
different membrane protein composition compared to a
“resting” cell.[22] Formation of PMVs occurs upon exposure
to sulfhydryl blocking agents and requires calcium ions.[45]

Physically, PMVs are larger than microparticles (5–10 mm
compared to 0.1–1 mm in diameter), thus they are more
“planar” (larger radii of curvature), allowing the presence of
large aggregate structures including lipid rafts. A number of
G-proteins, which are generally known to preferentially
segregate in lipid rafts, are found in the PMV proteome,
which backs up a previous study where lipid rafts were readily
visualized in PMVs.[10] Furthermore, in the total PMV
proteome only 3 out of 313 detected proteins (less than
1%) were found to derive from intracellular membranes,
whereas the microparticle proteome includes about 10%. The
similarities in the PMV and microparticles proteome are the
comparatively large amount of identified cytoplasmic pro-
teins and the overall very high purity in regard to PM proteins
in the membrane proteome. PMVs are produced over a quite
long time span, thus by analyzing different PMV generations,
it may be possible to study if internal membrane stores are
recruited for PMV formation after prolonged incubation time
(more than 24 h). As the PMVs are micrometer-sized, they
are suitable for microscopic investigations that can yield
important complementary information to proteomic analysis,
for example, lipid raft formation, and phase behavior.[10]
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